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The PI3-kinase/AKT/mTOR pathway plays a central role in cancer signaling. While p110α is the catalytic

α-subunit of PI3-kinase and a major drug target, PTEN is the main negative regulator of the PI3-kinase/

AKT/mTOR pathway. PTEN is often down-regulated in cancer, and there are conflicting data on PTEN’s

role as breast cancer biomarker. PTEN and p110α protein expression in tumors is commonly analyzed by

immunohistochemistry, which suffers from poor multiplexing capacity, poor standardization, and antibody

crossreactivity, and which provides only semi-quantitative data. Here, we present an automated, and stan-

dardized immuno-matrix-assisted laser desorption/ionization mass spectrometry (iMALDI) assay that

allows precise and multiplexed quantitation of PTEN and p110α concentrations, without the limitations of

immunohistochemistry. Our iMALDI assay only requires a low-cost benchtop MALDI-TOF mass spectro-

meter, which simplifies clinical translation. We validated our assay’s precision and accuracy, with simul-

taneous enrichment of both target proteins not significantly affecting the precision and accuracy of the

quantitation when compared to the PTEN- and p110α-singleplex iMALDI assays (<15% difference). The

multiplexed assay’s linear range is from 0.6–20 fmol with accuracies of 90–112% for both target proteins,

and the assay is free of matrix-related interferences. The inter-day reproducibility over 5-days was high,

with an overall CV of 9%. PTEN and p110α protein concentrations can be quantified down to 1.4 fmol and

0.6 fmol per 10 µg of total tumor protein, respectively, in various tumor tissue samples, including fresh-

frozen breast tumors and colorectal cancer liver metastases, and patient-derived xenograft (PDX) tumors.

1. Introduction

Targeted therapies that selectively inhibit key proteins in onco-
genic signaling networks have emerged as new and promising
method to treat cancer patients.1 It has been shown for
different combinations of drugs and cancers, that this type of

targeted treatment is more effective in tumors that have
specific molecular signatures, and that the availability of
specific biomarkers can greatly enhance patients’ overall
survival.2,3 Cancer biomarkers that are currently being used in
the clinic for patient stratification include specific genomic
markers, such as BRAF mutations in melanoma or KRAS muta-
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tional status in colorectal cancer, as well as protein markers
whose expression levels are typically assessed by immunohisto-
chemistry, such as PD-L1 in lung cancer.4–6 For certain cancers
and drugs, however, it has become evident that the current
practice of patient stratification can still lead to unexpectedly
low response rates. One reason for these low response-rates is
that changes on the genome and transcriptome level do not
necessarily correlate with the proteome and vice versa.7,8 Thus,
genomic biomarkers do not readily reflect the activity and/or
expression of a drug’s target protein or pathway.9–12 Moreover,
the expression of protein biomarkers is typically assessed by
immunohistochemistry (IHC),13–15 which is poorly standar-
dized, strongly depends on antibody-specificity, suffers from
interference from post-translational modifications, and pro-
vides only subjective and semi-quantitative data (e.g. “ampli-
fied” vs. “normal”).14,16,17 There is therefore an urgent need
for improved and standardized methods that enable the
precise measurement of protein biomarkers as surrogates of
oncogenic pathway activity which can either complement
genomic biomarkers or assist in IHC-based patient
stratification.

The PI3K/AKT/mTOR pathway controls cell proliferation,
survival, and apoptosis, and is one of the most frequently
altered pathways in cancer, including breast and colorectal
cancer. The PI3K/AKT/mTOR pathway is, therefore, a major
drug target. Up to 40 different inhibitors are currently being
investigated in pre-clinical and clinical trials, and several
inhibitors have already received FDA approval.18–22 Some of
these, however, show unexpectedly low response rates.2,20,23

The PI3K catalytic subunit p110α and the phosphatase
and tensin homolog (PTEN), which is the main negative reg-
ulator of the PI3K/AKT/mTOR pathway, are frequently
mutated and dysregulated in many cancers, and are con-
sidered as strong indicators of PI3K pathway activity.7,24–30

The precise and standardized quantitation of these proteins
in individual tumors should, therefore, help to improve
patient stratification for treatments that target the PI3K/AKT/
mTOR pathway, and thus help to overcome the problem of
low response rates.

Targeted mass spectrometry (MS) using stable isotope
labeled standard (SIS) peptides is a robust technology that
enables the precise and standardized measurement of protein
concentrations without facing the limitations of IHC. The
measurement of actual protein concentrations in tumors using
a standardized platform enables the comparison of results
that were obtained in different laboratories and at different
times, thus allowing the generation of reference ranges and
facilitating the correlation of biomarker concentrations with
clinical outcomes, which is virtually impossible for IHC.
Targeted MS is usually performed using liquid chromato-
graphy coupled with multiple or parallel reaction monitoring
(LC-MRM or LC-PRM) to achieve high sensitivity, reproducibil-
ity, and selectivity. LC-based approaches, however, suffer from
comparatively long analysis times (commonly 15–60 minutes
per sample) and require relatively expensive and sophisticated
instrumentation.

In contrast, protein quantitation using immuno-matrix-
assisted laser-desorption ionization (iMALDI) time-of flight
(TOF) mass spectrometry is a powerful alternative methodology
that combines antibody-based peptide enrichment with quan-
titation by MALDI-TOF MS to achieve high selectivity, sensi-
tivity, and precision. Moreover, MALDI requires only a few
seconds of analysis-time on bench-top MALDI-TOF instru-
ments such as the Bruker Microflex, which is an FDA-approved
instrument that is already present in many clinical laboratories
for microbial identification. In iMALDI, endogenous proteins
are first enzymatically digested to release the endogenous pro-
teotypic peptide (END) that is specifically targeted by the anti-
peptide antibody. Then, a defined amount of the SIS analogue
of this peptide is spiked into the sample, and both the END
and SIS peptides are simultaneously enriched using the anti-
peptide antibody coupled to magnetic beads, followed by
direct analysis using MALDI-TOF MS. We have previously
demonstrated that quantifying cancer signaling pathway pro-
teins by iMALDI requires as little as 10 µg of total protein per
measurement, which is in-line with the severely limited
amounts of tissue that can be obtained for many clinical
samples.31

Here, we demonstrate for the first time that iMALDI assays
can be multiplexed using both simultaneous and sequential
enrichment of target peptides. Multiplexing does not only
increase the throughput of iMALDI assays, but it also allows
the quantitation of several members of the PI3K pathway
without the need to consume more sample material.

2. Materials and methods

All major iMALDI liquid handling steps were conducted using
a BRAVO liquid handling system (Agilent Technologies), as
described previously.32

iMALDI method validation (linearity, accuracy, precision,
interference) is described in the ESI.†

2.1 Reagents

Reagents were purchased from Sigma Aldrich (St Louis,
MO) unless specified otherwise. LC-MS grade water and
LC-MS grade acetonitrile were purchased from Thermo
Fisher (Waltham, MA). NAT, SIS (R + 10 Da), and double-SIS
(dSIS) (R + 10 Da, L + 7 Da) standards of the PTEN
peptide 148AQEALDFYGEVR159 and the p110α peptide
503EAGFSYSHAGLSNR516 were synthesized by the University of
Victoria Genome BC Proteomics Centre (PTEN NAT, SIS) and
by SynPeptide, Shanghai/China (PTEN dSIS, p110α NAT, SIS,
dSIS), respectively. Peptide purities and concentrations were
determined by capillary zone electrophoresis and amino acid
analysis, respectively.33,34

Anti-AQEALDFYGEVR (PTEN) and anti-EAGFSYSHAGLSNR
(p110α) rabbit polyclonal antibodies were obtained from
Signatope (Reutlingen, Germany). Protein G Dynabeads were
obtained from Invitrogen (Carlsbad, CA, USA). Trypsin (TLCK
treated) was purchased from Worthington (Lakewood, NJ,
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USA). A Bravo 96 LT liquid handling robot (Agilent
Technologies), equipped with a tip wash station and a plate
shaker, was used for assay automation. Samples were analysed
using a Microflex LRT MALDI-TOF MS (Bruker Daltonics,
Bremen, Germany). µFocus MALDI target plates were pur-
chased from Hudson Surface Technologies (Suwon, S. Korea).

2.2 iMALDI workflow

2.2.1 Preparation of antibody-coupled beads. Protein G
Dynabeads were washed 7× 25 : 75 acetonitrile : (PBS +
0.015% (w : w) CHAPS (PBSC)) and 3× PBSC buffer, using
1 : 10 bead-slurry : buffer (v : v). After the final wash, the
beads were reconstituted in PBSC, followed by addition of
0.2 µg anti-peptide antibodies per 30 µg beads and incu-
bation for 1 h at room temperature while rotating.
Immediately prior to use, the antibody-coupled beads were
washed with 3× PBSC and reconstituted in PBSC to a concen-
tration of 0.01 µg antibody per µL.

2.2.2 Peptide enrichment. Ten µg of total lysate protein in
100 µL were used for each experiment. The sample was
digested for 1 h at 37 °C using 1 : 2 (w : w) protein : trypsin, fol-
lowed by quenching using Nα-Tosyl-L-lysine chloromethyl
ketone hydrochloride (TLCK). The target peptides were
enriched using 0.2 µg antibody coupled to 30 µg Protein G
Dynabeads per replicate and 1 h incubation at room tempera-
ture. Then, the antigen–antibody–bead complexes were
washed 1× with PBS + 0.015% CHAPS (PBSC) and 3× with
5 mM ammonium bicarbonate. The beads were then spotted
onto a MALDI target plate. After the spots were dry, HCCA
matrix (3 mg mL−1 α-cyano-4-hydroxycinnamic acid, 7 mM
ammonium citrate (dibasic) in 70% acetonitrile (ACN), 0.1%
trifluoroacetic acid (Thermo Fisher)) was spotted on top. After
drying, the spots were washed 3× with 7 mM ammonium
citrate and analyzed using a Bruker Microflex LRT in both
linear positive (LP) and reflectron positive (RP) ion mode.
Liquid handling steps were automated using an Agilent Bravo
96 LT.

2.3 Preparation of cell and tissue samples

E. coli BL21 DE3 cells were grown overnight in lysogeny broth
(10 g L−1 Tryptone, 10 g L−1 NaCl, 5 g L−1 yeast extract) at
37 °C. Cells were pelleted and resuspended in PBS (pH 7.4).
Protein extraction was performed using T-PER buffer (Thermo
Fisher).

MDA-MB 231 cell lysates were prepared as previously
described.31 Briefly, cells were grown overnight at 37 °C and
5% CO2, followed by overnight starvation in 0.25% fetal bovine
serum and harvesting at 80% confluency.

Cells were pelleted, and protein extraction was performed
using T-PER buffer (4 °C, Thermo Fisher) containing 1× halt
protease and 1× halt phosphatase inhibitor (Thermo Fisher),
supported by sonication. Protein concentration was deter-
mined using a BCA assay (Thermo Fisher).

E. coli, MDA-MB 231, and tissue lysates were diluted to a
concentration of 0.1 µg protein per µL using cold TRIS sup-

plemented with 0.015% CHAPS (TRIS + C). Each sample was
divided into 100 µL aliquots (with 10 µg total protein, each).

All patients provided informed consent, breast cancer
tissues were collected as part of the Jewish General Hospital
(JGH) breast biobank (protocol 05–06), and gastric tumor and
colorectal cancer liver metastasis samples were collected as
part of the JGH central biobank (protocol #10-153). Protocols
were reviewed and approved by the local JGH REB committee.
PDXs from the gastric cancer tumor were generated as pre-
viously reported,35 all experiments were performed in accord-
ance with the protocol approved by the Lady Davis Institute/
McGill University animal care committee.

2.4 Evaluation of iMALDI multiplexing strategies

Sequential enrichment was performed by coupling Protein G
Dynabeads to either anti-AQEALDFYGEVR (PTEN) or anti-
EAGFSYSHAGLSNR (p110α) antibodies, and then using these
antibody–bead complexes to separately enrich the target pep-
tides from different sample aliquots. For each sample, 30 µg of
coupled beads were used, and the samples were incubated
while shaking at 1000 rpm for 1 h at room temperature. Beads
were washed as described above. Before the first wash step, the
supernatant was transferred to a fresh 1.1 mL U-bottom deep
well plate, and 30 µg of beads coupled to the second antibody
were added (i.e. if anti-PTEN antibodies were used in the first
enrichment, anti-p110α antibodies were added during the
second enrichment), for the second immuno-enrichment. The
antigen–antibody–bead complexes were washed and spotted
on a MALDI plate.

For simultaneous enrichment (PTEN/p110α), anti-PTEN
and anti-p110α coupled beads were mixed in a 1 : 1 ratio prior
to enrichment. Thirty µg of the bead mixture (containing
15 µg anti-PTEN and anti-p110α antibody coupled beads each)
were added to each sample. After a 1 h incubation at room
temperature while shaking at 1000 rpm, the antigen–antibody–
bead complexes (containing both target peptides) were washed
and spotted on a MALDI plate as described above.

3. Results and discussion
3.1 Multiplexed analysis of PTEN and p110α using iMALDI is
feasible

Previously, we have systematically optimized and evaluated
the workflow for iMALDI assays, including antibody-
coupling to different bead types, optimization of the tryptic
digestion, and comparing different calibration and quanti-
tation strategies.32

The multiplexing of iMALDI assays allows the precise
quantification of different protein targets in a single sample
without the need for additional sample material. This is par-
ticularly relevant for clinical samples, including needle biopsy
samples or formalin-fixed paraffin-embedded (FFPE) tissue
cores and slides, where the available sample amounts are
often severely limited, while the demand for measuring bio-
marker panels for patient stratification is high.
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We, therefore, evaluated two different strategies of multi-
plexing iMALDI assays and compared these to the classical sin-
gleplex enrichment with regard to efficacy and robustness: sim-
ultaneous enrichment and sequential enrichment of both target
peptides (Fig. 1A). While simultaneous enrichment is a faster
and more straightforward workflow, sequential enrichment is
preferred in cases where either the antibodies used interfere
with each other or the different END and SIS peptides have
very similar molecular masses and may result in overlapping
peaks in MALDI-TOF MS.

The two multiplexing methods were compared using
E. coli digest (10 µg total protein per replicate) that was spiked
with either 1 fmol or 10 fmol NAT, and 2.5 fmol SIS peptides
for PTEN and p110α (n = 4 for each tested NAT concentration
and multiplexing strategy). For both PTEN and p110α, the
NAT/SIS ratios showed good agreement between the multi-
plexed and singleplex assays, with mean NAT/SISmultiplex and
NAT/SISsingleplex ratios of 0.99 (1 fmol NAT) and 0.95 (10 fmol
NAT) for PTEN, as well as 0.92 (1 fmol NAT) and 1.00 (10
fmol NAT) for p110α. High precision was also achieved using
the multiplexed assays (CVMean_PTEN = 4%, CVMean_p110α =
5%), which was comparable to the singleplexed assays
(CVMean_PTEN = 10%, CVMean_p110α = 8%) (Fig. 1D and E; ESI
Table S1†).

Peptide recoveries of the 1 fmol NAT spike-in, as deter-
mined from the peak-intensity ratios of enriched NAT and
AKT2 dSIS peptides, were 25–30% lower using simultaneous
enrichment compared to sequential enrichment (with the
target peptide being enriched first), though this difference was
not significant (p > 0.01) (ESI Fig. S1;† ESI Table S2†). Using
sequential enrichment, the order of enrichment did not lead
to significant differences, for either PTEN (Fig. 1B) or p110α
(Fig. 1C).

These results indicate that multiplexed PTEN/p110α
iMALDI is feasible without compromising assay accuracy or
precision. All of the subsequent steps in the validation and
application of the multiplexed PTEN/p110α iMALDI assay were
performed using simultaneous enrichment because of its
more straightforward and simple workflow, compared to
sequential enrichment.

3.2 Validation of our multiplexed PTEN and p110α iMALDI
assay

After confirming that reduction and alkylation of Cys residues,
a central part of our AKT1 and AKT2 iMALDI assays, could be
omitted for PTEN and p110α (ESI Fig. S2,† ESI Table S3†), we
validated our simultaneous multiplexed PTEN/p110α iMALDI

Fig. 1 Multiplexed PTEN/p110α iMALDI assay. (A) E. coli digest was spiked with either 1 fmol or 10 fmol PTEN and p110α NAT peptides and 2.5 fmol
of the corresponding SIS peptides, followed by PTEN and p110α enrichment, either sequentially or simultaneously. Both multiplexing strategies were
compared to the PTEN and p110α singleplex iMALDI assays. AKT2 dSIS peptide (THF+10PQFSYSASIR+10E) was spiked into the MALDI matrix (1 fmol
per spot) as an external standard (n = 4 per condition). (B + C) Representative MALDI TOF MS spectra of 10 fmol PTEN NAT and p110α NAT after
sequential enrichment as either first (T1) or second target (T2) (D + E) Comparison of PTEN and p110α peptide enrichment performed as singleplex
(T̲1), sequential enrichment with PTEN/p110α enriched either as first (T ̲1 before T2) or second (T1 before T2̲) target, or simultaneous enrichment of
both peptides (T1̲ + T ̲2). NAT/SIS ratios were calculated for both the (D) 1 fmol and (E) 10 fmol NAT spike-in samples, showing no significant differ-
ences in accuracy and precision between all strategies.
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assay’s precision and accuracy (referring to the surrogate
peptide).31,36

To assess linearity of our assay, we prepared a calibration
curve using MDA-MB-231 digest (10 µg total protein per repli-
cate), which was spiked with constant amounts of PTEN and
p110α SIS (2.5 fmol per replicate) and varying amounts of
PTEN dSIS and p110α dSIS (PTEN + p110α dSIS) (ranging from
0–50 fmol per replicate). The samples were analysed in both
linear positive (LP) and reflectron positive (RP) ion modes
(Fig. 2A and B; ESI Fig. S3A, S3B; ESI Tables S4 and S5†).
Because of the heteroscedasticity of the calibration data,
weighted linear regression (WLS) is preferred over ordinary
least squares regression (OLS) in mass-spectrometry based
assays.37

In the LP mode, the linear range of the assay was from 0.6
to 20 fmol on-spot, with R2 values of 0.99 and CVs consistently
below 15% for both PTEN and p110α (Fig. 2A and B). The
lower-limit of quantitation (LLOQ) was 0.7 fmol of peptide on-
spot for both targets, as previously determined, with CVs of
<20%, thus meeting the FDA requirements for bioanalytical
method validation (ESI Fig. S4A†).32,36 The sensitivity of our
iMALDI assay is comparable to immuno-enrichment based
LC-MS assays. For example, our recently developed immuno-
MRM assay for PTEN quantitation in cancer cells achieved
LLOQs of 1 fmol on-column.38 In the RP mode, the linear
range of the assay was from 1.25 to 50 fmol on-spot with R2

values of 0.98 (PTEN) and 0.99 (p110α), and CVs of <20% (for
>0.6 fmol peptide on-spot) (ESI Fig. S3B and S4B†). Based on
our previous experience, we did not expect any target protein
concentrations above 20 fmol per 10 µg total lysate protein, so
we used the linear range of the assay in LP mode as the
working range for our assay.38 This is also advantageous for
further adoption of this technology by clinical laboratories,
since not all MALDI-MS instruments used in clinics have a
reflectron mode.

To evaluate the accuracy of our multiplexed PTEN/p110α
iMALDI assay, we used 10 µg of a MDA-MB-231 cell lysate that
had been spiked with (i) 2, 10, or 18 fmol of PTEN dSIS plus

p110α dSIS, corresponding to 10%, 50%, and 90% of the
linear range in LP (designated as low, medium, and high
levels, respectively), and (ii) 2.5 fmol of PTEN SIS and p110α
SIS. PTEN and p110α dSIS amounts were determined based on
dSIS/SIS ratios and were compared to the theoretical spike-in
amounts (Fig. 2C; ESI Fig. S3C;† ESI Tables S6 and S7†).
Calibration curves were prepared in BSA digest as the surrogate
matrix. In the LP mode, high accuracies were achieved for both
PTEN (102%, 100%, and 90% for low, medium, and high
levels, respectively) and p110α (112%, 105%, 97% for low,
medium, and high levels, respectively), all of which were well
within the FDA’s cut-off of ±20% for immunoassays, with CVs
of 2 to 6%.36 Comparably high accuracies were achieved in the
RP mode for both target peptides (PTEN: 99%, 109%, and
112%; and p110α: 105%, 107%, and 108%, for low, medium,
and high levels, respectively), with CVs ranging from 2 to 7%.

These results demonstrate that our multiplexed PTEN/
p110α iMALDI assay provides high accuracy and precision
across its entire working range.

To test for dilutional linearity from the matrix, recombinant
PTEN and p110α/p85α protein were spiked into MDA-MB-231
cell lysate to give a final concentration of 1.5 fmol recombinant
protein per µg of total lysate protein. The sample was diluted
2-, 4-, and 8-fold with PBS + 0.015% CHAPS buffer (PBSC), fol-
lowed by tryptic digestion and mutliplexed iMALDI analysis.
To evaluate the potential impact of trypsin, we kept the total
amount of trypsin constant, thus successively decreasing the
protein : trypsin ratio (w : w) from 1 : 2 to 1 : 16, and performed
a linear regression analysis on the serially diluted samples
(Fig. 2D; ESI Fig. S3D;† ESI Tables S8 and S9†), as interfering
peaks from trypsin would lead to non-linear signal responses.
For both PTEN and p110α, high linear coefficients of determi-
nation were found across the dilution series (R2 of 0.996 and
0.995 for PTEN and p110α, respectively). A comparison of
MALDI-TOF spectra of non-diluted and 8-fold diluted samples
showed a highly similar non-specific background, confirming
that there is minimal interference from both the matrix and
trypsin (ESI Fig. S6†).

Fig. 2 Method validation of the multiplexed PTEN + p110α iMALDI assay. All data shown was recorded in the linear positive ion mode. 10 µg of
MDA-MB-231 digest were spiked with varying amounts of PTEN + p110α dSIS peptides and 2.5 fmol PTEN and p110α SIS as normalizer. (A)
Calibration curve (n = 3): The linear range is from 0.6–20 fmol and (B) all means within that range were within a ±15% error margin of the regression.
(C) To determine accuracy, PTEN + p110α dSIS amounts were determined based on dSIS/SIS ratios and compared to the theoretical spike-ins. (n =
4). (D) For interference testing, 10 µg MDA-MB-231 lysate (total protein) was spiked with 15 fmol of recombinant PTEN and p110α/p85α, respectively,
and diluted 2-, 4-, and 8-fold prior to tryptic digestion.
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These results demonstrate that our multiplexed PTEN/
p110α iMALDI assay is free from interferences caused by
trypsin and confirm that it is robust even when different
protein : trypsin ratios are used. Importantly, our data also
demonstrate dilutional linearity: samples can still be reliably
analysed even after an 8-fold dilution, with CVs ranging from 2
to 7%. Thus, even though the linear range of the assay is com-
paratively narrow (0.6–20 fmol), it is still applicable to samples
with higher PTEN and/or p110α concentrations or higher
amounts of starting material.

To test the intra- and inter-day precision of our multiplexed
PTEN/p110α iMALDI assay, three pools of MDA-MB-231 cell
lysate were prepared. The pools were then spiked with 2, 10, or
18 fmol of PTEN + p110α dSIS per 10 µg of total protein,
respectively, corresponding to the low, medium, and high
levels of the assay’s linear range. Each pool (low, medium,
high) was divided into 5 aliquots of 10 µg, which were stored
at −80 °C. For five consecutive days, one fresh aliquot of each
pool was analysed using our multiplexed iMALDI assay. To
assess precision, intra- and inter-day CVs and total CVs were
calculated according to ESI eqn (1) (Fig. 3; ESI Fig. S5;† ESI
Tables S10–S13†).

For PTEN the average intra-day CVs were 3%, 5%, and 5%,
while the inter-day CVs were 6%, 10%, and 9% for low,
medium, and high levels, respectively (Fig. 3A). For p110α, the
average intra-day CVs were 4%, 6%, and 4%, while the inter-
day CVs were 4%, 10%, and 7% for low, medium, and high
levels, respectively (Fig. 3B).

These data indicate that our multiplexed PTEN/p110α
iMALDI assay is highly reproducible throughout its linear
range, with mean total CVs over all experiments and days of
9.5% for PTEN and 8.4% for p110α in the LP mode, and simi-
larly low CVs (14.7% and 12.4%) in the RP mode.

3.3 Multiplexed quantitation of PTEN and p110α in tissue
samples

Having validated our multiplexed iMALDI assay, we then evalu-
ated the performance of the assay for the quantitation of
endogenous PTEN and p110α in tumor tissue samples. The
assay was used to analyze fresh-frozen (FF) tissue samples
from a mouse patient-derived xenograft (PDX) model, which
underwent three consecutive drug trials, two of which were
reported previously.35 The samples used in this study origi-
nated from the third drug trial, where trastuzumab-resistant
gastric tumors were transplanted into 12 mice, which were
either treated with trastuzumab (Tra) at 5 mg kg−1 intraperito-
neal once a week, everolimus (Ev) at 5 mg kg−1 daily gavage,
both trastuzumab and everolimus (Tra-Ev) at the same concen-
trations and schedule, or served as untreated controls (Ctrl).
The tumors showed PIK3CA mutations (c317G > T), but no
PTEN deletions.

Trastuzumab is a monoclonal antibody that targets the
HER2 receptor, while Everolimus is an mTOR inhibitor that
can be used in locally advanced or metastasized gastrointesti-
nal cancers. The combination of Trastuzumab and Everolimus
is a potential combinatorial treatment for patients who are

HER2-positive but have aberrant PI3K/AKT/mTOR-pathway
activation, which is associated with resistance to Trastuzumab
therapy.39 The Tra-Ev group showed a partial response to the
treatment, with two animals showing stable disease and one
animal showing a partial response based on RECIST guide-
lines.40 The other groups showed progressive disease. In all
samples (except for one out of three animals in the control
group), we were able to quantify both proteins from only 10 µg
of total protein extract with high reproducibility (the median
CV across duplicates was <6%) (Fig. 4A and B; ESI Tables S14
and S15†). While PI3K expression levels were stable across the
different samples, showing no significant differences (Ctrl: 0.4
± 0.5 fmol per 10 µg; Tra: 0.8 ± 0.2 fmol per 10 µg; Ev: 0.9 ± 0.2
fmol per 10 µg; Tra-Ev: 0.9 ± 0.2 fmol per 10 µg), the PTEN
expression levels appeared to be up-regulated upon treatment
in 2 out of the 3 treatment groups (Ctrl: 2.0 ± 2.0 fmol per
10 µg; Tra: 3.6 ± 0.5 fmol per 10 µg; Ev: 4.6 ± 1.0 fmol per
10 µg; Tra-Ev: 4.2 ± 0.5 fmol per 10 µg), although these differ-
ences were not statistically significant due to the high varia-
bility in the control group. This dose-dependant upregulation

Fig. 3 Inter- and intra-day precision of the multiplexed PTEN/p110α
iMALDI assay. Three pools of MDA-MB-231 lysate were spiked with 2, 10,
or 18 fmol of PTEN + p110α dSIS, corresponding to 10%, 50%, and 90%
of the assay’s linear range (low, medium, and high levels, respectively).
One fresh aliquot from each pool was analyzed each day for five con-
secutive days in triplicate. Data was recorded in the linear positive ion
mode. (A + C) The deviation from the 5-day mean for low, medium, and
high samples is given for (A) PTEN and (C) p110α. (B + D) Intra-day CVs
and 5-day inter-day CVs for low, medium, and high-level samples. An
outlier (amount quantified >3rd quartile5-day ‘low’ results + 3× Interquartile
Range5-day ‘low’ results) was excluded from the ‘low’ sample on Day 4.
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of PTEN expression upon treatment with Everolimus has pre-
viously been reported for A549 cells, while PI3K levels have
been reported as being reduced upon Everolimus
treatment.41,42

We further analyzed fresh-frozen tissue samples of four col-
orectal cancer liver metastases and five breast cancer tumors
using exactly the same workflow, and we again were able to
quantify both proteins in all samples with high reproducibility
(the median CV across 3 technical replicates was ≤10%), using
only 10 µg of total protein extract. While PI3K shows a surpris-
ingly stable protein expression level across the two tumor
tissues – from 0.6 to 1.2 fmol per 10 µg of total protein in both
colorectal cancer liver metastases (mCRC, 0.9 ± 0.3 fmol per
10 µg) and breast tumors (0.8 ± 0.4 fmol per 10 µg) – the
protein expression levels of PTEN showed a higher variability
(mCRC: 2.0 ± 1.2 fmol per 10 µg; breast tissue: 2.0 ± 1.0 fmol
per 10 µg).

We compared our ‘absolute’ PTEN and PI3K protein levels
to the ProteinAtlas database, which shows higher RNA
expression levels for PTEN than for PI3K in both breast
cancer (9.4 vs. 3.9 Fragments Per Kilobase Million (FKPM) in

>1000 breast cancer samples) and colorectal cancer (6.1 vs.
1.9 FKPM in >590 colorectal cancer samples).43–45 Notably,
although the number of analyzed samples in the ProteinAtlas
database is much higher than in this study, the difference
between colorectal cancer and breast cancer RNA and protein
expression levels may reflect the known low correlation
between the transcriptome and the proteome, and thus may
underscore the need for precise protein assays to quantify
relevant cancer genes on the protein level, where cancer
drugs act.7,8

In addition, these results clearly demonstrate the selectivity
of the antibody enrichment, even from complex samples. We
generally observe a very low background with only few peaks
apart from the target analytes and their SIS in the acquired
mass spectra (ESI Fig. S7†).

In summary, our results show that our validated multi-
plexed PTEN/p110α iMALDI assay is fit-for-purpose for high-
throughput analysis of tumor samples. In addition, our data
show surprisingly robust expression levels of PTEN from fresh-
frozen PDX samples and from breast tumors and colorectal
cancer liver metastases.

Fig. 4 Multiplexed quantitation of PTEN and p110α in human tissue samples. (A) Endogenous PTEN and p110α were quantified in fresh-frozen (FF)
tissue samples which were part of a mouse-PDX drug study. Trastuzumab resistant gastric tumors were transplanted into 12 mice and were either
treated with Trastuzumab, Everolimus, or Trastuzumab + Everolimus (Tra-Ev), or not treated (control). (B) Mass spectrum of a control group sample
showing PTEN and p110α END peaks as well as SIS + dSIS standard. (C) Endogenous PTEN and p110α concentrations in various FF breast tumor (B)
and colorectal cancer liver metastasis (L) tissue samples (10 µg total protein per replicate). (D) MALDI TOF spectrum of sample L #4 showing the
endogenous PTEN and p110α target peptides as well as the SIS and dSIS standards with low non-specific background.
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4. Conclusions

We developed and validated an automated, rapid (same-day
results), and multiplexed iMALDI assay for quantifying PTEN
and p110α. Our assay requires as little as 0.2 µg of antibody
per sample and the MS readout requires only a low-cost bench-
top MALDI-TOF MS which is already present in many clinical
laboratories. We validated the linearity of our assay, and found
it to be linear from 0.6 fmol to 20 fmol on-spot, with an LLOQ
of 0.7 fmol for both protein targets. The accuracy was 90–102%
for PTEN and 97–112% for p110α, and the intra- and inter-day
precision was below 15%.36

Using this assay, we were able to quantify endogenous
PTEN and p110α in cancer cell lines as well fresh-frozen tumor
tissue samples, including a PDX model of trastuzumab-resist-
ant gastric tumor. We were able to detect small changes in the
expression levels of PTEN upon treatment with Everolimus and
Everolimus + Trastuzumab, which are in agreement with data
in the literature, and the differences between PI3K and PTEN
protein expression levels were in good agreement with tran-
scriptomic data for breast cancer and colorectal cancer, while
concurrently underlining the discrepancy between transcrip-
tome readouts and absolute protein expression levels.

While the multiplexed iMALDI assay presented here focuses
on the PI3K pathway, iMALDI methods can be modified/
expanded to cover other pathways by including additional anti-
peptide antibody enrichment steps for other protein targets.
There is, however, a limit on how many proteins can be multi-
plexed using iMALDI, based on the amounts of antibody-
coupled beads that can be loaded on the MALDI plate. In our
hands, bead amounts exceeding 30 µg lead to quenched
signals and thus poor quantitative recovery. This drawback can
potentially be solved by choosing different bead types and
MALDI plate spot sizes.32 Moreover, the linear range of MALDI
MS typically covers no more than two orders of magnitude,
which in our experience, however, is sufficient to cover the
fold-changes that occur in biological samples. Notably, the
high specificity of anti-peptide immuno-enrichment mini-
mizes potential interferences, despite the lack of an additional
step to reduce sample complexity as in LC-MS.
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