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Cancer treatment is increasingly based on the use of drugs
targeting specific genes or pathways. This is the result of years
of cancer research aiming at identifying suitable targets as
well as highly selective and effective compounds. However,
strong single gene-single drug pharmacogenomics associa-
tions are rarely observed, and it is becoming clear that cancer
response or resistance to treatment underlies much more
complex mechanisms.

Understanding such mechanisms is key to developing
predictive biomarkers able to identify which patients are
likely to respond to a specific treatment. Unfortunately, in
most clinical scenarios, there is a lack of adequate predictive
biomarkers. As a consequence, a large proportion of patients
are either overtreated or receive ineffective treatments, chal-
lenging the effective implementation of a precision medicine.

We set up this special issue with such a framework in
mind, seeking for original research papers and reviews giving
insights into the latest advances in the field. The series
of included manuscripts clearly highlights how vast and
heterogeneous the definition of predictive biomarkers can
be. It could be measured in different tissue types (e.g., tumour
or liquid biopsies) and could be any entity besides the stan-
dard clinicopathological parameters, ranging from genetic
mutations to epigenetic and metabolic changes.

P. Bossi et al. in “Are Fusion Transcripts in Relapsed/
Metastatic Head and Neck Cancer Patients Predictive of
Response to Anti-EGFR Therapies?” investigated the predic-
tive role of fusion transcripts in head and neck squamous cell

carcinoma treated with chemotherapy and cetuximab,
identifying the CD274-PDCD1LG2 fusion as enriched in
short-PFS patients and associated with worse survival
within this subgroup.

N. Bedini et al. in “Evaluation of Mediators Associated to
the Inflammatory Response in Prostate Cancer Patients
Undergoing Radiotherapy” explored the hypothesis that a
previous surgery may influence plasma level of inflammatory
molecules in prostate cancer patients, resulting in enhanced
radiosensitivity. The levels of six inflammation mediators
were measured in a cohort of prostate cancer patients under-
going radical radiotherapy, and CCL2 levels were found to be
significantly higher in patients experiencing grade 2 toxicity.

There is a growing interest in developing noninvasive
approaches to monitor cancer progression and response to
treatment. M. Verduin et al. thoroughly describe the state-
of-art for glioblastoma in the review titled “Noninvasive
Glioblastoma Testing: Multimodal Approach to Monitoring
and Predicting Treatment Response.” In this review, the
authors discuss multiple approaches and their effect on pre-
dicting and monitoring treatment response in glioblastoma.
This set of diagnostic approaches comprises advanced MRI
techniques, nuclear imaging, liquid biopsy, and new inte-
grated approaches including radiogenomics and radiomics.

Moving to breast cancer, a crucial aspect of this disease is
its extensive heterogeneity, definitely demonstrated at geno-
mics, transcriptomics, and proteomics level. V. Cappelletti
et al. in “Metabolic Footprints and Molecular Subtypes in

Hindawi
Disease Markers
Volume 2018, Article ID 6159214, 2 pages
https://doi.org/10.1155/2018/6159214

http://orcid.org/0000-0001-5239-0918
http://orcid.org/0000-0002-7811-3377
http://orcid.org/0000-0002-1930-6638
https://doi.org/10.1155/2018/6159214


Breast Cancer” clearly show that such heterogeneity is pres-
ent also at the metabolic level. After a brief overview of the
literature on molecular subtypes and an account of major
metabolic pathways in cancer, original metabolomics data
from a series of primary breast cancer patients are reported.
Intriguingly, the luminal B subgroup represents a tumour
type that preferentially relies on fatty acids for energy,
whereas HER2 and basal-like ones prevalently show alter-
ations in glucose/glutamine metabolism. This could enable
the development of new breast cancer subtype-specific
therapeutic strategies and associated biomarkers.

M. Aubele et al. in “The Predictive Value of PITX2 DNA
Methylation for High-Risk Breast Cancer Therapy: Current
Guidelines, Medical Needs, and Challenges” focused on the
triple-negative subtype of breast cancer that, together with
cases having more than three positive lymph nodes, consti-
tutes a high-risk group for which guidelines recommend
anthracycline-based chemotherapy as the standard of care.
However, only a proportion of patients benefit from this
treatment and methylation of the PITX2 (paired-like home-
odomain transcription factor 2) gene might serve as a novel
predictive biomarker. This review specifically discusses the
future clinical application of PITX2 as a predictive biomarker
to personalize breast cancer management.

Finally, M. Di Modica et al. in “Predicting the Efficacy of
HER2-Targeted Therapies: A Look at the Host” draw their
attention on another breast cancer subtype, HER2-positive
tumours, for which a targeted therapy is available, that is,
trastuzumab/Herceptin, a monoclonal antibody targeting
HER2. However, a proportion of patients do not respond
to this agent, whereas new drugs have proven to be effica-
cious in clinical trials. Biomarker-based stratification of the
HER2-positive subtype is therefore needed, and in this
review, the authors discuss in particular the role of the
immune system in shaping the response.

Overall, manuscripts in this issue highlighted how
extremely different aspects of the tumour and of the host
can impact and determine response or resistance to treat-
ment. Future research efforts should aim to a multidimen-
tional characterization of both the tumour and the host/
microenvironment and to the development of data integra-
tion strategies. This is probably the best way to capture the
complexity behind cancer response to treatment and develop
predictive biomarkers able to reach the high accuracy
required for their clinical implementation.

Maurizio Callari
Paolo Gandellini
Ira Skvortsova
Paul N. Span
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A recent “hot topic” in prostate cancer radiotherapy is the observed association between acute/late rectal toxicity and the presence
of abdominal surgery before radiotherapy. The exact mechanism is unclear. Our working hypothesis was that a previous surgery
may influence plasma level of inflammatory molecules and this might result in enhanced radiosensitivity. We here present
results on the feasibility of monitoring the expression of inflammatory molecules during radiotherapy. Plasma levels of a panel
of soluble mediators associated with the inflammatory response were measured in prostate cancer patients undergoing radical
radiotherapy. We measured 3 cytokines (IL-1b, IL-6, and TNF alpha), 2 chemokines (CCL2 and CXCL8), and the long
pentraxin PTX3. 20 patients were enrolled in this feasibility evaluation. All patients were treated with IMRT at 78Gy. 3/20
patients reported grade 2 acute rectal toxicity, while 4/20 were scored as grade 2 late toxicity. CCL2 was the most interesting
marker showing significant increase during and after radiotherapy. CCL2 levels at radiotherapy end could be modelled using
linear regression including basal CCL2, age, surgery, hypertension, and use of anticoagulants. The 4 patients with late toxicity
had CCL2 values at radiotherapy end above the median value. This trial is registered with ISRCTN64979094.

1. Introduction

Prostate cancer is one of the most common tumours in the
Western world. Radical prostatectomy and radiotherapy
represent the two standard treatments. Both can be affected
by significant side effects that can adversely condition
patients’ quality of life.

In the past decade, many advances have been made in
terms of treatment outcomes and reduction of the side effects
experienced by prostate cancer survivors. In the field of

radiotherapy, this was primarily achieved through the intro-
duction of sophisticated radiotherapy technologies. They
allow the delivery of highly conformal doses to the tumor
target through intensity modulated beams (IMRT), volumet-
ric arcs ((volumetric modulated arc therapy (VMAT)), and
precise image guidance (IGRT).

Nevertheless, a portion of the patient still suffers from
radiation-induced toxicity and the availability of tools
predicting unusual radiation toxicity could be crucial in
improving the potential of individualizing the treatment with
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respect to several aspects, concerning the choice of the
therapeutic strategy, dose prescription, fractionation, and
use of supportive therapies.

A recent “hot topic” in prostate cancer radiotherapy is
the observed association between acute/late rectal toxicity
and the presence of abdominal surgery before radiotherapy
[1, 2]. The reasons why surgery procedures not directly
involving the irradiated volume may be so strongly corre-
lated to late intestinal toxicity are still unknown and only
some hypothesis can be suggested. It has been speculated
that previous surgery may act throughout a limitation in
blood supply and/or in reducing bowel movements [2].

The working hypothesis, which guided the present study,
was that a previous surgery may influence plasma level of
inflammatory molecules/cytokines, and this fact might result
in an enhanced radiosensitivity. Surgery could function as a
potential precursor of inflammatory patterns that could lead
to an increased sensitivity even far from the surgical injury
through cytokine-mediated reactions.

Cytokines are small proteins released by cells that act via
receptors. The important role that cytokines play inmediating
radiation toxicity was first reported by Rubin [3]; later,
Okunieff [4] elucidated the link between inflammation, fibro-
sis, and tissue restitution. Some other investigators have even
shown that the levels of inflammatory cytokines in individual
animals of the same strain affects the severity of toxicity
from animal to animal [5]. It is also well established that
patients with intrinsically high inflammatory states (e.g.,
collagen vascular disease and autoimmune disease) are at
extremely high risk of severe fibrosis after pelvis radiotherapy
[6] and thus, we could expect that the variability of these
cytokines among patients might explain the wide variability
of clinical toxicity.

The role of these inflammatory molecules in the response
of tissues to irradiation has also been related to the abscopal
effect through adaptive immune responses [7].

The present analysis [8, 9] focused on three cytokines:
interleukin 1 beta (IL-1b), interleukin 6 (IL-6), and tumor
necrosis factor alpha (TNF alpha); two chemokines: chemo-
kine ligand 2 (CCL2) and CXC chemokine ligand 8 (CXCL8);
and the long pentatraxin, pentraxin 3 (PTX3) [10]. The
primary aims were (a) to assess plasma levels of the selected
inflammatory molecules in prostate cancer patients under-
going radical radiotherapy; (b) to study inflammatory
molecule kinetics as a function of radiation dose and
follow-up time; (c) to investigate the relationship between
plasma levels of the selected inflammatory molecules and
acute/late radiation-induced intestinal toxicity; and (d) to
verify if abdominal surgery prior to radiotherapy influ-
ences the absolute plasma levels of inflammatory mole-
cules and/or their kinetics.

2. Materials and Methods

2.1. Study Population. Twenty patients with a diagnosis of
histologically confirmed, locally confined, prostate adenocar-
cinoma and receiving definitive intensity-modulated radia-
tion therapy (IMRT) at 78Gy (2Gy/fraction) were enrolled
in this pilot study. Six patients received neoadjuvant/

adjuvant hormone therapy. Detailed characteristics of the
patient population are given in Table 1. Patients were
recruited from March 2011 to June 2012. This study was
approved by the Fondazione IRCCS Istituto Nazionale dei
Tumori Ethics Committee (INT 67/10), and written
informed consent was obtained from all subjects prior to
study enrolment.

2.2. Patient Blood Sampling, Processing, and Analysis. Ten
millilitres of EDTA blood samples were obtained before
radiotherapy (baseline), after a dose of 8Gy, after 50Gy, at
radiotherapy end and one month after treatment completion.
Samples were centrifuged for 20minutes at 2200 r.c.f./4°C
and immediately stored at ≤−80°C until analysis.

All analyses were carried out blind to patient and therapy
factors. The amount of IL-1b, IL-6, CXCL8, TNF alpha,
CCL2, and PTX3 was determined using commercially
available ELISA kits (R&D Systems Inc., Minneapolis, MN,
USA), according to the manufacturer’s protocols.

2.3. Grading Radiation-Induced Acute Toxicity. Patients were
examined at the start of treatment, once weekly during
treatment, at the end of RT, and every six months thereafter
till 5-year follow-up. Radio-induced was scored using a self-
administered questionnaire. The questionnaire was previ-
ously used and validated in a pilot study with a subset of 50
patients enrolled within the retrospective study AIROPROS
0101 [11]. It consists of 10 questions, the answers to which
are worded to be compatible with a 4-point categorical scale
(1, not at all; 2, a little; 3, much; and 4, very much) which
correspond to the SOMA/LENT (subjective objective man-
agement analytic/late effects on normal tissue) grading. With
this questionnaire, four major types of rectal injury can be
evaluated for rectal bleeding and mucosal loss, sphincter con-
trol and continence, stool frequency, and pain and urgency.
English version of the questionnaire is reported in [12].

Acute rectal symptoms were defined as the maximum
grade reached within one month after radiotherapy end. Late

Table 1: Details on study population characteristics.

Variable^
Age 71 yrs (53–78 yrs)

PSA at diagnosis 7 ng/ml (2.5–14.8)

Clinical stage 13 cT1

5 cT2

2 cT3

Gleason pattern score 13 GPS = 3 + 3

7 GPS = 3 + 4

Neoadjuvant/adjuvant hormone therapy 6

BMI 25 (24–32)

Diabetes 1

Hypertension 13

Previous abdominal surgery 12

Use of anticoagulants 2

^Median value is reported together with range for continuous variable and
prevalence of patients with the selected feature for dichotomic/categorical
variables. PSA: prostate-specific antigen; BMI: body mass index; yrs: years.
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symptoms were determined as the maximum grade reached
between 6 months and 5 years after treatment completion.

2.4. Statistical Analysis. All analyses were done using
MedCalc (1993–2017 MedCalc Software bvba).

The Mann–Whitney U test was used to compare
baseline/end of treatment plasma levels of the selected
inflammatory molecules in patients with/without an abdom-
inal surgery before radiotherapy.

Longitudinal evaluation of inflammatory molecule
kinetics during radiotherapy and one month after treatment
completion was analyzed in the frame of one-way analysis
of variance (ANOVA) for multiple measures, in order to
discover patterns of systematic variation with time.

3. Results

3.1. Results on Inflammatory Molecule Levels. Detailed
descriptive results on plasma levels of the selected

inflammatory molecules for all measurement points are
given in Table 2 and Figure 1. IL-1b and IL-6 were fairly
undetectable in most patients and presented with very low
variability among patients.

TNF alpha levels were significantly different at baseline
in patients with/without a previous abdominal surgery,
median values 2.1 pg/ml versus 4.8 pg/ml, p = 0 05. CCL2
levels were lower in patients with surgery, both at baseline
and radiotherapy end, but differences did not reach statis-
tical significance (124.0 pg/ml versus 138.2 pg/ml, p = 0 22,
and 150.5 pg/ml versus 168.2 pg/ml, p = 0 10, resp.).

Results of ANOVA for repeated measures are reported in
Table 3. CCL2 was the most interesting marker, showing
significant linear increase during and after radiotherapy.
Median values were 127.4 pg/ml (baseline), 134.6 pg/ml
(8Gy), 145.8 pg/ml (50Gy), 154.8 pg/ml (radiotherapy end),
and 143.2 pg/ml (1 month after radiotherapy completion),
p range: 0.01–0.05. PTX3 showed a quadratic trend, with
a maximum at 8Gy (p = 0 01), all other inflammatory

Table 2: Detailed descriptive results on plasma levels of the selected inflammatory molecules for all measurement points.

pg/ml or ng/ml^ Mean SD Median Minimum Maximum 75th perc 25th perc

CCL2 baseline 131.5 32.1 127.4 66.7 203.3 110.0 139.8

CCL2 8Gy 136.8 37.7 134.6 60.5 200.4 111.9 171.4

CCL2 50Gy 146.6 41.8 145.8 57.7 217.1 118.6 167.1

CCL2 end RT 157.3 34.5 158.4 102.6 240.8 131.2 174.1

CCL2 1mos 167.9 79.7 143.2 74.6 461.7 127.5 187.2

IL-1b baseline 0.0 0.0 0.0 0.0 0.2 0.0 0.0

IL-1b 8Gy 0.0 0.1 0.0 0.0 0.5 0.0 0.0

IL-1b 50Gy 0.0 0.0 0.0 0.0 0.0 0.0 0.0

IL-1b end RT 0.0 0.0 0.0 0.0 0.0 0.0 0.0

IL-1b 1mos 0.0 0.0 0.0 0.0 0.2 0.0 0.0

IL-6 baseline 1.6 1.2 1.6 0.0 3.5 0.3 2.5

IL-6 8Gy 1.4 1.3 2.1 0.0 3.2 0.2 2.3

IL-6 50Gy 1.6 1.4 1.6 0.0 4.7 0.2 2.3

IL-6 end RT 1.6 1.1 1.8 0.0 3.2 1.3 2.3

IL-6 1mos 1.7 1.2 2.2 0.0 3.9 0.5 2.5

CXCL8 baseline 5.7 2.0 5.2 3.7 10.4 4.3 5.9

CXCL8 8Gy 5.5 2.4 4.6 3.4 12.5 3.9 6.4

CXCL8 50Gy 5.7 2.0 5.1 3.7 11.4 4.4 6.2

CXCL8 end RT 6.3 2.7 5.4 2.9 13.4 4.6 7.7

CXCL8 1mos 8.3 9.1 5.7 4.1 46.1 4.7 7.2

PTX3 baseline 3.3 1.1 3.0 1.8 5.6 2.3 4.3

PTX3 8Gy 3.9 1.2 3.9 1.9 6.3 3.1 4.6

PTX3 50Gy 3.3 1.1 3.3 1.6 5.6 2.5 4.0

PTX3 end RT 3.5 1.3 3.7 1.4 6.3 2.6 4.1

PTX3 1mos 3.1 1.1 3.1 1.1 5.1 2.0 4.0

TNF alpha baseline 3.1 2.5 3.9 0.0 7.4 0.4 4.9

TNF alpha 8Gy 2.7 2.3 2.9 0.0 6.5 0.4 4.9

TNF alpha 50Gy 2.8 2.6 2.7 0.0 9.2 0.2 4.6

TNF alpha end RT 2.7 2.2 2.8 0.0 6.1 0.2 4.5

TNF alpha 1mos 3.1 2.2 3.6 0.0 7.0 1.2 4.3

^pg/ml for IL-1b, IL-6, CXCL8, CCL2, and TNF alpha; ng/ml: PTX3; SD: standard deviation; perc: percentile; 1 mos: 1 month; RT: radiotherapy.
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Figure 1: Continued.
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Figure 1: Plasma levels of the selected inflammatory molecules for all measurement points: absolute values (a, c, e, g, i, and k) and absolute
variations with respect to baseline (b, d, f, h, j, and l). 1mos: 1 month; RT: radiotherapy. Units of measure are pg/ml for IL-1b, IL-6, CXCL8,
CCL2, and TNF alpha; ng/ml: PTX3.

5Disease Markers



markers did not exhibit systematic changes with radiother-
apy dose/time.

CCL2 levels at radiotherapy end could be modelled using
linear regression including the following variables: baseline
CCL2 (coefficient = 1.15, p = 0 0001), age (coefficient =
−3.26, p = 0 004), abdominal surgery (coefficient = 23.3,
p = 0 09), hypertension (coefficient = 29.6, p = 0 02), and use
of anticoagulants (coefficient = 41.0, p = 0 05) and multiple
correlation coefficient = 0.89 (see plot). Significance level of
analysis of variance for this linear regression was p = 0 002,
multiple correlation coefficient was 0.87, and coefficient of
determination R2 was 0.75. Figure 2 shows the calibration
plot (observed CCL2 levels at radiotherapy end versus
CCL2 values as predicted by the linear regression model).

3.2. Results on Radio-Induced Toxicity. Three out of twenty
patients (15%) reported grade 2 acute rectal toxicity, while
4/20 (20%) were scored as grade 2 late rectal toxicity in the
first 36 months after radiotherapy completion. No grade
3-4 event was observed. Details on incidence of acute
and late grade≥ 1 toxicity (as determined by questions in
the questionnaire) are reported in Table 4.

Multiple toxicity symptoms (>3) were experienced
by 56.3% and 43.8% of patients in the acute and late
phase, respectively.

The 4 patients with late toxicity had CCL2 values at
radiotherapy end above the median value.

Detailed comparison of plasma levels for selected
inflammatory markers for patients with/without multiple
symptoms of acute/late intestinal toxicity is reported in
Table 5. t-test was statistically different only for baseline
TNF alpha: 2.0 versus 4.7 ng/ml, p = 0 04.

Incidence of acute fecal incontinence and rectal bleeding
was slightly higher in the group of patients with previous
abdominal surgery, 11% versus 0% and 33.3% versus 28.6%
for incontinence and bleeding, respectively, differences were
not statistically significant. Late rectal bleeding was also
slightly higher for patients with previous abdominal surgery,
33.3% versus 28.6%, difference was not statistically signifi-
cant. 67% of patients with abdominal surgery presented with
at least three different acute intestinal toxicity symptoms
versus 43% in the rest of the population; even in this case,
difference was not statistically significant due to the very
small size of the population of this pilot study.

4. Discussion

Preclinical and clinical studies have shown that radiotherapy
induces cytokine responses that could play a major role in
mediating radiation toxicity [3–6].

In the present study, grade≥ 1 acute and late intestinal
toxicity (as defined by questions in the patient-reported
questionnaire) were not found to be significantly associated
with plasma levels of inflammatory markers, with the only
exception of baseline TNF alpha level, which was higher in
patients experiencing multiple late intestinal toxicity symp-
toms. The small size of the study population could highlight
only important differences, larger populations are required to
investigate more modest variations.

When considering inflammatory molecule kinetics
during and immediately after radiotherapy, CCL2 was found
to significantly increase during IMRT. Though statistical
association between moderate/severe radio-induced (acute
and late) intestinal toxicity and CCL2 levels could not be
investigated due to the low size of the study population,
patients exhibiting late grade 2 toxicity were found to have

Table 3: Results of one-way analysis of variance for repeated
measures for all considered markers. Best trend for marker values
as a function of time is reported.

Best trend p value

IL-1b Cubic 0.34

IL-6 Quadratic 0.16

CXCL8 Linear 0.19

CCL2 Linear 0.01∗

TNF alpha Quadratic 0.07

PTX3 Quadratic 0.06
∗Statistically significant.
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Figure 2: Calibration plot for the linear regression model predicting
CCL2 levels at end of radiotherapy (observed CCL2 levels at
radiotherapy end versus CCL2 values as predicted by the linear
regression). Details are given in the text. Units of measure pg/ml.
RT: radiotherapy.

Table 4: Details on incidence of acute and late grade≥ 1 toxicity
(as determined by questions in the questionnaire).

Acute incidence
grade≥ 1

Late incidence
grade≥ 1

Stool frequency 50.0% 50.0%

Diarrhea 62.5% 31.3%

Tenesmus 43.8% 25.0%

Stool urgency 31.3% 43.8%

Fecal incontinence 6.3% 6.3%

Rectal pain 18.8% 25.0%

Rectal bleeding 31.3% 31.3%
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CCL2 levels at the end of radiotherapy above the median
value for the study cohort.

Interestingly, CCL2 levels at the end of radiotherapy
could be modelled through linear regression including age,
abdominal surgery, hypertension, and use of anticoagulants.
All these features are known to be risk factors for
increase intestinal toxicity after prostate cancer radiother-
apy [13–15], thus suggesting a first possible link between
patient clinical characteristics and his individual response
in terms of biomarkers.

CCL2 is a low molecular weight monomeric polypeptide
whose primary function was identified as promoting mono-
cyte and macrophage migration to sites of inflammation
[16]. For example, CCL2 is involved in monocyte infiltration
in inflammatory diseases such as rheumatoid arthritis as well
as in the inflammatory response against tumours.

There are limited data regarding the relationship between
CCL2 and radiation exposure. Most results are related to the
evidence that CCL2 overexpression in tumour is associated
with macrophage infiltration and poor prognosis in human
cancers and may play a pivotal role in creating the fertile
environment in the bone for metastasis [17–19].

Connolly and coworkers [20] demonstrated that radio-
therapy stimulates increased production CCL2 and CCL5 at
the tumour site, while Kalbasi and colleagues [21] found that

ablative radiotherapy for pancreatic ductal adenocarcinoma
led to a significant increase in CCL2 production by tumour
cells, with genetic deletion of CCL2 in pancreatic ductal
adenocarcinoma cells improving radiotherapy efficacy.

When considering the association between CCL2 expres-
sion and response of normal tissues to radiation, only two
studies are available in the literature and they reported inter-
esting results. Lee et al. [22] showed that irradiation induces a
transient nonclassical cytokine response with selective upreg-
ulation of CCL2. Interestingly, absence of CCL2 signalling in
the hours after irradiation is sufficient to restore hippocam-
pal neurogenesis and to decrease the risk of long-term defects
in neural stem cell function following cranial radiation in
children. Holler and coworkers [23] demonstrated that prav-
astatin has a mitigatory effect on radiation-induced vascular
dysfunction in the skin in a mouse model. Remarkably, prav-
astatin limits the radio-induced increase of blood CCL2
expression and inflammatory cell migration in tissues.

When considering the other measured inflammatory
molecules, IL-1b and IL-6 were fairly undetectable in most
patients and presented with very low variability among
patients: for these reasons, they were considered of no inter-
est for the purpose of the present study. TNF alpha levels
were found to be significantly different between patients
with/without a previous abdominal surgery, but it did not

Table 5: Comparison of plasma levels for the selected inflammatory molecules in subgroups of patients experiencing multiple symptoms (≥3)
for intestinal acute/late toxicity. p values for test are reported.

Acute toxicity Late toxicity
Patients with
<3 symptoms

Patients with
≥3 symptoms

t-test
Patients with
<3 symptoms

Patients with
≥3 symptoms

t-test

Mean SD Mean SD Mean diff p Mean SD Mean SD Mean diff p

CCL2 baseline 139.4 34.1 134.2 30.4 −5.2 0.75 145.5 37.3 124.9 16.5 −20.7 0.18

CCL2
50Gy

155.7 33.9 159.7 40.9 4.1 0.83 162.4 38.5 152.3 36.7 −10.1 0.60

CCL2
end RT

161.2 20.7 165.8 42.4 4.6 0.79 165.5 39.1 161.6 28.1 −3.9 0.82

CCL2 1mos 153.2 40.0 201.3 104.2 48.1 0.25 193.9 107.4 162.6 39.6 −31.3 0.46

IL-8 baseline 6.9 2.7 5.2 1.5 −1.7 0.15 6.4 2.6 5.4 1.6 −0.9 0.40

IL-8
50Gy

6.6 2.5 5.4 1.9 −1.2 0.29 6.2 2.4 5.6 2.0 −0.6 0.60

IL-8
end RT

8.2 3.2 5.4 2.1 −2.8 0.06 7.6 3.1 5.4 2.3 −2.2 0.13

IL-8
1mos

7.1 2.2 10.6 13.4 3.4 0.50 11.6 13.0 5.8 2.1 −5.8 0.25

PTX3 baseline 3.1 1.2 3.2 1.1 0.2 0.75 2.9 1.1 3.5 1.0 0.5 0.37

PTX3
50Gy

3.3 1.5 3.1 1.1 −0.2 0.72 3.3 1.4 3.0 1.1 −0.3 0.69

PTX3
end RT

3.2 1.4 3.4 1.4 0.2 0.80 3.6 1.7 3.0 0.8 −0.6 0.40

PTX3 1mos 3.2 1.3 3.0 1.2 −0.2 0.72 3.1 1.2 3.1 1.3 0.0 0.98

TNF alpha baseline 2.0 2.3 4.0 2.6 2.0 0.13 2.0 2.2 4.7 2.3 2.7 0.04

TNF alpha 50Gy 2.1 2.5 3.6 3.0 1.5 0.29 2.0 2.4 4.0 3.1 2.0 0.17

TNF alpha end RT 1.9 2.3 3.3 2.4 1.3 0.27 1.9 2.2 3.7 2.3 1.8 0.14

TNF alpha 1mos 2.3 2.3 3.8 2.3 1.5 0.23 2.5 2.6 4.1 1.8 1.6 0.17

^pg/ml for IL-1b, IL-6, CXCL8, CCL2, and TNF alpha; ng/ml: PTX3; SD: standard deviation; 1 mos: 1 month; RT: radiotherapy; diff: difference.
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exhibit significant changes as a function of radiation dose and
did not result to be associated to acute/late toxicity. PTX3
showed a quadratic trend with an early increase with dose
(at 8Gy) with subsequent return to baseline levels by the
end of treatment. Increase in PTX3 was not associated with
patient-reported morbidity.

To our knowledge, there is only one previously published
study investigating cytokine expression during IMRT for
prostate cancer and their relationship with acute toxicity
[24]. Their study population consisted of 22 prostate patients
treated with exclusive IMRT (78Gy at 2Gy/fraction) and 20
patients receiving radiotherapy after prostatectomy (70Gy at
2Gy/fraction). They found IL-6 levels to be significantly ele-
vated over baseline in the postprostatectomy group but no
significant difference in the exclusive IMRT cohort. Increases
in IL-2 and IL-1 levels over baseline were significantly associ-
ated with increased gastrointestinal and genitourinary toxic-
ity, respectively, regardless of the radiotherapy regimen
(exclusive IMRT versus postprostatectomy IMRT) regimen,
while the analysis of IL-6 suggested that the increase of IL-6
was associated with a higher risk for gastrointestinal toxicity
but it did not reach statistical significance.

Presence of previous abdominal surgery was not found to
be significantly associated with toxicity or to plasma levels of
inflammation markers in this pilot study. As already pointed
out, interestingly, previous abdominal surgery was included
as a factor modulating CCL2 levels at radiotherapy end,
together with other patient features known to be predictors
of intestinal toxicity. This modulating effect should be con-
firmed on a wider population, in order to suggest a direct
effect of factors associated with toxicity on CCL2 levels at
radiotherapy end.

Besides interest in the comprehension of the biological
rationale for the correlation of some clinical factors with
morbidity, investigation of association between inflamma-
tory molecule levels and radio-induced toxicity is of interest
because it could have the potential of being a biological
measure of the individual patient radiosensitivity, thus
prompting further optimization of radiotherapy treatment
for more sensible patients or dose escalation on resistant
patients. Prophylactic treatment of toxicity symptoms could
also be proposed in patients at higher risk of enhanced
inflammation processes.

One important limitation of this study is related to the
limited sample size. Our pilot study was intended to be
exploratory, to inspect the feasibility of multiple blood
samples for biomarker investigation in the frame of clinical
practice and to validate the study methodology. These results
are expected to guide future, larger trials which could estab-
lish the time course of plasma levels of inflammatory mole-
cules after radiotherapy and how they are associated with
normal tissue radiation toxicity. Specific future research
topics should include evaluation of a wider spectrum of
radio-induced symptoms (e.g., including urinary and hema-
tologic toxicities) and of populations of patients treated with
radiotherapy for different cancer types, such as head-and-
neck patients or breast cancer patients. Interaction with
concomitant oncological treatment (such as chemotherapy
or hormone therapy) should be considered.

5. Conclusions

This preliminary study identified a correlation between CCL2
levels at the end of radiotherapy and basal CCL2, age, and
surgery, suggesting a different response to radiotherapy in
older patients and in patients with pretreatment abdominal
surgery. Interestingly, these clinical characteristics are the
same features included in predictive models for acute and late
rectal toxicity. Larger accrual is needed to confirm these feasi-
bility results and to study the association with radio-induced
acute and late toxicity.
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Glioblastoma is the most aggressive adult primary brain tumor which is incurable despite intensive multimodal treatment. Inter-
and intratumoral heterogeneity poses one of the biggest barriers in the diagnosis and treatment of glioblastoma, causing
differences in treatment response and outcome. Noninvasive prognostic and predictive tests are highly needed to complement
the current armamentarium. Noninvasive testing of glioblastoma uses multiple techniques that can capture the heterogeneity of
glioblastoma. This set of diagnostic approaches comprises advanced MRI techniques, nuclear imaging, liquid biopsy, and new
integrated approaches including radiogenomics and radiomics. New treatment options such as agents targeted at driver
oncogenes and immunotherapy are currently being developed, but benefit for glioblastoma patients still has to be demonstrated.
Understanding and unraveling tumor heterogeneity and microenvironment can help to create a treatment regime that is
patient-tailored to these specific tumor characteristics. Improved noninvasive tests are crucial to this success. This review
discusses multiple diagnostic approaches and their effect on predicting and monitoring treatment response in glioblastoma.

1. Introduction

Glioblastoma (GBM) is the most aggressive primary brain
tumor with an incidence of 2-3 cases per 100,000 people
[1]. Currently, a median survival of approximately fourteen
months is achieved with intensive multimodal treatment.

However, despite this intensive treatment, there is no cure
and recurrence of GBM is inevitable [2].

1.1. Diagnosis and Treatment. Diagnostic approaches in
GBM are rapidly evolving. The diagnosis is currently based
on the recently revised WHO criteria (2016) for the
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classification of central nervous system tumors. [3]. At pres-
ent, histopathological investigation of a tissue sample from a
suspected GBM lesion is the gold standard for the diagnosis.
This is currently complemented by molecular diagnostics of
which identification of O6-methylguanine-DNA-methyl-
transferase (MGMT) methylation, isocitrate dehydrogenase
(IDH) mutation, and 1p19q codeletion is currently the most
valuable in daily clinical practice. Methylation of theMGMT
gene is the only predictive marker for treatment response
available and is predictive of an improved response to
alkylating chemotherapy such as temozolomide [4, 5]. The
IDH mutation status [6] and 1p19q codeletion [7] are of
prognostic value but do not predict treatment response in
patients with GBM. These markers are however of predictive
value in oligodendroglioma [8, 9]. Additional markers such
as telomerase reverse transcriptase promotor (TERT) muta-
tions and alpha-thalassemia syndrome X-linked (ATRX)
can already be used additionally in the classification of
GBM subtypes [10, 11].

At the moment, the treatment schedule consists of neuro-
surgery, concurrent chemoradiation therapy, and adjuvant
temozolomide. This provides a median progression-free sur-
vival of almost 7 months [2]. There is no standard treatment
for the recurrent setting. Systemic treatment options include
a temozolomide rechallenge, lomustine, and antiangiogenic
therapy such as bevacizumab. However, effectiveness of these
treatment options is limited. Additionally, reirradiation and
re-resection can be considered depending on the localization
of the tumor and condition of the patient [12].

1.2. Monitoring Treatment Response. Both during and after
treatment for GBM, magnetic resonance imaging (MRI) is
the main modality used in the follow-up and monitoring
of treatment response. Difficulties arise in monitoring
response when it comes to the differentiation between
pseudoprogression, radiation necrosis, and actual tumor pro-
gression. Pseudoprogression is a physiologic posttreatment-
related reaction of brain tissue, based on vascular and cellular
injury from chemoradiation therapy. This leads to inflamma-
tion and increased permeability of the blood-brain barrier
(BBB), causing an increase in contrast enhancement on
MRI suggestive of tumor progression but without tumor
recurrence [13, 14]. Radiation necrosis is a direct effect of
radiation therapy, which can mimic tumor progression on
imaging techniques but does not reflect actual progression
of the tumor. Timing of MRI changes can help to differenti-
ate between pseudoprogression, which occurs most com-
monly in the first three to six-month posttreatment, and
radiation necrosis which occurs six months to several years
after treatment [15].

Markers are also needed for monitoring treatment
response for patients treated with immunotherapy. On
MRI, these patients may first show an increase in size or even
the formation of new (pseudo) lesions due to the antitumor-
mediated immune response and localized inflammation,
which does not necessarily define progressive disease
[16, 17]. At the moment, differentiating pseudoprogression
from actual tumor progression remains difficult and cur-
rently only follow-up imaging with conventional imaging

methods is available to define this. Therefore, new imaging
techniques and/or biomarkers to further characterize the
origin of the imaging changes that are observed are needed
to overcome these challenges.

On the other hand, another phenomenon on MRI called
pseudoresponse can also occur, mainly during treatment
with vascular endothelial growth factor (VEGF) signaling
pathway modifying agents such as bevacizumab. Bevacizu-
mab induces a steroid-like effect by normalizing the perme-
ability of the BBB, leading to a rapid decrease in contrast
enhancement. Thus, while the imaging reflects reduced
contrast and suggests a posttreatment response, the effects
on overall survival are minimal [13, 18, 19].

1.3. Tumor Heterogeneity. Tumor heterogeneity poses one of
the most important challenges in the current diagnosis and
treatment of GBM, and it is one of the main difficulties when
it comes to finding new treatment options. GBM shows
varying tumor characteristics both between patients and
within individual tumors [20, 21]. Current histological anal-
ysis cannot capture the full spectrum of genotypic and
phenotypic characteristics, especially when only a single
biopsy can be taken.

The intratumoral heterogeneity poses a great challenge in
predicting sensitivity and resistance to systemic therapies. As
one clone within the tumor may be sensitive to one form of
treatment, another clone might harbor certain resistance
mechanisms to this treatment in its specific tumor microen-
vironment. Intratumoral heterogeneity is a dynamic process
which changes over time and during treatment which poses
challenges in the recurrent setting of GBM, as research has
shown recurrent tumors usually show resistance to the tradi-
tional treatment options and expresses different mutations
when compared to the original tumor [20, 22].

Since conventional MRI cannot reflect tumor heteroge-
neity, before this can be used as a parameter in daily clin-
ical practice, improved diagnostic approaches should be
developed to identify this heterogeneity.

1.4. Noninvasive Glioblastoma Testing. Noninvasive glioblas-
toma testing (NIGT) combines noninvasive (i.e., nonsurgi-
cal) techniques to represent the tumor as a whole and
provides information on driver mechanisms and tumor
microenvironment, all of which are factors that can/should
be incorporated into the treatment regime. This can be espe-
cially helpful in the selection of patients in order to better
predict response to new therapeutic targets, as the current
options available are limited. Also, the brain is less easily
accessible for taking repeated biopsies, which stresses the
need for noninvasive approaches. New integrated approaches
such as radiogenomics and radiomics can also be an impor-
tant part of NIGT. Radiogenomics is an experimental diag-
nostic and predictive tool which studies the association
between (qualitative) imaging features andmolecularmarkers
[23]. Radiomics on the other hand uses a computational
analysis to extract quantifiable information about theunderly-
ing tumor characteristics by high-throughput mining of large
amounts of quantitative features from images based on, for
example, textures, intensities, and shapes [24, 25]. Radiomics
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has already been more extensively studied in, for example,
head-and-neck cancer [26, 27] and lung cancer [28].

The objective of this review is to discuss the already estab-
lished approaches as well as future diagnostics used for mon-
itoring and prediction of treatment response in patients with
GBM by creating a so-called NIGT platform. This includes a
multimodal approach to fully capture the complexity and
heterogeneity of GBM with the use of conventional
techniques such as imaging techniques, enhanced by compu-
tational approaches, and the use of circulating biomarkers.

2. Magnetic Resonance Imaging

MRI is clinically used in diagnosis and follow-up of cerebral
tumors. The use of imaging to predict patient survival has
been applied since as early as 1996 [29, 30]. Features found
to be correlating with a longer survival in GBM are the
presence of nonenhancing tumor and the absence of either
edema, satellites, or multifocality [31]. The Visually Accessi-
ble Rembrandt Images (VASARI) research project aimed to
make MRI features more accurate and reproducible. In this
project, a set of 24 observations describing the morphology
of brain tumors on contrast-enhanced MRI were reported
and analyzed for their prognostic significance on overall
survival [32, 33].

2.1. Monitoring Treatment Response. For the evaluation of
tumor response after first-line treatment, the Response
Assessment in Neuro-Oncology (RANO) criteria of 2010 is
currently used [34]. A major drawback of these criteria is
its nonvolumetric criteria and lack of use of advanced MR
techniques. For instance, with using only these RANO
criteria, pseudoprogression cannot be distinguished from
radiation necrosis or disease recurrence [35].

Several advanced MR techniques have been developed to
improve standard contrast-enhanced MRI, such as diffusion-
weighted imaging (DWI), perfusion imaging, and magnetic
resonance spectroscopy (MRS) [15]. DWI displays the
cellularity within tissue by detecting free diffusion of water
molecules. The apparent diffusion coefficient (ADC) is a
derived DWI parameter in which the T2 signal from the
original DWI is excluded to overcome the so-called “T2
shine-through effect,” which causes a high signal on DWI
that is not due to restricted diffusion. DWI and ADC are
widely used in tumor imaging, where a decrease in ADC
signal has been shown to correlate with increasing tumor
cellularity while an increase in signal correlates with decreas-
ing cellularity as a result of successful treatment [36, 37].

A relatively new DWI technique that has been developed
is functional diffusion map (fDM) imaging, which reflects
differences in ADC signal over time. This fDM analysis has
shown to be able to distinguish progressive tumors from sta-
ble and partially responsive tumors [38, 39]. Although this
technique is promising, there is a great variability in proto-
cols collecting and processing DWI/ADC data between dif-
ferent vendors, standing in the way of wide-scale use [40].

Perfusion images can be acquired in various ways, with
dynamic susceptibility-weighted contrast-enhanced MR
(DSC MR) being most widely used. Other perfusion

techniques include dynamic-contrast-enhanced MR (DCE
MR), which is comparable to DSC MR, and arterial spin
labeling (ASL) perfusion, which does not require intravenous
contrast but is more susceptible for artifacts. DSC MR is able
to assess cerebral microvasculature by following an admin-
istered contrast agent as it passed through the microvascu-
lature. Tumors tend to have a higher number and larger
volumes of blood vessels. Furthermore, remodeling of the
extracellular matrix disturbs the BBB and causes leakage
of contrast [14, 41, 42]. By comparing, for example, tumor
areas with healthy brain tissue, relative cerebral blood
volumes (rCBV) can be measured [14, 41]. The presence of
high rCBV has been shown to represent active neovasculari-
zation and viable tumor, whereas normal rCBV in apparent
lesion progression could point to, for example, chemoradia-
tion effects and thereby exclude pseudoprogression and
radionecrosis [43, 44].

MRS can be used to measure the distribution of chemical
metabolites in brain tissue and thereby identifying differ-
ences in metabolic turnover of brain tissue. As high-grade
tumors are highly metabolically active and are accompanied
by a leaky blood-brain barrier, regional differences can be
found in the spectroscopic profile in tumor depositions,
compared to necrosis, pseudoprogression, and healthy brain
tissue. In 1H-spectroscopy, elevated peaks of lipid, lactate,
choline, and myoinositol and reduced NAA signal are typical
findings in primary brain tumors [45, 46]. Due to patient and
tumor-specific differences, an unequivocal threshold of
metabolic signal ratios cannot be determined making it diffi-
cult to establish uniform guidelines and accuracy; however,
MRS changes in time can be of help to strengthen suspicions
on, for example, tumor progression or response [47]. MRS
alone therefore has a moderate diagnostic performance in
differentiating glioma recurrence from radiation necrosis
and should always be combined with other advanced imag-
ing technologies [48].

2.2. Tumor Heterogeneity and Predicting Treatment
Response. GBM is subdivided into four subcategories based
on histopathological features and specific mutations and
molecular markers: proneural, neural, mesenchymal, and
classical subtypes. Each subset is associated with specific
mutations; therefore, identification of the subtype by radio-
genomics can provide information on driver mechanisms
in the tumor. Between these subtypes, the proneural subtype
is thought to have the most favorable prognosis [49]. Also,
different subtypes react differently to different treatment
options [50]. Radiogenomics can be applied to predict the
GBM subtype. Volumes of both contrast enhancement and
necrosis are higher in tumors with the mesenchymal subtype
compared to the proneural subtype. GBMs with less than 5%
tumor enhancement are mostly of the proneural subtype. On
the other hand, GBMs with less than 5% nonenhanced tumor
rarely represent proneural tumors and are more linked to the
classical or mesenchymal subtype [51, 52].

Radiogenomics can also be used as a tool to predict
mutation status. IDH1-mutation status is associated with a
localization of the tumor in the frontal lobe, a higher percent-
age of noncontrast-enhancing part of the tumor, and the
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presence of cysts on MRI [53, 54]. MRS has recently been
used to predict IDH mutation status. MRS can measure
elevated levels of 2-HG metabolite which is a surrogate
marker for IDH-mutated tumor cells and can correctly
identify IDH mutation status in 88.6% of patients (sensi-
tivity 89.5%, specificity 81.3%). However, further technical
improvement of this technique, including voxel localiza-
tion, as well as understanding of the impact of tumor
heterogeneity on MRS is needed before it can be used in
daily clinical practice [55, 56].

MGMT-methylated tumors tend to be lateralized to the
left temporal lobe whereas MGMT-unmethylated tumors
are more frequent in the right hemisphere. This may be due
to asymmetry in brain structure, function, and gene expres-
sion between the hemispheres [57]. MGMT-unmethylated
tumors have a higher percentage of tumor enhancement
and T2/FLAIR hyperintensity when compared to MGMT-
methylated tumors [53]. Several imaging features are poten-
tial indicative of MGMT methylation such as mixed nodular
enhancement, limited edema, and moderately increased
rCBV [23].

The presence of the 1p19q codeletion is linked to classical
oligodendroglial MRI characteristics such as heterogeneous
T2 signal intensity and the presence of calcifications.
Advanced imaging techniques have not yet shown to
improve the capacity to identify the 1p19q codeletion over
conventional MRI to identify oligodendroglial tumors [23].

Epidermal growth factor receptor (EGFR) amplification
is associated with a significant higher percentage of contrast
enhancement and T2/FLAIR hyperintensity compared with
tumors lacking EGFR amplification. Also, EGFR amplifica-
tion and EGFRvIII mutant GBMs are commonly associated
with localization in the left temporal lobe [53].

Apart from already mentioned molecular markers, other
known driver genes, such as phosphatase and tensin homolog
(PTEN), platelet-derived growth factor receptorA (PDGFRA),
cyclin-dependent kinase inhibitor 2A (CDKN2A), retinoblas-
toma 1 (RB1), and tumor protein 53 (TP53) are also under
investigationandsignificant imagecorrelations for these genes
have already been identified [58].

The aforementioned advanced imaging techniques can
also aid in exploring tumor heterogeneity. Both CBV and
ADC measurements are found to be influenced by tumor
aggressiveness, and it is suggested that the heterogeneous
genetic and cellular expression patterns within GBM influ-
ence anatomic and physiologic MR imaging [59]. These
techniques can also guide neurosurgeons in determining
the biopsy location.

MRI-based radiomics for GBM is a relatively new area for
which little research has been published to this date. A study
of 82 GBM patients reported favorable results in the perfor-
mance of texture features in predicting the molecular subtype
and 12-month survival [60]. For the prediction of 12-month
survival based on pattern analysis, sensitivity and specificity
of 0.86 and 0.64, respectively, are reported. The prediction
of GBM subtype was also investigated. Accuracy for classical,
mesenchymal, neural, and proneural subtypes was 0.88, 0.70,
0.85, and 0.93, respectively [61]. Another study used
machine-learning techniques and found an accuracy of

almost 80% in predicting overall survival and an accuracy
of 76% in predicting the molecular subtype [62].

MRI texture analysis has been found to be able to facili-
tate in characterizing intratumoral heterogeneity and may
therefore aid in identifying genetically different components
of the tumor and understanding its consequences for
prognosis, treatment sensitivity, and resistance [58]. It has
been shown that radiomics features are able to visualize
spatial gene expression within a tumor [63]. Patients can be
subdivided into different clusters using texture features. For
example, one study divided patients into the “premultifocal,”
“spherical,” or “rim-enhancing” cluster based on quantitative
imaging features. Each of these clusters was linked to differ-
ent signaling pathways and microarrays and has been shown
to be prognostic for survival [64].

Radiomics was found to have prognostic value for both
survival and progression in patients with recurrent GBM
receiving bevacizumab. Therefore, it might be possible to
develop pretreatment biomarkers based on radiomics to
predict benefit from bevacizumab [65, 66]. These findings
illustrate the possibilities of applying radiomics in the predic-
tion of treatment response in patients with GBM. Further
optimization of this technique and validation of radiomics
profiles as predictors for different mutation statuses and/or
survival are needed before it can be used in clinical practice.

3. Nuclear Imaging

Molecular imaging by the use of positron emission tomogra-
phy (PET) is increasingly being implemented into clinical
practice for treatment planning and response monitoring of
GBM. The most common is fluorodeoxyglucose (18F-FDG)
PET imaging; however, compared to other organ systems,
18F-FDG-PET imaging of brain tumors presents unique chal-
lenges because of the high background glucose metabolism of
normal gray matter masking detection of malignant lesions.
Thus, the use of 18F-FDG-PET in brain tumors albeit is lim-
ited, although in high-grade glioma, 18F-FDG-PET imaging
can be used to identify metabolically active disease which
correlates with tumor grade [67, 68]. Because of the limited
utility of 18F-FDG-PET, the RANO working group has rec-
ommended the use of radio-labeled amino acid tracers for
PET (AA-PET) instead [69].

Amino acid tracers such as O-(2-[18F]-fluoroethyl)-L-
tyrosine (18F-FET) and L-[methyl-11C]methionine (11C-
MET) are currently applied in clinical practice in GBM. Both
18F-FET and 11C-MET show rapid uptake into tumors and
can be visualized with high contrast [70]. 11C has a short
half-life time of 20 minutes, making it less useful for clinical
practice. 18F has a much longer half-life time (120 minutes)
and is only taken up by cells through specific L-
transporters—LAT2—that are highly and predominantly
expressed on glioma tumor cells. This ensures a high and
selective uptake of the tracer in tumor tissue, with a low to
negligible background signal in normal brain tissue or in
surrounding inflammatory areas. Thus, 18F-FET-PET has a
high sensitivity and specificity for the detection of malignant
gliomas [71–74]. A biopsy-controlled study has shown that
with a combination of MRI and 18F-FET-PET, a sensitivity
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of 93% and a specificity of 94% can be achieved [71]. Other
amino acid tracers currently under investigation include 18F-
FDOPA (phenyl alanine) PET, a dopaminergic tracer, and
alpha11C-L-methyl-tryptophan PET, a tryptophan analog.

3.1. Monitoring Treatment Response. 18F-FET-PET currently
has multiple potential clinical applications including the
monitoring of treatment response and can distinguish tumor
recurrence from radiation necrosis or pseudoprogression
[69]. A study investigating 18F-FET for PET-guided radio-
therapy concluded that size and geometrical location of gross
tumor volume and biological tumor volume, defined by 18F-
FET uptake, were significantly different in patients where the
biological tumor volume extended up to 10–20mm from the
margin of contrast enhancement on MRI, potentially
improving local tumor control due to improved radiotherapy
planning using 18F-FET-PET [75]. Multiple studies have
shown that both 18F-FET-PET and 18F-FDOPA-PET have a
higher diagnostic accuracy than conventional MRI in
differentiating glioma recurrence from posttreatment tissue
changes. For example, studies show a sensitivity and specific-
ity of 92.3% and 44.4%, respectively, for MRI compared to
100% and 88.89% for 18F-FDOPA-PET [76–79]. A prospec-
tive study investigating the predictive value of 18F-FET-PET
in patients treated with chemoradiation has shown that a
decrease of 18F-FET-PET accumulation reflects tumor
response to the therapeutic intervention at an early stage of
the disease and predicts outcome, whereas contrast-
enhanced MRI did not [78].

3.2. Tumor Heterogeneity and Predicting Treatment Response.
Correlation between different types of AA-PET standard
uptake values (SUV) and molecular markers, in the context
of radiogenomics, is currently under investigation. A longitu-
dinal prospective study has investigated 18F-FET-PET as an
imaging biomarker, and they concluded that the biological
tumor volume before treatment was a strong prognostic
marker for both overall- and progression-free survival
independent of treatment as well asMGMT promotermethyl-
ation and other patient- and tumor-related factors. Moreover,
tumor uptake kinetics before and after treatment (i.e., TAC
curves) is correlated with progression-free survival [80].

A recent study demonstrated the relationship between
11C-MET-PET and IDH1 mutation and found that SUVmax
and SUVratio were inversely correlated with IDH1 mutation
[81]. Moreover, a study which combined MRI and alpha[C-
11]-L-methyl-tryptophan PET imaging showed prognostic
imaging factors such as T1-contrast/PET volume ratios and
metabolic volume, which are associated with EGFR amplifi-
cation and MGMT methylation status [82]. To assess the
potential of radiogenomics as a diagnostic and predictive
tool, well-defined preclinical models with specific driver
mutations are needed that can be used to validate the sensi-
tivity and specificity of radiogenomics. The ability to identify
prognostic or molecular response markers based on imaging
features derived from routine diagnostic procedures (MRI,
PET, and computed tomography (CT)) provides an attractive
way of predicting treatment response in GBM.

Tumor hypoxia is a common feature of the tumor micro-
environment in GBM and contributes to increased malig-
nancy, poor prognosis, and resistance to radiotherapy and
alkylating chemotherapy such a temozolomide [83–85].
Acute and chronic hypoxic areas fluctuate in human tumors
and contribute to spatial and temporal intratumoral hetero-
geneity [86, 87]. This has a significant impact on resistance
to conventional treatment. Therefore, GBM patients might
benefit from hypoxia-targeting drugs [21]. Molecular imag-
ing of tumor hypoxia could aid in the selection of patients
with hypoxic tumors, which could benefit from specific
antihypoxic therapies. The efficacy of antihypoxic treatments
will depend on the presence of hypoxia. Several 2-nitroimi-
dazoles, labeled with 18F, have already been investigated in
patients to identify hypoxia [88]. In extensive preclinical
models and clinical trials, 18F-HX4-PET has shown to be
a promising and nontoxic probe for hypoxia [89–91].
Repeated hypoxia imaging during the course of disease
and treatment will demonstrate the extent of spatial and
temporal fluctuations in tumor hypoxia and is likely impor-
tant in scheduling hypoxia-modifying drug in combination
with conventional treatments.

4. Liquid Biopsy

Liquid biopsy (LB) has entered clinical practice in the treat-
ment of several cancer types, including breast and colorectal
cancer [92, 93]. LB studies circulating biomarkers which refer
to measurable biological molecules found in blood, urine,
and or other body fluids, like cerebrospinal fluid (CSF).
Although LB has refined the individual treatment for several
cancer subtypes, relatively little progress has been made with
regard to validation of circulating biomarkers for primary
brain tumors. Nevertheless, although the translation of bio-
marker development into neuro-oncology is lagging behind
compared to general oncology, the prerequisites for adequate
extrapolation are present, mostly in experimental studies
[94]. In these studies, circulating tumor cells (CTCs), circu-
lating free nuclear acids (cfNA), extracellular vesicles, and
circulating proteins and metabolites have been described.

For brain tumors, where noninvasive procedures are
complex, precarious, and may be nonrepresentative for
outcome, circulating biomarkers pose a realistic option.
For the inoperable patients, which mostly occurs in the
recurrent setting, circulating biomarkers could be the source
of a molecular profile of the relapsed tumor, allowing clini-
cians to identify potentially druggable molecular alterations
driving recurrence.

4.1. Monitoring Treatment Response. miRNAs are small
(about 21–24 nucleotides) noncoding regulatory RNA mole-
cules and can be detected as cell-free entities or as the content
of circulating extracellular vesicles (EVs) in plasma/serum or
CSF. EVs are small nanometer size membrane-enclosed
particles that are released from GBM living tumor cells.
EVs that can be isolated from both blood and CSF are a rich
source of tumor-derived molecules such as DNA, miRNA,
mRNA, proteins, lipids, and metabolites, because the struc-
ture of EVs protects them from nucleases and proteases [95].
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The human genome encodes for miRNAs which have
been shown to regulate most hallmarks of tumor develop-
ment and progression via transcriptional silencing or transla-
tion inhibition of both oncogene and suppressor genes and
have tumor/tissue-specific signatures [96]. miRNAs have
been described in GBM, mostly from resected specimens.
miR-21 is the most reliable plasma biomarker in glioma
diagnosis and seems to be valuable distinguishing tumor
progression from pseudoprogression or radionecrosis [97].
Exosomal miRNA-21 in CSF of glioma patients has been
shown to correlate with glioma recurrence [98]. An increase
in levels of blood-born annexin V-positive microvesicles dur-
ing chemoradiation is associated with earlier recurrence and
shorter overall survival. Since the number of patients
included in this analysis was only small (n = 16), further
investigation is needed [99].

4.2. Tumor Heterogeneity and Predicting Treatment
Response. The ability to detect CTCs in GBM patients has
been established [100]. Also, using single-cell genome
sequencing, some unique mutations were found in the CTCs
as well as in the parental tumor [101]. However, the most
important limiting factor for the clinical implementation of
CTCs is their scarcity, which makes it difficult to adequately
assess GBM heterogeneity. Also, it has not yet been estab-
lished in GBM if CTCs can be identified which show charac-
teristics of brain tumor-initiating cells.

Circulating tumor DNA (ctDNA) is much more abun-
dant than CTCs and contains the mutations present in
tumors [102]. In GBM patients, a lower rate of ctDNA is
detected compared to other solid tumors, mainly due to the
only partially disrupted BBB. In several small retrospective
studies, ctDNAs were successfully detected in GBM patients
and multiple molecular alterations were characterized
including loss of heterozygosity (LOH) in chromosome arms
1p, 19q and 10q, IDH1, and EGFRvIII mutations as well as
methylation of promoters of MGMT, PTEN, and CDKN2A
[103–105]. Only few studies have reported the plasma half-
life of ctDNA. The available data propose that the fast turn-
over of ctDNA reflects tumor homeostasis [106]. Until
now, the clinical utility of candidate ctDNAs as biomarkers
for patients with GBM has not been demonstrated and
large-scale prospective studies are needed before their imple-
mentation in clinical practice.

miR-130a was found to positively correlate with temozo-
lomide response in GBM patients, independent fromMGMT
methylation status [107]. miR-603 is another regulator of
MGMT and could complement assessment of MGMT
methylation, which alone cannot completely explain temozo-
lomide efficiency, as a predictive marker for treatment
response [108]. miR-181d levels in the serum of GBM
patients are also shown to correlate with response to temozo-
lomide, since this miRNA, like miR-603, is directly involved
in the downregulation of MGMT [109].

Mutant IDH enzymes acquire neomorphic enzymatic
activity, thereby catalyzing the production of D-2-
hydroxyglutarate (D2HG), an oncometabolite that accumu-
lates at high levels and inhibits several enzymes notably
involved in histones and DNA demethylation [110]. In most

patients with IDH1/2 mutant gliomas, plasma D2HG values
are in the normal range [111], suggesting limited clinical value
of this oncometabolite. However, combining this technique
with MRS which can, as mentioned before, measure D2HG
metabolite concentrations in brain tissue, might be useful in
exploring IDHmutation status.

Several circulating proteins have been evaluated and
include proteins with cell lineage such asGFAP [112],NCAM
[113], and S100B [114], matricellular proteins and matrix
metalloproteinases such as YKL-40, MMP2, MMP9 [115],
TIMP-1, and osteopontin [116], and cytokines [117], growth
factors, and growth factor receptors such as VEGF, FGF-2,
PlGF, IGFBP-5, EGFR, VEGFR1 [118], and TGF-β1 [119].
Further validation of these biomarkers is warranted.

5. Discussion and Future Perspectives

Advanced MR imaging techniques, nuclear imaging, liquid
biopsy and integrated radiogenomics, and radiomics
approaches are examples of noninvasive diagnostic methods
to uncover underlying tumor characteristics. GBM is a
challenging tumor both from a diagnostic and therapeutic
point of view. Recent advances are made when it comes to
molecular markers and the understanding of underlying
driver oncogenes and tumor microenvironment, all factors
which contribute to treatment sensitivity and resistance.
Diagnostic methods to accurately identify these factors and
their impact on outcome are needed to be able to put this
knowledge to clinical use.

Tumor heterogeneity poses a big challenge in the use of
targeted treatment approaches. Apart from heterogeneity
on the genetic level, nongenetic factors such as the tumor
microenvironment also influence the development on cancer
cell populations [120]. Different niches have been identified
in GBM harboring very different epigenetic and environmen-
tal factors which also play a role in treatment resistance and
heterogeneity [121]. These differences make it challenging
to create one uniform treatment schedule for GBM, and a
comprehensive insight into the behavior of these distinct
tumor cell populations is needed.

The diagnostic modalities previously discussed all have
future possibilities to improve the understanding of tumor
heterogeneity and the prediction of treatment response as
well as the monitoring of treatment response with regard to
the differentiation of pseudoprogression, radiation necrosis,
and actual tumor progression. The latter is especially impor-
tant when it comes to patients treated with immunotherapy,
for which no adequate distinction between pseudoprogres-
sion and actual progression can currently be made.

MRI is already well established within the clinic of GBM;
further optimization through higher resolutions (e.g., ultra-
high field MRI), wider use of advanced imaging techniques,
and further research, including clinical validation, on the
application of radiogenomics will improve the diagnostic
power ofMRI. The same applies to nuclear imaging, especially
different types of AA-PET for which additional studies on
known amino acid tracers and the development of new tracers
to improve diagnostic accuracy, both in the setting of the pri-
mary diagnosis as well as in the monitoring of treatment
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response and patient follow-up, are warranted. Radiomics is
an important topic in different types of solid tumors and still
relatively new in GBM. Radiomics analysis is one of the most
promising techniques for the differentiation between different
GBM subsets and in evaluating and monitoring intratumoral
heterogeneity [122]. Ideally predictive radiomics models are
created as predictors for GBM subtypes as has already been
established using radiomics in other types of solid tumors
[24]. Before radiomics can be applied, prospective validation
is needed as well as standardization of imaging protocols,
imaging segmentation, and feature extraction to ensure inter-
operability of multicenter radiomics studies [123].

Liquid biopsy provides a different approach for under-
standing tumor characteristics. Further research should focus
on determining the clinical value of liquid biopsy and also
which liquid source and which biomarker technique to use.
Also, the possibility to use liquid biopsy in patients after a
tumor resection as a marker for tumor recurrence has yet
to be studied. Tumor heterogeneity will remain an important
pitfall in liquid biopsy technique; this might be overcome by
combining liquid biopsy with other noninvasive markers but
will remain a challenge.

Future research should focus on determining the
sensitivity and specificity and validating the techniques
previously discussed for GBM. Being able to understand
and unravel intratumoral heterogeneity provides clinicians
with important information to create the most optimal
treatment regime, and this should therefore be the focus
of future studies.

NIGT offers a noninvasive panel to understand the
driver mechanisms as potential treatment targets as well
as identifying the tumor microenvironment. Combining
different diagnostic modalities aims to achieve optimal
diagnostic power for identification of tumor characteristics.
Understanding the tumor microenvironment (e.g., hypoxia,
angiogenesis, and immune infiltration) can help in finding
new ways to treat GBM or to alter the tumor microenviron-
ment to improve the effectiveness of systemic therapies and
radiotherapy. Unique to the brain microenvironment is the
BBB which limits effectiveness of therapeutic agents.
Advances in imaging allow the visualization of changes in
the tumor microenvironment and tissue architecture as a
response to treatment and can therefore serve as a marker
for treatment response.

Given the limitations of each of the currently available
noninvasive tools, these diagnostic methods are ideally com-
bined into a so-called NIGT platform: a multimodal nonin-
vasive approach to visualize the tumor and its underlying
tumor characteristics in a spatially and temporally relevant
manner. Using this NIGT platform, predictive models for
GBM can be created, both in the primary and the recurrent
setting. This will guide clinicians in selecting the appropriate
treatment option, treatment monitoring, and adaptation in
the era of patient-tailored precision medicine.
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Cancer treatment options are increasing. However, even among the same tumor histotype, interpatient tumor heterogeneity
should be considered for best therapeutic result. Metabolomics represents the last addition to promising “omic” sciences
such as genomics, transcriptomics, and proteomics. Biochemical transformation processes underlying energy production
and biosynthetic processes have been recognized as a hallmark of the cancer cell and hold a promise to build a bridge
between genotype and phenotype. Since breast tumors represent a collection of different diseases, understanding metabolic
differences between molecular subtypes offers a way to identify new subtype-specific treatment strategies, especially if
metabolite changes are evaluated in the broader context of the network of enzymatic reactions and pathways. Here, after a
brief overview of the literature, original metabolomics data in a series of 92 primary breast cancer patients undergoing
surgery at the Istituto Nazionale dei Tumori of Milano are reported highlighting a series of metabolic differences across
various molecular subtypes. In particular, the difficult-to-treat luminal B subgroup represents a tumor type which
preferentially relies on fatty acids for energy, whereas HER2 and basal-like ones show prevalently alterations in glucose/
glutamine metabolism.

1. Molecular Subtypes in Breast Cancer: A
Major Step towards Treatment Prediction

In light of the progress achieved in early diagnosis, sur-
gery, chemotherapy, and endocrine therapy in breast can-
cer, there is no doubt that the biological heterogeneity of
this tumor remains the major obstacle on the way
towards an optimal disease control. Such heterogeneity,
which has been recognized some time ago, has been ini-
tially ascribed to hormonal milieu (menopausal status),
in times when studies on hormone sensitivity were still
in their infant state. Later, attempts by Jensen and Jordan
[1] and Sledge and McGuire [2] to distinguish breast
tumors by their ability or their lack of ability to bind
17β-estradiol with high affinity, limited capacity, and high
specificity gave a biological and molecular basis to the
clinically well-recognized fact that certain tumors were

hormone-sensitive whereas others were not [3]. Several
evidences were being collected in the meantime, showing
that proliferative activity, which varies greatly among indi-
vidual tumors, may provide [4] an explanation for both
the variable natural history of the disease and for distinct
sensitivity to anticancer agents.

During the following years, with the gradual recognition
that breast cancer is definitely not a single disease, but rather
a group of diseases characterized by clinical, morphological,
and molecular heterogeneity, the description of the subtypes
of breast tumors has become more and more sophisticated.
Furthermore, after the advent of microarray techniques, a
prominent role in defining the landscape of breast tumor
was played by gene expression studies [5]. Nowadays, at least
four molecular subtypes are commonly recognized: luminal
A, luminal B, HER2-enriched, and basal-like (roughly corre-
sponding to the so-called triple-negative breast cancer,
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TNBC) to which the categories of claudin-low and
normal-like can also be added. Also, integrated analysis
of copy number alterations with gene expression analysis
further extended the number of subtypes to ten [6]. Nonethe-
less, even when analyzing large case series for different
molecular features (microRNA/methylation/copy-number
alterations/gene expression=PAM50 and reverse-phase pro-
teomic analysis), the four main subgroups defined by gene
expression classifiers [7] still recapitulate most of the hetero-
geneity [8]. Despite some heterogeneity within the luminal
subgroup, this categorization (by molecular signatures or by
pathological surrogates) presently is the only tool available
for treatment guidance in women with early-stage invasive
breast cancer approved by the ASCO [9] and by the St. Gallen
[10] guidelines.

On one side, tumor molecular subtypes do in fact recapit-
ulate the presence or absence of specific drug targets such as
the estrogen receptor and the cell membrane growth factor
HER2, but on the other side, they also underscore a complete
different prognostic landscape. If we assume with a certain
approximation (due to the exclusion of contribution by
immunity) that, as far as concerns the natural disease history,
the major prognostic driver is proliferative activity, luminal
tumors are put into the most favorable position, with
HER2-enriched and basal-like on the opposite end. However,
the availability of target treatments, that is, endocrine therapy
and HER2-targeting drugs, has completely modified the sce-
nario offering to women bearing HER2-enriched tumors an
advantage with respect to those with basal-like tumors who
are instead affected by a target-orphan disease.

The relevance of proliferation does not rely only on its
prognostic value but also derives from the fact that chemo-
therapy targets highly proliferating cells and is ineffective
on quiescent cells. This clearly makes basal tumors more che-
mosensitive compared to luminal A tumors, though it does
not revert their poor survival probability and this category
urgently needs additional treatment targets. In the luminal
disease instead, as underlined by the St. Gallen International
Consensus Panel in 2015, major concerns regard the identifi-
cation of the most difficult to treat category, namely, luminal
B tumors, by simply applying a cutoff to a marker such as
Ki-67 which shows a continuous distribution.

Apart from low expression of proliferation and cell
cycle-related genes, luminal A tumors are distinguished
by higher expression of PR and FOXA1, GATA3, and
XBP1, whereas the ESR1 gene is expressed at comparable
levels as in luminal B tumors [5], [11]. Their mutational
rate is lower compared to other subtypes, and the most fre-
quently reported mutations relate to PIK3CA, GATA3, and
MAP3K1. Luminal A tumors are characterized by low his-
tological grade and are diploid in contrast to luminal B
tumors which are high-grade and frequently aneuploid.
Recommended treatments reflect the molecular asset of
such tumors as hormone therapy is suggested for luminal A
tumors whereas for luminal B chemotherapy and anti-
HER2 therapy (when HER2 is highly expressed or amplified)
are additional options.

HER2-enriched breast tumors are characterized by high
expression of ERBB2 at the RNA and protein level and by

increased levels of genes coamplified with ERBB2 such as typ-
ically GRB7. Such tumors express luminal genes at an inter-
mediate level and do not express or express at low levels
basal-related genes such as KRT5. Mutation frequencies are
high among HER2-enriched tumors and include mainly
TP53 and PIK3CA.

In the basal-like subgroup of patients, no specific targets
are available yet and chemotherapy remains the only option.
Such tumors are highly proliferating, mostly aneuploid and
high-grade and besides expressing the basal keratins (KRT5
and KRT6) often express high levels of EGFR, present com-
plex genomic rearrangements, and often harbor TP53 muta-
tions. Interestingly, these latter tumors represent such a
peculiar type of breast tumors that appear to be more simi-
lar to squamous cell lung cancer rather than to luminal
breast cancer. Bladder tumors also include a distinct molec-
ular subtype with features very similar to basal-like breast
cancer [12, 13].

The combined clinical and molecular heterogeneities in
breast cancer urgently call for the identification of addi-
tional subtype-specific treatment targets beyond the classic
steroid hormone receptors and HER2 since somatic muta-
tions in actionable genes such as PIK3CA represent a pos-
sibility only for a limited percentage of patients. In such a
context, the metabolic peculiarities of tumor cells, especially
in those molecular subtypes such as luminal B and basal-
like tumors where treatments still pose some difficulties,
could represent an innovative way for improving and person-
alizing treatment outcome.

2. Metabolism: A Long-Standing Hallmark of
the Cancer Cell

Despite molecular heterogeneity, certain metabolic features
tend to be distinguishable in tumor tissues in comparison
to normal tissues since a reprogramming of metabolism is
necessary for cancer cell proliferation and survival within
their environment. Such metabolic rewiring provides cancer
cells with (i) the rapid generation of energy in terms of
(ATP); (ii) increased synthesis of biochemical building
blocks for lipids, carbohydrates, proteins, and nucleic acids;
and (iii) proper redox potential and stability [14, 15].

In fact, following the introduction of altered energy
metabolism to the list of cancer hallmarks [16], there are
several evidences on a wider metabolic rewiring in cancer
cells, which not only includes cellular bioenergetics but also
a more complex network of deregulated biochemical path-
ways associated with altered signaling pathways essential to
tumor proliferation, growth, and invasion. Such a metabolic
plasticity adopted by cancer cells allows counteracting the
host defense and eventually resists the attack of anticancer
treatments. Consistently, advanced bioinformatics analyses
have highlighted that mutations, deletion, and amplifica-
tions affect not only crucial signaling pathways but also met-
abolic pathways that are determinant for tumor growth and
response to cancer therapy.

The first evidence for an altered metabolism in tumors
regards the glucose metabolism and was reported by
Warburg et al. [17], who described a shift away from an
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oxidative towards a glycolytic energy metabolism (even
under aerobic conditions) to produce the ATP necessary
for proliferation. This metabolic shift, known as Warburg
effect, can be observed regardless of oxygen availability. In
such a scenario, several evidences have clearly shown that
transcriptional factors such as HIF, c-Myc, and p53 are able
to modulate the expression and activities of glucose trans-
porters and of enzymes involved in the glycolysis and pentose
phosphate pathways (PPP) or in the tricarboxylic acid (TCA)
cycle [18]. The PPP (parallel pathway of glycolysis, starting
from glucose-6-phosphate) is crucial for generating impor-
tant biomolecules such as NADPH and ribose sugars. The
NADPH is essential for various metabolic requirements such
as ATP production, biosynthesis of lipids, and for counter-
acting oxidative stress. Instead, the ribose sugar is essential
information of an intracellular pool of nucleosides for prolif-
erating cells. In fact, a high ratio between the oxidative and
nonoxidative branches of PPP promotes the proliferation in
several types of cancer cells [19]. Thus, in both glycolysis
and PPP, precursors and substrates for macromolecules like
nucleic acids, lipids, and proteins are generated to support
overall cancer growth. A schematic picture of metabolic
alterations in cancer is shown in Figure 1.

Besides glucose, glutamine is essential for the increasing
demands of ATP and lipids. Tumor cells employ glutamine
not only as carbon donor but also as a nitrogen donor for

amino acids and nucleotide biosynthesis and for the forma-
tion of α-ketoglutarate (α-KG), involved in ATP production
in mitochondria. Glutamine can enter the cell through glu-
tamine transporters like ASCT2 and SLC38A5. Transcrip-
tion factors such as c-myc upmodulate the expression of
the ASCT2 transporter and regulate the expression of other
glutamine transporters and enzymes involved in the conver-
sion of glutamine to glutamate (GLU) such as glutaminase
(GLS1) [20]. Lactate-induced c-Myc activation triggers the
expression of glutamine transporter ASCT2 and of GLS1,
resulting in enhanced glutamine uptake and catabolism in
tumor cells [21].

In addition to glutamine, metabolism of other amino
acids such as glycine and serine and of the branched chain
amino acids leucine, isoleucine, and valine could play an
important role in cancer metabolic phenotype and tumor
microenvironment [22]. Serine and glycine are biosyntheti-
cally connected and are essential to the synthesis of all mac-
romolecules, such as proteins, lipids, and nucleic acids, used
in cellular growth and proliferation. These two amino acids
participate to a complex cyclic metabolic network of folate
metabolism, known as one-carbon metabolism crucial for
nucleotide synthesis, methylation, and reductive metabolism
[23, 24]. Indeed, upregulation of serine/glycine metabolism is
associated to cancer cell proliferation and to poor prognosis
in patients [25]. Glycine is also an integral element of the
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main antioxidant tripeptide glutathione, and it thus regulates
the redox balance of the cells.

In recent years, there has been a strong interest in under-
standing tryptophan and L-arginine biochemistry, and
particularly their catabolic pathways, which often are deregu-
lated in cancers. Tryptophan is involved in the modulation of
immune tolerance and in the suppression of antitumor
immune responses [26, 27]. The catabolism of tryptophan
occurs both via indoleamine-2,3-dioxygenase (IDO) and
tryptophan-2,3-dioxygenase (TDO) and conversion into
kynurenine or by tryptophan hydroxylase-1 (TPH-1) into
tryptophan to 5-hydroxytryptophan (precursors for seroto-
nin biosynthesis) [26, 27]. IDO is expressed by both immune
cells and tumor cells [28, 29]; IDO-expressing dendritric cells
subtract this amino acid from the extracellular medium lim-
iting tryptophan supply to surrounding T cells. In this way,
the depletion of tryptophan and the accumulation of immu-
nosuppressive tryptophan catabolites do impair T cell activa-
tion and proliferation inducing anergy and apoptosis [30].

Several types of tumors have abnormalities in their
arginine metabolism enzymes. This nonessential amino acid
participates in different pathways that include urea cycle,
polyamine, and nitric oxide synthesis. L-arginine could have
pleiotropic effects by modulating T cell metabolism potenti-
ating their survival and antitumor activity [31]. In addition,
enzymes of arginine metabolism such as nitric oxide synthase
(iNOS) and arginase (ARG) could create toxic reactive nitro-
gen species which induce apoptosis in lymphocytes and
modulate tyrosine phosphorylation of several proteins lead-
ing to downregulation of membrane receptors such as CD4,
CD8, and chemokine receptors in T cells [26].

Other metabolic hallmarks of cancer cells include aber-
rant choline phospholipid and lipid metabolism [32–34].
Different studies have reported a strong lipid and cholesterol
avidity in highly proliferative cancer cells by activating the
uptake of exogenous (or dietary) lipids and lipoproteins or
by enhancing de novo lipid and cholesterol biosynthesis
starting from cytosolic acetyl-CoA [34]. Lipid de novo bio-
synthesis involves a multiple step process with a conversion
from acetyl-CoA to malonyl-CoA by the acetyl-CoA carbox-
ylase (ACC). The subsequent condensation reactions cata-
lyzed by fatty acid synthase (FASN) lead to saturated fatty
acids, where the degree of unsaturation could be induced by
specific stearoyl-CoA desaturase (SCD). Elevated FASN
expression was indeed reported for breast, prostate, and
other types of cancer [35], and, as in the glucose metabolism,
the lipid biosynthetic enzymes are under strict control of
cellular signaling such as PI3k/Akt [36, 37].

Fatty acid oxidation (FAO) occurs mainly in mitochon-
dria and is responsible for the breakdown of long-chain
acyl-CoA to acetyl-CoA. This multistep process is regulated
at the transcriptional level by PPARs, SREBP1, and PGC-1α
and at the posttranscriptional level by ACC, malonyl-CoA
decarboxylase (MCD), and carnitine O-palmitoyltransferase
1 (CPT1) regulation. The long-chain acyl-CoA enters the
fatty acid β-oxidation pathway, which results in the produc-
tion of acetyl-CoA, NADH, and FADH2 from each cycle of
FAO and subsequent mitochondrial ATP production. FAO
offers more energy (ATP) as compared to carbohydrates

and generates intermediates that could stimulate cancer
cell proliferation and survival. In the last years, new evi-
dences highlighted that acetyl-CoA generated by FAO
could be converted into citrate acetyl-CoA which enters
the Krebs cycle to produce citrate, which can be exported to
the cytoplasm to engage NADPH-producing reactions [38]
and can act against oxidative stress and xenobiotics and
allow cancer proliferation and survival [39]. Accordingly,
intracellular accumulation of neutral lipids (triacylglycerol
and cholesteryl esters) is now considered as a hallmark
of cancer aggressiveness [40–43].

Phospholipids not only are the basic structural compo-
nents of membranes but also represent reservoirs of sec-
ond messengers for reactions involved in key regulatory
functions of mammalian cells. Phosphatidylcholine (PtdCho)
and phosphatidylethanolamine (similarly to phosphatidy-
linositol, Ptdlns) cangenerate secondmessengers such asdiac-
ylglycerol (DAG) and phosphatidic acid, which in turn is a
precursor of DAG, lysophosphatidic acid, and arachidonic
acid, through three major catabolic pathways, respectively,
mediated by specific phospholipases of type C (PLC) and
D (PLD), acting at the two distinct phosphodiester bonds
of the phospholipid headgroup and by phospholipase A2
(PLA2) in the deacylation reaction cascade [33]. Phospho-
choline, either produced by choline kinase (ChoK) in the first
reaction of the three-step Kennedy biosynthetic pathway or
via PLC-mediated PtdCho catabolism, has also been shown
to be mitogenic, by acting as a mediator in growth factor-
promoted cell proliferation [32, 33]. Several relationships
exist in fact between the PtdCho cycle and cell receptor-
activated signal transduction pathways with implications
regarding the biogenesis and utilization of other lipids and
phospholipids [33, 44].

There are evidences that metabolic reprogramming
includes not only activation or inhibition of specific meta-
bolic pathways but also posttranslational modifications
where specific metabolites (lysine methylation and acetyla-
tion, glycosylation, palmitoylation, and S-glutathionylation)
are covalently bound to proteins. These modifications are
responsible for cell proliferation, differentiation, migration,
and altered signal transduction [45].

Aberrant glycosylation represents a potential hallmark of
oncogenesis [46, 47]. These alterations consist in (a) changes
in the amount, linkage, and acetylation of sialic acids; (b)
modification of proteins by the monosaccharide N-acetylglu-
cosamine (O-GlcNAcylation); (c) alterations in sulfation of
glycosaminoglycans; and (d) modulation of the enzymes
that attach glycosylphosphatidylinositol (GPI) anchors to
proteins [48–50]. The enzymes responsible for these alter-
ations are regulated by oncogenic growth factor signaling
and represent novel therapeutic targets for cancer diagnos-
tic and therapeutic strategies, such as the development of
glycosyltransferase inhibitors, glycomimetics, and glycan/
glycopeptide-based vaccines [51].

3. Metabolomics and Breast Cancer

Metabolomics represents the last addition to a bunch of
promising omic sciences such as genomics, transcriptomics,
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and proteomics, whose contribution to understanding cancer
biology and to guiding treatment is unquestionable. As
described above, biochemical transformation processes
underlying energy production and biosynthetic processes
have been recognized as a hallmark of the cancer cell and
hold a promise to build a bridge between genotype and phe-
notype. Since the term breast tumors represents a collection
of different diseases, understanding metabolic differences
between molecular subtypes could offer a way to identify
new subtype-specific treatment strategies, especially if
metabolite changes are evaluated in the broader context of
the network of enzymatic reactions and pathways.

Metabolic alterations in breast cancer have been studied
for many years applying different techniques spanning from
the less sensitive, but nonsample destructive nuclear mag-
netic resonance- (NMR-) based approaches, including high-
resolution magic angle spinning (HR-MAS) in intact tissues,
to the more sensitive and specific liquid chromatography
(LC), gas chromatography (GC), and mass spectrometry-
(MS-) based approaches. All studies (for a comprehensive
review see [52]) report differences between tumor versus
nontumor tissues [53–57].

Although, depending on the specific approach, the
metabolites showing different levels between tumor and non-
tumor tissue may vary, a core of metabolites, namely, glycine,
taurine, phosphocholine, and lactate, is consistently upregu-
lated in tumor samples with respect to normal samples. By
using gas chromatography time-of-flight mass spectrometry
(GC-TOF-MS) for developing a signature of 13 metabolites
upregulated in cancer samples and 7 metabolites upregulated
in normal samples, Budczies et al. [58] could separate cancer
from normal samples with 95% sensitivity and 94% specific-
ity. A clear distinction of tumor from normal samples was
also achieved using HR-MAS which enables the analysis of
intact tissues and is sufficiently rapid for allowing distinction
of tissues in the operation theatre [59]. Metabolomics, how-
ever, not only allows a distinction between tumoral and nor-
mal samples, but it is also suitable for differential diagnosis of
benign versus malignant lesions [54, 56] and, by focusing on
selected tumor metabolic markers, namely, phosphocholine,
lactate, and lipids, even correlations with histological grade
were reported [55].

Metabolomic studies not only confirm differences among
breast cancer subgroups defined by molecular, histological,
or clinical data but also have the potential to further extend
classifications, offering this way additional clinical value. This
concept is clearly supported by data derived from integration
between HR-MAS MRS and gene expression microarrays
performed on 46 early breast cancer patients [60]. Metabolo-
mic analysis allowed subtyping of luminal A breast tumors
into three distinct groups differing for the contents of α-
glucose, β-glucose, amino acids, myo-inositol, and lipid
residues. In particular, one subgroup-denominated A2 char-
acterized by lower glucose levels and higher alanine levels
included tumors with increased glycolytic activity. Such
type of studies supports the concept that metabolomic
profiling of breast tumors could represent an additional
layer, worth to be explored, in our search of increasingly
personalized treatment approaches.

However, despite potentialities, metabolomics retains
several intrinsic limitations, which have so far substantially
prevented its widespread implementation in the clinical set-
ting. Major limitations, deriving from both biological and
experimental factors, include interindividual differences
among patients, sampling variability, and a substantial lack
of validated protocols for tissue handling. Moreover, biolog-
ical factors such as warm and cold ischemia may have a cru-
cial impact on the results of omics-based investigations. The
effects of the time spent by a tissue specimen under condi-
tions of warm ischemia induced by vessel ligation and resec-
tion from the body can be hardly predicted, as these effects
depend upon the nature of the disease and the adopted surgi-
cal procedure. On the other hand, the effects of different
times of cold ischemia (i.e., the time intervals from resection
to fixation and/or to freezing for cryo-preservation) were
investigated to ensure high-quality omics data. Recently,
studies observed no significant changes in the content of
individual metabolites in breast tumor samples frozen within
30min of resection. After this time point, there were some
metabolic changes in the content of phospholipid metabo-
lites and in the levels of ascorbate, creatine, and glutathione
[61]. A previous study by our group showed that under vac-
uum storage (UVS) tissue specimens for histological, tran-
scriptomic, and proteomic examinations could be preserved
up to 48 hours but that this method had limitations for
metabolomic applications [62] since we found an increase
in the free choline concentration in normal and tumor
breast tissue under vacuum storage, indicating that the
metabolome is more affected by the time of storage com-
pared to other omics approaches.

4. The Milan Case Series

The breast cancer series from the Istituto Nazionale dei
Tumori (INT) of Milan included 95 fresh-frozen samples
from primary tumors obtained from women diagnosed with
early breast cancer between the years 1990 and 1998. All
patients were defined as axillary node-negative. For each
sample, a written informed consent signed by the patient
authorized the use of the tumor material leftover from diag-
nosis for research purposes. The study was approved by the
INT Independent Ethics Committee and the local Institu-
tional Review Board. Samples used for molecular studies
were evaluated by a pathologist after evaluating percent of
tumor cells on an adjacent section. Necrotic areas, fat, and
normal tissue were carefully avoided, and samples were
immediately snap-frozen in liquid nitrogen and then stored
at −80°C until further use.

Gene expression profiling studies were performed by the
INT Functional Genomics Core Facility on frozen samples
using the Illumina platform (Sentrix Bead Chip HumanRef-
6 v3, Illumina Inc., San Diego, CA). Samples were then strat-
ified based on molecular subtype according to the expression
of PAM50 genes [7] using two different approaches: unsu-
pervised hierarchical clustering with Spearman’s correlation
as distance metric and average linkage and the nearest
shrunken centroid method implemented in the pamr pack-
age [63]. In three cases, subtype attribution was discordant
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between the two methods and therefore only 92 samples with
concordant molecular subtype labels (9 basal-like, 7 HER2,
36 luminal A, and 40 luminal B) were available for metabolite
analyses. Raw and processed data were deposited to the Gene
Expression Omnibus data repository with ID GSE104549.
Samples’ metabolomic analyses were performed by Metabo-
lome Inc. (Durham, NC, USA). At the time of analysis, sam-
ples were extracted and prepared using Metabolome’s
standard solvent extraction method. The extracted samples
were split into equal aliquots for analysis on the GC/MS
and LC/MS/MS platforms.

In keeping with what stated above, and at difference
to previous studies, the molecular classification of the tis-
sue samples employed in this study was very robust and
we therefore speculate that metabolic studies in our bio-
logical samples are likely to reveal new differences in
metabolic pathways.

Globally, 408 compounds of known identity were
identified in the samples. Paired comparison between
the four molecular subtype categories revealed differences
in biochemical levels among the categories as summarized
in Table 1.

Raw data on metabolites reported in the figures are
available in Supplementary file 1.

By simply comparing the numbers of biochemicals char-
acterized by statistically significant different levels among
categories, it appeared that the basal-like tumors represented
the most distinct category from the metabolic point of view
when compared to either luminal A or B tumors, as already
observed from the transcriptomic point of view (see above),
but showed less differences when compared to HER2 tumors.
Luminal B tumors presented a different biochemical profile
compared to luminal A, a finding which may have an impor-
tant clinical relevance if such metabolites trace a targetable
pathway. Metabolic changes are described hereafter in detail,
referring to the metabolic main pathways disrupted in
tumors (Figure 1).

In keeping with the differences observed for the levels of
biochemicals, numerous metabolic pathways were altered
among breast cancer molecular subtypes. In particular, there
were significant differences in glucose utilization, TCA cycle
metabolism, amino acid metabolism, membrane biogenesis,
lipid oxidation, nucleotide catabolism, inflammation, and
oxidative stress between the different classifications. Note
that the extent of these changes was greatest in basal-like
and HER-2-enriched tumors when compared to luminal A
and B breast cancers.

4.1. Glucose Metabolism. Glucose, whose utilization is critical
for the generation of cellular energy, nucleic acids, and bio-
mass, presented similar levels between the various breast can-
cer subtypes (p = 0 68, One-way ANOVA), whereas for the
downstream glycolytic intermediates, a net accumulation
could be observed in luminal B, basal, and HER2-enriched
tissues in comparison to luminal A (see Figure 2). Indeed,
glucose-6-phosphate and fructose-6-phosphate levels were
significantly different among subtypes (p = 0 02 and p =
0 02, resp.) increasing from luminal A to luminal B and to
HER2-enriched samples with the highest difference between

luminal A versus basal-like tumors (p = 0 03, p = 0 02).
Fructose-1,6-bisphosphate (F1,6BP) levels also varied across
the four molecular subtypes (p = 0 002, one-way ANOVA)
with similar levels between luminal A and B tumors, but with
significant increases between luminal A and basal-like,
luminal A and HER2-enriched, and luminal B and HER2-
enriched (p = 0 03, p = 0 007, p = 0 037, respectively, Tukey
post hoc test). Interestingly, literature data also report the
accumulation of F1,6BP showing that this glycolytic interme-
diate can directly bind to EGFR, which is highly expressed in
basal-like/TNBC and this way enhance its activity. Indeed, in
TNBC, the intermediate F1,6BP enhances lactose excretion,
tumor growth, and immune escape [64].

Note that no differences in sorbitol (p = 0 69, ANOVA),
fructose (p = 0 87, ANOVA), or the advanced glycation end
product erythrulose (p = 0 45, ANOVA) were observed, sug-
gesting that these tumors may immediately catabolize glu-
cose for energy generation. Significantly different lactose
levels were also observed (p = 0 024, ANOVA) across sub-
types with a significant increase in basal-like versus luminal
A tumors. Metabolite levels also confirmed the enhanced
extent of glycolysis in basal-like and HER2-enriched tumors
in comparison to luminal B tissues. However, since 3-
phosphoglycerate (p = 0 51, ANOVA), 2-phosphoglycerate
(p = 0 63, ANOVA), and phosphoenolpyruvate (p = 0 45,
ANOVA) were similar between tumor subtypes; these obser-
vations may reflect shuttling of glucose-6-phosphate to PPP
to generate NADPH, and pentose sugars and contribute to
nucleotide biosynthesis.

The pentose phosphate metabolites, ribulose 5-
phosphate and xylulose 5-phosphate (p = 0 001, ANOVA),
were elevated in the more aggressive HER2-enriched molec-
ular subtype (p = 0 002 luminal A versus HER2-enriched).
These observations may be indicative of PPP flux facilitating
the generation of nucleic acids as supported by elevated
adenosine (p = 0 004, ANOVA) and guanine (p = 0 003,
ANOVA) levels in basal-like tumors (Figure 2). Together,
these findings suggest that glucose utilization was enhanced
in all three subtypes (particularly in basal-like and HER2-
enriched tissues) compared to luminal A breast cancer and
are in agreement with evidence in the literature demonstrat-
ing that uptake of the glucose analogue fluordeoxyglucose
F 18 (18F-FDG) in breast cancer patients correlates with
their tumor proliferative potential.

Increased glucose utilization according to molecular
subtype has already been reported in the literature. Accord-
ingly, HER2 positive and TNBC mostly exhibit higher levels
of glycolysis and consequently higher levels of expression of

Table 1: Number of biochemicals with statistically significantly
(p < 0 05∗) different levels at pair-wise comparison between
molecular subtypes.

Basal HER2-enriched Luminal A

HER2-enriched 15 — —

Luminal A 110 11 —

Luminal B 34 16 85
∗Welch’s two-sample t-test.
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GLUT-1, the transporter responsible for membrane crossing
by glucose [65, 66]. As the most invasive type of breast
cancer, TNBC has the highest expression of GLUT-1 when
compared to other subtypes [67, 68].

In keeping with our results, an increased activity of
enzymes involved in glycolysis, like hexokinase and lactate
dehydrogenase A (LDHA), has also been reported and linked
to cancer cell [69, 70].

4.2. TCA Cycle. We next analyzed our data focusing on TCA
cycle (Figure 3(b)). Starting from pyruvate levels (p = 0 78,
ANOVA) and including other TCA cycle metabolites such
as citrate (p = 0 64, ANOVA), alpha-ketoglutarate (α-KG)
(p = 0 85, ANOVA), and succinate (p = 0 07 ANOVA),
no statistically significant differences were observed across
subtypes. However, at difference with the other TCA cycle

intermediates, fumarate (p < 0 001, ANOVA) and malate
(p = 0 001, ANOVA) levels showed statistically significant
differences among subtypes, once again with increasing levels
paralleling subtype-related aggressiveness. An excess of
fumarate is well-described in tumors and may be linked
to germline mutations in fumarate hydratase (FH), a con-
dition which predisposes to hereditary leiomyomatosis and
renal cell cancer [71], but interestingly also evidences for a
link with FH are reported in breast and bladder carcino-
mas [72]. More generally, mitochondrion dysfunctions,
either promoted by mutation in FH, isocitrate dehydroge-
nase (IDH), and succinate dehydrogenase (SDH) (seldom
reported in breast cancer) or by other mechanism (for a
comprehensive review see [73]), are described as possibly
contributing to initiation and progression of cancer. Accord-
ingly, both fumarate and 2-hydroxyglutarate (2-HG) levels
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Figure 2: Glucose metabolism. Metabolites participating in the glycolytic and pentose phosphate pathways are schematically shown. For the
metabolites written in red fonts in the scheme of the metabolic pathway, the levels across breast cancer molecular subtypes are reported as box
plots. p values refer to one-way ANOVA on raw data. AU= arbitrary units.
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appeared to be significantly different across subtypes
(p < 0 001 and p = 0 01, respectively, ANOVA) and their
levels were increased in more aggressive basal-like tumors
compared to luminal ones (p = 0 004 in luminal A versus
basal; p = 0 036 in luminal B versus basal for 2-HG levels;
p < 0 001 in luminal A versus basal; and p = 0 001 in luminal
B versus basal for fumarate). Indeed, 2-HG, succinate, and
fumarate act as oncometabolites by inhibiting prolyl hydrox-
ylases (PHD1-3) and stabilizing HIF-1α.

In particular, the accumulation of 2-HG is a well-known
hallmark in cancer cells and is generally attributable to the
occurrence of gain-of-function mutation in IDH1 and
IDH2 [74]. Whereas, IDHmutation is reported as a very rare
event in breast cancer [8, 75], literature data consistently
report elevated 2-HG levels in about 50% of breast tumors
[52]. This suggests that 2-HG accumulation in breast tumors
is not mediated by IDH and may instead be mediated by
MYC activation as suggested by Terunuma et al. [76].

Accumulation of 2-HG is linked with a DNA hyperme-
thylation phenotype [74, 77], and it is reported that 2-HG
is an inhibitor of α-KG–dependent enzymes including
PHD1-3, histone demethylase KDM4C, and 5-methyl-
cytosine hydroxylases TET2 [78]. DNA-methylation patterns

are indeed reported to be subtype-specific [79] with a general
increase in methylation of CpGs in luminal B tumors, which
is not in keeping with the higher 2-HG levels reported in
basal and HER2-enriched tumors in our case series. It was
recently reported that DNA hypermethylation pattern across
basal-like breast cancer does not correlate with tumor pro-
gression as it simply mirrors the repressed chromatin state
of the tissue of origin. On the contrary, the hypermethylation
pattern in the luminal subtype impacts on the gene expres-
sion pattern and possibly contributes to tumor progression
and could therefore represent an actionable alteration [80].

4.3. Amino Acid Metabolism. These findings might have been
indicative of altered glutaminolysis (the generation of α-KG
from glutamine and GLU), which is a critical metabolic pro-
cess for most tumors owing to aconitase mutation. However,
whereas no significant differences across breast cancer
molecular subtypes were reported for glutamine levels (p =
0 27, ANOVA), the GLU/glutamine ratio significantly varied
across subtypes (p < 0 001, ANOVA) with the basal-like sub-
type mostly contributing to such differences (HER2-enriched
versus basal, p = 0 01, luminal A versus basal p < 0 001, and
luminal B versus basal p < 0 001, Tukey post hoc analysis).
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Figure 3: Amino acid metabolism and TCA cycle. (a) Box plots representing relative amounts of metabolites participating in the tryptophan-
kynurenin pathway across molecular subtypes. p values refer to one-way ANOVA on raw data. (b) Relative differences in TCA metabolic
intermediates across molecular subtypes. Data for basal-like, HER2-enriched, and luminal B tumors expressed as fold changes of raw data
peak intensities with respect to the luminal A subtype are reported for each metabolic intermediate. Statistical significance of differences
between mean values for each reported comparison was tested by the Welch t-test. Color codes refer to the range of calculated p values
and to the direction of the differences between means, as detailed in the figure inset. AU= arbitrary units.
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Increased glutamine metabolism is another alternative
source of energy for cancer cells, including breast cancer,
and is thought to be a central metabolic pathway cooperating
with glycolysis [81]. Metabolites derived from glutamine
metabolism (NADH, glutathione, and ammonia) could be
involved in the reduction-oxidation status in cancer cells
and may lead to an increased tumor growth and drug
resistance [82, 83]. In vitro studies have indeed shown that
a high glutamine supply protected MCF7 cells from
tamoxifen-induced apoptosis [82]. Immunohistochemical
staining of breast cancer tissues indicates that HER2 positive
and TNBC exhibit the more frequent expression of glutamine
metabolism-related proteins than other subtypes [84].

In the literature, additional comparison studies on spe-
cific metabolic alterations in early breast cancer were done
by comparing TNBC samples with triple-positive breast
cancer (TPBC) samples. In a study using HR-MAS MRS,
Cao et al. [85] show that TNBCs are characterized by
lower glutamine levels and increased GLU levels compared
to TPBC. The increased glutaminolysis metabolism in
TNBC may represent a pathway worth to be targeted.
Interestingly, the same study also reports increased glycine
levels in HER2+ tumors, probably associated with their
increased aggressiveness. Asiago et al. [86] observed that
an elevated level of GLU was associated with disease outcome
in breast cancer patients. The high GLU-to-glutamine ratio
is found in breast cancer tissues as compared to normal
tissues [87] and in vitro in highly invasive and drug-
resistant breast cancer cells compared with noninvasive
breast cancer cells [88].

The kynurenin pathway, linked to triptophane metabo-
lism, has received increasing attention due to its connection
with inflammation, immune system, and certain neurological
conditions. Significantly different levels of kynurenin (p <
0 001, ANOVA) were detected across subtypes with an
increase in basal-like (p < 0 001 basal-like versus luminal
A, luminal B, and HER2-enriched, Tukey post hoc test) sug-
gesting that activation of IDO, and consequently the devel-
opment of inflammation and of immune tolerance, may
represent a therapeutic target in such tumors (Figure 3(a)).

4.4. Lipid Metabolism. Regarding lipid metabolism, we
evaluated de novo biosynthesis, the intracellular accumula-
tion, and catabolism. The level of numerous free fatty acids,
including linoleate (p = 0 011, one-way ANOVA), palmitate
(p = 0 003, one-way ANOVA), and oleate (p = 0 002, one-
way ANOVA), was significantly different across all four sub-
types (Figure 4). The accumulation of these lipids was also
accompanied by an elevation in triacylglycerol catabolites
such as glycerol (p = 0 01 one-way ANOVA) and monoacyl-
glycerols (MAGs).

In particular, we found a significant accumulation of 1-
MAGs in luminal B breast tissues as compared to other breast
cancer subtypes. MAGs included both palmitic (C16) and
stearic (C18) acyl chain with different degree of unsaturation.

The concentration of MAGs is regulated by the specific
monoacylglycerol lipase (MAGL) and by glycerol-3-
phosphate acyltransferase (GPAT) in de novo glycerolipid
biosynthesis and diacylglycerol lipase (DAGL). Nomura

et al. report an overexpression of MAGL expression in
aggressive tumor cell lines and reveal that MAGL is part of
a gene signature correlated with epithelial-mesenchymal
transition and with stem-like properties of cancer cells
[89, 90]. Expression of MAGL is often increased in cancer
and promotes cancer pathogenesis, and the high level of 1-
MAG observed in our luminal B tumors suggests a selective
hydrolysis in the 2-position of the glycerol backbone with
concomitant release of specific acyl chains (e.g., arachidonic
acid), able to regulate a complex fatty acid network such as
prostaglandine, lysophospholipid, and ether lipids, known
to be involved in inflammation and tumor progression.

These findings suggest that in addition to de novo bio-
synthesis of lipids (potentially from citrate), higher fatty
acid levels in the tissue may also be contributed by lipoly-
sis. Fatty acids are a critical energy source that fuels oxida-
tive metabolism and ATP generation. In addition to
elevated free fatty acid levels, there was an accumulation
of palmitoylcarnitine (p < 0 001, one-way ANOVA), stear-
oylcarnitine (C18) (p < 0 001, one-way ANOVA), and
oleoylcarnitine (p = 0 001, one-way ANOVA) in luminal
B, basal, and HER2-enriched breast cancer, suggesting
the conjugation of long-chain fatty acids to carnitine for
transport into the mitochondria and subsequent oxidation
in such tumors.

Whereas accumulation of fatty acids may suggest
changes in synthesis or utilization as described above, a por-
tion of fatty acids was potentially being oxidized as indicated
by accumulation of the ketone body 3-hydroxybutyrate
(3-HBA). 3-HBA is generated from excess acetyl-CoA often
resulting from FAO, and it is an internal indicator of exces-
sive lipid oxidation and of potential mitochondrial dysfunc-
tion. However, since levels of 3-HBA were comparable
among subtypes, there was an indirect suggestion that FAO
did not differ among breast cancer molecular subtypes
(Figure 5). Together, these findings suggest that lipolysis
and membrane biogenesis were enhanced in basal and
HER2 breast cancers in agreement with previously published
studies, thus demonstrating that overproduction of fatty
acids facilitates tumor progression and cancer cell survival
[91, 92]. The data also suggest that whereas luminal B tumors
preferentially rely on fatty acids for energy, HER2-enriched
and basal-like tumors show also alterations in glucose/gluta-
mine metabolism. Since fatty acid synthesis and fatty acid
metabolism, which have both been recognized as potential
targets for cancer therapy in breast cancer [93], differ accord-
ing to the molecular subtypes, appropriate treatment should
be tailored accordingly [94].

Different breast cancer molecular subtypes seem to have
different metabolic lipid signatures that are worth investigat-
ing before considering FAS as a strong therapeutic target. In
such a context, our data could open a new treatment possibil-
ity for luminal B tumors.

4.5. Phospholipid Metabolism. Abundant fatty acid levels
may suggest alterations in phospholipid metabolism.
Regarding glycerol phospholipids, different levels of etha-
nolamine (p = 0 02, ANOVA), phosphoethanolamine (p =
0 09, ANOVA), cytidine-5′diphosphocholine (p < 0 001,
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ANOVA), DAG, and lysolipids suggest distinct membrane
remodeling across subtypes. Similarly, different levels of
sphingolipids such as palmitoyl sphingomyelin (P < 0 001,
ANOVA) and to a lesser extent stearoyl sphingomyelin
(p = 0 07, ANOVA), which were observed among subtypes
(Figure 6), may also reflect a change in cellular membrane
dynamics. These differences were greatest in basal-like and
HER2-enriched tumors and potentially reflect a greater
capacity of such tumors to grow.

Besides cellular membrane dynamics, phospholipid
metabolism is also involved in intracellular signaling. There
is a close network between oncogene-induced cell signaling
through multiple postreceptor pathways and phospholipid
metabolism. The phosphatidylinositol 4-phosphate 5-kinase

Iγ (PIPKIγ) is overexpressed in TNBC, and its loss has
been shown to impair the PI3K/Akt activation in TNBC
cells [95]. Furthermore, two major enzymes involved in the
agonist-induced phosphatidylcholine cycle, that is, ChoK
and PtdCho-specific phospholipase C (PLC), are overex-
pressed and differentially activated in various breast cancer
subtypes, including TNBC, with implications on expression
and oncogenic function of members of the EGF receptor
family [96, 97]. This body of evidence suggests that enzymes
involved in phospholipid biosynthesis and catabolism could
act as key regulators of breast cancer progression.

4.6. Metabolomic Footprint in Breast Cancer. We finally
explored whether the metabolite footprint of breast tumors
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Figure 4: Diacylglycerol, monoacylglycerol, and fatty acid metabolism. (a) Box plots representing relative amounts of fatty acids and glycerol
across molecular subtypes. p values refer to one-way ANOVA on raw data. (b) Relative differences in diacylglycerols and monoacylglycerols
across molecular subtypes. Data for basal-like, HER2-enriched, and luminal B tumors, expressed as fold changes of raw data peak intensities
with respect to the luminal A subtype, are reported for each metabolic intermediate. Statistical significance of differences between mean values
for each reported comparison was tested by the Welch t-test. Color codes refer to the range of calculated p values and to the direction of the
differences between means, as detailed in the figure inset. AU= arbitrary units.
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is able to identify specific groups of tumors beyond classical
molecular subtypes or within each specific molecular sub-
type. This was done by unsupervised clustering using the
set of metabolites characterized by the highest variability
across samples (evaluated in terms of interquartile range).
Data are reported as a heat map in Figure 7.

Metabolite levels split the tumors into two groups charac-
terized by high versus low levels of all of the specified metab-
olites, except for glucose whose levels where equally variable
among the two clusters. Luminal B tumors were equally rep-
resented within the two clusters (45 versus 55%), whereas
two-thirds of the luminal tumors fall into the low-
metabolite level cluster in contrast to HER2-enriched and
basal-like tumors which were mostly (69%) represented in
the high-metabolite level cluster.

5. Treatment Implications and Future
Research Strategies

Deregulated metabolic pathways in cancer such as glycolysis,
the Krebs cycle, mitochondrial respiration, glutaminolysis,
and FAO are possible drug target candidates.

Many studies, including research programs supported by
pharmaceutical companies, have focused on the development
of inhibitors targeting glycolytic pathways.

Main drugs targeting metabolism used in clinical and
preclinical studies are reported and discussed in Table 2.

Based on the metabolic differences that we have reported
among molecular subtypes, targeting glycolysis might repre-
sent a possible approach for HER2-enriched and basal-like
tumors where this pathway is activated compared to luminal
tumors. In such a context, the first strategy which can be
adopted consists in the employment of glucose analogs such
as 2-deoxyglucose, which enter the cell via glucose trans-
porters and are phosphorylated by hexokinase, which cannot
be further metabolized. Consequently, 2-deoxyglucose-6-
phosphate is accumulated triggering inhibition of glycolytic
enzymes and of glucose catabolism. Although many studies
have reported the efficacy of this compound, either alone or
in combination with other anticancer drugs, or with local
treatments (surgery or radiations), both the preclinical and
the clinical studies have pointed out high toxicity as a strong
limit of such an approach [98].

Other strategies, explored at the preclinical level, were
instead directly targeting specific isoforms of the glyco-
lytic pathway, increasing the drug specificity towards can-
cer cells and limiting toxicity to normal cells. In fact,
targeting the activity of 6-phosphofructo-1-kinase (PFK-
1), the rate-limiting step of glycolysis by 3PO/PFK158
inhibitors of 6-phosphofructo-2-kinase/fructose-2,6-bipho-
sphatase 3 (PFKFB3), directly affects the entire glycolytic
pathway in different preclinical models [99].

At the end of glycolysis, the generation of lactate from
pyruvate catalyzed by LDH replenishes NAD+ necessary for
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Figure 5: Fatty acid oxidation. Intermediates participating in fatty acid oxidation and their subcellular localization are reported. For
metabolites indicated in red color, levels across breast cancer molecular subtypes are reported as box plots. p values refer to one-way
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enhanced glycolytic flux in the tumor and is responsible for
extracellular acidification, leading to activation of metallo-
proteinases. The overexpression of a specific LDH isoform,
the LDH-A, whose expression is regulated at transcriptional
level by MYC and HIF-a, has been observed in several tumor
types [100, 101]. Indeed, silencing of LDH-A in tumor cells
by siRNA reduced tumor growth in vitro and in vivo sug-
gesting that LDH-A may represent an effective antitumor
therapy target [102]. Consistently, the pharmacological inhi-
bition of LDH-A by the natural phenol gossypol was
approved in clinical studies [103].

Lactate is extruded into extracellular medium by a family
of monocarboxylate transporters (e.g., MCT4) and can be
imported by the isoform MCT1 for being used in the TCA
cycle by neighboring cells (whose oxidative metabolism is
predominant as compared to glycolytic metabolic cells). Dif-
ferent studies suggest that MCT1 may be an effective target
for therapeutic intervention of the glycolytic tumor, because
by blocking lactic acid import into aerobic cells, such cells

take up glucose leaving the anaerobic cells to die due to
glucose deprivation [104].

Many preclinical studies have shown that enzymes
involved in the TCA cycle and mitochondrial respiration
could represent targets for the development of novel antican-
cer drugs [105]. The GLU metabolism is modified in breast
cancer with a general increase in GLU and 2-HG, and levels
of these metabolites are even further increased in steroid hor-
mone receptor-negative compared to hormone receptor-
positive tumors. GLS, the enzyme catalyzing the conversion
of glutamine to GLU, which can enter the mitochondrion
and the TCA cycle, represents a possible drug target since
glutaminase inhibitors are available and are tested in clinical
trials [106]. Further, the GLU to glutamine ratio may repre-
sent a valuable biomarker for selecting patients for therapeu-
tic inhibition of GLS [87].

Other therapeutic opportunities for selected breast
tumors, as for example luminal B, which rely preferentially
on fatty acid metabolism for energy production, are in the
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lipid metabolism. Indeed, Hilvo et al. [107] have shown that
lipid metabolism is an attractive target for antitumor drugs,
as it not only differs between normal and tumor tissue but
also varies among tumor subtypes and is correlated with
aggressiveness. Tumors are characterized by increased levels
of palmitate-containing PtdCho, and other products of de
novo fatty acid synthesis with respect to normal tissue and
activation of lipid metabolism represent a well-known fea-
ture of malignant transformation (which is known by the
name of lipogenic phenotype [108]). Higher product levels
of deriving from de novo fatty acid synthesis were reported
for ER− than in ER+ tumors and for grade 3 tumors.

Lipogenesis which is fueled by pyruvate and glutamine
represents the anabolic program of the tumor cell promoted
by theWarburg effect, and as such many enzymes of the lipo-
genic cascade have been the object of attempts to develop
specific inhibitors with potential anticancer activity. How-
ever, as recently reviewed by Kinlaw et al. [93], breast tumors
not only synthesize fatty acids but also present an increased
uptake of fatty acids supported by the expression of LPL
and CD36, which suggests that uptake could also be targeted
by specific inhibitors.

Only little attention has been devoted to developing
inhibitors against FAO. The agent etoximir inhibitor of
CPT1, responsible for mitochondrial import of fatty acids

mediated by the carnitine shuttle, decreases intracellular
ATP levels as well as cell viability in glioblastoma [109] and
affects tumor growth in preclinical models [110].

New antitumoral approaches are based on the blockade
of immune-inhibitory pathways such as the inhibition of
the IDO pathway. The rate-limiting enzyme IDO catalyzes
the first reaction in the tryptophan degradation and plays
an important role in cancer progression as well as in cancer
initiation. It has been indeed described to support inflamma-
tion in the tumor microenvironment and has an immuno-
modulatory role as it is involved in the suppression of T
and of NK cells and in generation and activation of Tregs
and myeloid-derived suppressor cells [111, 112]. IDO activa-
tion is stimulated by inflammatory cytokines, such as IFN-γ
and TNF-α. Consequently, IDO represents an interesting
therapeutic target for many tumors including breast cancer
and a phase II clinical trial (NCT01792050) in HER2-
negative metastatic breast cancer patients in combining the
IDO inhibitor Indoximod (NLG2101) with docetaxel which
is currently ongoing.

Insight, such as that reported here, on the correlation
between subtypes and metabolites of these crucial pathways
is therefore particularly important. Despite there is a lot of
evidence at the preclinical level of a partial antitumor activity
of IDO inhibitors, there might be a need to apply combined
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strategies against multiple immune-inhibitory mechanisms
present in the tumor microenvironment concurrently such
as PD-1/programmed cell death ligand-1 (PD-L1) or cyto-
toxic T-lymphocyte-associated protein 4 (CTLA4) signaling,
for obtaining an optimal therapeutic effect [113].

The relevance of targeting metabolic pathways is also
supported by data linking metabolic profiles to clinical
outcome, with lower concentrations of glycine in patients
with good prognosis compared to those with bad prognosis
[114]. In locally advanced breast cancer treated with doxo-
rubicin, a decrease in glycerophosphocholine predicted
long-term survival and response to treatment [115].
Higher levels of glycine and lactate were found to be asso-
ciated to lower survival rates in ER+ patients [116], whereas
opposite trends were reported by Cao et al. [117] in the
context of neoadjuvant treatment. Consistently, depletion
of amino acids activates mTOR signaling and reduces
protein translation with subsequent proliferative arrest in
cancer cells [118].

Finally, different inhibitors were developed in experi-
mental models against several enzymes in lipid bio-
chemistry including FASN, ACCs, ChoK, and cholesterol
pathways [119].

The importance of targeting metabolism is further
supported by well-known associations between metabolic
diseases (obesity, hyperglycaemia, hyperlipidaemia, and
insulin resistance) and the increased risk of developing

various types of cancer or poor prognosis in affected can-
cer patients. In fact, some metabolic drugs such as met-
formin (a biguanide that is generally used for the treatment
of type 2 diabetes) and statins (inhibitors of cholesterol syn-
thesis) are known to reduce cancer-related morbidity and
mortality [120–123].

This scenario suggests that these drugs act in the complex
network signaling among metabolic pathways that include
several biochemical mechanisms at the receptor level (e.g.,
insulin-like growth factor 1 (IGF1)), metabolic checkpoint
(5′ AMP-dependent protein kinase (AMPK) activation),
and anabolic/catabolic metabolism, able to modulate cancer
proliferation and tumor-promoting inflammatory pathways.

The metabolic reprogramming of malignant cells offers
therefore a large number of potential drug targets, but
only by careful dissection of metabolic processes, and by
identifying links between putative metabolic targets and
specific tumor subtypes, we will be able to translate this
opportunity into the development of novel anticancer agents
to treat breast cancer.

Abbreviations

2-HG: 2-Hydroxyglutarate
3HBA: 3-Hydroxybutyrate
ACC: Acetyl-CoA carboxylase
a-KG: α-Ketoglutarate

Table 2: Potential therapeutic drugs targeting metabolic enzymes of cancer.

Target Drug Study phase

Glucose transporters
Phloretin Preclinical

2-Deoxyglucose Phase 1

Hexokinase

2-Deoxyglucose Phase 1

Lonidamine Clinical trial

3-Bromopyruvate Preclinical

Fructose-2,6-bisphosphatase isozyme 3 (PFKFB3) 3-(3-Pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO) Preclinical

Pyruvate kinase M2 (PKM2) TLN-232/CAP-23 Phase 2

Pyruvate dehydrogenase kinase 1 (PDK1) Dichloroacetic acid (DCA) Phase 1

Monocarboxylate transporter-1 (MCT1) AZD3965 Phase 1/2

Mitochondrial complex 1
Metformin

Clinical trial
Phenformin

Carnitine palmitoyltransferase-1 (CPT-1) Etomoxir
Tested in clinical trials; retired

owing to hepatotoxicity

Choline kinase
CK37 Preclinical

TCD-717 Phase 1

HMG-CoA reductase (HMGCR) Statins Nononcologic clinical trial

Asparagine L-asparginase Phase 2

Arginine Arginine deaminase Phase 2

Nicotinamide phosphoribosyl transferase FK866/APO866 Phase 2

Isocitrate dehydrogenase (IDH)
AGI-5198

Preclinical
AGI-6780

Indoleamine-2,3-dioxygenase (IDO)
INCB 024360

Phase 1/2
Indoximod (NLG2101)
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AMPK: 5′ AMP-dependent protein kinase
ARG: Arginase
ChoK: Choline kinase
CPT1: Carnitine O-palmitoyltransferase 1
CTLA4: Cytotoxic T-lymphocyte-associated protein 4
DAG: Diacylglycerol
DAGL: Diacylglycerol lipase
F1,6BP: Fructose-1,6-bisphosphate
FAO: Fatty acid oxidation
FASN: Fatty acid synthase
18F FDG: Flurodeoxyglucose F 18
FH: Fumarate hydratase
GC: Gas chromatography
GC-TOF-MS: Gas chromatography time-of-flight mass

spectrometry
GLS1: Glutaminase
GLU: Glutamate
GLUT-1: Glucose transporter 1
GPAT: Glycerol-3-phosphate acyltransferase
GPI: Glycosylphosphatidylinositol
HR-MAS: High-resolution magic angle spinning
IDH: Isocitrate dehydrogenase
IDO: Indoleamine-2,3-dioxygenase
IGF1: Insulin-like growth factor 1
iNOS: Nitric oxide synthase
LC: Liquid chromatography
LDH: Lactate dehydrogenase
LDHA: Lactate dehydrogenase-A
MAG: Monoacylglycerol
MAGL: Monoacylglycerol lipase
MCD: Malonyl-CoA decarboxylase
MS: Mass spectrometry
NMR: Nuclear magnetic resonance
PC-PLC: Phosphatidylcholine-specific phospholi-

pase C
PD-L1: Programmed cell death ligand-1
PFK-1: 6-Phosphofructo-1-kinase
PFKFB3: 6-Phosphofructo-2-kinase/fructose-2,6-

biphosphatase 3
PGC-1α: Peroxisome proliferator-activated receptor

gamma coactivator 1-alpha
PHD: Prolyl hydroxylase
PIPKIγ: Phosphatidylinositol 4-phosphate 5-kinase Iγ
PLA2: Phospholipase A2
PLC: Phospholipase C
PLD: Phospholipases D
PPAR: Peroxisome proliferator-activated receptors
PPP: Pentose phosphate pathways
PtdCho: Phosphatidylcholine
Ptdlns: Phosphatidylinositol
SCD: Stearoyl-CoA desaturase
SDH: Succinate dehydrogenase
SREBF1: Sterol regulatory element-binding transcrip-

tion factor 1
TCA: Tricarboxylic acid
TDO: Tryptophan-2,3-dioxygenase
TNBC: Triple-negative breast cancer
TPBC: Triple-positive breast cancer
TPH-1: Tryptophan hydroxylase-1.
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HER2 is overexpressed in 20% of invasive breast cancers (BCs) and correlates with a more aggressive disease. Until the advent
of targeted agents, HER2 was associated with worse outcomes. Rationally designed HER2-targeted agents have been developed
and introduced into clinical practice for women with HER2-amplified BC, improving disease-free and overall survival for
primary and metastatic tumors. Trastuzumab, a recombinant humanized anti-HER2 monoclonal antibody, combined with
chemotherapy, remains the standard of care for patients with HER2-positive BCs. However, many patients do not respond to
this agent, whereas newer drugs have proven to be efficacious in clinical trials. The identification of biomarkers that select
sensitive tumors and patients who will benefit from these new agents would help the incorporation of these therapies, limiting
the risk of side effects and overtreatment and improving the outcomes of all patients with early-stage HER2-positive BC. We
review the mechanisms of action of HER2-targeting agents, focusing on the involvement of the immune system and related
predictive biomarkers.

1. Introduction

The tyrosine kinase HER2, with the other members of the
HER (human EGF receptor) family of receptor tyrosine
kinases (i.e., HER1, HER3, and HER4), controls many
signaling pathways in various cellular functions, including
proliferation, migration, survival, DNA repair, and angiogen-
esis (reviewed in [1]). Based on its oncogenic function,
tumors in which this oncogene is amplified, constituting
20% of breast cancers (BCs), treated with conventional
chemotherapy alone are aggressive, lead to early relapse,
and have a bad prognosis [2].

Over the past 15 years, significant progress has been
made in the clinical management of BC patients, with the
introduction of rationally designed targeted agents [3].
Today, patients with HER2-positive BC who are treated with
trastuzumab typically experience better outcomes than those
with HER2-negative disease [4]. Several strategies have been
adopted to target the HER2 oncogene: monoclonal anti-

bodies (MAbs) that bind to the extracellular domain of
HER2 (such as trastuzumab and pertuzumab); antibody-
drug conjugates (such as trastuzumab emtansine, called
T-DM1); and tyrosine kinase inhibitors (TKIs) (such as
lapatinib and neratinib), which compete with the ATP-
binding site of the catalytic domain of HERs.

The recombinant humanized MAb trastuzumab binds to
the juxtamembrane region (subdomain IV) of HER2 and,
with or without chemotherapy, is the basis for systemic
treatment of metastatic and early HER2-positive BC [5].
Although trastuzumab remains the standard treatment, other
anti-HER2 agents have been approved for advance disease
and tested for early disease in several trials: pertuzumab, a
fully humanized recombinant MAb that targets the extracel-
lular dimerization domain (subdomain II) of HER2, blocking
its dimerization with HER1 and HER3; TDM1, comprising
trastuzumab that is linked to the cytotoxic agent emtansine
(DM1); lapatinib, a reversible TKI of HER2 and EGFR that
competes with ATP for the ATP-binding pocket; and
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neratinib, a pan-HER inhibitor that interacts covalently with
a conserved cysteine residue in HERs.

Despite the therapeutic options that are available, the
clinical benefit of trastuzumab and its combination with
other HER2-targeted therapies that have complementary
mechanisms of action—the dual blockade approach—remain
modest, with many patients who do not improve survival
with these agents. Many studies have been performed on
the mechanisms of trastuzumab action and the efficacy and
resistance of second-generation HER2-targeting compounds
to identify patients in whom the therapeutic effects of these
tailored therapies can be optimized.

We review mechanisms of action of these drugs, focus-
ing on the involvement of the immune system and the
related biomarkers that have potential value in selecting
patients for the most appropriate treatment option in
neoadjuvant-adjuvant settings.

2. Mechanisms of Action of HER2-Targeting
Agents

The treatment of HER2-positive BC with MAbs and TKIs
aims to impede uncontrolled tumor growth and invasiveness
by blocking the intracellular signals that are derived from
HER2. In addition to inhibiting oncogenic stimuli, the
efficacy of HER2-targeting agents in BC is also based on their
ability to engage antitumor immunity (Figure 1).

2.1. Monoclonal antibodies. Trastuzumab (Herceptin, Gen-
entech, South San Francisco, CA, USA) uses several mech-
anisms to block HER2 signaling [6] (Figure 1), underlying
the cytostatic activity of this anti-HER2 agent [7]. It blocks
the intracellular mitogen-activated protein kinase cascade
(RAS/RAF/MEK/ERK) and the phosphoinositide 3-kinase
(PI3K/AKT/mTOR) pathway, arresting the cell cycle in
G1 phase [8], and promotes ubiquitination, endocytosis,
and degradation of HER2, decreasing its expression on
the tumor cell surface [9, 10].

Moreover, trastuzumab inhibits the proteolytic cleavage
of HER2, preventing shedding of the extracellular domain
(ECD) and the generation of phosphorylated truncated
p95-HER2, which has been implicated in tumor growth
and progression [11]; this activity is reflected by the signifi-
cant decrease of HER2 ECD in serum of patients in clinical
trials after treatment [12, 13]. Based on the involvement of
HER2 signaling in controlling the expression of pro- and
antiangiogenic factors, trastuzumab decreases the volumes
of blood vessels in SCID mice that bear HER2-positive BC
tumors [14].

One of the most significant mechanisms of action of
trastuzumab is the antibody-dependent cellular-mediated
cytotoxicity (ADCC) (Figure 1). Trastuzumab-coated cells
are recognized through its Fc region by immune cells that
express Fc receptor (FcγR) (e.g., NK cells, macrophages,
neutrophils, and eosinophils). The efficacy of trastuzumab
is lost in FcγR-deficient mice and on inhibition of FcγR
engagement in preclinical models [15]. Similarly, a loss-of-
function polymorphism in FcγR reduces the efficacy of tras-
tuzumab in BC patients [16, 17]. NK cells constitutively

express FcγRIIIA (CD16) and are the major effectors of
ADCC. Consistently, it has been reported that patient
response to trastuzumab monotherapy is associated with
robust tumor infiltration of lymphoid cells [18]—primarily
NK cells [19]—and a greater capacity of NK cells to mediate
in vitro antibody-dependent cellular cytotoxicity [20, 21]. We
recently demonstrated the involvement of NKG2D in the
induction of trastuzumab-mediated ADCC by NK cells
[21], which could explain the synergism between trastuzu-
mab and taxanes in clinical trials [22]—NKG2D expression
on NK cells is increased by taxanes and is associated with
NK cytotoxic activity [21]. Moreover, NKG2D receptor on
NK cells binds to MICA, one of its ligands, on monocytes
that reside in the tumor microenvironment, boosting NK
cell antitumor activity against Ab-coated tumor cells and
ultimately increasing their production of interferon-γ
(IFNγ) [23].

Another recent study reported that trastuzumab induces
antibody-dependent cellular phagocytosis- (ADCP-) medi-
ated cell death through recognition of trastuzumab-
opsonized cells by FcγR on macrophages (Figure 1). Anti-
HER2 increased the percentage of systemic and tumor-
infiltrating macrophages in BT474 xenografts, and their
depletion prior to trastuzumab treatment by clodrosome sig-
nificantly impaired its ability to inhibit tumor growth [24].
Similarly, depletion of CD11b+ cells in BALB/c mice that
bear H2N100 tumors limits the activity of anti-HER2 therapy
[25], also implicating macrophages in the antitumor efficacy
of trastuzumab.

Other studies that have aimed to determine the function
of the immune system in trastuzumab activity revealed a
critical role of adaptive immune cells [25–27]. Anti-HER2
MAbs have a limited impact on tumor growth in Rag1−/−

mice, which lack T and B lymphocytes [26], and the deple-
tion of CD8+ T cells abrogates its antitumor activity in
BALB/c mice bearing TUBO or H2N100 tumors [25, 26].
CD8+ T cells mediate the protection against tumor rechal-
lenge, based on their ability to establish a long-term immune
memory in mice that are treated with anti-HER2 MAbs
[25, 26]. Accordingly, CD8+ T cell numbers rise in patients
after trastuzumab treatment [26].

Stagg et al. demonstrated that trastuzumab depends in
part on the antitumor effects of IFNs using neutralizing
antibodies to IFNγ and IFNAR1 (type I IFN receptor) [25].
They proposed a model in which trastuzumab activates NK
cells and MyD88-dependent Toll-like receptor (TLR) signal-
ing which stimulates the release of type I IFNs and then
primes adaptive IFNγ-producing CD8+ T cells. In addition,
trastuzumab, through its Fc region, increases HER2 uptake
by dendritic cells, facilitating cross-presentation of HER2
peptides and activation of antigen-specific T cells [28]. In
support of this model, intratumoral administration of CpG
and poly I:C, agonists of TLR9 and TLR3 on NK cells, syner-
gizes with trastuzumab in the treatment of HER2-positive
tumors to creating local inflammatory conditions that are
necessary for lymphocytic infiltration and trastuzumab
activity [29]. These compounds augment NK cell-mediated
ADCC and IFN responses, triggering acquired and long-
lasting antitumor immunity that is centered on CD8+ T cells
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and IFNγ [29]. The same benefit has been obtained using
polysaccharide-K, a potent agonist of TLR2 that activates
NK cells and potentiates trastuzumab-mediated ADCC [30].

Mortenson et al. demonstrated that also CD4+ T cell
participates in anti-HER2 therapy: CD4 depleting antibodies
reduce antitumor activity of anti-HER2MAbs that exert their
effect also through a CD4-dependent antitumor-specific
response (Figure 1). Upon treatment, CD4+ T cells are
recruited in the tumors, enhance and maintain CD8+ T cell

activation, and induce MHC-II expression on tumor cells
through the release of IFNγ, leading to their recognition
and death [27]. CD4+ T-helper lymphocytes, which secrete
type I cytokines, such as IFNγ and tumor necrosis factor α
(TNFα), contribute to the induction of a cytotoxic antitumor
response that cooperates with trastuzumab to upregulate
MHC-I on HER2-positive BC cells, facilitating their recogni-
tion and lysis by CD8+ lymphocytes [31]. Accordingly,
patients who benefit from trastuzumab treatment in

Figure 1: Anti-HER2 therapies and their immunostimulatory properties. The monoclonal antibodies trastuzumab and pertuzumab, in
addition to inhibiting intracellular signaling downstream of HER2 activation (i.e., homo/heterodimerization and proteolytic cleavage of
the HER2 extracellular domain), induce an antitumor immune response in the tumor microenvironment. Trastuzumab and pertuzumab
bind to the extracellular domain of HER2 and, through their Fc portions, engage antibody-dependent cell-mediated cytotoxicity (ADCC)
and phagocytosis (ADCP) in Fc receptor-positive innate immune cells (i.e., NK lymphocytes, macrophages, monocytes, and neutrophils).
Immune complex and opsonized tumor fragments are recognized and taken up by dendritic cells via the Fc receptor. Dendritic cells and
other antigen-presenting cells (e.g., macrophages) present tumor antigens through MHC-II molecules to CD4+ T-helper lymphocytes,
which release interferon-γ (IFNγ), interleukin 2 (IL2), and IL21 to enhance the cytotoxic T cell response. Antigens presented by MHC-I
molecules directly stimulate CD8+ cytotoxic T lymphocytes. CD8+ T cells can also recognize tumor antigens presented on MHC-I
molecules by cancer cells themselves and initiate a cytotoxic response. Tyrosine kinase inhibitors (TKIs) (lapatinib and neratinib) block
the kinase domain activity of HERs, disrupting the oncogenic signals that lead to proliferation, migration, invasion, and survival of cancer
cells. In contrast to neratinib, lapatinib, in addition to blocking the TK domain of HER2 and HER1, affects the accumulation of HER2 on
the surface of BC cells, leading to an increase in ADCC when combined with trastuzumab.
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neoadjuvant settings have more extensive anti-HER2 CD4+
T cell responses by IFNγ enzyme-linked immunosorbent
spot analysis (ELISPOT) than non-pCR patients after treat-
ment [32]. Moreover, trastuzumab-induced IL21 expression
in CD4+ T lymphocytes drives CD8+ T cell antitumor
responses against HER2-positive tumors [33]. Signaling
downstream of IL21R is important in CD8+ T cell activity,
and recombinant IL21 improves the therapeutic efficacy of
anti-HER2 MAb. A recent study has suggested that intratu-
moral delivery of IL21, in combination with anti-HER2
mAb therapy, enhances the therapeutic effects of trastuzu-
mab, skewing tumor-associated macrophages away from a
M2 phenotype to a tumor-inhibiting M1 phenotype [34].
Per the IL21-IL21R axis, greater IL21R expression in
tumor tissues from patients in the FinHER trial was asso-
ciated with benefit of trastuzumab with regard to distant
relapse [33].

Although trastuzumab significantly increases anti-HER2
humoral responses (against the extracellular and intracellular
domains) primarily in metastatic patients with objective
responses [35, 36], preclinical data suggest that secreted
antibodies do not contribute mechanistically to clinical
outcomes, because B cell depletion does not affect trastuzu-
mab activity in preclinical models [27]. These data suggest
that the production of anti-HER2 antibodies, mainly in
patients who benefit from treatment, merely reflects and
confirms activation of the adaptive immune response on
trastuzumab treatment.

The monoclonal antibody pertuzumab (Perjeta,
Hoffmann-La Roche, Basel, Switzerland) binds to the
extracellular domain of HER2 and prevents the ligand-
mediated dimerization of HER2 with HER1 and HER3 by
steric hindrance [37] (Figure 1). In particular, this agent is
more effective than trastuzumab in disrupting HER2-HER3
complex formation, and its efficacy is maintained in cells that
express low levels of HER2 [38]. In contrast to trastuzumab,
pertuzumab does not prevent HER2 ECD shedding and
is unable to inhibit dimerization in a ligand-independent
manner [37]. Sims and colleagues reported that pertuzumab
mediates ADCC, observing an increase in immune-related
genes on treatment in ovarian cancer [39], and HER2-
overexpressing Calu-3 and KPL-4 cells are killed by
pertuzumab-mediated ADCC in vitro [40].

Based on its synergistic effects when combined with
trastuzumab versus alone as a monotherapy [40, 41], most
preclinical studies on pertuzumab have focused on cotreat-
ment with trastuzumab [41, 42]. The combination of tras-
tuzumab and pertuzumab inhibits cell proliferation and
survival and induces apoptosis to a greater degree than
either individual agent [41]. Moreover, this combination
increases the disruption of HER2 dimers and impedes
signaling in the Akt cell survival pathway [41].

ADCC is one of themost importantmechanisms of action
of trastuzumab and pertuzumab, as evidenced by the rise in
NK cells that infiltrate and penetrate deeper into the tumor
burden of mice that harbor trastuzumab-resistant JIMT-1
cells and have been treated with trastuzumab and pertuzumab
compared with mice that have been given each agent individ-
ually [42]. Based on data on trastuzumab, it is also likely that

adaptive immunity is crucial for the synergism between
trastuzumab and pertuzumab. Moreover, the combination
of these antibodies activates complement-mediated cytotox-
icity (CDC), which is poorly engaged by trastuzumab and per-
tuzumab alone [43]. Only with the combination treatment
cells are likely to have a sufficient number of cell-bound anti-
bodies nearby to bind and activate C1q, which is required to
initiate the complement cascade, as suggested by the extensive
CDC that is observed by targeting of multiple HER2 epitopes
with several monoclonal antibodies [44].

2.2. Tyrosine Kinase Inhibitors. Many tyrosine kinase inhibi-
tors (TKIs) have activity in trastuzumab-resistant BC and
can be used as alternatives to block HER2 signaling. Among
such emerging HER TKIs [45], lapatinib and neratinib have
been approved by the FDA for HER2-positive BC. Lapatinib
(GW572016, Tyverb/Tykerb; Novartis, Switzerland) revers-
ibly inhibits the intracellular tyrosine kinase domains of
EGFR and HER2, inducing cell cycle arrest and apoptosis
in BC cell lines through the cleavage of PARP and the
activation of caspase 3 [46]. Lapatinib also blocks BC cell
proliferation robustly in trastuzumab-resistant cell line
concentration dependently. In cells with HER2 gene amplifi-
cation, sensitivity to lapatinib is associated with higher
overexpression of HER2 and EGFR [47]; thus, sensitivity
to lapatinib has been used to identify BC cell lines that
are dependent on the HER2 oncogene for growth (HER2
addicted) [48].

Lapatinib downregulates phospho-HER2 (p-HER2), p-
EGFR, and p-ERK and promotes mutant p53 degradation
in vitro and in vivo by inhibiting HSF1 (heat shock tran-
scription factor 1) and its target, HSP90 [49]. In addition,
lapatinib heightens the sensitivity of cells to radiation,
delaying DNA repair mechanisms, as reflected by increases
in radiation-induced γH2AX foci [50]. The antitumor
activity of lapatinib has been demonstrated in xenograft
models, and its combination with trastuzumab has additive
and synergistic inhibitory effects on growth [47]. In conjunc-
tion with tamoxifen, lapatinib induces more extensive cell
cycle arrest through rises in p27 and downregulation of
estrogen receptor (ER) transcriptional activity [51].

By blocking the tyrosine kinase domain of HER2,
lapatinib elicits the accumulation of HER2 on the cell mem-
brane [52] in the BC cell lines BT474 and SKBr3, increasing
trastuzumab-dependent cytotoxicity in combination with
trastuzumab [53] (Figure 1). Accordingly, a second treatment
round of trastuzumab on lapatinib administration reduced
the tumor burden in a case study of metastatic HER2-
positive BC that was resistant to anti-HER2 antibody [53].
Thus, the lapatinib-induced upregulation of HER2 on the cell
surface has the potential to convert refractory tumors into
trastuzumab-sensitive tumors. In addition to increasing
trastuzumab-mediated ADCC, an immune-related mecha-
nism of action has been suggested for lapatinib. In MMTV-
neu animals, lapatinib promotes tumor infiltration of IFNγ-
secreting CD4+ and CD8+ T cells in a Stat1-dependent
manner [54]. In contrast, lapatinib is less effective in Stat1-
deficient mice, likely due to the impaired proliferation of
IFNγ-secreting CD8+ cells.

4 Disease Markers



Neratinib (HKI-272, Puma Biotechnology Inc., Los
Angeles, CA, USA) is an oral pan-HER inhibitor that bonds
covalently with a conserved cysteine residue (Cys-773) in
the kinase domain of HER, leading to its irreversible inhibi-
tion and thus blocking the pathways that lie downstream of
EGFR, HER2, and HER4 (Figure 1). Its specificity for
Cys-773 renders neratinib highly selective for HER family
members [55]. By binding its target, neratinib prevents
the activation of the 4 HER receptors in HER2-positive
BC and inhibits downstream pathways, causing G0/G1 cell
cycle arrest and thus inhibiting proliferation in tumor cells
in vitro and in cells with innate and acquired trastuzumab
resistance [56, 57]. Like lapatinib, the antitumor efficacy of
neratinib correlates with HER2 expression and activation,
and neratinib is inactive in tumor cells that express low
levels of HER2 and EGFR [56, 57]. Neratinib downregulates
HER2 levels on the cell surface [57], but the influence of ner-
atinib on trastuzumab-mediated cell cytotoxicity remains
under investigation [58].

3. Efficacy of HER2-Targeting Agents in
Neoadjuvant and Adjuvant Settings

3.1. Trastuzumab. Trastuzumab was approved for metastatic
HER2-positive BCs in 1998 by the FDA after a phase III trial
demonstrated that its addition to standard chemotherapy
extended the time to progression from 4.6 to 7.4 months
and reduced the relative risk of death by 20% [59].

Neoadjuvant treatment with trastuzumab and chemo-
therapy was introduced into clinical practice, based on results
of 3 phase III trials that recorded higher pathologic complete
response (pCR) rates in the trastuzumab arm (Table 1),
compared with the same chemotherapy alone, and improved
disease-free survival (DFS) [22, 60, 61]. A meta-analysis of 5
randomized trials, comprising 515 patients, concluded that
the addition of trastuzumab to chemotherapy for HER2-
positive BC in the neoadjuvant setting improves the likeli-
hood of achieving a higher pCR rate (odds ratio (OR): 1.85,
95% CI: 1.39–2.46; p value < 0.001) with no additional toxic-
ity [62]. Moreover, an exploratory pooled analysis of 8
German neoadjuvant studies—randomized and nonrando-
mized—of 614 patients showed a 3.2-fold improvement
in pCR (OR: 3.2, 95% CI: 2.19–4.67; p value < 0.001) in
HER2-positive patients who received trastuzumab versus
those who did not [63]. Also, in the actual clinical treatment
of HER2-positive BC, the pCR rate (46.8%) to trastuzumab
with various chemotherapy regimens is similar to that in
the clinical trials (approximately 40%) [64].

In the adjuvant setting, based on the results of 4 large trials
(HERA [65], FinHER [66], NCCTG N9831, and the NSABP
B-31 trials [67], Table 1), trastuzumab is recommended as
monotherapy for 1 year after completion of chemotherapy,
in combination with taxanes on completion of doxorubicin
plus cyclophosphamide and concurrently with carboplatin
and docetaxel [68]. A meta-analysis of 4 randomized clini-
cal trials and BCIRG 006 [69] (n = 13493 women) showed
that survival in trastuzumab-treated patients was superior
in terms of DFS (risk ratio (RR): 0.62; 95% CI: 0.56–0.68)
and mortality (RR: 0.66; 95% CI: 0.57–0.77) [70].

In analyses of “real-world” treatment, patients who were
given trastuzumab for early-stage HER2-positive BC had
5-year DFS and OS rates that were comparable with those
in randomized trials. Of 476 patients in the Netherlands,
those who were treated with trastuzumab had a superior
DFS (adjusted HR=0.63, 95% CI=0.37–1.06) than subjects
who underwent chemotherapy alone [71]. A retrospective
Italian study, GHEA, which analyzed 1002 patients who were
treated per the HERA protocol, recorded 107 BC relapses
(overall frequency, 10.67%), with a 3-year DFS of 87% [72],
similar to what was observed in the HERA trial (4-year
DFS: 78.6%). A similar study in 313 patients in Slovenia
reported an 81% 4-year DFS and a 92% OS with trastuzumab
plus chemotherapy [73].

3.2. Pertuzumab. Pertuzumab was approved by the FDA in
2012 for use in combination with trastuzumab and docetaxel
for patients with HER2-positive MBC who have not received
prior anti-HER2 therapy or chemotherapy for metastatic
disease, based on a multicenter, randomized, double-blind,
placebo-controlled trial (CLEOPATRA) in which its addi-
tion to trastuzumab and docetaxel improved progression-
free survival (HR=0.62; 95% CI: 0.51–0.75; p < 0 0001)
[74]. In 2013, based on the open-label phase II NeoSphere
trial and TRYPHAENA phase II study, accelerated FDA
approval for pertuzumab in combination with trastuzumab
and docetaxel for early-stage BC was obtained [75]. The
NeoSphere trial demonstrated that dual blockade with
trastuzumab, pertuzumab, and docetaxel increased pCR
rates compared with trastuzumab and docetaxel (45.8%
versus 29%, resp.) [76], whereas the TRYPHAENA study
reported pCR rates of 57% to 66% with various chemo-
therapeutic regimens in conjunction with trastuzumab and
pertuzumab [77] (Table 1).

Positive results were recently published for the phase III
APHINITY trial, comparing the activity of adjuvant pertuzu-
mab, trastuzumab, and chemotherapy versus trastuzumab
and chemotherapy. The study met its primary endpoint
and showed that the dual blockade approach effected a statis-
tically significant reduction in the risk of recurrence of
invasive disease or death compared with trastuzumab and
chemotherapy alone (3-year DFS HR=0.81; 95% CI: 0.66–
1.00; p = 0 045), despite the 3-year DFS rising modestly from
93.2% to 94.1% [78].

3.3. Lapatinib. Lapatinib received approval by the FDA in
2007 for metastatic BC (MBC), based on a phase III
study that compared lapatinib/capecitabine with capecita-
bine alone in patients with MBC who progressed after che-
motherapy/trastuzumab, in which TTP improved from 4.4
to 8.4 months [79]. Lapatinib is now used in combination
with the chemotherapeutic agent capecitabine, primarily as
a second line treatment. Based on data that lapatinib with
chemotherapy is less active than trastuzumab plus chemo-
therapy for HER2-positive MBC (reviewed in [80]), the study
of the efficacy of lapatinib in early settings has focused
primarily on its combination with trastuzumab.

Dual blockade of HER2 with trastuzumab and lapatinib
has been examined in the neoadjuvant treatment setting in
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4 randomized studies (Table 1), comparing the activity of
trastuzumab, lapatinib, or both with paclitaxel: the phase III
NeoALTTO [81], the phase II CHER-LOB [82], the phase
III NSABP B-41 [83], and the phase III CALGB 40601 [84].
Dual blockade was superior to trastuzumab alone with regard
to pCR in all studies but significantly in only NeoALTTO and
CHER-LOB. A meta-analysis that included data from these

trials concluded that the addition of lapatinib to trastuzumab
improves the probability of achieving a pCR compared with
trastuzumab alone (RR: 1.39, 95% CI 1.20–1.63; p < 0 001)
(779 patients) [85]. Although these studies showed no sig-
nificant difference between the lapatinib and trastuzumab
arms in terms of pCR, a meta-analysis of 1494 patients
demonstrated that the probability of achieving a pCR

Table 1: Evaluation of HER2-addiction and immune biomarkers in randomized trials investigating anti-HER2 targeted therapies.

Drug Setting Trial Treatment pCR, % or DFS, HR (95% CI) Addiction† ImmuneΔ

Trastuzumab (H)

Neoadjuvant Buzdar et al. [22]
FEC
FECH

26
65∗ — —

Neoadjuvant NOAH [60]
AP>P>CMF

APH>PH>CMFH
22
43∗ Yes [94] Yes [104]

Neoadjuvant GeparQuattro [61]
EC>D
EC>DH

16
32∗ Yes [101] Yes [107]

Adjuvant BCIRG 006 [69]
AC>D

AC>DH>H
1

0.64 (0.53–0.78)∗ — —

Adjuvant FinHER [66]
D(V)> FEC
D(V)H> FEC

1
0.42 (0.21–0.83)∗ — Yes [108]

Adjuvant HERA [65]
Ch

Ch>H
1

0.76 (0.67–0.86)∗ — —

Adjuvant NSABP B-31 [67]
AC>P
AC>PH

1
0.52 (0.45–0.6)∗

No [97]
Yes [99]

No [110]

Adjuvant NCCTG N9831 [67]
AC>P
AC>PH

1
0.52 (0.45–0.6)∗ —

Yes [103]
No [109]

Trastuzumab (H)
and/or lapatinib (L)

Neoadjuvant CHER-LOB [82]
PH> FECH
PL> FECL

PHL> FECHL

25
26
47∗

Yes [96] Yes [96]

Neoadjuvant CALGB 40601 [84]
PH
PL
PHL

46
32
56∗

Yes [84] —

Neoadjuvant GeparQuinto [106]
ECH>DH
ECL>DL

30
23∗ — Yes [107]

Neoadjuvant NeoALTTO [81]
PH
PL
PHL

29
25
51∗

Yes [95] Yes [105]

Neoadjuvant NSABP B-41 [83]
AC>PH
AC>PL
AC>PHL

52
53
62

— —

Adjuvant ALTTO [86]
PH
PHL

1
0.84 (0.7–1.12)

— —

Trastuzumab (H)
and/or pertuzumab (Pz)

Neoadjuvant NeoSphere [76]

DH
DPz
HPz
DHPz

29
24
17
46∗

Yes [13] Yes [104]

Neoadjuvant TRYPHAENA [77]
FEC>DHPz

FECHPz>DHPz
CDHPz

57
62
66

Yes [12] —

Adjuvant APHINITY [78]
C(F)E>TH
C(F)E>THPz

1
0.81 (0.66–1.00)∗ — —

∗The comparison is statistically significant; †HER2-addiction as evaluated by PAM50 or ERBB2/ESR1 gene expression; Δimmune-related features as evaluated
by TIL count or immune metagene. In these columns, it is indicated whether the biomarker is significantly associated (yes) or not (no) with outcome;
A: adriamycin; C: cyclophosphamide; Ch: chemotherapy; D: docetaxel; DFS: disease-free survival; E: epirubicin; F: fluorouracil; H: trastuzumab; L: lapatinib;
M: metotrexate; P: paclitaxel; pCR: pathological complete response; Pz: pertuzumab; T: taxanes; V: vinorelbine.
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was higher for the trastuzumab plus chemotherapy versus
lapatinib plus chemotherapy arm (RR: 1.25, 95% CI: 1.08–
1.43; p = 0 003) [85].

Dual blockade in the adjuvant setting with trastuzumab
and lapatinib in combination with taxanes was tested in
8381 women in the phase III ALTTO trial, but the
16% improvement in DFS (HR=0.84, 95% CI=0.70–1.12,
p = 0 0480) with concomitant dual blockade compared with
trastuzumab alone was not statistically significant (p ≤ 0 025
was required for statistical significance in the test for superi-
ority of the lapatinib plus trastuzumab versus trastuzumab
arm) [86].

3.4. Neratinib. Neratinib has been investigated in all settings
(reviewed in [87]). In the metastatic setting, the efficacy of
neratinib appears to be similar to that of trastuzumab when
combined with taxanes, suggesting that it is superior to its
parent compound, lapatinib. The ongoing randomized phase
III NALA trial is comparing the combination of capecitabine
plus neratinib or lapatinib, and the results of which might
alter the clinical management of MBC. Also, in the neoadju-
vant setting, neratinib has demonstrated promising results in
a phase II study (I-SPY 2 [88]), effecting a 39% pCR versus
23% with trastuzumab.

In the adjuvant setting, neratinib has recently been
approved by the FDA for extended treatment of early-stage
HER2-positive BC [89], based on the results of the phase
III ExteNEt trial, which reported a small but significant
improvement in 2-year DFS in women who received it after
adjuvant trastuzumab versus placebo (93.9% versus 91.6%,
HR=0.67, 95% CI: 0.50–0.91, p = 0 0091) [90]. Notably,
contrary to what has been observed for pertuzumab and
lapatinib, hormone receptor- (HR-) positive patients derived
a greater benefit from neratinib (HR=0.51, 95% CI: 0.33–
0.77, p = 0 0013) than HR-negative patients (HR=0.93,
95% CI: 0.60–1.43, p = 0 74).

All current data (reviewed in [87]) suggest that neratinib
is a promising drug for the treatment of BC patients with
HER2-positive tumors and merits further development in
the metastatic and adjuvant/neoadjuvant settings.

4. Biomarkers of Response to HER2-Targeting
Agents

Given the availability of effective agents, biomarkers that
differentiate patients who actually need new adjuvant thera-
pies must be identified. Several efforts have been made in
the last decade to discover biomarkers that predict who
might benefit from trastuzumab, but most have failed to be
consistently validated in tumor samples from randomized
clinical trials (reviewed in [91]).

New high-throughput genomic technologies have
increased the rate of discovery of potential markers with
prognostic or predictive value. These technologies demon-
strated the intrinsic molecular heterogeneity in clinically
HER2-positive BCs. The PAM50 classifier identified all of
the intrinsic subtypes in HER2-amplified BCs, 50% of which
are classified HER2-enriched (HER2-E) [92]. These tumors
experience the most extensive activation of the HER2/EGFR

signaling pathway [93], suggesting that they depend on the
HER2 receptor and benefit the most from trastuzumab. The
application of PAM50 predictor of tumors to the major
neoadjuvant clinical trials of anti-HER2 agents (NOAH,
CALGB 40601, NeoALTTO, and CHER-LOB) found that
patients with HER2-E tumors benefited substantially from
a trastuzumab-based treatment, achieving a significantly
higher pCR rate than those with other tumors [84, 94–96]
(Table 1). Notably, in the NeoALTTO trial, PAM50 had a
significant effect on pCR across arms [95], similar to that
observed in the CALGB 40601 trial [84], supporting its
predictive value for both trastuzumab and lapatinib. In the
adjuvant phase III NSABP B-31 trial, PAM50 failed to iden-
tify subgroups that benefited differentially from trastuzumab
[97], whereas in the NCCTG-N9831 trial, patients with
HER2-E or luminal tumors benefited from the addition
of trastuzumab to chemotherapy, unlike those with basal-
like tumors [98], suggesting the need to further evaluate
this predictor in the adjuvant setting.

A retrospective analysis of the NSABP B-31 study
indicated that ERBB2 and ESR1 mRNA levels influence
the degree of benefit that is received from adjuvant trastu-
zumab [99]. Similarly, the trastuzumab risk (TRAR) pre-
diction model, based on expression levels of 41 genes
that are related to ERBB2 and ESR1, is predictive of early
relapse in adjuvant setting [100]. In the neoadjuvant set-
ting, ESR1 and ERBB2 levels, as determined by mRNAseq,
when considered as continuous variables, were individu-
ally linked to pCR, and their incorporation into an
exploratory multivariate model removed intrinsic subtype,
HER2 amplicon signature, and clinical assays for ER or
HER2 from the model in the CALGB 40601 trial [84].
The levels of ERBB2 and ESR1 were confirmed in the
NeoALTTO trial across arms [95] as the most important
determinants of pCR compared with standard tests, in
the GeparQuattro [101] and in the TRYPHAENA trials
[77] (Table 1). Additional evidence is needed before
ESR1 and ERBB2 RNA can be implemented in the clinical
setting, but their predictive ability in HER2-positive BC
supports the superiority of evaluating their mRNA levels
over standard IHC tests and suggests that they better
mirror activity of HER2 and tumor-addiction to its down-
stream signals, as PAM50 did.

Llombart-Cussac et al. have attempted to modify therapy
according to the intrinsic features of the tumor, determining
the value of intrinsic molecular subtypes in predicting pCR in
patients with HER2-positive BC following neoadjuvant dual
blockade with trastuzumab and lapatinib in the absence of
chemotherapy in the PAMELA trial [102]. Patients who
achieved a pCR had HER2-E tumors in 89% of cases
confirming the higher sensitivity of HER2-E tumors to anti-
HER2 agents and supporting the possibility of deescalating
treatment by removing chemotherapy, at least in a subgroup
of HER2-E patients (41% of HER2-E tumors attained a pCR).
However, that only approximately half of HER2-E tumors
benefit from anti-HER2 agents, with or without chemo-
therapy, indicates that intrinsic features—even if they are
relevant—are insufficient for predicting whether one will
benefit from anti-HER2 treatment.
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The relevance of the immune system in trastuzumab
activity has prompted several groups to examine the use of
immune status to identify patients who are likely to benefit
from trastuzumab (Table 1). Perez et al. [103] developed a
genomic signature that predicts who will benefit from trastu-
zumab in samples of theNCCTGN9831 trial, consisting of 14
immune-related genes and classifying tumors as immune
response-enriched (IRE) and nonimmune response-enriched
(NIRE). Only patients with IRE tumors that were enriched
in genes that are related to T and B cell responses, chemo-
kine signaling, and inflammation had an increased DFS
when treated with trastuzumab. Application of this signature
in the NeoALTTO trial associated positively with a pCR, like
other interferon-related signatures that are highly correlated
with IRE expression [95].

The expression of immune genes and metagenes has
been also correlated with pCR in the NeoSphere and NOAH
trials, in which, for example, the STAT1 and MHC-I meta-
genes were linked to higher and lower pCRs, respectively
[104]. Accordingly, high infiltration of tumor-infiltrating
lymphocytes (TILs) was consistently associated with a
higher pCR in the NeoALTTO [105], CHER-LOB [96],
and NeoSphere trials [104]. Also, in a combined analysis of
the GeparQuattro [61] and GeparQuinto [106] trials,
HER2-positive lymphocyte-predominant BC (LPBC) cases,
with more than 50% TILs, had significantly higher pCR rates
compared with non-LPBC types [107].

In the adjuvant setting, the association between immune-
related biomarkers and DFS is more controversial. Loi et al.
[108] reported an association between TILs and benefit from
trastuzumab treatment with regard to DFS in the FinHER
trial [108], whereas in the NCCTG N9831 trial, pathological
evaluation of TILs was not predictive of a benefit of trastuzu-
mab but was associated with a benefit from chemotherapy
[109]. Also, the IRE signature, although it was developed in
the adjuvant setting, failed to predict a benefit from trastuzu-
mab in the NSABP B-31 trial [110], supporting the definitive
exploration of these biomarkers in large adjuvant trials
(ALTTO and APHINITY).

Analysis of immune-related biomarkers in the
NeoALTTO trial showed that TIL levels were associated with
higher pCR rates, independent of treatment arm [105],
whereas the positive effect of the immune signatures on
pCR was specific to the dual blockade arm (trastuzumab,
lapatinib, and taxanes), despite the trend being similar in
all arms [95]. In contrast, in the NeoSphere trial, the
predictive abilities of immune genes differed between
treatment arms [104]—higher expression of all immune
metagenes correlated with a lower probability of pCR in
the dual blockade arm (trastuzumab, pertuzumab plus tax-
anes), whereas high levels of various immune markers
were associated with a greater likelihood of pCR in the
other 3 arms. Accordingly, in this trial, the pCR rate in
the dual blockade versus other arms was higher in the
group with low and intermediate TILs but not in the
LPBC groups, suggesting that patients with low immune
infiltration benefit most from this treatment. Based on
these data, immune genes are potential biomarkers that
can be used to identify patients who are likely to benefit

from trastuzumab (high infiltrate) and those who might
benefit from the addition of pertuzumab (low infiltrate).

TIL levels at baseline were also associated with better
outcomes, independent of treatment arm [105, 107], further
supporting the possibility of treating tumors with high
TIL levels solely with the current standard of trastuzumab
and chemotherapy—that is, without the addition of dual
blockade agents—once the ideal cutoff of TIL levels is
identified for the clinical management. Notably, patients
who did not achieve pCR and had low basal levels of TILs
had the poorest survival in the NeoALTTO and Gepar-
Quattro/Quinto trials [105, 107], suggesting that additional
therapeutic strategies—for example, immune-enhancing
approaches—are needed for this subgroup of patients. Con-
versely, those who reached a pCR and had high TIL levels
had an excellent prognosis, supporting the addition of TIL
level to pCR as a prognostic marker after neoadjuvant
therapy with anti-HER2 agents. These data other than indi-
cating an association between basal infiltration of tumor by
TIL and the benefit to HER2-targeted agents support also
the prognostic power of this biomarker in HER2-positive
tumors independently from treatment.

The predictive power of immune-related features in
tumor biopsies before neoadjuvant treatment with regard to
pCR (Table 1) and DFS suggests that trastuzumab can induce
an antitumor vaccinal effect in responsive patients, as it
was observed in preclinical models. On the contrary, the
inability of these biomarkers to predict DFS in the adjuvant
setting (Table 1), when the treatment acts against circulating
cells and/or micrometastasis, indicates that for an optimal
vaccinal-like effect, the tumor must be around during treat-
ment to achieve permanent tumor eradication. Altogether
these findings render immune-related markers at the fore-
front of biomarkers that warrant application in clinical
practice and for future drug development in HER2-positive
BC. In addition, based on their discriminatory predictive
power, according to the drug that is used, they could guide
patients toward the most appropriate treatment option. The
immune response is a complex process that involves many
components with antitumor activity and protumor effects,
due to the immune-escape state that is established. Thus, it
is likely that more refined evaluations of tumor-associated
and circulating immune responses will result in even better
immune biomarkers.

Moreover, based on the immune modulating ability
of trastuzumab, the evaluation of TIL levels/immune
markers in the residual disease after neoadjuvant therapy
and their alteration from the baseline could add relevant
information on the pharmacodynamic modulation of
the immune microenvironment by trastuzumab. Another
emerging approach for identifying new predictive bio-
markers exploits the brief exposure paradigm. In 2 phase
II trials (03-311 and 211B) [111], single-dose trastuzu-
mab increased immune-related gene expression, primarily
in HER2-E tumors, and the expression of CD4+ T cell-
related metagene on exposure to trastuzumab was pre-
dictive of the response to neoadjuvant trastuzumab and
chemotherapy, supporting the early evaluation of the
therapeutic response to trastuzumab and providing an
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opportunity for triage to the dual blockade therapy for
unresponsive patients.

5. Future Perspectives

Although much work remains in the effort to refine and opti-
mize biomarkers predictive of trastuzumab/HER2 double-
blockade benefits and their application in patients, the
reported robustness of immune infiltration/TIL evaluation
(Table 1) and the known clinical benefits of antibody therapy
justify such efforts. Future clinical studies in HER2+ subtype
should consider TILs/immune genes other than tumor
intrinsic characteristics as a stratification factor and investi-
gate whether therapies that can augment immunity could
potentially further improve survival.

The implementation of immune markers in everyday
clinical practice requires robust assessment of their clinical
utility and of the test analytical and clinical validity, other
than the understanding of their added predictive value, if
any, on tumor intrinsic characteristics (e.g., PAM50) and
the identification of the best performing immune-related
marker. Indeed, TIL evaluation on H&E slides is an easy
method to provide raw information on the complexity of
the tumor immune microenvironment, but it does not give
information on the composition and functional status of
the immune infiltrate that can be obtained using immune
gene signatures, as evaluated by mRNA profiling. Several
efforts have been made to standardize TIL assessment, and
guidelines have been published and continuously improved
[112, 113]. The association between TIL infiltration in
HER2-positive tumors and patient good prognosis supports
clinical utility of TIL quantification at least to identify
patients eligible for treatment deescalation to taxane and
trastuzumab alone [114].

In an attempt to understand the clinical utility of
immune markers in predicting response to trastuzumab in
CHERLOB study, TILs failed to provide an independent
prediction of pCR beyond PAM50 and were outperformed
by immune-related gene signatures [96]. These data suggest
that intrinsic molecular subtypes and immune gene signa-
tures that mirror T cell infiltration/activation (T cell/immune
2) and antigen processing/presentation (immune 3) provide
distinct biological information independently affecting sensi-
tivity to anti-HER2 therapy, supporting the integration of
such predictive biomarkers.

Several key questions remain regarding the immune-
biology of HER2-positive tumors that could help in devel-
oping new strategies to modulate immune response and
improve anti-HER2 therapy efficacy; what drives immune
infiltration in tumors is an ongoing area of research. It has
been hypothesized that immune infiltrate is dictated by high
mutational burden corresponding to a greater amount of
neoantigens. Although cancer neoantigens are required for
mounting an anticancer immune response, recent evidence
showed that mutational burden does not correlate with the
presence or absence of CD8+ T cells in the tumor microenvi-
ronment of melanoma and with T cell signature in any
cancer type [115]. Accordingly, no significant correlation
between the amount of neoantigens arising from tumor

somatic mutation and TIL count or survival upon trastuzu-
mab treatment was found in HER2-positive BC of the
FinHER trial [116], indicating that spontaneous immune
infiltration in tumor is unlikely to be completely dependent
on neoantigen count. Infiltration of tumors by T cells
could instead be associated with oncogene activation, as
demonstrated for other oncogenes such as RET/PTC in
thyroid cancer [117], RAF in melanoma, and MYC in
pancreatic tumors [118]. In support of this hypothesis,
we demonstrated that TRAR-low patients, who are sensi-
tive to trastuzumab treatment, are those with both tumor
dependence on HER2 signaling by PAM50 classification
and enrichment in immune genes and CD8+ T cells,
supporting a direct connection between these two fea-
tures [100]. We found that HER2/ER activity shaped
the tumor immune microenvironment regulating chemo-
kine expression and PD-1 ligands [119], suggesting that
tumor cells could directly mold their microenvironment.
This speculation is also supported by the fact that
immune microenvironment of the primary tumor is pre-
dictive of trastuzumab benefit both in neoadjuvant and
in adjuvant setting, when the primary tumor has been
surgically removed and therapy is directed against micro-
metastatic tumor foci.

Independently from TIL recruitment mechanisms,
another important issue in the prospect of augmenting
trastuzumab activity by strategies of immune modulation
regards the activation status of such infiltrating immune cells.
It is possible that the presence of TILs in the tumor burden
mirrors an exhausted immune response, the presence of
intratumoral immune suppression or a near-equilibrium
immune state with immune surveillance able to only partially
control the tumor growth of immunogenic subclones slowing
the genomic diversification of the cancer [120]. In support of
the last hypothesis, it has been observed that cancers with no
immune infiltration have greater clonal heterogeneity, likely
suggesting an immune escape [120].

Efficacy of drugs in those patients with immune-enriched
tumors suggests that chemotherapy and HER2-targeting
agents may relieve the preexisting immune suppression
and/or tilt the balance in favor of immune surveillance
[120]. In this context, a number of chemotherapies including
anthracyclines, gemcitabine, oxaliplatin, and cyclophospha-
mide have been shown to increase antigen presentation
promoting DC maturation and priming of adoptive immune
response [121, 122]. These data underlie the importance of
immunogenic cell death (ICD) for immune system activation
and antitumor response and of the selection of chemotherapy
agents to be used in combination with anti-HER2 therapy in
order to reach the best immune activation and thus the
best achievable response. It is noteworthy that the double-
blockade treatment (pertuzumab or lapatinib in combination
with trastuzumab) induced pCR rates similar to trastuzumab
plus anthracycline (Table 1), an effect that probably relies in
the ability of the double blockade to boost the immune
response (i.e., increased ADCC and CDC) [42, 43, 53, 54].
These data support the double-blockade treatment to limit
the anthracyclines-associated cardiovascular toxicity at least
in women at high risk of cardiac toxicity.
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To activate antitumor immunity, recent preclinical data
suggested that one strategy could be the blocking of PD-1/
PD-L1 interaction, since it synergizes with anti-HER2
therapy [25]. Accordingly, a large number of clinical trials
are now under way to determine the clinical role of immuno-
therapies and their combinations with anti-HER2 therapies
in BC [123]. However, breast tumors with a low number of
TILs are less likely to achieve maximal clinical benefit from
anti-HER2 agents combined with T cell checkpoint inhibi-
tors and, although many efforts have been done so far to
study the possibility to activate the local innate IFN
response [29] or to contrast immune evasion [124],
different strategies to stimulate the tumor immune milieu
still need to be investigated.
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Prediction of benefit from combined chemotherapy and the antiepidermal growth factor receptor cetuximab is a not yet solved
question in head and neck squamous cell carcinoma (HNSCC). In a selected series of 14 long progression-free survival (PFS)
and 26 short PFS patients by whole gene and microRNA expression analysis, we developed a model potentially predictive of
cetuximab sensitivity. To better decipher the “omics” profile of our patients, we detected transcript fusions by RNA-seq through
a Pan-Cancer panel targeting 1385 cancer genes. Twenty-seven different fusion transcripts, involving mRNA and long
noncoding RNA (lncRNA), were identified. The majority of fusions (81%) were intrachromosomal, and 24 patients (60%)
harbor at least one of them. The presence/absence of fusions and the presence of more than one fusion were not related to
outcome, while the lncRNA-containing fusions resulted enriched in long PFS patients (P = 0 0027). The CD274-PDCD1LG2
fusion was present in 7/14 short PFS patients harboring fusions and was absent in long PFS patients (P = 0 0188).
Among the short PFS patients, those harboring this fusion had the worst outcome (P = 0 0172) and increased K-RAS activation
(P = 0 00147). The associations between HNSCC patient’s outcome following cetuximab treatment and lncRNA-containing
fusions or the CD274-PDCD1LG2 fusion deserve validation in prospective clinical trials.

1. Introduction

The therapeutic opportunities for recurrent and/or metasta-
tic (RM) head and neck squamous cell carcinoma (HNSCC)
may be divided into 3 modalities: (i) potentially salvageable

treatments, like (re)irradiation or salvage surgery; (ii) pal-
liative systemic therapies, such as chemotherapy and/or
targeted agents; and (iii) the best supportive care. Salvage
therapies are the first options, but their feasibility is limited
by the patient’s performance status or by other prognostic
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factors as disease-free interval as well as by technical aspects
such as the site and extension of disease or to the previous
administered treatments [1–3].

First line palliative systemic therapy is represented by the
combination of platinum-based chemotherapy and cetuxi-
mab, an antiepidermal growth factor receptor (EGFR) agent.
This combination, as shown in the pivotal EXTREME trial, is
able to achieve a clinical response in more than one-third of
the patient, and it is able to statistically improve overall
survival (OS) and progression-free survival (PFS) and it
improves the patient’s quality of life, when compared to
chemotherapy alone [4]. However, the median OS is of 10.1
months with more than 80% of the patients experiencing
one grade 3 or 4 adverse event. Thus, the presence of multiple
mechanisms of intrinsic resistance to this therapeutic combi-
nation exposes some patients to the double-negative effect of
drug toxicity and disease unresponsiveness.

Therefore, the issue of predicting which patient will
benefit from this approach is an outstanding question in head
and neck oncology. In fact, all the efforts in identifying
specific alteration in EGFR status (studied by immunohisto-
chemistry, amplification, or mutation) did not reach their
purpose [5–7].

A solution might, however, lie with a molecular approach
[8, 9], judging also from the encouraging results of our
predictive models, developed to test cetuximab sensitivity in
RM-HNSCC patients [10, 11].

Specifically, we implemented a model of cetuximab and
chemotherapy (CT) sensitivity analyzing the 2 extremities
of responsiveness to the drugs, represented by patients
achieving a long PFS, defined to be more than 1 year, and
patients showing a short PFS, defined to be less than 5.6
months, that is, the median PFS of the EXTREME trial. Using
these selected patient cohorts and applying, as first, gene
expression analysis [10] and in a second study an integrative
analysis of miRNA and mRNA expression [11], we identified
specific profiles corresponding to the long and short PFS [10]
and a height miRNA gene-integrated signature with an excel-
lent accuracy in predicting treatment response [11]. Trying
to better decipher the different biological molecular charac-
teristics of the extremities of the response curve to cetuximab
CT, we decided to explore the new area of fusion transcripts
in the search of other complementing genomics.

Gene fusions could occur by structural rearrangements
or by transcription read-through of neighboring genes,
being the second mechanism responsible for a large pro-
portion of gene fusions (see [12] for a recent computation-
ally oriented literature review); their clinical utility in
cancer as biomarkers for prognosis or diagnosis is proven,
and some fusion proteins are promising therapeutic targets
(see [13] for the landscape of cancer-associated transcript
fusions). At present, 300 samples of the TCGA-HNSCC
dataset were characterized for the presence of transcript
fusions [12], and among the identified fusion events,
FGFR3-TACC3 fusion was detected in two HPV-positive
tumors. Subsequently, in a HNSCC cell model system
[14], the signaling by FGFR3-TACC3 fusion protein was
further characterized as a novel mechanism of resistance
to EGFR/ERBB3 inhibition. A limited number of other

reports focused on gene fusions in HNSCC samples [15]
or cell lines [16–17].

No data are presently available in a clinical setting about a
possible association between gene fusion presence and
response to a targeted therapy, such as the one with EGFR
inhibitors. Taking again the advantage of the RM-HNSCC
clinical material already genomically characterized by us
[10, 11], we looked for the expression of fusion transcripts
derived from 1385 different genes, selected on the basis of
their putative role in cancer, as potential markers of intrinsic
sensitivity/resistance to cetuximab CT.

2. Materials and Methods

2.1. Patients and Study Design. Forty formalin-fixed paraffin-
embedded (FFPE) tumor specimens from RM-HNSCC
patients treated between 2008 and 2012 with first-line plati-
num and cetuximab-based combination were collected and
divided according to PFS following cetuximab CT treatment
in long (14 patients) and short PFS (26 patients) as detailed in
[10]. Briefly, the two groups were balanced for known prog-
nostic factors [18] (primary tumor site, performance status,
weight loss, prior radiotherapy, tumor grade, residual disease
at primary tumor site, age, and gender). Long PFS had a
median PFS of 19 months (range 12–36) while short PFS
had a median PFS of 3 months (range 1–5.5).

2.2. Transcript Fusion Detection. To detect transcript fusions
in RM-HNSCC, the TruSight RNA Pan-Cancer panel
(Illumina) targeting 1385 cancer genes, including 507 known
genes involved in fusions and 878 genes either mutated or
deregulated in cancers, was used according to the provider’s
protocol. The panel design covers all exons and 160 bp at
the 5′ and 3′UTR of every gene. Briefly, cDNA is generated
from 50ng of total RNA from the FFPE specimens using
random priming. After second strand synthesis, sequencing
adapters are ligated to the double-stranded cDNA fragments.
The coding regions of expressed cancer-associated genes
were captured from 200ng of this library using sequence-
specific probes to create the final sequencing library. Quality
check was performed using 4200 TapeStation and D1000
ScreenTape Assays (Agilent) yielding libraries with a band
peak at ~250–300 bp. Samples were equimolarly pooled and
sequenced on a NextSeq500 sequencer using the NextSeq500
High Output Kit v2 (150 cycles) chemistry (Illumina) to
obtain 40M/sample paired end reads of length 2× 75 bps.

The data processing was performed on BaseSpace
Sequence Hub, a dedicated genomics computing environ-
ment for data management and analysis applying TopHat
Alignment v1.0. TopHat Alignment workflow allows the fol-
lowing functions: (i) read mapping on homo sapiens UCSC
hg19 through the TopHat 2 aligner and (ii) fusion calling
with TopHat-Fusion [19]. After the alignment of sequencing
reads within the exon regions, the reads not entirely aligned
were divided into multiple segments of 25 bp. It is expected
that the initially unmapped reads contain sequencing por-
tions residing on different chromosomes or on the same
chromosome but, after rearrangement, representing poten-
tial fusion candidates. The first and last 25 bp portions were
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aligned on the genome through Bowtie. When an alignment
pattern is detected, the entire read sequence is used to iden-
tify the fusion point by stitching segments to obtain the full
read alignment. The oligo capture approach of the TruSight
RNA Pan-Cancer panel allows pulling down one target gene
among the 1385 genes in the panel and the partner fusion not
necessarily included in the panel. Since the TopHat-fusion
algorithm works independently of the information about
known genes, it can also lead to the identification of novel
fusion products. To avoid false positive calls, candidate gene
fusions were filtered out imposing the following parameters:
(i) intrachromosome fusions have to be separated by
100.000 bp distance; (ii) spanning reads on both sides should
have at least 13 bp; and (iii) reads map to multiple locations
(>2). The annotated gene fusions were then displayed using
the OmicCircos software package [20] with respect to
genomic position using the hg19 reference.

2.3. Characteristics of Genes Present in Transcript Fusion. The
information on genes/lncRNA was retrieved from https://
www.ncbi.nlm.nih.gov/gene and https://lncipedia.org/ [21]
(version 4.1, May 4, 2017, containing 146,742 human-
annotated lncRNAs) and http://cancer.sanger.ac.uk/cosmic
and https://cancergenome.nih.gov/.

The presence of fusion transcripts in cancers was
searched in the following websites: Pubmed (https://www.
ncbi.nlm.nih.gov/pubmed) and TCGA fusion gene data
portal (http://54.84.12.177/PanCanFusV2/).

2.4. Functional Analysis. To disclose the molecular pathways
associated with CD274/PDCD1LG2 fusion, we retrieved
gene expression data from Bossi et al. [10] deposited on
GEO repository (GSE65021). Gene set enrichment was
investigated by gene set enrichment analysis (GSEA) [22]
analyzing seven oncogenic signatures found in our previous
studies [10, 11] and including β-catenin, E2F3, EGFR, KRAS,
MYC, NOTCH, and p53. To graphically represent the signif-
icant gene sets and to display their enrichment significance,
we used Enriched Map implemented as a Java plugin for
the freely available Cytoscape network visualization and
analysis software [23].

2.5. Statistical Analysis. The presence of fusions in long and
short PFS as well as of specific fusions was evaluated using
the Fisher exact test through GraphPad Prism software pack-
age. A P value equal or <0.05 was considered to indicate
statistical significance. Differences in PFS between patients
harboring or not CD274/PDCD1LG2 fusion among the 26
short PFS patients were assessed using log-rank test and R
package survival [24].

3. Results and Discussion

With the aim to disclose the biological features associated
with cetuximab sensitivity in RM-HNSCC, we applied an
RNA-seq approach through a Pan-Cancer panel to a selected
cohort [40 patients treated with platinum- and cetuximab-
based combination and having long PFS (n = 14) and short
PFS (n = 26)].

Based on the applied workflow of analysis, 27 different
fusion transcripts were identified; Figure 1 shows the geno-
mic landscape of the identified transcript fusions that is
further detailed in Supplementary Table 1 available online
at https://doi.org/10.1155/2017/6870614. Twenty-two out of
twenty-seven (81%) fusion transcripts were intrachromoso-
mal and located in neighboring genes while 5 resulted from
structural rearrangements and translocations to a different
chromosome. The identified transcript fusions involved rear-
rangements in all, but Chr7, Chr10, Chr18, Chr20, and ChrY,
chromosomes; Chr3, Chr11, and Chr22 harbor three differ-
ent fusions and high level of gains (ratio> 1.5) at 11q13,
and their association with poor survival has been described
in HNSCC (see [25]); Chr1, Chr2, Chr8, Chr9, Chr14, and
Chr19 harbor two fusions. The total number and chromo-
somal distribution of the identified fusion transcripts are
essentially in agreement with data already reported in
HNSCC samples [13–15] even if the comparison is difficult
due to the different approach adopted (targeted versus whole
genome) (see below). In all the HNSCC studies on clinical
samples, including the present one, fusion transcripts result-
ing from translocations are relatively rare while the majority
is generated by nonstructural rearrangement mechanisms,
such as transcription read-through of neighboring genes or
splicing of mRNA molecules. This type of gene fusions is
reported to be preferentially derived by genomic instability
(see [12] for review of the mechanisms).

Twenty-four patients (60%) harbor at least one of the 27
identified transcript fusions; the presence and main charac-
teristics of gene fusions detected in each RM-HNSCC patient
of our selected case material are reported in Table 1 (see [10]
for clinical pathologic characteristics of the patients). We
investigated whether the presence of transcript fusions is
associated with long or short PFS under cetuximab treat-
ment: 10/14 (71%) long PFS cases and 14/26 (54%) short
PFS harbor at least one fusion; however, the presence or
absence of fusions is not significantly related with outcome
(Table 2). The chromosomal rearrangements in cancer cells
could also lead to multiple fusion events. Fifteen and 9 cases
harbor only one transcript fusion and more than one, respec-
tively (Table 2); in detail, 3 patients harbor 2 fusions, 4
patients 3 fusions, 1 patient 4 fusions, and 1 patient 6 fusions;
nine fusions are present in two or more patients (Table 1).
Since the coexistence of multiple fusions might mirror the
extent of aberrations present in the tumor, we investigated
whether the presence of more than one fusion is associated
with outcome under cetuximab. Five out of the 10 long
PFS and 4/14 short PFS cases presented more than one
fusion, but this difference did not reach a significant level
(Table 2). The accumulation of transcript fusions may be
associated with tumor progression; since in our case mate-
rial the RNA was obtained in 9 cases from samples taken at
recurrence/metastasis, we analyzed whether in this sub-
group of patients (9/40) the presence/number of transcript
fusions was higher. Eight out of 9 recurrent/metastatic
cases (89%) harbor at least one fusion compared to 16/31
(52%) cases from primary lesions; although the difference
did not reach a significant level (P = 0 06), a trend was
clearly appreciable.
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The 27 transcript fusions involve both mRNA and
lncRNA, being 21 mRNA-mRNA, 3 lncRNA-mRNA, 2
mRNA-lncRNA, and 1 lncRNA-lncRNA. The lncRNA-
containing fusions are enriched in long PFS patients with
8/10 and 2/14 in long and short PFS cases, respectively, har-
boring a lncRNA fusion (P = 0 0027). Two fusions involving
lncRNA, ENSG00000231669-MSN, and ENSG00000231121-
NAV3, were each detected in three long PFS patients. At pres-
ent, while lncRNAs are relatively well-characterized, being
involved in the regulation of numerous cellular processes
and being associated with cancer development and progres-
sion [26], little is known about their role in lncRNA-
containing fusions. The current fusion-detection algorithms
and bioinformatics pipelines are focused on recognizing fusion
candidates mapping to protein-coding mRNA systematically

omitting lncRNA [12]. As a result, only a handful of gene
fusions containing lncRNAs has been reported [27]. Some
studies highlighted a biological, functional, and even clinical
relevance of specific mRNA/lncRNA fusions proving that
these lncRNAs might contribute to the aberrant regulation of
their partner [12]. The identification of lncRNA-containing
fusions was achieved in our case material due to the adopted
targeted approach. We selected this approach, instead of
RNA-seq used with the 300 HNSCC [13] and the 47 oral squa-
mous cell carcinoma (OSCC) [15], due to the availability of
only archival FFPE samples whose RNA-seq analysis may
result limited, as recently highlighted in another cancer type
by direct comparison of paired frozen and FFPE samples [28].

Several studies of gene fusion networks have found
that the majority of fusion genes partner with a single
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Figure 1: Circos plot of the genomic landscape of gene fusions identified by RNA-seq in our 40 RM-HNSCC samples. The outer ring displays
the chromosome ideograms. The fusion transcripts are shown as line arcs linking the two genomic loci.
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Table 1: Presence and main characteristics of gene fusions detected in each RM-HNSCC patient of our selected case material; see [10] for
clinical pathologic characteristics of the patients.

Sample ID Gene fusion
“Left” partner “Right” partner

Gene Chromosome Gene Chromosome

Short PFS under chemotherapy-cetuximab treatment

GU05 No

GU09 No

GU10 Yes

DLG2 Chr11 PICALM Chr11

NUMA1 Chr11 GRIA3 ChrX

ZMYM2 Chr13 TRIM28 Chr19

GU11 No

GU13 Yes CLTC Chr17 RPS6KB1 Chr17

GU14 Yes CD274 Chr9 PDCD1LG2 Chr9

GU15 No

GU17 No

GU18 No

GU20 Yes CD274 Chr9 PDCD1LG2 Chr9

GU21 No

GU22 No

GU23 No

GU24 Yes BMS1P20 Chr22 IGLL5 Chr22

GU25 Yes CD274 Chr9 PDCD1LG2 Chr9

GU26 Yes FGF12 Chr3 MB21D2 Chr3

GU27 No

GU28 Yes

METTL13 Chr1 DNM3 Chr1

CTNNA2 Chr2 HES1 Chr3

RPS6KA2 Chr6 RNASET2 Chr6

MUSK Chr9 LPAR1 Chr9

CD274 Chr9 PDCD1LG2 Chr9

TRAF3 Chr14 ENSG00000259717 Chr14

GU29 Yes CD274 Chr9 PDCD1LG2 Chr9

GU30 Yes RCSD1 Chr1 MPZL1 Chr1

GU31 Yes
CD274 Chr9 PDCD1LG2 Chr9

PPP6R3 Chr11 MLL Chr11

GU34 Yes
NUMA1 Chr11 GRIA3 ChrX

ZMYM2 Chr13 TRIM28 Chr19

GU38 No

GU40 No

GU41 Yes PVT1 Chr8 ENSG00000253288 Chr8

GU43 Yes CD274 Chr9 PDCD1LG2 Chr9

Long PFS under chemotherapy cetuximab treatment

GU04 Yes FLNB Chr3 ENSG00000245384 Chr4

GU06 No

GU07 Yes

METTL13 Chr1 DNM3 Chr1

MUSK Chr9 LPAR1 Chr9

ENSG00000231669 ChrX MSN ChrX

GU08 Yes ENSG00000231669 ChrX MSN ChrX

GU12 Yes

C9 Chr5 RCOR1 Chr14

ENSG00000259446 Chr15 RYR3 Chr15

IGLV1-40 Chr22 IGLL5 Chr22
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other gene, but it is known that some genes might recom-
bine with multiple partners being the MLL the extreme
example, described to fuse with over 60 different partner
genes [29]. In our study, MLL was present in a single
fusion while IGLL5 recombined with BMS1P20 and IGL1-40
(see Supplementary Table 1).

The distribution and the gene partners of our 27 fusion
transcripts were compared with the 382 and the 282 fusions
detected by a whole genome approach in HNSCC [13] and
OSCC [15], respectively; we recorded a 33% of fusions shared
among more patients and no overlap with fusions previously
identified in HNSCC/OSCC. The different results could be
mainly attributed to the use of a panel that enabled a higher
sequencing depth but that was biased toward cancer genes.
Despite these differences, one or both gene partners of our
27 fusions was/were present in association with other genes
in the 7887 high confidence fusion transcripts identified in

4366 primary tumor samples from 13 tumor types including
HNSCC (Supplementary Table 1).

We analyzed the characteristics of the gene partners
(see details in Supplementary Table 1) to potentially define
the molecular functions of the identified fusions, and we
observed that chromatin modifiers (KMTA2-MLL, RCOR1,
and KAT6A), kinases (RPS6KA, MUSK, TRIM28, MPZL1,
andMAP2K2), and phosphates (LPAR1, PICALM,RPS6KB1,
DLG2, PPP6RB, TPTA, and PI4KA) were frequently present.

Worth mentioning, the fusion CD274-PDCD1LG2 was
present as single fusion (5/14) or associated with other

Table 1: Continued.

Sample ID Gene fusion
“Left” partner “Right” partner

Gene Chromosome Gene Chromosome

GU16 Yes WDR90 Chr16 RHOT2 Chr16

GU19 Yes
ANK1 Chr8 KAT6A Chr8

ZBTB7A Chr19 MAP2K2 Chr19

GU32 Yes

ZBTB7A Chr19 MAP2K2 Chr19

TPTE Chr21 BAGE2 Chr21

ENSG00000231669 ChrX MSN ChrX

GU33 Yes ENSG00000231121 Chr12 NAV3 Chr12

GU35 No

GU36 Yes

ZC3H15 Chr2 ITGAV Chr2

PPP6R3 Chr11 MLL Chr11

ENSG00000231121 Chr12 NAV3 Chr12

PI4KA Chr22 CRKL Chr22

GU37 Yes ENSG00000231121 Chr12 NAV3 Chr12

GU39 No

GU42 No

Table 2: Summary of the gene fusions detected in patients treated
with cetuximab and chemotherapy and selected for the extremities
of response (see [10]).

Patients harboring
gene fusions

N (%)
P value§

Long PFS (14) Short PFS (26)

Absence 4/14 12/26
0.3295§

Presence 10/14 14/26

1 for each patient 5/10 10/14
0.4028§>1 for each patient 5/10 4/14

Only mRNA in the
fusion

6/10 13/14 0.1222§

LncRNA in the fusion 8/10 2/14 0.0027§

CD274/PDCD1LG2
fusion

0/10 7/14 0.0188§

§The P values are reported as the two-sided Fisher exact test.
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Figure 2: Kaplan-Meier curves showingPFSamongpatientswith the
presence or absence of the CD274-PDCD1LG2 fusion transcript.
Median PFS: 2.2 months in the group with fusion (n = 7) and 3.4
months in the group not harboring the fusion (n = 19) (P = 0 0172).
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fusions (2/14) in short PFS patients while it was absent in all
long PFS patients (P = 0 0188). CD274-PDCD1LG2 fusion
defined a subgroup into short PFS; in fact, by Kaplan-Meier
analysis, the median estimates of PFS in patients harboring
or not the fusion were 2.2 and 3.4 months, respectively
(P = 0 0172 by the log-rank test) (Figure 2). Thus, we investi-
gated the biology behind the CD274-PDCD1LG2 fusion in
the short PFS cases analyzing molecular pathways through
GSEA. The oncogenic signatures reported in our previous
studies [10, 11] were tested for their enrichment in cases
harboring CD274-PDCD1LG2 fusion, and as reported in
the enrichment map (Figure 3), KRAS (P = 0 00147;
NES= 1.62) is enriched in cases with the fusion, while EGFR
(P = 10E‐04; NES=−2.04), p53 (P = 10E‐04; NES=−1.83),
NOTCH (P = 10E‐04; NES=−1.82), and β-catenin (P = 10
E‐04; NES=−2.04) onco-signatures are enriched in cases
without the fusion. E2F3 and MYC are not significantly dif-
ferent between cases with the presence or absence of fusion.

Both partner genes are in the 9p24.1 locus, a region of
recurrent structural and copy number alterations in hemato-
logic tumors, and this fusion was present in 20% of primary
mediastinal large B-cell lymphoma and in lower percent in
other lymphomas [30]. Furthermore, in lymphomas, the rear-
rangement was significantly correlatedwith overexpression of
PDL transcripts [30]. The products of the gene partners of our
most frequent fusion transcript, CD274 and PDCD1LG2, also
known as programmed death ligand-1 and 2 (PD-L1 and
PD-L2), respectively, have been implicated in promoting
tumor cell immune evasion acting as negative regulators
of antitumor immunity by binding their cognate receptor,
PD-1, on cytotoxic T-cells. No data are presently available
about this fusion in other types of solid tumors, and our obser-
vation that RM-HNSCC cases harboring CD274-PDCD1LG2
fusion have poor prognosis and resistance to cetuximab
deserve further analysis and validation in wider series of
patients entered/entering in anti-EGFR-targeted trials.

Recently, high PD-L1 expressionwas identified as a strong
prognostic factor of HNSCC patient’s worse outcome [31].

Within clinical trials with immune checkpoint inhibitors
(CPIs) in RM-HNSCC, higher response rates were noted in
patients with higher PD-L1 expression [32, 33]. However,
other PD-1 ligands could be crucial in determining the effi-
cacy of CPIs. As it has been recently showed, the coexpression
of both PD-L1 and PD-L2 in tumoral specimens of patients
treated with pembrolizumab correlated with higher respon-
siveness to this drug [34]. Further investigation is required
into the role of the CD274-PDCD1LG2 fusion as pharma-
cogenomics biomarker not only as a prognosticator in
RM-HNSCC patients but also as a possible predictive bio-
marker of immunotherapy response to better select patients
for a tailored treatment approach.

4. Conclusions

Transcript fusions resulting from chromosomal rearrange-
ments are genetic alterations well-known from decades
and they can in oncology (i) serve as diagnostic markers,
(ii) provide insight into tumor biology, and (iii) serve as spe-
cific therapeutic targets. By an RNA-seq approach through a
dedicated Pan-Cancer panel, we investigated the presence
and role of transcript fusions as potential pharmacogenomic
markers of RM-HNSCC patients’ response to cetuximab
and platinum-based chemotherapy. We identified 27 differ-
ent fusion transcripts and observed significant associations
between lncRNA-containing fusions and patient’s better
outcome and the presence of the CD274-PDCD1LG2 fusion
and worst outcome. These observations deserve the testing
in clinical trials but if confirmed, as seen with other gene
fusions in other tumor entities, they could open the way to
a more tailored therapeutic approach. Further on, combina-
tion treatments with only immune therapeutic approaches
or with targeted agents or classic chemotherapy could be
of major importance to increase efficacy and outcome in
RM-HNSCC patients. In this regard, our findings are impor-
tant to be acknowledged and could lead to further researches
and new trial designs.

𝛽-catenin

NOTCH 

p53

KRAS

EGFR

Figure 3: Enrichment map visualizing results of GSEA analysis for cases with the presence/absence of the CD274-PDCD1LG2 fusion. Seven
oncogenic signatures inferred from our previous studies [10, 11] were tested, and five resulted a significant difference (oncogenic
signature = node). Node size: number of genes in the gene set. Node color: red = enriched in cases harboring the CD274-PDCD1LG2
fusion. Blue = enriched in cases not harboring the fusion. Edges: connect significantly overlapping gene sets (width reflects the degree of
the overlap).
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High-risk breast cancer comprises distinct tumor entities such as triple-negative breast cancer (TNBC) which is characterized by
lack of estrogen (ER) and progesterone (PR) and the HER2 receptor and breast malignancies which have spread to more than
three lymph nodes. For such patients, current (inter)national guidelines recommend anthracycline-based chemotherapy as the
standard of care, but not all patients do equally benefit from such a chemotherapy. To further improve therapy decision-
making, predictive biomarkers are of high, so far unmet, medical need. In this respect, predictive biomarkers would permit
patient selection for a particular kind of chemotherapy and, by this, guide physicians to optimize the treatment plan for each
patient individually. Besides DNA mutations, DNA methylation as a patient selection marker has received increasing clinical
attention. For instance, significant evidence has accumulated that methylation of the PITX2 (paired-like homeodomain
transcription factor 2) gene might serve as a novel predictive and prognostic biomarker, for a variety of cancer diseases. This
review highlights the current understanding of treatment modalities of high-risk breast cancer patients with a focus on
recommended treatment options, with special attention on the future clinical application of PITX2 as a predictive biomarker to
personalize breast cancer management.

1. Introduction

Breast cancer is the most common malignancy in women
with >464,000 new cases diagnosed in 2012 in Europe;
131,000 patients have died as a result of this disease [1]. In
the Western, one in eight women will experience breast can-
cer in her lifetime; every fourth is younger than 55 years of

age at the time of diagnosis [1]. Therapy decision in breast
cancer is mainly based on the established histopathological
parameters tumor size, lymph node status, histological type,
and histological grade. These factors do provide information
about the future clinical course of the disease (exemplified as
disease-free survival, DFS, and overall survival, OS) of
patients not subjected to any systemic cancer therapy. Differ-
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ent from that, predictive factors are biological markers,
which foretell the probability of a cancer patient to respond
to a specific anticancer therapy.

At present, these biomarkers include the steroid hormone
receptors ER and PR, the oncoprotein HER2, the urokinase-
type plasminogen activator (uPA), and the uPA inhibitor
PAI-1 [2] (ASCO: http://www.asco.org/practice-guidelines/
quality-guidelines/guidelines, AGO: http://www.ago-online.
de/en/guidelines-mamma/march-2016). According to the
opinion of the St. Gallen breast cancer classification and
treatment panel, Ki-67, a cell proliferation marker, should
also be considered for therapy decision-making although no
standard protocols for this analysis were defined and estab-
lished so far [3, 4].

By use of molecular classifiers and gene expression signa-
tures, invasive breast carcinomas can be further clinically cat-
egorized into at least four molecular subgroups (Table 1),
which are associated with different clinical outcomes and
are the basis for choosing which kind of systemic therapy
should be applied, both for the adjuvant and the neoadjuvant
setting [4–8]. Patients in the luminal A/B groups are gener-
ally treated with endocrine therapy but, due to biological
heterogeneity in this group, quite often combined with che-
motherapy (Table 1). It is estimated that 20–40% of those
patients are treated cost- and side-effect-rich with chemo-
therapy, although endocrine therapy would be sufficient.
Women with early-stage breast cancer presenting with
HER2+ tumors (HER2-type) are generally treated in the
adjuvant setting with the humanized antibody Herceptin®
plus additional chemotherapy. Since such targeted therapy
is not available for the TNBC patients, they are subject to sys-
temic adjuvant or neoadjuvant chemotherapy. Yet avoiding
not only overtreatment but also undertreatment of TNBC
patients has become a major treatment issue. Therefore,
TNBC-specific predictive biomarkers are urgently needed
to allow for the identification of TNBC patients who will ben-
efit from a particular systemic therapy. If not so, such TNBC
patients should be offered alternative treatment plans to
achieve optimal cancer treatment, thereby avoiding poten-
tially toxic side effects.

2. Definition of High-Risk Breast Cancer
Patients

Detailed information for risk stratification of breast cancer
patients who would develop metastases is urgently needed
to provide effective care early enough to ensure provision of
adequate anticancer treatment. In February 1998, the 6th
International Conference on “Adjuvant Therapy of Primary
Breast Cancer” was held in St. Gallen, Switzerland. In an
attempt to solve this problem, at this conference and subse-
quent St. Gallen meetings, guidelines and recommendations
were introduced in the scientific literature on how to select
the right breast cancer patient for adequate adjuvant systemic
treatment [9, 10]. According to the St. Gallen’s patient
stratification criteria (Figures 1 and 2), patients with a low
risk to progress or to develop metastases (tumor size< 2 cm,
node-negative, or up to 3 lymph nodes affected) will receive
endocrine therapy if ER and/or PR are expressed. High-risk

patients (node-positive with >3 lymph nodes involved,
tumor size≥ 2 cm) are subject to chemotherapy; the same
applies to TNBC patients. Intermediate-risk patients, which
are defined by pN0-1 [4] or histological grade 2 [11], can
be allocated to the high-risk or low-risk group by applying
commercially available risk-assessment tests such as
MammaPrint® (Agendia), Endopredict® (Myriad Genetics),
or Oncotype DX® (Genomic Health) [4, 12].

TNBC tumors and tumors with >3 affected lymph nodes
are both considered high-risk breast cancers. TNBC is char-
acterized by an increase in tumor size and high histological
grade with disease recurrence as early as 3–5 years after the
start of systemic cancer therapy [13, 14] and shorter survival
time following the first metastatic event [1, 15–17]. Thus, the
5-year survival rate of TNBC patients is significantly reduced
compared to other breast cancer subtypes.

Currently, there is no routinely available targeted ther-
apy established for TNBC patients and no predictive factors
have been introduced into the clinic which could provide
information about the response of a TNBC patient to a spe-
cific cancer therapy [2]. Primary breast cancer patients with
≤3 affected lymph nodes but ER/PR negative status or HER2
positive are considered high-risk breast cancer patients as
well [18]. For those patients, anthracycline-based adjuvant
chemotherapy has become the standard of care. Several
studies showed that the addition of taxanes to this protocol
may further improve clinical outcome. Still, not all of
these high-risk patients will benefit from such an intensified
therapy plan [19].

3. Treatment Options for High-Risk Breast
Cancer Patients

In addition to the established traditional histopathological
parameters (lymph node status, tumor size, histological type,
and histological grade), the decision who to treat and how to
treat is also based on whether ER/PR andHER2 are expressed
by the primary breast cancer tumor cells or not (Table 2). The
biomarkers uPA and PAI-1 are indicative factors to predict
response to adjuvant chemotherapy but in node-negative
breast cancer patients only [18, 25].

Originally, treatment in the neoadjuvant setting was
advised for the treatment of larger sometimes inoperable
breast cancers, but various considerations support the
implementation of neoadjuvant systemic chemotherapy in
operable breast cancer patients as well [4, 26]. Benefits of
such a systemic therapy procedure are higher rates of
breast-conserving surgery and the opportunity to assess
early in vivo response to systemic treatment prior to primary

Table 1: Traditional classification of breast cancer subgroups.

Classification Expression Distribution (%)

Luminal A ER/PR+, HER2− ~65
Luminal B ER/PR+, HER2+/− ~15
HER2-type ER/PR−, HER2+ ~5
Triple-negative ER/PR−, HER2− ~15
According to [3, 5, 8] (http://ww5.komen.org/BreastCancer/SubtypesofBreast
Cancer.html).

2 Disease Markers

http://www.asco.org/practice-guidelines/quality-guidelines/guidelines
http://www.asco.org/practice-guidelines/quality-guidelines/guidelines
http://www.ago-online.de/en/guidelines-mamma/march-2016
http://www.ago-online.de/en/guidelines-mamma/march-2016
http://ww5.komen.org/BreastCancer/SubtypesofBreastCancer.html
http://ww5.komen.org/BreastCancer/SubtypesofBreastCancer.html


surgery. In addition, this approach might improve survival
of breast cancer patients by early elimination of occult
metastases. Neoadjuvant chemotherapy is particularly rec-
ommended for TNBC patients and patients afflicted with
HER2+ breast cancer [4]. Current adjuvant chemotherapy
standards for early breast cancer patients involve an

anthracycline plus taxane. These regimens generally do not
differ for the neoadjuvant and the adjuvant settings [4].

Standard treatment for breast cancer patients with more
than three affected lymph nodes is systemic therapy employ-
ing an anthracycline plus a taxane (Table 3), administered in
the adjuvant or neoadjuvant setting. In addition, anti-HER2

Low-risk: 10%1

(Neo)adjuvant therapy

ET: 52%

High-risk: 23%

CTX: 48%High-risk: 25%1

Intermediate risk: 65%1

Low-risk: 42%

Prognostic gene
expression test2

Figure 1: Clinicopathological risk stratification of breast cancer patients according to St. Gallen criteria. 1Clinicopathological risk assessment
according to St. Gallen consensus panel [9, 20–24]. 2Endopredict®, OncotypeDX®. ET = endocrine therapy; CTX= chemotherapy.

PITX2 DNA methylation
has demonstrated
significant predictive value

Endocrine therapy
± chemotherapy

Chemotherapy
± endocrine therapy
± HER2-targeted therapy

Chemotherapy
± HER2-targeted therapy

Chemotherapy
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Figure 2: Classification of the high-risk breast cancer subtypes. PITX2 DNA methylation status can serve as a significant predictive biomarker
for anthracycline-based chemotherapy in the two major high-risk breast cancer subtypes [44, 66].
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therapy forHER2+ tumors and/or endocrine therapy for ER/
PR+ tumors can be applied. Results of several trials address-
ing N+ high-risk breast cancer patients have shown that
dose-dense chemotherapy improves outcome compared to
standard interval chemotherapy [4]. Patients are treated by
adjuvant anthracycline-based chemotherapy; additional
treatment with adjuvant endocrine therapy will be adminis-
tered when tumor cells are ER/PR+. In patients with more
than three affected lymph nodes, dose-dense and dose-
intensified epirubicin, paclitaxel, and cyclophosphamide led
not only to a significant reduction in disease recurrence and
mortality but also to higher toxicities [4].

In general, in Germany, for the presurgical neoadju-
vant setting, TNBC patients are treated following the
AGO guidelines (http://www.ago-online.de/en/guidelines-
mamma/march-2016), which are characterized by core biop-
sies taken to allow histological diagnosis, followed by neoad-
juvant chemotherapy, primary surgery, and, if applicable,
further postsurgical chemotherapy. Anthracycline-based
chemotherapy is hereby the standard therapy option. For
high-risk N+ TNBC patients, a definite benefit for the
patients was reported when anthracyclines were applied
in combination with taxanes [27]. In patients with highly
proliferating TNBC, in the adjuvant setting, anthracycline-
containing regimes improve disease-free and overall survival
when compared to treatment with CMF (combination of
cyclophosphamide, methotrexate, and 5-fluorouracile [28]).

In TNBC patients, a favorable prognosis is predicted by
an effective response to (neo)adjuvant chemotherapy, which
is defined by high rate of pCR (pathological complete remis-
sion) which may serve as a surrogate endpoint for estimation
of long-term clinical outcomes of the patients [29]. Those
patients who will not achieve a pCR are at high risk of disease
recurrence within the next two years following surgery [29].
Until now, predictors of benefit from anthracyclines, or a test
which predicts response to anthracycline-based treatment,
are not commercially available [28]. The addition of carbo-
platin or cisplatin can significantly improve the rate of pCR
[13]. Platinum salts do effect DNA cross-link strand breaks
and, thus, prevent DNA replication [7]. Staudacher et al.
[30] reported that overall survival was improved in metasta-
tic breast cancer patients responding to platinum-based
chemotherapy. Since 2014, results from several clinical trials
have indicated that addition of platinum salts to a neoadju-
vant anthracycline-taxane combination or sequence does
improve pCR [4].

4. Predictive Biomarkers in High-Risk Breast
Cancer

Breast cancer is a genetically and phenotypically very het-
erogeneous disease equipped with molecular diversity. It
may exhibit with distinct clinical appearance, regarding
varying response to treatment and clinical outcome. Conse-
quently, precise breast cancer stratification for and forecast-
ing of effectiveness of therapeutic modalities is a crucial
step toward a more beneficial treatment design. For many
years, breast cancer patients have been stratified according
to their histopathological parameters such as histological
type and grade, tumor size, lymph node status, and the
ER/PR/HER2− status.

In recent years, significant advances have been made
in characterizing the molecular characteristics of TNBC
[5, 8, 14]. This has led to the identification of biomarkers
that potentially could be used for diagnostic purpose to assess
patient’s prognosis or as therapeutic targets. Irrespective of
the fact that today for TNBC there are no effective targeted
therapies available. About one-third of the patients will
achieve pCR through standard-of-care anthracycline/taxane
chemotherapy; but how are these responders classified? So
far, the broad molecular heterogeneity of TNBC tumors has
hindered the discovery of effective biomarkers to identify
such patients in order to tailor chemotherapy at an individual
level [13, 31, 32]. To further characterize TNBC on a molec-
ular level, various subtypes of TNBC have been proposed
[33] (Table 4).

Eighty to ninety percent of TNBCs belong to the BL
subtype. Despite some differences in the number of subtypes
or the classifying methods, regarding this issue, all of the
published studies suggested that TNBC consists of several
subtypes and thus does require subtype-specific therapy
based on its biological characteristics [34]. The clinical rele-
vance of the TNBC subtypes listed in Table 4, however, is
not yet defined. Cancer biomarkers may be useful as diagnos-
tic, prognostic, or predictive indicators and may represent
potential targets for cancer therapy [34, 35]. Although there
are no clinically meaningful prognostic or predictive cancer
biomarkers available, a series of potential biomarkers have
been identified, for example, in the blood (VEGF), on the cell
surface (epithelial growth factor receptor 1 (EGFR)), and in
the cell nucleus (BRCA1, BRCA2) [32]. VEGF (vascular
epithelial growth factor receptor) causes proliferation of
endothelium cells and regulates vascular permeability and
migration of endothelial stem cells from the bone marrow
[34]. In TNBC patients, elevated VEGF levels were observed
to be associated with disease recurrence and survival proba-
bility [34], making VEGF a potential therapy target in TNBC.

Activation of EGFR causes transcription of genes thus
inducing cell proliferation, angiogenesis, metastatic spread,
and inhibition of apoptosis. EGFR was found to be overex-
pressed in many TNBC tumors and was shown to be a prog-
nostic factor for disease recurrence by univariate and
multivariate analysis [16, 29, 32]. Currently, tyrosine kinase
inhibitors (e.g., lapatinib and gefitinib) are applied in breast
cancer patients to block EGF-stimulated growth signal trans-
duction and that ofHER2 and the combination of these drugs

Table 2: Current therapeutic regimens for breast cancers contain.

(i) For patients with luminal A/B tumors (ER/PR+, HER2−):
endocrine therapy or chemotherapy followed by endocrine
therapy.

(ii) For patients with HER2+ tumors: chemotherapy plus
anti-HER2 therapy (e.g., with trastuzumab/pertuzumab) and,
if appropriate, endocrine therapy. The combination with
chemotherapy is currently recommended since by this therapy
a survival benefit for the patients has been reported [4].

(iii) For TNBC patients: chemotherapy (anthracycline plus taxane)
(AGO guidelines 2016: http://www.ago-online.de/en/
guidelines-mamma/march-2016).
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with carboplatin or docetaxel synergistically may enhance
the treatment effect in TNBC patients [29, 34, 36–38].

BRCA1 and BRCA2 germline mutations are more fre-
quent in TNBC than in other types of breast cancer and
affect ~30% of TNBC patients [13, 39]. There is increas-
ing evidence that BRCA1 germline mutant breast cancers
present with above-average platinum sensitivity and
increased sensitivity to poly-ADP ribose polymerase (PARP)
inhibitors [13]. Germline mutations in the BRCA genes
(BRCA1, BRCA2) predispose individuals to develop several
kinds of cancer, including that of the breast [32]. Both
genes play a crucial role in DNA repair processes, and
the lack of functional BRCA1/2 proteins leads to loss of
repair of DNA double-strand breaks and subsequently
increases the risk of cancer. Mutated BRCA1-related breast
cancers share pathological features with TNBC, including
ER, PR, HER2, EGFR, TP53 expression, and genomic
instability [34, 40].

The link between TNBC and germline BRCA1 muta-
tions has led to the investigation of PARP inhibitors in
TNBC. PARPs are cell signaling enzymes which catalyze
the poly(ADP-ribosylation) of DNA binding proteins. The
main function is to act as a nick sensor for DNA damage,
which plays a vital role in DNA repair through the base
excision repair pathway: the base excision pathway fails when
PARP1 is inhibited. In BRCA1-deficient cells, inhibition of
PARP1 leads to cell death through apoptosis [29]. Trials of
PARP inhibitors (e.g. iniparib, ocaparib, veliparib, talazo-
parib, and rucaparib) in TNBCs have shown improved rates
of response and progression-free survival [6, 15, 29, 41];
however, these studies are inconclusive [7].

Ki-67 is a marker for cell proliferation activity. In TNBC
patients, Ki-67 levels were related to tumor size and histolog-
ical grade, and it was associated with increased pCR when
responding to chemotherapy but with poor disease-free and

overall survival [34]. Ki-67 is one of the biomarkers which
is recommended to be included in breast cancer therapy
decision-making. However, so far, no standards for this
analysis are defined [3].

In TNBC, the prevalence of the androgen receptor (AR) is
~10–20% [13, 42]. The LAR subtype of TNBC (Table 4) is
characterized by luminal gene expression, enriched for AR
expression and its target genes [33]. Clinically, individuals
with AR-TNBC have a higher likelihood of achieving a pCR
by treatment with neoadjuvant chemotherapy than those
with AR+ TNBC [42]. Next-generation sequencing activities
have identified further genes recurrently mutated in TNBC,
including TP53, PIK3CA, PTEN, RB1, RAS, and ERBB3,
but none of these genes have any predictive or prognostic
relevance [31].

According to the St. Gallen risk stratification scheme
(Figure 1), the intermediate-risk group (pN0-1) can be
further classified into low- or high-risk by using multigene
expression assays, for example, Endopredict (Myriad
Genetics), Mammaprint (Agendia), OncotypeDX (Genomic
Health), and others. OncotypeDX delivers a 21-gene recur-
rence score, which gives information about the likelihood of
chemotherapy benefit as well as the risk of disease recurrence
in early-stage breast cancer. This test is recommended for
breast cancer patients with tumors classified as N0/N+,
ER+ [12]. Mammaprint (70-gene signature) gives informa-
tion about a breast cancer patient’s risk for disease recurrence
and identifies those patients that may safely forgo chemo-
therapy. Mammaprint is recommended for pN0 and pN+
breast cancer patients. Endopredict provides information
how to devise personalized treatment plans for breast cancer
patients. It detects the likelihood of late metastases (>5 years)
and can thus guide treatment decision for CTX and predicts
disease recurrence. This test is recommended for pN0-1,
ER+, HER2− breast cancer patients [4, 36].

Table 4: Subclassification of TNBC based on gene expression analysis.

Characteristics

BL1 (basal-like 1) Increased expression of cell cycle and DNA repair genes

BL2 (basal-like 2) Increased expression of growth factor signaling and myoepithelial markers

M Increased expression of genes involved in epithelial-mesenchymal-like transition and growth factor pathways

MSL Decreased expression of genes involved in proliferation (mesenchymal stem cell-like)

IM Immune cell processes, expression of genes involved in cytokine signal immunomodulatory transduction pathway

LAR Luminal gene expression and androgen receptor signaling genes

According to Lehmann et al. [33] and Szekely et al. [13].

Table 3: Treatment options for high-risk breast cancer patients.

TNBC >3 lymph nodes affected

Therapy: CTX Therapy: CTX, anti-HER2, or ET

(i) Anthracycline plus taxane
(ii) Neoadjuvant treatment (presurgical)
(iii) Adjuvant treatment (postsurgical)
(iv) Addition of carboplatin may improve pCR and

event-free survival

(i) Adjuvant treatment with anthracycline plus taxane
(ii) Anti-HER2 treatment if tumor HER2+, and/or endocrine

therapy if tumor ER/PR+
(iii) Regimens may also include platinum salts (cisplatin, carboplatin)
(iv) Dose-dense or dose-intensified CTX improves outcome in N+ patients

pCR: pathological complete response; CTX: chemotherapy; anthracyclines: doxorubicin, epirubicin; Taxanes: paclitaxel, docetaxel; N+: node-positive.
According to AGO guidelines (http://www.ago-online.de/en/guidelines-mamma/march-2016).
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All these multigene assays, however, deliver prognostic
information only but have no predictive value, also not for
TNBC patients [2]. In summary, none of these tests can
currently be recommended for predicting the response to
a specific form of chemotherapy or to be prognostic for
any kind of high-risk breast cancer patients [36]. In addition
to tumor size and nodal status, the ER/PR/HER2 status is cur-
rently the most important prognostic and predictive marker
in high-risk breast cancer. There is still a so far unmet need
for individualized systemic treatment of breast cancer to pre-
dict the necessity, efficacy, and potentially toxic side effects of
anticancer drugs and clinical outcome of breast cancer
patients under therapy. Thus, molecular tests, which can pre-
dict response or failure to a certain therapy, are highly needed
to provide a tailored therapy for the appropriate patient.

5. Epigenetics and Breast Cancer

The term epigenetics describes dynamic alterations in a cell
that switch genes on and off without changes in the DNA
sequence. Epigenetic modifications are reversible. Examples
of mechanisms that produce such changes are DNA methyl-
ation and histone modification, each of which alters gene
expression. Many cellular processes are influenced by epige-
netic changes, including gene expression, cellular differentia-
tion, genomic imprinting, and embryogenesis [43]. DNA
methylation is a chemical process that adds a methyl group
to DNA on the 5th position of the pyrimidine ring of cyto-
sine. It is highly specific and frequently happens in a region
in which a cytosine nucleotide is located next to a guanine
nucleotide that is linked by a phosphate: a so-called CpG
site. A region of several hundred CpG sites is called
CpG island [41, 43–45]. Many human gene promoters
are associated with CpG islands and are usually unmethy-
lated; a few become methylated during cell development or
differentiation [41, 43]. DNA methylation can inhibit the
binding of transcription factors to the promoter, and con-
sequently, methylation in the promoter region is associated
with silencing of the adjacent gene due to the abrogation
of transcription [43, 46].

DNA methylation plays a crucial role in the develop-
ment of a variety of cancers, including breast cancer [46].
DNA hypomethylation can lead to oncogene activation
and chromosome instability in tumor development [41].
The loss of methylation in CpG-depleted regions, where
CpG-dinucleotides are expected to be methylated, may be
associated with aberrant or inappropriate expression of
some genes that could contribute to neoplastic transforma-
tion, tumorigenesis, or cancer progression [47]. Conversely,
hypermethylation has been shown to inhibit tumor suppres-
sor genes, thereby releasing cells from their normal physio-
logical control [41, 43].

Multiple reports have suggested that determination of the
methylation status of specific promoter regions can provide
important information for early detection of cancer, deter-
mine prognosis, and predict the response of a cancer patient
to anticancer drugs [46]. In cancer, many tumor suppressor
genes and various other cancer-related genes have been
found to be hypermethylated. Their biological function

includes cell-cycle regulation, apoptosis, DNA repair, cellular
homeostasis, cell adhesion, and cell invasion [43, 45]. Exam-
ples for hypermethylated breast cancer-associated genes are
BRCA1, CCND2 (cyclin D2), ER, PR, CDH1 (E-cadherin),
and many others [43–49]. The ubiquity of such epigenetic
changes in cancer events through DNA methylation has led
to a variety of innovative diagnostic and therapeutic strategies.

The most recent technical advances have demonstrated
the great potential of DNA methylation markers as valuable
tools for decision-making in the treatment of cancer patients
[43, 50]. In breast cancer, DNA methylation has shown
promise as a potential biomarker for early detection, therapy
monitoring, assessment of prognosis, and prediction of ther-
apy response [46]. DNA methylation markers predicting
response to endocrine therapy with tamoxifen in early and
metastatic breast cancer have been described [45, 50, 51].
Furthermore, the DNA methylation status of the ER gene
has been suggested as a marker for treatment response in
breast cancer patients receiving antihormonal therapy [52].
Association between DNA methylation levels and clinico-
pathological parameters was reported, confirming complex
relationships between DNA methylation and TP53 status or
the ER status [43].

There have been only a few studies focusing on the inves-
tigation of the DNA methylation of certain genes in TNBC
tumor tissues. For example, a DNA methylation signature
relevant for TNBC patients was identified by Stirzaker et al.
exploring Cancer Genome Atlas data [53]. They showed that
TNBC patients with low levels of tumor DNAmethylation in
their gene signature had the best prognosis, and by their gene
methylation signature, TNBC could be separated from non-
TNBC tumors. Hafez et al. observed that p16 (cyclin-depen-
dent kinase inhibitor 2A), a tumor suppressor gene, which
has a central function in the regulation of cell cycle activa-
tion, was frequently hypermethylated in TNBC cases, and
p16 hypermethylation was significantly increased in TNBC
compared to non-TNBC [54].

Several studies have focused on the methylation status of
the BRCA1 gene, a key player in breast cancer including
TNBC. TNBC breast cancer cell lines with BRCA1 DNA
methylation were more sensitive to PARP inhibitors when
BRCA1 gene was methylated [55]. TNBC patients with pCR
to adjuvant chemotherapy expressed higher BRCA1methyla-
tion values than nonresponders [56], and the study from Xu
et al. demonstrated an increased 10-year disease-free survival
of 78% in TNBC patients with BRCA1methylation compared
to 55% in patients without BRCA1 methylation [57].

Being aware that DNA methylation is altered in breast
cancer cells compared to normal breast cells and new assays
that determine these changes and thus provide information
about the patient’s response to anti-cancer drugs need to be
introduced into clinical practice in the near future. Although
some genes altered by DNA methylation have been associ-
ated with response to adjuvant therapy in breast cancer
patients in small exploratory studies using laboratory-
developed tests, currently, for breast cancer testing, no
predictive DNA methylation test is commercially available
yet. This is remarkable since, in contrast to RNA and pro-
teins, DNA is a very stable biological material that can be
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extracted from the same archived clinical tissue sample
that is subjected to inspection by the pathologist for routine
malignancy assessment.

6. Pathobiology of PITX2 in Breast Cancer

PITX2 (paired-like homeodomain transcription factor 2,
also known as pituitary homeobox 2) is a transcription fac-
tor, which is involved in the morphogenesis of anterior
structures, such as eyes and teeth. PITX2 is involved in
pituitary-specific gene regulation and left-right patterning
during embryonic and organogenic development [58, 59].
PITX2 has three different isoforms, leading to three differ-
ent proteins (PITX2A, PITX2B, and PITX2C), which differ-
entially regulate transcription of their target genes [60].
Two promoters (P1 and P2) are operational: P2 drives tran-
scription of two mRNA variants, leading to the PITX2A
and B proteins; P1 drives the third transcript variant encod-
ing the C protein [58, 61, 62]. Expression of isoforms 1 and
2 is regulated by the Wnt/β-catenin pathway, and expres-
sion of isoform 3 is regulated by TGF-β family members
[48, 58]. Both the Wnt/β-catenin pathway and the TGF-β
pathway play important roles in carcinogenesis, but the
results from Pillai et al. support the notion that PITX2 plays
a role in mediating invasiveness of cancer cells through the
Wnt/β-catenin pathway [58]. PITX2 functions in the Wnt-
signaling pathway by recruiting and interacting with cyto-
solic β-catenin, the central molecule in the canonical Wnt
pathway. This leads to stabilization of β-catenin, which
then enters the nucleus and associates with transcription
factors leading to transcription of cell cycle regulatory and
proliferation genes (e.g., cyclin D1, c-Myc, and MMP7),
and subsequently enhances cell proliferation [17].

Even today, the role of PITX2 in breast carcinogenesis is
unclear; however, there is a role of PITX2 DNA methylation
for the prognosis of the course of the breast cancer disease.
Nimmrich et al. reported that PITX2 DNA methylation
assessed in breast cancer tissue is a high-risk indicator of dis-
ease recurrence in N0 ER/PR+ patients [48]. Another study,
employing immunohistochemistry for PITX2 determination,
revealed a significant association between PITX2 protein and
ER/PR expression, indicating that PITX2 and ER/PR protein
expression may be useful prognostic markers in invasive
breast cancer [63]. Jezkova et al. observed hypermethylation
of PITX2 in about 50% of invasive breast cancers [64]; an
association of PITX2 expression with established parameters
such as ER, PR, and HER2 was described by Rahman et al.
[63]. Further, PITX2 DNA methylation rates were found to
be higher in tumors with elevated ER levels [49]. Jezkova
et al. found that PITX2 DNA methylation status was associ-
ated with high tumor grade and clinical tumor stage of breast
cancer patients [64].

A further breast cancer study (ER/PR+, N0) was con-
ducted by Nimmrich et al. [48]. The authors reported that
PITX2 DNA methylation acts as a statistically independent
prognostic marker for these untreated breast cancer patients,
implying that tumors with a hypermethylated PITX2 status
are more aggressive. In a univariate survival analysis, the
authors did show that PITX2 DNA methylation is associated

with early distant metastases and poor overall survival. In
a multivariate analysis, PITX2 retained its statistical sig-
nificance, together with the established prognostic factors
age, tumor size, and nuclear grade, plus ER/PR [48]. This
study also confirmed that in clinical samples PITX2 DNA
hypermethylation is positively associated with breast cancer
disease progression [45, 48].

Results from the scientific literature provide further evi-
dence that PITX2 DNA methylation analysis may allow clin-
ically relevant risk assessment in tamoxifen-treated primary
breast cancers [51, 65]. In the study performed by Maier
et al., PITX2 DNAmethylation showed the strongest correla-
tion with metastasis-free survival in N0 ER/PR+, tamoxifen-
treated breast cancer patients, with high PITX2 DNA
methylation representing poor metastasis-free survival [51].
Harbeck et al. could show that PITX2 methylation in N0
ER/PR+, tamoxifen-treated patients added significant infor-
mation to the histopathological factors tumor size, histologi-
cal grade, and patient age [65]. Both studies underline that
PITX2 DNA methylation may be a potential biomarker for
predicting outcome in patients with N0 ER/PR+ breast can-
cer patients treated with tamoxifen monotherapy [51, 65].
Furthermore, a strong correlation between PITX2 DNA
methylation and disease recurrence was found: 86% of
patients with low PITX2 DNA methylation were metastasis-
free after 10 years, compared to only 69% with elevated
PITX2 DNA methylation [51]. In survival analyses, PITX2
DNA methylation added statistically significant independent
prognostic value to the clinical impact of the established clin-
ical and histomorphological factors.

7. Clinical Implication of PITX2 in High-Risk
Breast Cancer Patients

According to the St. Gallen risk stratification panel, breast
cancer patients with >3 affected axillary lymph nodes and
tumor size> 2 cm are classified high-risk and treated with
chemotherapy; the same applies to TNBC patients.
Anthracycline-based chemotherapy has become the standard
of care for these patients.

7.1. High-Risk Breast Cancer of the Triple-Negative Subtype
(TNBC). In a recent study, PITX2 DNA methylation status
and its clinical impact for TNBC patients were investigated
[66]. PITX2 DNA methylation was determined in primary
tumor tissues obtained from TNBC patients before treatment
with adjuvant anthracycline-based chemotherapy. In this
retrospective study, PITX2 DNA methylation was the only
significant factor as assessed by univariate and multivariate
survival analysis; in combination with PITX2 DNA methyla-
tion status; none of the established clinical and histomorpho-
logical parameters (age, histological grade, tumor size, and
lymph node status) showed statistical significance for pre-
dicting the rate of disease-free or overall survival [66].

In contrast to the above-cited studies involving PITX2
DNA methylation status in ER/PR+ breast cancer patients,
the results obtained by Absmaier et al. revealed evidence that
for TNBC patients treated with adjuvant anthracycline-
based chemotherapy, a low PITX2 DNA methylation status
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is associated with a decrease in the progression-free inter-
val [66]. Kaplan-Meier analyses demonstrated that a high
PITX2 DNA methylation status is associated with a favor-
able prognosis for both disease-free and overall survivals.
5-year observation rates (disease-free survival) differ signif-
icantly in favor of the high PITX2 DNA methylation group
(Figure 3). For patients who did not receive any chemo-
therapy or who received chemotherapy that was not based
on anthracyclines, this risk group separation was not
apparent. These results indicate that for TNBC patients
treated with adjuvant anthracycline-based chemotherapy,
assessment of the PITX2 DNA methylation status may
serve as a marker that predicts response to anthracycline-
based chemotherapy.

7.2. High-Risk Breast Cancer with >3 Axillary Lymph
Nodes. PITX2 DNA methylation was also analyzed in
high-risk (N+, ER/PR+, and HER2−) breast cancer patients
treated with adjuvant anthracycline-based chemotherapy,
which improved clinical outcome of the patients. In this
study, the authors could show that PITX2 DNA methyla-
tion status significantly predicts the outcome of the
patients [44]. The finding was that PITX2 DNA methyla-
tion status and that of fourteen other methylated genes pre-
dicted clinical outcome in these patients. PITX2 DNA
hypermethylation was associated with a high risk of develop-
ing metastases in this group of patients (Figure 4). In multi-
variate analysis, PITX2 hypermethylation evolved as a
significant marker to predict outcome [44], when assessed
together with the parameters age at the time of surgery,
tumor stage, nuclear grade, progesterone receptor status,
and adjuvant endocrine therapy. This study provided addi-
tional strong evidence that PITX2 DNA methylation status
may serve as a useful biomarker in high-risk N+ breast
cancer to predict response to anthracycline-based chemo-
therapy (Figure 4).

Anthracyclines can cause severe side effects; therefore, a
marker which could predict sensitivity to anthracyclines in
high-risk breast cancers would be highly valuable. Several
studies described a positive association of PITX2DNAmeth-
ylation status with aggressiveness of the disease and with
clinical outcome. Summarizing the clinical impact of PITX2
DNA methylation in high-risk breast cancer patients, there
is evidence that PITX2 DNA methylation may serve as a
valuable predictive marker to distinguish between respond-
ing and nonresponding patients (Figure 2).

8. Hypothesis to Explain the Controversial
PITX2 DNA Methylation Status in Predicting
Therapy Response in Breast Cancer Patients

The data above raise the question how we can explain
that hypomethylation of PITX2 predicts nonresponders
in TNBC and hypermethylation of the PITX2 gene pre-
dicts nonresponders in ER+ breast cancer. The canonical
Wnt-signaling pathway is activated in several tumor types
including breast cancer (Figure 5). The major effector of
this pathway is β-catenin, which is stabilized in the cyto-
plasm, translocates to the nucleus, and controls gene

expression [17]. PITX2 and β-catenin pathways upregulate
the ABC transporter system, especially ABCG2, which is also
known as BCRP (breast cancer resistant protein). ABCG2,
which belongs to the family of membrane proteins, possesses
an ATP-binding cassette and transports specific substrates
actively through cellular membranes. It mediates the efflux
of drugs and contributes to multidrug resistance in cancer.
Substrates of ABCG2 include anticancer drugs such as
anthracyclines, topoisomerase inhibitors, tyrosine kinase
inhibitors, and antimetabolites [67].

The increased expression of such transporters on plasma
membranes results in an increased efflux and decreased
intracellular accumulation of many anticancer drugs, ulti-
mately leading to multidrug resistance [67]. Several tran-
scription factors regulate ABCG2, including, but not limited
to, the steroid hormone receptors ER/PR and estrogen/pro-
gesterone response elements [67]. In TNBC, low methylation
(hypomethylation) of the PITX2 gene predicts poor disease-
free and/or overall survival in nonresponders to neoadjuvant
chemotherapy [58]. PITX2 regulates the Wnt/β-catenin
pathway [60], and β-catenin is required for the tumorigenic
behavior of TNBC [21]. PITX2 and the β-catenin pathway
upregulate the ABCB1 transporter [68, 69], another efflux
transporter of the same gene family involved in multidrug
resistance. ABCB1 is responsible to efflux small drugs such
as anthracyclines and therefore mediates chemoresistance
[70]. In summary, hypomethylation of PITX2 may lead to
the activation of the Wnt/β-catenin pathway with subse-
quent upregulation of the ABCG2 or ABCB1 transporter
triggering resistance to chemotherapy.

In high-risk ER+ BC, high PITX2 gene methylation
(hypermethylation) predicts poor disease-free and overall
survival [44, 71]. The Wnt/β-catenin pathway is a positive
regulator of ER in breast cancer. Hypermethylation of PITX2
results in silencing of the Wnt/β-catenin pathway with
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Figure 3: 5-year disease-free survival rate analysis of TNBC patients
treated with anthracycline-based adjuvant chemotherapy. At 5 years
of follow up, the TNBC patients were grouped according to their
PITX2 DNA methylation value with a cut-off of 6.35 percent
methylation ratio (PMR). Low PITX2 DNA methylation status
(n = 18) shows a poor disease-free survival rate at 5 years (35.6%);
high PITX2 DNA methylation status (n = 38) is associated at 5-
year observation time with favorable disease-free survival (83.5%).
(p values: log-rank test, p = 0 006; Wilcoxon test, p = 0 003) [66].
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subsequent downregulation of estrogen and its receptor
ER, causing estrogen deprivation/independency in ER-pos-
itive cancer cells [72]. The ABCG2 transporter is downreg-
ulated by estrogen [73]; that is, estrogen deprivation leads
to increased ABCG2 expression. If PITX2 is hypermethy-
lated, the Wnt/β-catenin pathway is silenced and subse-
quent ER downregulation leads to (a) overexpression of
the ABCG2 transporter and thereby to anthracycline resis-
tance and (b) tamoxifen (ER antagonist) resistance because
of estrogen independency.

9. Prospects and Perspectives for Clinical
Use of PITX2 DNA Methylation Status in
Cancer Patient Management

Determination of the DNA methylation status of certain
genes reflects an emerging field of cancer biomarkers. Prom-
ising recent results highlight its potential for early

detection, assessment of prognosis, prediction of therapy
response, and therapy monitoring in various cancer dis-
eases, which can be performed on tissue samples and on
cell-free-circulating DNA in body fluids [88]. For optimum
management of cancer patients, however, accurate and
highly significant prognostic and predictive factors are of
eminent medical need. In particular, predictive cancer bio-
markers are needed to determine the right systemic therapy
for patients afflicted with any of the heterogeneous high-
risk breast cancer subgroups, characterized by varying out-
comes, since certain systemic adjuvant therapies may be
beneficial for a subgroup of patients only, while others will
suffer from potentially toxic and unnecessary therapy-related
side effects [41].

In order to be of clinical use, a cancer biomarker
should be detectable in biological samples readily available
without interrupting the routine clinical workflow. A suit-
able assay for routine diagnostics must be robust, simple
to use, standardized, evaluated in external quality assurance

Chemoresistance
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Wnt/�훽-catenin
silencing

PITX2
DNA hypermethylation

Conversion to
estrogen
independency

Wnt/�훽-catenin
activation

Tamoxifen resistance 

TNBC

ER + BC ABCG2

Upregulation

Upregulation through
estrogen abrogation

Figure 5: Predictive significance of PITX2 gene methylation in high-risk breast cancer patients. TNBC and ER+ BC are two biologically
different high-risk breast cancer entities. Yet, for both, the PITX2 DNA methylation status has been shown to predict response or failure
to anthracycline-based chemotherapy [44, 66]. The controversial results of the favorable clinical significance of PITX2 gene
hypermethylation in TNBC patients versus PITX2 gene hypomethylation in ER+ BC patients are outlined. The hypothesis presented is
based on published evidence; other, so far unknown, mechanisms may be involved as well. ER+ BC= estrogen receptor-positive breast cancer.
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Figure 4: Kaplan-Meier survival curves demonstrating metastasis-free survival probability of high-risk breast cancer patients (n = 133). ER+
breast cancer patients with >3 lymph nodes affected were treated with anthracycline-based chemotherapy plus endocrine therapy. Patients
were grouped according to their PITX2 DNA methylation score. PITX2 high gene methylation (quartile 4) predicts poor survival and
PITX2 low gene methylation (quartiles 1–3) favorable survival (data reanalyzed from [44]).
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schemes, and made available at affordable costs. Evaluation
of such a marker should adhere to the REMARK/BRISQ cri-
teria [79, 80]. In this respect, assessment of the PITX2 DNA
methylation status in primary tumor tissues has demon-
strated its prognostic and predictive value for several cancer
indications (Table 5). A cancer patient’s PITX2DNAmethyl-
ation status can be determined reliably by real-time PCR
technology employing DNA extracted from formalin-fixed,
paraffin-embedded (FFPE) tissue [46]. For this purpose, a
validated PITX2 test kit is required to expedite its clinical
utility. Once these requirements are met, determination of
PITX2 DNA methylation status might become an important
measure to aid clinicians in advising the optimal cancer
therapy to their patients.
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