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Abstract Rapidly detectable and easily accessible mark-
ers of tumor cell death are needed for evaluating early ther-
apeutic eYcacy for immunotherapy and chemotherapy so
that patients and their physicians can decide whether to
remain with a given therapeutic strategy. Currently, image-
based tests such as computed tomography scans and mag-
netic resonance imaging are used to visualize the response
of a patient’s tumor, but often these evaluations are not
conducted for weeks to months after treatment begins.
While serum levels of secreted proteins such as carcinoem-
bryonic antigen and prostate speciWc antigen are commonly
monitored to gauge tumor status during therapy and
between image evaluations, the levels of these proteins do
not always correlate well with the actual tumor response.
In laboratory studies, it has been shown that tumor cells
undergoing apoptosis can release cellular components into
cell culture media such as cytochrome c, nucleosomes,
cleaved cytokeratin-18 and E-cadherin. Studies of patient
sera have found that these and other macromolecules can be
found in circulation during cancer therapy, providing a
potential source of material for monitoring treatment
eYcacy. In the future, analysis of bioXuids from severe
combined immunodeWciency mice bearing patient tumor
specimens treated with a targeted therapy such as Apo2L/
tumor necrosis factor-related apoptosis-inducing ligand
will be useful in the preclinical identiWcation of therapy

response markers. In this review, the current status of the
identiWcation of serum markers of tumor cell apoptosis is
provided, as well as a discussion of critical research ques-
tions that must be addressed and the considerations neces-
sary when identifying a marker that reXects true clinical
outcome.
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TUNEL Terminal deoxynucleotidyl transferase 
biotin-dUTP nick end labeling

WHO World Health Organization

Introduction

Apoptosis in normal and malignant cells

A novel use of the word, “apoptosis,” was proposed in 1972
when Kerr et al. [43] used it to describe a controlled mech-
anism of cell death, suggesting that it was a process that
complemented mitosis. Now it is accepted that apoptosis is
a type of programmed cell death that is highly regulated; a
process during which chromatin condenses, caspases are
activated, and DNA is systematically fragmented. Further-
more, unlike necrosis, an immune response is typically not
thought to be generated during apoptosis, however, some
studies have shown that apoptotic T cells can induce proin-
Xammatory cytokine secretion from phagocytes [95] and
that treatment of resident macrophages in vivo with FasL
leads to the production of proinXammatory cytokines [35].

Apoptosis is an important part of normal cellular homeo-
stasis and regulation in humans. SpeciWcally, apoptosis
plays a signiWcant role in lymphocyte homeostasis includ-
ing the eliminating B cells that express auto-antibodies
against self antigens as well as controlling the duration of
T cell activation through the FasL-Fas mediated apoptotic
pathway [77]. The ability to induce apoptosis in virally
infected or malignant cells is an essential feature of
immune cells like cytotoxic T lymphocytes and natural
killer cells that are crucial to the healthy survival of an
organism [70, 80]. When the normal balance of populations
of apoptotic and proliferating cells is disturbed, this can
lead to the development of diseases like cancer and autoim-
munity.

In tumors compared to normal tissue, spontaneous apop-
tosis is increased and often associated with tumor cell turn-
over [92]. Higher baseline apoptotic indices in (untreated)
tumors are associated with undiVerentiated malignancies
and lower survival rates [59]. Upon treatment of a tumor
with a therapy that induces killing, tumor size regresses and
this can be attributed to apoptosis or senescence and seems
to be tumor type speciWc [82]. Restoration of p53 leads to
tumor regression primarily by apoptosis in lymphomas, and
senescence, although delayed, in sarcomas [98]. In vivo
imaging of annexin-V+ breast tumor cells correlates with a
reduction in tumor size following treatment with Hercep-
tin® and paclitaxel while therapy resistant cells do not
exhibit tumor regression or increased annexin-V staining
[27]. Patient colon tumors grown as xenografts in severe
combined immunodeWciency (SCID) mice and treated with
Apo2L/tumor necrosis factor-related apoptosis-inducing

ligand (TRAIL) and CPT-11 experienced tumor regression
that correlated to increased numbers of tumor cell apoptosis
as quantiWed with the terminal deoxynucleotidyl transferase
biotin-dUTP nick end ligand (TUNEL) assay [64].
Although apoptosis is not the only mechanism by which
tumor cells die in response to therapy, there is evidence that
apoptosis signiWcantly contributes to the death of the tumor
and because of this, the quantiWcation of this process may
have potential as a surrogate marker of response.

In this review, we discuss the diYculties with the current
methods available for monitoring patients’ responses to
cancer therapy as well as the need for optimally measuring
treatment-induced responses in real time using easily
obtainable bodily Xuids. Preclinical and clinical studies
have already begun to elucidate which molecules are indic-
ative of tumor cell apoptosis and these candidate molecules,
summarized below, will need further validation before they
are utilized by clinicians. These recent discoveries expose
several challenges to identifying markers of therapeutic
eYcacy, including: the component of blood most likely to
contain the information of interest, the preclinical model
system best suited for study and the functional relevance of
a tumor cell to release molecular ‘signals’ during apoptosis,
to name a few.

Obstacles to monitoring tumor response to therapy

Major eVorts by large numbers of researchers have led to
the identiWcation of novel therapies for cancer and this suc-
cess has raised hopes for increased survival and improved
patient selection. The identiWcation of targeted therapies in
addition to improvements in the use of more standard thera-
pies has provided a substantial increase in the number of
Phase I and II trials that are available for advanced cancer
patients. However, the availability of new cancer drugs
serves to highlight the existence of a major concern in the
treatment of cancer: how to accurately and continuously
measure a patient’s tumor response to therapy so that
patients and their clinicians know as early as possible
whether a particular therapeutic choice is actually working,
and if it is not, when to choose an alternative approach
as early as possible, before a tumor develops additional
protective escape mechanisms. Many times, the tumor
response is not evaluated until after an entire course of ther-
apy, often months after the initial treatment, and even at
that time, it is diYcult to measure with current methods. In
the clinic, X-rays, ultrasound, and computed tomography
(CT) scans are commonly used to assess treatment eYcacy
by imaging the tumor [105]. These tests are not only costly,
but provide the clinician with little information about the
molecular response of the tumor to the treatment. There is a
need in the clinic to be able to measure a tumor’s response
to cancer therapy in real time by sampling the tumor
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throughout the course of treatment, beginning hours or days
after the Wrst therapeutic administration. For example,
CPT-11 (camptothecin-11, camptosar®, irinotecan), a
potent drug that many patients with metastatic carcinoma of
the colon and rectum receive, inhibits topoisomerase I,
causing cells to die by G2/M cell cycle arrest and apoptosis.
But even for this commonly used treatment (one whose
mechanism of action is understood at the molecular level),
it is diYcult to know whether it is actually resulting in
apoptosis of tumor cells. If tumors could be ‘sampled’ or
biopsied repeatedly from patients during drug treatments,
evidence of this speciWc DNA damage and/or dead cells
could be used to evaluate drug eYcacy. However, in
patients, repeated invasive procedures to obtain biopsies are
not feasible for several important reasons, including the fact
that in advanced cancer, tumors may be disseminated and
located in organs such as the lung, liver or bone marrow,
making them diYcult to biopsy. Instead, patients are exam-
ined by CT scans at the end of a given course of therapy,
and unfortunately, during this time interval many patients’
tumors may develop drug resistance and no longer respond
favorably. In this case, continued inappropriate use of an
ineVective therapeutic on tumor cells that are not induced to
undergo apoptosis and have inWnite potential to proliferate
[31] may actually lengthen the period of time for tumor
progression to occur. When an eVective drug is selected,
the disease may be more advanced, making treatment more
diYcult.

In current practice, surgical resection is the initial treat-
ment for early stage colon cancer; adjuvant chemotherapy
is used for stages III and IV [11]. Patient follow-up for
colon cancer usually involves monitoring progress with a
colonoscopy one year post-treatment [1] while further eval-
uation may involve a chest X-ray or CT scan to check the
patient for possible metastasis. These methods are rela-
tively insensitive, costly methods used to evaluate the
patient months after treatment for changes in morphology
that can be recognized by eye. However, by the time the
imaging tests are carried out, the tumor may be quite large,
making therapy all the more diYcult. Currently, response
evaluation criteria in solid tumors (RECIST) and the World
Health Organization (WHO) provide guidelines for mea-
suring (unidimensional and bidimensional, respectively)
and quantifying patient tumor response to therapy [40].
After tumor dimensions are obtained with electronic cali-
pers from CT or magnetic resonance imaging (MRI)
images, patient responses are categorized into one of four
groups: progressive disease, stable disease, partial response
or complete response. While measuring a tumor that has
smooth, deWned boundaries is possible, accurately quanti-
fying a tumor that has an irregular structure or has indistin-
guishable margins that merge with nearby organs can be
technically challenging [40] and tumors that have spread to

bone are “nonmeasureable” according to RECIST criteria
(as stated in [50]). Clinically accessible molecular markers
of therapeutic response that could be used in combination
with these methods would provide an additional way to val-
idate a decision to continue with the current therapy or
change it in order to improve eYcacy. Markers of on-going
response could be invaluable especially in the case of “sta-
ble” disease when tumor cells could be proliferating as
quickly as they are being killed by chemotherapy, although
such markers may not be relevant in the case of treatment
with tyrosine kinase inhibitors, such as Tarceva®, whose
main mechanism of action is to slow tumor cell prolifera-
tion. If the number of dying cells were equal to the number
of proliferating cells, this would be an important fact to
know, a quantiWcation which is currently not feasible in the
clinic.

Although there are some blood-sampling methods to
assess eYcacy and the possible recurrence of colon cancer,
they cannot be relied on solely. For example, carcinoembry-
onic antigen (CEA), the preferred tumor antigen used to
monitor metastatic colorectal cancer following chemother-
apy, often does not provide useful information about the
response of the tumor to therapy. A decrease in serum CEA
levels is expected with a response to chemotherapy, how-
ever, it has been reported that CEA is shed from 5-Xuoroura-
cil-treated colon tumor cells in vitro [4] and when treating
patients with oxaliplatin, a signiWcant increase can occur
within 4 weeks from the start of treatment that does not cor-
relate with disease progression [88, 89]. An earlier study
reported that 16% of patients that did not have a colon can-
cer recurrence had a false-positive CEA test [62]. Further,
tests for markers like CEA are usually performed every 1–
3 months following therapy [57, National Comprehensive
Cancer Network (NCCN) Practice Guidelines] when a test
that could evaluate therapeutic eYcacy within hours or days
of the start of treatment would be much more useful. Other
potential biomarkers that could be used to monitor therapeu-
tic eYcacy, such as CA 19-9, just do not have enough sup-
portive clinical data to justify their use in these situations
[57]. Even the use of common markers of other types of can-
cer for treating monitoring, like prostate speciWc antigen
(PSA) that has been widely used in the diagnosis of prostate
cancer, remains controversial [26, 100].

One exception to the types of biomarkers mentioned
above is one that has been very eVective in detecting cancer
and monitoring therapy is in pediatric oncology. Alpha-
fetoprotein (AFP) has shown to be very sensitive in the
detection of hepatoblastoma and upon treatment with
chemotherapy, sera levels decrease in patients [79]. The
weekly monitoring of AFP serum levels has also shown
promise as a tool that can guide therapy protocols in order
to diminish toxic side eVects by selecting an alternative
therapy at the appropriate time.
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Currently used biomarkers

The importance of detecting cancer as early as possible is
evident when the survival data for cancers such as breast,
colorectal, and prostate are examined by the stage of diag-
nosis. There is an increase in 5 or 10-year survival for these
diseases when cancer is detected at an earlier stage surveil-
lance epidemiology and end results (SEER) data (as dis-
cussed in [22]) mostly because of the lack of curative
treatments available for late-stage cancer patients, although
survival rates are increasing in some late stage cancers,
mainly due to new, eVective targeted therapies [69].
Because detecting and diagnosing cancer early usually cor-
relates with a positive survival outcome, a large body of
work has focused on the discovery and validation of bio-
markers for detection of cancer, including biomarkers for
the detection of prostate, colon and ovarian cancers (as
reviewed in [9, 11, 24]). Besides detection or disease bio-
markers, there are several other categories of molecules
used as predictive tests in medicine- from surrogate end-
points of heart disease such as cholesterol levels to toxicity
markers such as the induction of cytochrome P-450 which
can be monitored for indication of adverse eVects of a ther-
apy [6] as well as markers of drug sensitivity. DiVerent
types of biomarkers seem to have their own niche for aiding
in the process of diagnosis, drug sensitivity prediction, as
well as in monitoring treatment. Not only is it beneWcial to
detect a patient’s disease in the earliest stage and to choose
a therapy based on genomic or proteomic data that would
imply sensitivity, but these approaches should also be use-
ful to conWrm that the tumor is responding as predicted and
as a direct eVect of the initial treatment. Espina et al. [21] as
part of suggestion for a new paradigm for the detection and
treatment of cancer, emphasizes the need for monitoring a
patient’s tumor response to therapy in real-time. This group
also pointed out that a panel of biomarkers, not just a single

one, may be necessary, especially when delivering combi-
nation therapy to patients.

Thus, there is increasing interest in identifying markers
of therapeutic eYcacy in cancer, also referred to as apopto-
tic or outcome markers [6, 37]. A blood test is a simple,
non-invasive method to collect information about a
patient’s tumor, especially for a malignancy that cannot be
easily sampled by biopsy because of its location. The pro-
posed use of these markers is outlined in Fig. 1. Ideally, a
tumor could be monitored during the Wrst hours and days
following therapy to determine whether or not treatment is
eVective. If markers of treatment eYcacy are present, the
patient would remain on the initial therapy, however, if the
markers are absent, therapy would be altered accordingly in
order to optimize the disease outcome in the most time
eYcient way. Alternatively, patients monitored solely with
imaging methods weeks to months after therapy are poten-
tially at risk for advanced disease progression, and by that
time, there may be few treatment options available for
improving outcome.

Inducing and monitoring tumor cell apoptosis

The major mechanisms of cell kill of many chemotherapeu-
tic agents are to induce apoptosis in rapidly proliferating
cells [42]. Doxorubicin, an intercalating agent that inhibits
topoisomerase II, cisplatin, an interstrand DNA cross-link-
ing agent, and 5-Xuorouracil, anti-metabolite, are all com-
monly used chemotherapeutics that have been shown to
cause apoptosis in cells cultured in vitro [85]. After the ini-
tial chemotherapeutic insult to the DNA, cellular damage is
sensed by p53 and then a decision is made to repair the
damage or undergo apoptosis through the mitochondrial
pathway [33]. It has recently been shown that DNA damag-
ing agents can induce PUMA in a p53-dependent manner to

Fig. 1 Strategy for monitoring tumor response in the clinic. After
detection, a Wrst-line cancer therapy is chosen and traditionally, follow-
up is conducted months later with imaging techniques such as X-ray,
computed tomography (CT) scan or magnetic resonance imaging
(MRI). This time delay could result in the progression if the tumor is
not sensitive to the initial therapy. With therapeutic eYcacy or re-
sponse markers, blood could be sampled from patients within hours to
days following the administration of treatment. These biomarkers may

have several origins: 1 mitochondria, 2 nucleus, 3 cytosol or 4 mem-
brane (see the text and table for details). At this time the absence or
presence of biomarkers could guide the course of therapy by providing
more information about the immediate response of the tumor. When
response markers are not detected, the therapy would be adjusted to
another available, alternative therapeutic agent. Once again, blood
would be sampled and the presence of biomarkers assessed
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initiate apoptosis in tumor cells [109]. Although therapy-
induced apoptosis is the focus of this review, we acknowl-
edge that anticancer treatments can induce other forms of
cellular death including autophagy, extrinsic senescence,
and necrosis (as reviewed in [29, 44]) and that these pro-
cesses may occur simultaneously with apoptosis and could
signiWcantly contribute to tumor responses.

Other targets of cancer therapy are directed towards acti-
vating the extrinsic pathway, mainly the members of the
tumor necrosis factor (TNF) superfamily of receptors,
including: DR4 (TRAIL-R1), DR5 (TRAIL-R2), Fas
(CD95), and TNF-R1. While Apo2L/TRAIL has shown to
induce apoptosis in malignant cells but not normal cells [5]
[102] through the activation of DR4 and DR5, TNF alpha
has demonstrated severe toxic side eVects in the clinic
including manifestation of pro-inXammatory responses and
organ failure [34]. Additionally, antibodies to Fas have led
to lethality in mice due to the destruction of the liver [67].
During activation of the extrinsic pathway, FasL or Apo2L/
TRAIL binds to a trimerized death receptor and recruits
Fas-associated death domain (FADD) to the cytoplasmic
region of the receptor. Caspase-8 or -10, initiator caspases,
are then recruited to FADD as part of the death-inducing
signaling complex (DISC) where they undergo autoproteol-
ysis to take an activated form [13, 45]. Activated initiator
caspases are then able to prompt cleavage of eVector casp-
ases-3, 6, and 7, inducing apoptosis [3]. Crosstalk between
the extrinsic and intrinsic pathways occurs when activated
caspase-8 cleaves Bid, activating the mitochondrial path-
way [54, 58]. Through the activation of pro-apoptotic mole-
cules Bax and Bak in the mitochondria, the transmembrane
mitochondrial potential is disrupted, causing the release of
cytochrome c into the cytosol. Cytochrome c then interacts
with Apaf-1, assembling the apoptosome where caspase-9
is activated [30]. Subsequent activation of the eVector casp-
ases brings the cell closer to completion of the apoptotic
signaling cascade and its demise.

Non-invasive imaging technologies to detect 
apoptosis in vivo

The process of apoptosis is easily detected in vitro, relying
on the measurement of intracellular or surface molecules;
however, the measurement of apoptosis in vivo can be
much more challenging. In vitro, apoptosis is readily
observed when phosphatidylserine is translocated to the
outer leaXet of the plasma membrane [99]. Other biochemical
features characteristic of apoptosis are: activated caspases,
chromatin condensation, cytoplasmic shrinkage, membrane
blebbing, formation of apoptotic bodies, DNA fragmentation
and laddering [81].

Other techniques are in development for the detection of
apoptosis in vivo when patient tumor specimens are not

accessible. Besides using CT scans or X-rays to monitor a
patient’s response to treatment by measuring tumor size,
newer imaging techniques are available to provide more
sensitive monitoring in vivo by monitoring cellular pro-
cesses. In fact, radiopharmaceuticals like 18F-deoxyglu-
cose, a glucose analogue, is can be utilized to monitor
glucose uptake or tumor cell proliferation during a course
of treatment like radiotherapy (as reviewed in [97]).
Although 18F-deoxyglucose (FDG)–positron emission
tomography (PET) is a sensitive method to measure indi-
vidual tumor cell response, the resolution is only 3–7 mm
(as stated in [65]) and it does not identify the dying cells,
only those that continue to undergo active metabolism dur-
ing treatment. In addition, it is also possible that tumor-
inWltrating immune cells, also requiring energy to function,
could take up FDG and misconstrue the signal perceived to
come from the tumor. While this is a method to measure
tumor response, it would be useful to quantify cell death
due to cancer therapy.

New technology uses 99mTc-radiolabeled annexin-V to
locate apoptotic cells in vivo and visualize the location with
single photon emission computerized tomography (SPECT)
imaging (as reviewed in [97]). In a study performed by Bel-
hocine et al. [10], Wfteen patients diagnosed with lung
cancer, lymphoma or breast cancer were monitored for
99mTc-radiolabeled annexin-V uptake before and in the hours
following the Wrst course of chemotherapy. Seven patients
were observed to have an increased uptake of 99mTc-radio-
labeled annexin-V at the site of the tumor as compared with
pre-treatment analyses. Upon follow-up all seven patients
had either a complete or partial response to chemotherapy.
These exciting results are promising for the development of
a new non-invasive measurement of apoptosis; however,
the study also identiWed patients that although showed no
signiWcant tracer uptake following chemotherapy, went on
to have complete or partial responses to treatment. Other
methods of assaying apoptosis in vivo are in development.
A nanoprobe that utilizes the C2A domain of synaptotag-
min I, a protein that also binds to phosphatidylserine, car-
ries a biotin tag that allows for its binding to Gd3+-labeled
avidin for image contrast in tumors during detection with
MRI [66].

The FDG-PET technique has shown promise in preclini-
cal models as a measure of cell viability based on glucose
metabolism. In a treatment response study, human non-
small cell lung cancer cell lines that were sensitive or resis-
tant to geWtinib, an epithelial growth factor receptor
(EGFR) kinase inhibitor, were studied [93]. Cellular uptake
of FDG measurements were established in vitro after treat-
ment with geWtinib then the responses were conWrmed in a
SCID mouse xenograft model where FDG uptake was calcu-
lated with microPET. Within 2 days of the start of treatment,
treated mice bearing the EGFR kinase inhibitor-sensitive cell
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lines demonstrated about a 50% decrease in FDG uptake as
compared with mice bearing the resistant cell lines where
no change was observed [93]. The authors of this study
cautioned that even though dramatic results were found
with the SCID mouse model, it may be more diYcult to
measure responses in humans, especially since there is
much more heterogeneity in a patient tumor as compared
with that of a cell line. In fact, Gillham et al. [28] reported
that pathological response of patients with esophageal can-
cer who underwent FDG-PET imaging seven days after the
start of chemotherapy and radiation could not be correlated
with the metabolic response of the tumor. Results of FDG-
PET imaging were compared with histological data for
classifying responses. This study also cited that an inXam-
matory response, resulting from radiation treatment, could
have confounded the ability to measure the metabolic
response of the tumor cells alone to treatment.

Because of the possibility that FDG-PET measures
tumor cell proliferation as well as any cells involved in an
inXammatory response, the use of 18F-Xuorothymidine–PET
has been explored. Once in the cytosol, [18F]-18F-Xuorot-
hymidine (FLT) is phosphorylated by the cell cycle regulated
enzyme, thymidine kinase 1 [84]. Used as a measure of
thymidine kinase activity and to identify cells in S-phase,
[18F]-FLT has been shown to correlate better with tumor
cell proliferation than FDG-PET when RIF-1 tumors were
treated with cisplatin in vivo. Assessments were made by
comparing the imaging methods to immunohistochemical
studies of the tumors for localization of the cell proliferation
marker, PCNA [53].

Other types of imaging utilize the Xuorescent properties
of molecules to localize tumor cells in mice and, in other
studies, to monitor targeted therapies. Transfection of
tumor cells with red Xuorescent protein for visualization of
the cytoplasm and with green Xuorescent protein linked to
histone H2B allowed for diVerential visualization of the
cytoplasm and nucleus when the tumor cells were injected
intravenously in mice and tracked with a whole-mouse
imaging system [108]. It is clear that using Xuorescent or
bioluminescent imaging methods for tumor cell detection
could be used to monitor a tumor’s response to therapy in
mice, measuring tumor burden in real-time [20], certainly
more sensitive than characterizing a therapeutic response
with a series of tumor growth measurements, as well as
providing information about tumor cell extravasation and
metastasis. These methods are very useful in preclinical
evaluations of drug eYcacy on tumor metastasis, but are
not directly translational for monitoring therapy responses
in patients. However, with diVusion MRI, a more clinically
relevant approach can be used to monitor tumors. Once
tumor cell viability is compromised, movement of water
occurs and this change can be quantiWed with MRI and
functional diVusion mapping [50].

Using a novel construct, a study has based therapeutic
response detection on the cleavage of caspase 3 during pho-
todynamic therapy (PDT)- induced apoptosis. A photosen-
sitizer for PDT was engineered for targeting tumor cells
that overexpress the folate receptor [90]. In addition to the
folate molecule for targeting to the receptor, the construct
includes the following elements: a photosensitizer, a Xuo-
rescent quencher and a caspase-3 cleavage sequence. This
agent can be added to cell cultures or delivered by intrave-
nous injection to mice bearing tumors. Once inside the
tumor cell, when light is applied in the presence of oxygen,
the photosensitizer is activated causing the targeted cell to
undergo apoptosis. During this process, caspase-3 is acti-
vated and it can then cleave the target sequence on the con-
struct, thereby releasing the quencher and producing a
Xuorescent signal [90]. Although this type of therapeutic
coupled with an apoptotic detection agent is still under
development and has some limitations (e.g. peptide degra-
dation when delivered in vivo and photobleaching) [90], the
design of targeted therapies that possess multifaceted
domains could provide some of the most promising meth-
ods for detecting tumor cell apoptosis.

While the above mentioned features are characteristic to
or can be correlated with apoptosis, they lack the high
throughput capabilities that are conducive to classifying
patient response quickly in the clinic. The discovery of reli-
able markers of tumor response that are shed or released
from apoptotic tumor cells, released into circulation and
then quantiWed are needed for closely monitoring and guid-
ing cancer therapy. Several ongoing investigations have
identiWed potential extracellular markers of treatment
response.

Tumor-derived markers of apoptosis found 
extracellularly or in circulation

As demonstrated by the number of studies conducted to
identify a variety of components that are released from
tumor cells during treatment-induced apoptosis, this is an
area that has potentially important implications for the non-
invasive, real-time measurement of therapeutic response.
Unfortunately, it is not yet clear how cellular constituents
make their way outside of the cell, especially in the case for
components that are not normally found on or near the cell
membrane. Of functional interest is the biological role that
proteins, DNA, lipids and others may have as they reach the
extracellular space. The section below provides a summary
of the current literature that identiWes potential candidate
markers of a response to cancer therapy. A summary of
molecules and other cellular components discussed in this
section that are released extracellularly can be found in
Table 1.
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Cytochrome c

Cytochrome c, a 14.5 kDa protein, is located in the inner
mitochondria membrane in healthy cells and is a key com-
ponent of the electron transport chain, functioning as an
electron shuttle. During apoptosis, cytochrome c is released
from the mitochondria into the cytosol where it can bind to
Apaf-1 [111]. It has been shown that soluble cytochrome c
is rapidly released into the cell culture media after the trig-
gering of apoptosis in tumor cells with anti-CD95, stauro-
sporine, eptoposide and doxorubicin in vitro [78]. Upon
inducing necrosis, cytochrome c remained cellular and was
not found in the media, while during apoptosis, cytochrome
c was found as early as 1 h in the media following treat-
ment [78]. Lactate dehydrogenase (LDH), already known
to be secreted during cell death, was released much later
after an apoptotic stimulus was given than cytochrome c,
suggesting that the two proteins exit the cell via a diVerent
mechanism [78].

These in vitro Wndings prompted investigation of cyto-
chrome c in patients who had received chemotherapy. Sera
from patients with hematological malignancies were ana-

lyzed for cytochrome c levels during the Wrst eight days of
therapy. Although the response was variable, most patients
experienced an increase in cytochrome c concentration and
then a decrease during the later stages of the course of che-
motherapy [78]. The patient sera studied described here
included only 17 patient samples and other than measuring
sera LDH levels, there was no correlation to the cyto-
chrome c levels and patient response.

In 2005, Barczyk et al. [8] observed that patients under-
going chemotherapy for their disease generally had an
increase in levels of cytochrome c during the Wrst couple of
days following the start of therapy [8]. However, those
patients whose tumors responded well to the therapy and
were alive three years later, had much lower sera levels
of cytochrome c (<25 ng/ml) overall. Sudden spikes and
variations in levels of cytochrome c could be attributed to
chemotherapy-related liver toxicity or an inXammatory
response in 2 of the patients and perhaps variable kidney
clearance rates of the protein among patients. Because of
the small patient sample sizes in these studies and without
image or histological analyzes performed at the same time
points as the levels of cytochrome c were measured, it is

Table 1 Cellular components or molecules whose levels are altered in the extracellular environment during treatment-induced apoptosis

Origin Marker Released into Inducer Tumor Timecourse Reference

Mitochondria Cytochrome c Culture media Anti-CD95, staurosporine, 
eptoposide, doxorubicin

Jurkat Hours [8, 78]

Serum Multidrug chemotherapy Hematological cancer Days [8, 78]

Nucleus Nucleosomes Cell surface Camptothecin Jurkat Hours [75]

Culture media Cisplatin HeLa Hours [94]

Serum Cisplatin HeLa in BALB/c nu/nu mice 1 day [94]

Serum Gemcitabine oxaliplatin Cervical carcinoma Hours–days [94]

Serum Chemotherapy NSCLC Days [38]

Serum Radiochemotherapy Pancreatic cancer Hours–days [49]

Serum Radiochemotherapy Colorectal cancer Hours–days [48]

Serum 5- Fluorouracil + folinic 
acid § irinotecan

Colorectal cancer Days [36]

DNA Serum Multidrug chemotherapy Acute myeloid leukemia Days [63]

Culture media Staurosporine § oligomycin Jurkat Hours [41]

Plasma Anti-CD95 or acetaminophen Normal liver in BALB/c mice Hours [41]

Serum Tamoxifen Breast cancer 1 year [25]

Cytosol Cleaved 
CK18

Culture media Mitomycin C MCF-7 Hours [83]

Serum Docetaxel or cyclophosphamide
+ epirubicine + 5-Xuorouacil

Recurrent breast cancer Days [12]

Culture media Cisplatin MDA-MB-231 Days [46]

Serum Estramustine phosphate
+ docetaxel or vinorelbine

Hormone refractory 
prostate carcinoma

Days [47]

Membrane MMP-2 Serum Chemotherapy Metastatic colorectal cancer Weeks [32]

sFas Serum Chemotherapy Various Hours–days [73]

Lipids Culture media Vincristine, several others ALL-697 Hours [110]

E-cadherin Culture media Staurosporine H184A1 Hours [91]

Culture media Apo2L/TRAIL Colo 205 Hours see Fig. 2
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diYcult to correlate an early patient response with cyto-
chrome c levels thus far.

Although the biological signiWcance of the extracellular
release of cytochrome c is not fully understood, there has
been speculation that its presence in the extracellular space
could have anti-inXammatory eVects, or perhaps guide
phagocytes to the site of injury for corpse clearance [78].
Others have suggested that this protein could contribute to
the bystander eVect since exogenous cytochrome c added to
the cell culture media of neurons increased their apoptosis
as compared with controls [2]. There is also evidence that
cytosolic cytochrome c may contribute to the cell-shrinkage
associated with apoptosis by interacting with K+ channels
in the cell membrane to induce K+ eZux from the cell [74].

Nucleosomes and DNA

Nucleosomes provide a mechanism for chromatin compac-
tion and consist of four pairs of histones, encircled by
DNA. During apoptosis, DNA is systematically cleaved
between the histones/nucleosomes by endonucleases [107].
As evidence that nucleosomes can be exposed to the
extracellular environment, autoimmune responses can be
generated against nuclear antigens; autoantibodies to
nucleosomes are found in systemic lupus erythematosus
patients [16]. Normally positioned in the nucleus, nucleo-
somes were exposed on the surface of apoptotic Jurkat T
cells suggesting that there is a mechanism by which they
are directed out of the nucleus and to the cell membrane
during cell death [75]. As pointed out by this group, it is
possible that the display of nucleosomes on the cell surface
may provide a signal to phagocytes for clearance of these
cells. However, the function of nucleosomes that are shed
extracellularly is less clear. In the studies examined in this
review, while lower baseline and post treatment nucleo-
some sera levels in vivo tended to correlate with better
patient response in general, the kinetics of the nucleosome
levels varied based on the treatment and tumor type and
therefore, the utility of nucleosomes as a biomarker of ther-
apeutic response remains questionable.

Trejo-Bercerril et al. [94] begin to elucidate the release
of nucleosomes from tumor cells in vitro and then in vivo in
rodent models and in patients. When HeLa cells were
treated with cisplatin in vitro, this group reported that
nucleosome levels increased in the cell culture supernatant
through 24 h. In BALB/C nu/nu mice bearing HeLa
tumors, a decrease in nucleosome levels were found 24 h
after treatment with cisplatin when compared to untreated
mice with a tumor. This group also addressed the issue of
the extent to which nucleosome measurements were due to
the secretion of these molecules from dying, non-malignant
cells during chemotherapy. They found that at therapeutic
doses in untreated non-tumor-bearing mice, there was no

diVerence in nucleosome levels as compared with non-
tumor-bearing mice at 24 h post-treatment with cisplatin.
However, when rats without tumors were administered che-
motherapy at toxic doses above normal therapeutic levels,
nucleosome levels increased [94]. Five of six cervical carci-
noma patients that experienced a decrease in nucleosome
levels 24 h following chemotherapy were responders as cal-
culated by tumor size using the two longest perpendicular
diameters from CT images [94]. Among the Wve patients
that had an increase in nucleosome sera levels, two patients
responded and these patients had only slight increased in
nucleosomes compared with the rest of the group. How-
ever, when blood was drawn from responders just a few
hours after the initiation of treatment, there was an increase
in these levels before it eventually tapered oV at 24 h, sug-
gesting that the nucleosomes are rapidly cleared from circu-
lation [94].

In a study of 212 non-small cell lung cancer patients
undergoing chemotherapy, a prompt increase in serum
nucleosomes followed by a decrease in these levels during
periods without treatment was experienced and the degree
of the response diVered between responders and non-
responders [38]. Responders or patients with remission
based on CT image measurement classiWed by the WHO
guidelines experienced less of an initial increase in nucleo-
somes followed by a signiWcant decrease in levels until day
eight [38]. In comparison, non-responders (patients classi-
Wed as having progression or no change) experienced a
dramatically greater initial increase, meaning that these
patients experienced an increase in nucleosome levels and
these levels did not drop as quickly as responders [38].
Some of the reasons suggested by the authors for the diVer-
ence between response groups are the variable rates of cell
death and proliferation in the aggressive tumors in the
non-responder group as well as increased access to blood
vasculature in patients with metastasis.

Kremer et al. [49] found that nucleosome levels
increased within hours of radio- and chemotherapy treat-
ment in pancreatic cancer patients but that these levels
dropped by 6 h and often rose again before falling for a sec-
ond time. As stated, the delay in increased levels after 6 h
could be attributed to damaged tumor cells attempting to
repair themselves unsuccessfully and then Wnally surren-
dering to apoptosis. After analyzing the area under the
curve for nucleosome concentration at several time points,
the observation was made that in general, patients with no
progression had lower overall concentrations of nucleo-
somes during days 1–3, while patients with progression had
higher levels in their sera during this time [49]. Patient
responses in this study were categorized based on sera
levels of CA 19-9. Similar results were obtained in a study
of colorectal cancer patients receiving radiochemotherapy
[48].
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In a study of colorectal cancer patients undergoing a
variety of chemotherapy regimens, a combined group of
adjuvant and palliative patients experienced increases in
nucleosomes in sera during the therapy, followed by
decreases in periods of no treatment [36]. Patients were
assessed for their treatment response based on CT scans
and sonography using the WHO method. Baseline nucleo-
some values measured before each treatment cycle declined
in the adjuvant group while the palliative group did not
demonstrate this trend [36]. Palliative therapy patients with
disease progression had increasing baseline values and high
increases in nucleosomes during the treatment cycles while
patients without progression demonstrated mostly decreas-
ing nucleosome levels [36].

While many studies examined only the nucleosome
levels in the sera, Mueller et al. [63] studied circulating
nucleosomal DNA in acute myeloid leukemia patients
during their Wrst week of chemotherapy. Response was
assessed in these patients by quantifying the number of
blasts in the bone marrow and neutrophils and platelets in
the blood [63]. In general, the 18 patients with complete
remission experienced a slight increase in circulating
nucleosomal DNA by day 2 of treatment, followed by a
drop in levels over the next few days. Overall, patients
without complete remission (n = 7) had lower levels of
nucleosomes (as measured by the area under the curve for
days 2–4 of treatment) than did those who were classiWed
as complete remission [63]. These results are in contrast to
the results of work previously mentioned when patients
with solid tumors and lower nucleosome levels experienced
better outcomes [36, 49]. Explanations are oVered that non-
responsive patients with solid tumors may have a large
tumor load with rapidly proliferating cells during therapy
and perhaps these patients have defective clearance mecha-
nisms as a result of a deWcient immune system [63].

These nucleosome studies emphasize the importance of
studying the kinetics of a therapeutic response when monitor-
ing molecules that are released from apoptotic cells. Future
kinetic studies with a larger number of patient samples from
diVerent histological types of tumors and a variety of treat-
ment modalities are needed to elucidate the signiWcance of
nucleosome levels for monitoring therapy in the clinic.

There have also been reports of DNA fragments found in
the serum of cancer patients [52] presumably because apop-
tosis and necrosis are occurring in and around the tumor
and while macrophages can normally clear this debris, cir-
culatory access to this area might be limited [41]. Increases
in soluble DNA fragments were identiWed in media super-
natants when Jurkat T cells were induced to undergo apop-
tosis or necrosis in vitro [41]. Mice were injected with
acetaminophen or anti-CD95 to induce necrosis or apopto-
sis of liver tissue, respectively [41]. In both in vitro and in
vivo models, DNA was released as cells died by either

necrosis or apoptosis, however, the most DNA was released
from cells undergoing necrosis. Necrosis results in the
release of large pieces of DNA but apoptosis, as a regulated
process, was characterized by cleaved DNA into multiples
of 180 bp [41].

Tumor-speciWc cell-free DNA has been studied as a sur-
rogate marker of the presence of tumor cells. An epigenetic
alteration of RASSF1A is common in cancers, especially in
breast cancer [14]. In a study of 148 patients with breast
cancer who received tamoxifen as adjuvant therapy,
patients who were relapse-free or had the best overall sur-
vival manifested a disappearance of DNA methylation of
gene RASSF1A in sera [25]. DNA from sera obtained one
year after of treatment was analyzed, however, it would be
useful to examine the kinetics of the response to identify
the earliest possible time that prediction of survival could
be determined.

Caspase-cleaved cytokeratin 18

Recently, other groups have turned their focus towards the
examination of cleaved cytokeratin that may be released
outside of the cell during the process of apoptosis. Inter-
mediate Wlament proteins such as cytokeratins, speciWc to
epithelial cells and found in most carcinomas, provide a
supportive structure for the cell by linking the surface of the
nucleus to the cell membrane. Cytokeratin-18 is located in
the cytosol, however, its presence has been reported on the
cell surface of heptoma cells [104]. Cytokeratin-18 is
cleaved at Asp396 by caspases during cell death [51],
exposing a neo-epitope that can be detected with the M30
antibody [12, 51]. This is an event that occurs during the
early stages of apoptosis since the neo-epitope can be found
before cells will react with annexin V [51]. Intracellular
cytokeratin-18 is cleaved within 24 h of mitomycin C treat-
ment of MCF-7 cells and this correlates with the release of
the Cytokeratin-18 (CK18) fragments into the cell culture
media while caspase inhibitors abrogate this eVect [83].
Ueno et al. [96] were the Wrst to show the presence of an
apoptosis-speciWc marker in the sera of cancer patients
using the M30 antibody, although sera obtained at several
time points during therapy was not included in this study.

The presence of CK18-Asp396 is easily detectable in
patient sera. As enumerated by Biven et al. [12], inducing
apoptosis in only 10% of cells in a tumor with 109 cells
should yield 103 U of the CK18 fragment, or a concentra-
tion of 330 U/l in plasma when healthy controls contain an
estimated 150 U/l. This group also found that in a cohort of
patients receiving chemotherapy for recurrent breast cancer
with a baseline value of cleaved CK18 lower than 200 U/l,
responders had larger increases over those of non-respond-
ers. How response was quantiWed was not outlined in this
study.
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Kramer et al. [46] reported that caspase-cleaved CK18
comprises only 1% of cytokeratin 18 detected in the media
from necrotic MDA-MB-231 in vitro. When MDA-MB-
231 was treated with cisplatin to initiate apoptosis, CK18
fragments cleaved at Asp396 (CK18-Asp396) were found
in the media at 24 and 48 h. Addition of a caspase inhibitor
to these cultures impeded release of CK18-Asp396 but not
sCK18 into the media. In patients with endometrial cancer,
both sCK18 and CK18-Asp396 were found in increased
levels in the sera collected from local pelvic blood during
surgery as compared with patients who had benign condi-
tions, but not in increased levels in sera from peripheral
blood in the same groups of patients [46]. As the authors
pointed out, this observation suggests that the cytokeratin
originates from the tumor. In the same study, prostate cancer
patients were monitored for soluble CK18 and CK18-Asp396
during second and third line chemotherapy. Variable
results were found among patients and response (as
measured by change in PSA levels) did not correlate well
with CK18-Asp396 [46]. The authors suggest that because
of circumstances where PSA levels fall but CK18-Asp396
remains unchanged, it is possible that apoptosis is not the
main mechanism of cell death and that perhaps, a measure-
ment for total cell death would be more useful than just
measuring apoptosis.

More recently, it has been noted that measuring CK18-
Asp396 in patient serum during therapy may be beneWcial
because it originates from epithelial cells while nucleo-
somes and cytochrome c, however, can be released from a
variety of cell types, including chemotherapy and radiation-
sensitive bone marrow cells [12, 47]. In a study of patients
with hormone refractory prostate carcinoma, a signiWcant
increase in CK18-Asp396 was found in the serum of
patients between days 5 and 7 who received estramustine
phosphate on days 1–3 and then docetaxel on days 3–5 of
the treatment cycle [47]. However, statistically signiWcant
increases in CK18-Asp396 were not found after patients
received estramustine phosphate or estramustine phosphate
and then vinorelbine. The study also reported that baseline
levels of PSA and total soluble CK18 correlated with
increases in CK18-Asp396 in patients who received doce-
taxel but a similar association did not exist for those who
were treated with vinorelbine, perhaps suggesting that vino-
relbine was toxic to non-malignant cells [47]. One patient
demonstrated an impressive reduction of liver lesion diam-
eter on a CT scan with a decrease in PSA levels that corre-
lated with spiking CK18-Asp396 levels during third-line
therapy with estramustine phosphate/docetaxel. However,
the patients in this study had advanced prostate cancer,
many of them with metastases and correlations were only
made to PSA levels and not to responses as measured by
CT images. In a study of breast cancer patients who
received neoadjuvant chemotherapy, total CK18 sera levels

correlated positively with treatment response and patient
survival [68]. Importantly, CK18 from frozen sera samples
demonstrated stability even after a series of freeze-thaw
cycles [68].

Not only in cancer, but in other diseases, such as hepati-
tis C virus infection where the cell death of hepatocytes
correlates with the severity of the disease, it would be bene-
Wcial to be able to monitor the amount of apoptosis with a
noninvasive test [23]. Bantel et al. [7] reported an increase
in the presence of cleaved CK18 in the sera from HCV-
infected patients over healthy controls. This may be a much
needed measure of the early stages of apoptosis in this dis-
ease, providing another way to detect disease other than
liver biopsy or serum alanine aminotransferase levels
which are not always elevated in HCV patients (as dis-
cussed in [7]).

While apoptotic tumor cell release of CK18-Asp396 in
vitro corresponds with therapy-induced death, the conclu-
sions are not as clear in vivo. It appears that there may be a
correlation between response to therapy and the level of
CK18 fragment, however, more studies are needed that cor-
relate data from a large number of patients to a currently
accepted measure of tumor response.

MMPs/TIMPs

Matrix metalloproteinases (MMPs) are known for their
enzymatic activities of digesting the basement membranes
in tissues. In a study of patients diagnosed with metastatic
colorectal cancer that spread to the liver, MMP-2 and tissue
inhibitor of MMPs (TIMP)-1 were assayed for in sera col-
lected during various treatments with chemotherapy [32].
Patients were classiWed based on spiral CT results and
according to the WHO standards. The ratio of MMP-2/
TIMP-1 increased in patients who experienced tumor con-
trol as compared to prechemotherapy levels and a cohort
that succumbed to tumor progression [32]. This result
seems counterintuitive because increased MMP activity is
often correlated with growth of the tumor and invasion,
while decreased TIMP would imply a lack of control over
metastasis potential. The authors oVer the explanation that
cell death that occurs during chemotherapy may free MMPs
that are located on the cell surface thereby binding TIMP
[32].

sFas

A recent preliminary study of cancer patients of various
tumor types investigated the plasma concentrations of che-
motherapy, and sera concentrations of sFas and the CK18-
Asp 396 neo-epitope during the Wrst 48 h of therapy [73].
The results indicated that there was a correlation between
the concentrations of sFas and 5-Xuorouracil or cisplatin
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but not with anthracyclines or ifosfamide. The time it took
to reach a maximum increase in sFas seemed to be therapy-
dependent [73]. Patients with baseline sFas concentrations
below the median value had an increased overall survival.
However, levels of sFas during chemotherapy provided lit-
tle information about survival data. It is signiWcant that in
these patients, an increase in CK18 neo-epitope concentra-
tions above the median correlated with better survival than
those patients with lower values during treatment. Because
of the small number of patients studied and the variety of
tumor types included, it is diYcult to come to conclusive
results about the data.

Lipids

A study of cellular membranes found that lipids are
released during the process of apoptosis. Zhang et al. [110],
labeled cell membrane lipids with 3H and measured their
release into the cell culture media from tumor cells in vitro
during apoptosis. The released radioactive lipids were
mostly neutral lipids, such as triacylglycerol, and phospho-
lipids, like phosphatidylcholine. Electron microscopy
revealed the release of fragments from cell membranes,
mitochondria and organelles just 6 h after vincristine treat-
ment. Overexpression of Bcl-2, and inhibitor of apoptosis,
protein kinase C activation and inhibition of caspases all
resulted in prevention release of lipids from the cells. The
release of lipids was a general occurrence; it did not depend
on the cell line or the inducer of apoptosis.

E-cadherin

During apoptosis, transmembrane E-cadherin is cleaved in
the intracellular domain by activated caspase-3 and in the
extracellular domain by metalloproteinases [91]. As a result
of the extracellular cleavage, an 84-kDa product of E-cad-
herin is shed into the surrounding environment within 6 h
of staurosporine treatment and this shedding is reduced
when cells are treated with an MMP inhibitor [91]. We
have also detected soluble E-cadherin in the cell culture
media of human colon adenocarcinoma cells within hours
after treatment with recombinant human Apo2L/TRAIL
(Fig. 2). The extracellular cleavage of E-cadherin releases
the cell from contacts with neighboring cells, perhaps a
mechanism by which an apoptotic cell makes its exodus
from the tissue.

IL-6

Proteomic strategies have also been employed to identify
markers of early clinical response in patients undergoing
radiation therapy for cancer. Tandem mass spectrometry
was used to identify several low abundant serum proteins

that appeared in the serum following radiotherapy, perhaps
coming from necrotic or apoptotic cells [61]. One of the
proteins identiWed in this study was a fragment of IL-6, a
proinXammatory cytokine that has also been found in
increased levels in patient sera after radiation treatment of
liver cancer [106]. However, it is unclear whether the
source of the secreted IL-6 is from dying normal or tumor
cells in the liver.

Discussion

Many challenges arise when investigators consider the use
of real-time markers of therapeutic eYcacy during cancer
therapy just as there is for the discovery and validation of
biomarkers used to initially detect cancer. False negative
and false positive results are of concern, especially when an
apoptotic marker could be used as a tool to direct or modu-
late the type of therapy a patient receives—a patient’s ther-
apy could only be changed once the initial therapy was
proven ineVective. In fact, relying on the discovery or use
of a single marker for this purpose may not be practical,
especially during the years of early discovery and valida-
tion, when the use of markers of therapeutic eYcacy in the
clinic will only be complementary to conventional X-ray,
CT, MRI or histological evaluations. It is quite possible that
the use of apoptotic markers will arise as a test that surveys
several proteins or other molecules, and that perhaps a
combination of some of the circulating markers in serum
mentioned in this review and others not yet identiWed will
prove to be better predictors of therapeutic outcome than
any single marker alone. Often attributed to the heterogene-
ity of tumors, the inability to identify a marker with high
speciWcity and sensitivity is a common problem in tumor-
speciWc biomarker research. It is thought that by including
several markers as a screening test, it is possible to encom-
pass more of the patient population, thus increasing the
probability of an eYcacious assay for the clinic (as
reviewed in [72]).

Fig. 2 E-cadherin is released from Colo 205 cells as they undergo
Apo2L/tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL)-induced apoptosis. Cells were treated with 250 ng/ml Apo2L/
TRAIL for 2, 4, 8, and 16 h. Cell culture media was collected and E-
cadherin was immunoprecipitated from the samples and then detected
on a western blot with the HECD-1 clone. C control, T Apo2L/TRAIL-
treated
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In some metabonomic studies, instead of identifying one
or two biomarkers, complex samples are examined by inter-
preting patterns of proteins or lower molecular weight mol-
ecules [76] for the detection of cancer. Although criticized
for identifying patterns of unknown molecules that may be
irrelevant to a biological response or disease state [18, 87],
studies like these [71] have been an important step in trying
to understand the enormously complex response of the
body to a diseased state or in the context of this review, a
response to cancer therapy. The challenge then becomes
comprehending the number of molecules involved in the
perturbation of a system and why they are released from
tumor cells induced to undergo apoptosis. The function of
the proteins and other cellular components that are released
extracellularly remains to be fully understood. Do these
molecules interact with other neighboring cell types to
trigger diVerential responses? Are they involved in the
activation and recruitment of immune cells to mount an anti-
tumor response or, conversely, is their function to initiate
immune evasion by signaling nearby tumor cells to prolif-
erate? Perhaps it is neither of these hypotheses, and that the
release of cellular molecules into the surrounding environ-
ment is simply an eVect of secondary necrosis that occurs
when the phagocytes cannot sustain the necessary clearance
rate in conditions of massive apoptosis. In any case, obser-
vations of extracellular release during apoptosis suggest
that there may be other molecules- proteins, lipids, metabo-
lites-shed into the external environment during this process.
Perhaps a more comprehensive description of apoptosis
aims to include the many events that are known to occur
within a cell as well as the possible interactions or signals
that can occur outside the cell during this same process.

Which subsets of extracellular components are most
important for monitoring treatment is not yet known. In
fact, proteomic studies of complex samples like serum have
created a forum for discussion of the contribution of pep-
tides, rather than proteins, as relevant molecules in other
biomarker studies [19, 72, 101]. Additionally, albumin has
been reconsidered—its high abundance once thought to dis-
tract from the proteins of interest—now possibly a very
valuable carrier of biomarkers throughout the circulation,
protecting its cargo from clearance through the kidney [56,
60]. Because bioXuids can contain numerous molecules,
making analysis diYcult, the discovery of apoptotic mark-
ers in vivo may be best assessed by initially simplifying
the dataset and examining a fraction of the sample-like a
speciWc molecular weight range or only those proteins
bound to albumin.

Another relevant question to be addressed in future
apoptosis studies is whether or not the molecules that are
released are dependent upon the type of therapy used, espe-
cially since each drug has a diVerent target and mechanism
for inducing cell death as mentioned earlier. Is it possible

that for each therapy, a diVerent set of response markers is
needed or is there a general signature that all apoptotic
tumor cells release irrespective of the inducer?

Tumor heterogeneity is a concern when attempting to
understand the kinetics of how a therapy aVects the malig-
nant tissue. Time course studies are needed for each therapy
to decipher how quickly a drug can reach the tumor, often
dependent upon vascular access of the tumor, to penetrate it
so that a signiWcant number of cells die. Similarly, because
apoptotic cells are cleared by macrophages and other cells
surrounding the site of insult, samples would need to be
collected in vivo during this process to determine when the
capacity of phagocytic cells is overwhelmed, providing an
opportunity for secreted molecules to Wnd their way into
circulation [55] and suggesting an optimal time frame for
bioXuid collection. For small proteins and metabolites that
are released, it is likely that with their circulation time in
the blood being limited by the Wltration of the kidneys,
studies of urine could be complementary to those of other
bioXuid components. Another issue that arises is whether
the decrease of a biomarker is just as signiWcant as observ-
ing an increase, as suggested by preliminary studies in the
literature. Decreases in serum nucleosomes were found in
mice with tumors 1 day after cisplatin treatment [94] and
Apo2L/TRAIL induced a signiWcant reduction of vascular
endothelial growth factor secreted by several tumor cell
lines in vitro [15]. Once an optimal window of time for
sample collection is determined, methods for detecting
biomarkers and the sensitivity of these assays need to be
optimized for clinical use.

Another hurdle to overcome in the Weld of response
markers is to ascertain that the molecular markers of inter-
est originate from the tumor itself and are not oV target
eVects of susceptible, non-tumor tissue (as so many chemo-
therapy regimens do aVect). In preclinical studies, an
appropriate model system is of utmost importance when
deciphering malignant signals from benign ones. The SCID
mouse-human tumor xenograft model is a system where a
human tumor can be targeted with a tumor speciWc therapy,
such as Apo2L/TRAIL [64]. Apo2L/TRAIL kills malignant
cells and spares normal cells [5, 102], providing a therapy
ideal for studying molecules that are released speciWcally
from the tumor as it undergoes apoptosis. Once proteins or
other molecules are identiWed as released from the tumor in
a targeted therapy model, studies can be conducted in a
more complex system where chemotherapies attack rapidly
proliferating cells. In this model, it is also important to note
that the human material is a freshly obtained patient speci-
men, passaged in SCID mice, and does not originate from
an injection of a tumor cell line. The patient specimen
xenograft maintains similar architecture and heterogeneity
to that of the original patient specimen, a characteristic that
is not consistent with observations of a tumor cell line
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[103], an important property that would most closely mimic
drug access to a tumor in the clinic. In fact, models such as
these provide a critical starting point where potential candi-
date molecules can be identiWed (Fig. 3). Once biomarkers
from targeted therapy-induced apoptotic tumor cells are
recognized, studies can be expanded to include other cyto-
toxic therapies (e.g. chemotherapy) as well as a variety of
diVerent tumor types, stages and grades.

Adding to the complexity of the situation, the question
may be asked whether or not it is suYcient to detect extra-

cellular apoptotic signals from tumor cells in general, or is
it more meaningful—or even possible—to measure and
identify those molecules that originate from the more elu-
sive and allegedly drug resistant cancer stem cells? Recent
research has suggested that these tumor cell subpopula-
tions, however few in number, are what we should be most
concerned with in terms of progression free or disease-free
survival [39, 86]. It is also very likely that biomarkers of
treatment response will be released from tumor cells under-
going other types of cell death such as autophagy, extrinsic
senescence, and necrosis, however, these scenarios have
not yet been studied. Besides the tumor cells themselves,
perhaps other cellular components like tumor endothelial
cells may provide distinct extracellular signatures when
treated with antiangiogenic agents. Recently, the number of
circulating tumor cells in the blood prior to and during
treatment was useful in predicting survival rates for patients
with metastatic breast cancer [17].

It is also important that the appropriate controls are used
in studies that aim to identify biomarkers. Petricoin et al.
[72] emphasize that in the early phases of biomarker dis-
covery, it is necessary to include groups that not only repre-
sent healthy patients and those with cancer, but that also
other conditions, such as benign and inXammatory diseases
are also studied because of their inXuence on a change of
pathology that could be common to the more malignant
phenotype. Especially in preclinical models, it would be
more convincing to validate a marker of therapeutic
response by demonstrating that a sensitive tumor releases a
protein into circulation while a tumor that has resistance to
the same therapy does not manifest the marker similarly.

Summary

The discovery of biomarkers of a therapeutic response may
enlighten our understanding of fundamental aspects of
apoptosis, in particular, extracellular events associated with
this process. Whether or not extracellular markers of apop-
tosis are dependent upon, and speciWc to, the inducer of cell
death and tumor type is still not clear. Additionally, the tim-
ing of when a blood sample is obtained for analysis will be
essential in order to collect meaningful data before poten-
tial biomarkers are cleared from circulation. It is likely that
circulating molecular markers of apoptosis will be used in
conjunction with accepted methods of monitoring tumor
response, such as imaging and histology, with the goal of
improving patient outcomes and survival while minimizing
time spent on ineVective cancer treatments. In fact, an ideal
treatment regimen would include pre-selection of the initial
therapy based upon known tumor markers (e.g. HER2+
breast cancer patients would receive Herceptin®) followed
by monitoring of response with the consideration of an

Fig. 3 Scheme for validating response markers as measures of true
clinical outcome. Initially, the study of human tumor specimens en-
grafted into immunocompromised mice will be most useful for the
identiWcation of candidate markers of tumor response when treated
with a targeted therapy (e.g. Apo2L/TRAIL, Herceptin®). Once iden-
tiWed and conWrmed with proteomic and/or metabonomic studies, other
more non-speciWc therapies can be investigated (e.g. chemotherapy,
radiation). Inquiries into whether the biomarkers are tumor or treat-
ment speciWc will be elucidated. Once established, clinical studies will
identiWed whether the same molecules are detectable in patients during
therapy. Importantly, cohorts of patients will need to be followed for
assessment of tumor response with traditional techniques such as
tumor imaging and histology and these evaluations will need to be
correlated with the newly identiWed therapeutic eYcacy markers to
assess their measurement of true clinical response
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adjustment to an alternate therapy based on biomarkers of
therapeutic eYcacy and the other conventional methods
mentioned above. Most importantly, the validation of these
markers is critical when using them as surrogate endpoints
that measure the true clinical outcome. The future holds
considerable promise for utilization of novel markers of
therapeutic eYcacy in combination with other steps toward
pre-selection of patients to receive the best therapy for their
cancer.
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