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It is known that many chemotherapeutics induce cellular apoptosis
over hours to days. During apoptosis, numerous cellular prote-
ases are activated, most canonically the caspases. We speculated
that detection of proteolytic fragments released from apoptotic
cells into the peripheral blood may serve as a unique indicator of
chemotherapy-induced cell death. Here we used an enzymatic
labeling process to positively enrich free peptide a-amines in the
plasma of hematologic malignancy patients soon after beginning
treatment. This N-terminomic approach largely avoids interference
by high-abundance proteins that complicate traditional plasma
proteomic analyses. Significantly, by mass spectrometry methods,
we found strong biological signatures of apoptosis directly in the
postchemotherapy plasma, including numerous caspase-cleaved pep-
tides as well as relevant peptides from apoptotic and cell-stress pro-
teins second mitochondria-derived activator of caspases, HtrA serine
peptidase 2, and activating transcription factor 6. We also treated
hematologic cancer cell lines with clinically relevant chemotherapeu-
tics and monitored proteolytic fragments released into the media.
Remarkably, many of these peptides coincided with those found in
patient samples. Overall, we identified 153 proteolytic peptides in
postchemotherapy patient plasma as potential indicators of cellular
apoptosis. Through targeted quantitative proteomics, we verified
that many of these peptides were indeed increased post- vs. preche-
motherapy in additional patients. Our findings reveal that numerous
proteolytic fragments are released from dying tumor cells. Monitor-
ing posttreatment proteolysis may lead to a novel class of inexpen-
sive, rapid biomarkers of cell death.

t is known that the majority of small-molecule chemotherapeutics

function by inducing apoptosis in cancer cells (1). Both in vitro
and in vivo, apoptosis occurs rapidly, typically within 6-72 h after
exposure to a chemotherapeutic (2, 3). Many proteases are ac-
tivated during apoptosis (4), although the key effectors are the
caspases, cysteine proteases that cleave intracellular elements
and lead to cell death (5). Using imaging approaches, caspase
activity in tumors has been identified postchemotherapy (6).
Furthermore, through an unknown mechanism, some intracellular
protein contents are released from apoptotic tumor cells into the
bloodstream, including histones, cytochrome ¢, and a caspase-
cleaved fragment of the intermediate filament protein cytokeratin
18 (7-9). However, these few existing markers unfortunately
do not show sufficient sensitivity and specificity for use as clin-
ical diagnostics of chemotherapeutic efficacy (10). The dis-
covery of broad signatures of apoptosis, beyond the handful of
markers already known, may offer sufficient diagnostic power
to clinically monitor therapeutic response and greatly benefit
cancer management.

We hypothesized that many more intracellular contents are
likely released into the bloodstream after chemotherapy-induced
apoptosis, yet they cannot be readily identified with existing tech-
nologies. Our laboratory has recently developed a unique, single-
step labeling technology, using the enzyme subtiligase, to positively
enrich free protein N termini generated by proteolysis, followed by
mass spectrometry (MS)-based identification (11). This approach

7594-7599 | PNAS | May 27,2014 | vol. 111 | no. 21

has particular advantages in blood plasma analysis, because it
largely avoids interference from high-abundance proteins such
as albumin, allowing for the identification of low-abundance spe-
cies that could not be found through traditional plasma pro-
teomics (12). Here we use this N-terminomic method to identify
proteolytic fragments in the peripheral blood of hematologic
malignancy patients within 24 h of chemotherapy induction. In
these plasma samples, we first identified a number of caspase-
cleaved and other proteolytically generated fragments not pre-
viously found in normal plasma. Remarkably, many of these
same proteolytic products were also released from hematologic
malignancy cells in culture treated with clinically relevant che-
motherapeutics. Ultimately, using a combination of unbiased and
targeted liquid chromatography-tandem MS (LC-MS/MS) ap-
proaches, we identified over 150 N-terminal fragments in post-
chemotherapy plasma derived from proteins not found in normal
blood. These findings greatly expand the known library of pro-
teolytic products released from dying cells. Furthermore, we
developed a quantitative MS assay and found that many of these
N termini are indeed increased in abundance post- vs. pre-
chemotherapy in a larger cohort of hematologic malignancy
patients. Overall, our results provide initial evidence that un-
biased monitoring of proteolysis is a promising strategy to
rapidly assess chemotherapeutic efficacy in cancer patients.

Results

Pipeline-Based Approach to Proteolytic Biomarker Identification in
Plasma. We hypothesized that tumor cells undergoing apoptosis
in response to cytotoxic chemotherapy would release proteolytic
peptides to the extracellular space over a time course of hours to
days (Fig. 14). In complex biological samples, we use the engi-
neered enzyme subtiligase to biotin-tag free protein N termini
and isolate them on streptavidin-coated beads. After trypsini-
zation and elution, LC-MS methods are used to either identify
or quantify the N-terminal peptides in the sample (13) (Fig. 14).

Significance

Many chemotherapeutics function by inducing cellular apo-
ptosis, or programmed cell death, in tumor cells. Here, using
a unique enzymatically driven technology, we find that nu-
merous protein fragments are released into the bloodstream
from apoptotic cells within hours after chemotherapy. These
circulating signatures of cell death, if confidently assigned to
tumor cells, may form the foundation for entirely novel, rapid,
and inexpensive biomarkers of chemotherapeutic efficacy. Di-
agnostic tests to rapidly assess cell death after treatment could
serve an important role in management for many cancers.
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Fig. 1. Approach to discovery of proteolytic biomarkers of cell death. (A)
General strategy for apoptotic biomarker discovery. Tumor cells rapidly
undergo apoptosis in response to chemotherapeutic treatment. Proteolysis is
activated during apoptosis, and proteolytic fragments are released into the
blood. Enzymatic labeling of free protein N termini combined with identi-
fication and quantification mass spectrometry approaches identifies poten-
tial biomarkers of cell death. (B) Pipeline for biomarker investigation. An
initial discovery set of biomarkers is derived from MS experimentation on
a set of high-yield patient plasma samples with significant decreases in cir-
culating malignant cells after chemotherapy, studies in cell culture examin-
ing free N termini released from cells into the media after chemotherapy,
and an extensive database of intracellular proteolytic events during apo-
ptosis. This discovery dataset is used to generate a targeted MS method
to more sensitively detect intracellular content release into the plasma in
high-yield patients. Finally, an additional patient cohort was collected for
quantitative SRM MS to determine relative changes in proteolytic bio-
markers before and after chemotherapy. Peptides reproducibly increased
posttherapy serve as the most promising biomarkers of cell death for further
clinical validation.

Of note, the N termini of 80-90% of native eukaryotic proteins
are acetylated (14) and therefore do not react with subtiligase. In
addition, this approach can be used even in the setting of high-
abundance albumin without further depletion or chromatogra-
phy steps (15). Thus, our approach allows for high sensitivity and
specificity for proteolyic fragments.

In combination with subtiligase labeling, we used a pipeline-
based strategy (Fig. 1B) modeled on a previously described ap-
proach to identify potential blood-based biomarkers (16, 17).
This strategy first uses a cohort of “high-yield” samples to dis-
cover proteomic changes associated with a given condition. Here,
using unbiased MS approaches on a quadrupole time-of-flight
(QqTOF) instrument, we looked for proteolytic fragments re-
leased from patient tumor and cultured cells postchemotherapy.
We combined these experimental data with an extensive data-
base of proteolytic peptides found during cellular apoptosis, the
DegraBase (18), to develop a targeted “inclusion list” for MS
identification on an Orbitrap instrument. This approach allowed
us to further expand our list of proteolytic fragments found in
patient samples postchemotherapy. Finally, we used targeted,
quantitative selected reaction monitoring (SRM) methods on a
triple-quadrupole instrument (19) to measure changes in pro-
teolytic N-terminal peptides pre- vs. postchemotherapy in a
larger cohort of patients.

Unbiased Discovery MS Combined with N-Terminal Labeling
Reveals Numerous Apoptosis-Related Peptides in Patient Plasma
Postchemotherapy. For our discovery samples, we sought a pa-
tient cohort with the highest probability of demonstrating pro-
teolytic fragments in the blood postchemotherapy. We therefore
identified hematologic malignancy patients with circulating ma-
lignant cells prechemotherapy and a significant drop in these cells
(decrease of >7 x 10° cells per mL blood by hematopathology
analysis) within 24 h of initiation of chemotherapy.

Although patients with these clinical characteristics are relatively
rare, we were able to obtain 1.5-mL cell-free plasma samples from
five patients [two acute myeloid leukemia (AML), one non-Hodgkin
lymphoma (NHL) of diffuse large B-cell lymphoma subtype, one
B-acute lymphoblastic leukemia (ALL), and one multiple myeloma
evolved to plasma cell leukemia (PCL)] (Fig. 24; additional clinical
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details are available in Table S1). We performed N-terminal label-
ing and reverse-phase high-pH fractionation into 10 fractions per
sample, and evaluated each fraction in data-dependent acquisition
mode on a QqTOF MS instrument.

In the postchemotherapy samples, we sought to identify pro-
teolytic fragments derived from proteins not found previously in
normal blood plasma and serum. We hypothesized that these
new N termini would be the strongest indicators of release of
cleaved intracellular contents into the extracellular medium.
Positive results would provide an initial indication of whether
our approach for apoptotic biomarker identification was feasible.
For this comparison with postchemotherapy samples, we used
both a normal plasma sample analyzed here as well as an ex-
tensive database of >700 normal blood proteolytic N-terminal
peptides previously identified by subtiligase labeling (12).

In each patient, we identified 195 (AML_1), 177 (NHL 1),
104 (ALL_1), 124 (PCL_1), and 110 (AML_2) unique N-ter-
minal peptides. Significantly, in each of the five high-yield pa-
tient samples, we indeed identified between 5 and 60 N-terminal
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Fig. 2. Identification of proteolytic fragments released postchemotherapy
in discovery and targeted MS. (A) High-yield hematologic malignancy pa-
tient cohort for initial discovery experiments all show large decreases in
circulating malignant cells postchemotherapy, suggesting extensive apo-
ptosis directly in the peripheral blood. (B) From initial discovery MS experi-
ments, we found 98 unique N-terminal peptides in high-yield patient
postchemotherapy plasma derived from proteins not found in normal
plasma [*as listed in Wildes and Wells (12)]. We found a number of over-
lapping peptides between proteolytic fragments released from apoptotic
blood cancer cells in culture, further suggesting that the fragments in blood
are generated during cell death. (C) Sample mass spectra for two biologically
relevant markers of apoptosis using targeted MS on the LTQ Orbitrap Velos
for patient NHL_1.
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peptides derived from proteins not found in normal blood, for
a total of 98 new peptides across all samples. Remarkably, these
new peptides demonstrated strong cellular signatures of apo-
ptosis, suggesting that they directly result from chemotherapy
effects (a full list of peptides can be found in Dataset S1). For
example, these signatures include the mature, processed N ter-
mini from Smac and HtrA2, which are released from mito-
chondria to promote caspase activation during apoptosis (20).
We also identified the biologically active form of ATF-6, a
transcription factor cleaved during cell stress such as that in-
duced by chemotherapy (21). In addition, we found numerous
peptides with an aspartic acid residue inferred at the P1 position,
immediately N-terminal to the identified cleavage site, typical of
caspase-cleavage events (5, 11, 18). Of particular note, we found
multiple cleaved peptides from the intermediate filament protein
vimentin with an inferred aspartic acid at P1. Vimentin, ex-
pressed in mesenchymally derived cells such as leukocytes (22), is
analogous to cytokeratin 18 in epithelial cells. In aggregate, in
these initial experiments, we found 23 high-confidence, but still
candidate, caspase-cleaved fragments in the blood, whereas only
one, derived from cytokeratin 18 (9), was known before. These
results provide strong evidence that proteolytically cleaved pep-
tides are directly released into the plasma after chemotherapy and
can be identified using our N-terminal labeling method.

Peptides Released from Cultured Hematologic Malignancy Cells Coincide
with Those Found in Postchemotherapy Plasma. Our previous cellular
work had focused on identifying caspase-cleaved peptides present
in whole-cell lysates after induction of apoptosis (11, 23, 24). Here,
as a complement to our experiments in patient samples, we instead
chose to study proteolytic products released from cultured cells into
the media after chemotherapy. We reasoned that this system would
more closely resemble the physiology of intracellular content re-
lease to the plasma in patients treated for blood cancers.

We evaluated three cell lines treated with different drugs: (i)
MML.S, derived from multiple myeloma and treated with the
proteasome inhibitor bortezomib, (ii) MOLM-13, derived from
acute myeloid leukemia and treated with the nucleoside analog
cytarabine, and (iii ) SU-DHL-8, derived from diffuse large B-cell
lymphoma and treated with the DNA-damaging agent doxoru-
bicin. All of these conditions reflect the diagnoses of patients
in our discovery cohort combined with clinically used chemother-
apeutics. Under each condition, we either treated with drug
or mock-treated the cells for at least 21 h. Treated cells dem-
onstrated at least 50% apoptosis (Fig. S1). After removing whole
cells, proteins in the media were precipitated with trichloroacetic
acid and then subjected to N-terminal labeling by subtiligase.
FBS-free media were used in these experiments to avoid con-
tamination from normal bovine plasma proteins.

MS analysis on a QqTOF instrument demonstrated that in all
cell types the number of proteolytic fragments in the media
postchemotherapy increased compared with the control samples
(Table S2 and Dataset S2). Released contents from MMI1.S and
SU-DHL-8 lines in particular showed strong signatures of apo-
ptosis. For example, the number of released proteolytic frag-
ments with Asp at P1 sites increased from 3 in the control to 28
posttreatment for MML.S, and from 1 to 23 in SU-DHL-8.
Across the three cell lines, we identified 204 unique N-terminal
peptides released into the media postchemotherapy. Impor-
tantly, 20 of these peptides from cell-culture experiments were
identical to those found in discovery experiments on patient
plasma (Fig. 2B and Dataset S2). This remarkable degree of
overlap further suggests that the proteolytic fragments in pa-
tient plasma are a direct result of intracellular content release
after chemotherapy. Notably, the overlapping peptides found
in both cultured cells and patient samples included fragments
of Smac, HtrA2, and multiple caspase-cleaved vimentin pep-
tides. These results again support that monitoring proteo-
lytic fragments holds promise as an indicator of cell death
postchemotherapy.
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Targeted Inclusion List Enables Sensitive Detection of Proteolytic
Peptides in Postchemotherapy Plasma. We next sought to in-
terrogate our high-yield patient plasma samples for additional
proteolytic peptides not initially found by previous unbiased
discovery MS of normal blood (12). An inclusion list approach
on an Orbitrap instrument allows for increased sensitivity of
detection for targeted peptides (16, 17, 25). In this approach,
peptides falling within a narrow mass window around those on
the inclusion list are preferentially selected for sequencing. To
build our targeted inclusion list, we used (i) all peptides found in
unbiased discovery experiments on plasma samples, (i) all
peptides found released from cultured hematologic malignancy
cells postchemotherapy, and (iii) a selection of proteolytic pep-
tides derived from a database of apoptotic samples, the Degra-
Base (18). These peptides from the DegraBase included those
derived from proteins relevant to apoptosis or cell stress, pep-
tides found to be rapidly cleaved during apoptosis by quanti-
tative MS experiments (26), and peptides derived from relatively
high abundance substrates (24). This strategy, ultimately includ-
ing 672 peptides (listed in Dataset S3), aimed to both confirm
peptides already found in plasma as well as identify addi-
tional biologically relevant peptides in plasma that were not
found earlier.

We implemented this inclusion list strategy on an Orbitrap-
based MS instrument to analyze the same five patient samples
as used in unbiased discovery experiments. In each of the pa-
tient samples, we identified between 5 and 94 proteolytic
peptides deriving from proteins not found in normal plasma
(12), with a total of 140 unique peptides in all (Dataset S3).
Notably, the targeted inclusion list strategy identified 54
peptides not found in the unbiased discovery experiments. In
addition, we previously identified in normal plasma (12) a
single caspase-cleaved protein fragment. This was derived from
gelsolin, an actin-binding protein located at high abundance
both intracellularly and in the blood (27). We also included
this fragment for further study, because it was identified in all
postchemotherapy samples.

Combining the results from the targeted and discovery
experiments, we have identified 153 proteolytic peptides that
represent an initial library of proteolytic biomarkers of cell death
for further evaluation (Table S3). Forty-seven of these peptides
(30.7%) demonstrated a D-at-P1 motif, suggestive of caspase
cleavage. This percentage is very similar to the proportion of D-
at-P1 peptides found in typical studies of apoptotic whole-cell
lysate (18). In addition, based on protein expression data in the
PaxDb (28), 142 (92.8%) of these peptides are derived from
proteins that are typically present intracellularly rather than in
the blood. Our methods could sensitively detect in the cell-free
plasma many proteins typically present at <10 ppm intracel-
lularly (Table S1). These cumulative results further support the
notion that our methods are detecting the release of intracellular
contents postchemotherapy.

A Quantitative Proteomic Assay Demonstrates Increases in Proteolytic
Fragment Abundance Post- vs. Prechemotherapy. If these markers of
proteolysis are to be useful in a diagnostic context, they must
distinguish relative increases in proteolytic fragments after che-
motherapy compared with before. We therefore used targeted
SRM methods on a triple-quadrupole instrument to quantitati-
vely measure these fragments. SRM allows for highly sensitive,
label-free quantification of peptides by monitoring the intensity
and LC coelution of targeted parent ion—fragment ion pairs
(“transitions”; see Fig. 34 for sample data) (19). To develop
accurate SRM assays, we first sequenced by LC-MS/MS crude
spot-synthesized peptides for 121 of the 153 targets in our li-
brary. The remaining peptides either could not be synthesized
by this method or were not detected by LC-MS/MS. One hun-
dred and seventeen (96.6%) of these synthetic peptides dem-
onstrated similar MS/MS spectra and LC retention times to
those identified in plasma, suggesting a high rate of true positive
identification in plasma experiments. Importantly, as others have
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Fig. 3. Quantitative increases in proteolytic fragments after chemotherapy
using a targeted SRM assay. (A) Sample raw data from 140 peptide SRM
assay for patient AML_1. For each target peptide, four parent ion-fragment
ion pairs (or transitions) are monitored for coelution to confirm identifica-
tion. Each trace represents the intensity of a single transition. Total peptide
intensity is the sum of the area under the curve for all transitions. Three
peptides (Upper), from typical intracellular proteins, are greatly increased in
the plasma postchemotherapy. Of three peptides from typical plasma pro-
teins (Lower), only the caspase-cleaved fragment of gelsolin is greatly in-
creased postchemotherapy. (B) Log, fold changes in peptide abundance
post- vs. prechemotherapy in patient AML_1. In contrast to plasma proteins,
peptides derived from typical intracellular proteins show large changes in
the blood postchemotherapy, some increased over 50-fold. Peptides in-
cluded in each category are listed in Dataset S4.

previously shown (29), these synthetic peptides allowed us to
develop higher-quality SRM assays: For each well-characterized
peptide, we can obtain the most intense fragment ions and LC
retention time directly on the triple-quadrupole instrument. For
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the remaining peptides, we developed SRM assays by selecting
coeluting peptide transitions in either plasma or cell-culture
samples, similar to that done previously (24, 30). Overall, SRM
assays were successfully developed for 140 of the 153 peptides
of interest.

We next applied this completed SRM method to hematologic
malignancy patient samples. As an initial case, we studied the
only high-yield postchemotherapy patient sample that also
had a paired pretreatment sample (AML_1 in Fig. 24). We
applied N-terminal enrichment to 500 pL of plasma at each
time point and analyzed the unfractionated peptides by SRM
in duplicate with intensity normalization by spike-in protein
standards (Materials and Methods). In the postchemotherapy
sample, we detected 100 of the 140 peptides (71.4%) with intensity
signal above baseline noise. More importantly, by total peak area
intensity, 90 of these peptides were increased in abundance post- vs.
prechemotherapy, with 77 showing at least a twofold increase
(Dataset S4). Fragments from typically intracellular proteins
highly increased postchemotherapy included the N termini of
Smac and HtrA2 as well as caspase-cleaved fragments of vimentin
(Fig. 34). In contrast, of the 10 detected peptides derived from
proteins typically found at high abundance in normal plasma
(from PaxDb analysis), 9 showed little change in abundance
(Fig. 34, MARCO and Collectin-11, and Fig. 3B, Upper). The
only exception was the caspase-cleaved fragment of gelsolin,
which showed an 8.7-fold increase after treatment. In contrast
to these results from typical plasma proteins, peptides arising
from intracellular proteins showed a wide range of abundance
increases postchemotherapy, some over 50-fold (Fig. 3B, Lower).
These results firmly demonstrate that the appearance of pro-
teolytic fragments in the plasma is indicative of postchemotherapy
apoptosis.

We collected pre- and postchemotherapy plasma samples
from another 16 hematologic malignancy patients for additional
quantitative validation. Postchemotherapy samples were col-
lected between 12 and 96 h after initiation of treatment. Patients
ranged in diagnosis, severity of disease, treatment regimen, and
degree of response (clinical details are in Table S4). We applied
our SRM method to these patient samples and examined changes
pre- and postchemotherapy. In Fig. 44, we display 16 peptides
increased postchemotherapy across multiple patients, with ex-
amples of approximately twofold increases from two patients in
Fig. 4B. Overall, these peptides represent the most promising tar-
gets for further exploration in clinical development as biomarkers
of chemotherapeutic efficacy.

We sought to confirm our quantitative proteomic results by
an independent method. Although specific antibodies are not
available for the endoproteolytic fragments we found to be in-
creased postchemotherapy, we were able to use a sandwich
ELISA toward the protein Smac. In this protein, we moni-
tored the N terminus of the intact, mature protein without any
further endoproteolysis. Whereas for most patients the levels
of Smac fell below the ELISA limit of quantification, for the pa-
tient AML_1 we positively identified Smac in both the pre- and

B Fig. 4. Quantitative increases in proteolytic peptides
across a larger patient cohort. (A) Heat map dis-
playing a subset of peptides with post- vs. pre-
chemotherapy increases across 17 patients (log, fold
change in SRM peak area intensity; samples were
measured in duplicate; heat map value represents
mean fold change). Intriguingly, there is marked
patient-to-patient variability, with some showing
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postchemotherapy samples. Notably, the measured abundance
increase, from 10 ng/mL pre- to 86 ng/mL posttreatment (Fig. 54),
is directly in-line with the 8.5-fold increase measured by SRM.

Discussion

Here we have demonstrated that specific enzymatic labeling of
protein N termini, integrated with a combination of unbiased
and targeted MS approaches, reveals that many more proteolytic
fragments are released from dying cells than were previously
known. Our experimental approach allowed us to identify these
fragments, which could not be detected by typical plasma pro-
teomic methods. We further used quantitative MS approaches to
show that many of these proteolytic N termini are increased
within days of chemotherapy initiation across multiple blood
cancer patients. These results may ultimately lead toward a strat-
egy for validating novel, rapid, and inexpensive protein-based
biomarkers of chemotherapeutic efficacy.
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Fig. 5. Confirmation and further analysis of monitoring proteolysis post-
chemotherapy. (A) An ELISA for full-length Smac protein confirms an ~8.5-
fold increase postchemotherapy, as found by SRM assay, for patient AML_1.
The additional 12 patients tested did not have blood concentrations either
pre- or posttreatment above the limit of quantification (LOQ) in this assay
(1 ng/mL), and so changes could not be determined. (B) Although there is
a statistically significant positive correlation (Pearson R = 0.86, P < 0.0001),
there is a large variability between the decrease in circulating malignant
cells postchemotherapy at time of collection and the number of proteolytic
peptides increased by SRM. Note the split axes to display the results of pa-
tient AML_1. (C) The majority of proteolytic fragments released into the
blood, based on the single cleavage site identified extended to the protein C
terminus, have molecular weights below that of serum albumin. Therefore,
they may be rapidly filtered into the urine, leaving a short time window for
detection between induction of apoptosis and clearance. Proteolytic frag-
ments are ranked by predicted molecular weight.
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Through targeted quantitative proteomics, we found that a
greater rate of malignant cell decrease in the peripheral blood
postchemotherapy correlates with a greater number of increased
proteolytic fragments (Fig. 5B). This finding, along with the
overlap in results between cultured tumor cells and patient sam-
ples, suggests that the proteolytic fragments we identified cor-
respond to death of tumor cells. However, we cannot rule out
the possibility that many of these peptides result from
the death of normal somatic cells, particularly hematopoietic
cells in the bone marrow, which are sensitive to many forms of
chemotherapy.

One of the surprising findings in our study is the high degree
of patient-to-patient variability in proteolytic peptides identified
postchemotherapy. In our high-yield samples, we identified 5- to
10-fold more peptides postchemotherapy from the patients
AML _1 and NHL_1 (Table S1) compared with the other three
patients, even though the other three (ALL_1, PCL_1, and
AML _2) also demonstrated large, rapid decreases in circulating
malignant cell count (Fig. 24). Large variability was also ob-
served in our quantitative SRM assay (Fig. 44).

There are many potential reasons for this observation. It is
possible that decreases in circulating malignant cells do not al-
ways reflect apoptosis occurring directly in the blood. Instead, it
could be a reflection of tumor cells partitioning away from the
blood and toward the bone marrow or lymph nodes but without
death. Alternatively, the mechanism by which intracellular con-
tents are released is still unknown. Release may only occur when
normal phagocytic functions of macrophages, which typically
sequester cellular fragments generated during apoptosis, become
overwhelmed. Therefore, there may be patient-to-patient varia-
tion in the threshold where intracellular content release occurs.
Furthermore, these patients had different diagnoses, different
disease burdens, and were treated with different drugs. There
may be disease- or drug-specific tumor effects that govern the
release of these contents.

Another important issue that likely governs proteolytic frag-
ment detection is renal clearance. It is well-known that proteins
with molecular weight below that of serum albumin (69.4 kDa)
are rapidly filtered through the renal glomeruli (31). For the
153 proteolytic fragments studied here, extending from the iden-
tified cleavage site to the protein C terminus, the large major-
ity are predicted to be below this size cutoff (Fig. 5C). Therefore,
there may only be a short time window between the induction
of apoptosis in a tumor and the renal excretion of these
proteolytic fragments.

We are encouraged that we were able to detect many putative
caspase-derived peptides postchemotherapy when to date the
only validated product is the caspase-cleaved peptide from
cytokeratin 18 (9). The abundance and biological function of
these caspase substrates appear similar to those found in-
tracellularly during apoptosis (18). We also identified nu-
merous biologically relevant noncaspase N-terminal peptides
directly in the blood after treatment. These findings highlight
the ability of our N-terminal enrichment technology to identi-
fy proteolytic fragments not previously found by traditional
plasma proteomics.

To demonstrate the feasibility of our methods, we initially
studied hematologic cancers, where cell death occurs directly in
communication with the blood compartment. In these patients
specifically selected for this proof-of-principle study, we reveal
that numerous proteolytic peptides are released from dying cells.
Many of these proteolytic fragments may have diagnostic utility,
but measuring their clinical performance characteristics will re-
quire further study in larger-scale human studies. It is also pos-
sible that many more such fragments exist but have not been
identified in this limited patient cohort. Further improvements in
mass spectrometer sensitivity may also allow us to identify spe-
cific proteolytically cleaved fragments in the blood of patients
treated for solid tumors. Important end points, which we could
not evaluate rigorously in our heterogeneous sample, include
whether increases in proteolytic fragments correlate with other

Wiita et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405987111/-/DCSupplemental/pnas.201405987SI.pdf?targetid=nameddest=ST1
www.pnas.org/cgi/doi/10.1073/pnas.1405987111

measures of therapeutic efficacy (bone marrow biopsy, positron
emission tomography/computed tomography scans, etc.) as well
as patient overall survival. These studies will also reveal whether
the markers we identify are truly the result of tumor cell death
versus normal somatic tissues, and whether the variability we see
is due to differences in tumor type, burden, or somatic toxicity,
which are all important clinical parameters to monitor. Such
larger-scale trials will require the development of medium- to
high-throughput assays using antibodies specific for the pro-
teolytic fragment of interest, as the current N-terminomic
method is not suited to evaluation of hundreds of samples from
dozens of patients. Of note, our SRM results (Fig. 44) and Smac
ELISA experiments indicate that antibody-based assays may
have to be highly sensitive and specific to detect potentially small
(<1 ng/mL) changes in protein levels posttreatment.

Overall, our results demonstrate the promise of monitoring
proteolysis as a strategy to rapidly determine the cell-death re-
sponse after chemotherapy. Our findings greatly expand the
potential repertoire of circulating markers of apoptosis beyond
the few already known. If demonstrated to correlate with treat-
ment efficacy, these markers could be of great use in early-stage
studies of new anticancer compounds or other therapeutics that
lead to apoptotic cell death. Alternatively, proteolytic fragments
found to be specific for death of normal bone marrow or gas-
trointestinal tissues could serve as new markers of toxicity for an
array of drug treatments. By applying similar methods to other
tumor types and in larger patient cohorts, it may be possible to
identify an entirely new class of general, cancer-type, or drug-
specific biomarkers of therapeutic efficacy. Such diagnostic tests
would represent an important advance toward the goal of per-
sonalized therapeutic regimens.

Materials and Methods

Patient Samples and N-Terminal Labeling. All patient samples were obtained
through human subjects and informed consent protocols approved by the Uni-
versity of California, San Francisco Committee on Human Research. Whole blood
was centrifuged after collection at 5,000 x g for 5 min and plasma (citrate or
EDTA anticoagulant) was stored at —80 °C until processing for experiments. For
discovery MS, 1.5 mL of plasma was used; 0.25 or 0.5 mL was used for SRM
experiments. N-terminal labeling was performed similar to that previously
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described (12). Isolated N-terminal peptides for discovery were fractionated us-
ing reverse-phase high-pH chromatography before MS analysis (24).

Cell-Culture Studies. The MM1.S and SU-DHL-8 lines were obtained from the
American Type Culture Collection; MOLM-13 was from the Deutsche Sammlung
von Mikroorganismen und Zellkulturen (DSMZ). Cell lines were grown in RPMI-
1640 media without FBS for 24 h before drug treatment at the indicated doses
(details are available in S/ Materials and Methods). After treatment, cells and
debris were separated from media by low-speed (800 x g, 5 min) followed by
high-speed (24,000 x g, 1 h) centrifugation. Total protein in the media was
precipitated with trichloroacetic acid, resuspended in 8 M guanidine-HCl, and
then subjected to N-terminal labeling as described (30).

Mass Spectrometry. Unbiased discovery experiments and targeted discovery
were analyzed on an AB SCIEX QSTAR Elite QqTOF instrument and a Thermo
Scientific LTQ Orbitrap Velos instrument, respectively, with in-line reverse-
phase low-pH chromatography (see S/ Materials and Methods for details of
MS parameters). Crude synthetic peptides matching proteolytic N-terminal
peptides found in the discovery experiments were purchased from JPT
Peptide Technologies. SRM methods were developed as described previously
(30) and applied to unfractionated samples on an AB SCIEX QTRAP 5500
triple-quadrupole instrument. Data were analyzed with Skyline (32), and
intensity normalization between pre- and postchemotherapy samples was
performed using spike-in protein standards.

Smac ELISA. ELISA testing was typically performed at 1:2 plasma dilution in
assay buffer using the manufacturer’s protocol (RayBiotech).
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