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Abstract

The PI13-kinase/AKT/mTOR pathway plays a central role in cancer signaling. While
p110a is the catalytic a-subunit of PI3-kinase and a major drug target, PTEN is the main
negative regulator of the PI3-kinase/AKT/mTOR pathway. PTEN and pl10a protein
expression in tumors is commonly analyzed by immunohistochemistry, which suffers
from poor multiplexing capacity, poor standardization, and antibody cross-reactivity, and
which provides only semi-quantitative data. Here, we present an automated, and
standardized immuno-matrix-assisted laser desorption/ionization mass spectrometry
(IMALDI) assay that allows precise and multiplexed quantitation of PTEN and p110a
concentrations, without the limitations of immunohistochemistry. IMALDI, which
combines immuno-enrichment with analysis using a benchtop MALDI-Time-of-Flight
(TOF) mass spectrometer, is an especially well-suited method for translating mass-
spectrometry based assays into the clinical lab.

We systematically optimized the iMALDI workflow regarding sensitivity, robustness,
and throughput while developing highly flexible automation protocols using a Bravo
96LT liquid handling robot. We further developed custom R scripts to improve data
visualization and analysis. One hour digestion using a protein to trypsin ratio of 1:2,
followed by direct immuno-enrichment for 1 h yielded high and consistent peptide
recoveries.

We demonstrated that the PTEN and p110a iMALDI assays can be multiplexed using
both simultaneous and sequential enrichment, reducing the amount of required sample

material as well as simplifying the workflow. The PTEN+p110a iMALDI assay was



Y,
validated and demonstrated high accuracy for both target proteins (90-112% recovery of

known spiked-in concentrations) as well as high precision and 5-day reproducibility
(overall CVs of 9%) across the linear range of the assay (0.6 to 20 fmol). Lower limits of
quantitation below 1 fmol were achieved. Endogenous PTEN and p110a were quantified
in cell lines as well as fresh-frozen tumor tissue samples.

A novel two-point internal calibration strategy (2-PIC) was developed, based on
spiking two peptide isotopologues into the sample as internal standards, avoiding the
need for an external calibration. We quantified endogenous PTEN in a Colo-205 cell line
using the PTEN iMALDI assay, as well an orthogonal PTEN immuno-multiple reaction
monitoring (immuno-MRM) method to demonstrate this technique. Excellent agreement
was shown between both calibration approaches (residual standard deviation between 2-
PIC and external calibration of 1.6-5.8%), as well as high correlation between PTEN
iIMALDI and PTEN immuno-MRM (R2= 0.9966) and good agreement between
quantified amounts (0.48+0.01 and 0.29+0.02 fmol/ug of total protein).

Finally, we analysed a set of patient samples from a AKT inhibitor AZD5363 drug trial
using a multi-site workflow combining the developed PTEN+pl10a assay with
established AKT1+AKT2 iMALDI assays and untargeted proteomics. We demonstrated
how the combination of targeted and untargeted proteomics approaches may be used to
gain novel insights into the tumor biology of patient tissue samples. Further, we showed
that the PTEN IiIMALDI assay has good correlation with a comparable
immunohistochemistry method (R2=0.86), and that our assays can be further multiplexed,
reducing the required amount sample material. Thus, we showed that IMALDI is

promising tool for biomarker quantitation.
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Chapter 1 Introduction

1.1 Cancer Diagnosis and Treatment

1.1.1 Carcinogenesis

Cancer is a collection of ~200 diseases characterized by the uncontrolled proliferation
of aberrant cells.}® Cancers are neoplastic diseases, forming malignant tumors which
invade nearby tissue and as well as distant parts of the body (solid cancers).2 It is one of
the leading causes of death worldwide.* Cancer is an extremely heterogenous disease and
can arise virtually anywhere in the body from many different contributing factors. For
example, the most common cancer types in the USA for women are breast (30%), lung
and bronchus (13%), colon and rectum (8%), uterine corpus (7%) and melanoma of the
skin (5%). For men, prostate cancer (26%) lung and bronchus (12%), colon and rectum
(8%), urinary and bladder (7%) and melanoma of the skin (6%) are the most common
types.*

While having very heterogenous pathologies, all solid cancers have an underlying
cause: dysregulated cell signalling pathways which leads the cells to become tumorigenic
and malignant. The development of cancer is a multi-step process, during which cancer
cells acquire what are commonly referred to as the ‘hallmarks of cancer’.®>® These
hallmarks are sustained proliferative signalling, resisting cell death, evasion of growth
suppressors, replicative immortality, inducing angiogenesis, and tumor invasion and
metastasis.>>® Acquisition of these hallmarks is enabled by genomic instability and

resulting mutations as well as tumor-promoting inflammation,® which can have a variety



2
of causes such as genotoxic or non-genotoxic carcinogenic substances (e.g., asbestos or

polycholinated biphenyls), ionizing radiation, oncogenic pathogens like the human
papillomavirus (HPV), or hereditary genetic predisposition. For example, women with
germline BRCA 1/2 mutations have a significantly higher chance of developing breast

cancer later in life.512

1.1.2 Treatment Approaches for Cancer

Cancer is a complex disease, which is reflected in the various treatment approaches
which include tumor resection, chemotherapy, radiotherapy, and targeted therapies such
as hormone therapy or therapy using antibodies and small-molecule inhibitors with the
aim of disrupting aberrant cell signalling in tumors. 31" A key component in guiding
treatment is the proper characterization and staging of the cancer to determine the
severity of the disease. The most common staging system for tumors is the TNM system,
which classifies cancers based on the size of the primary tumor (T), invasion of regional
lymph nodes (N) and presence of distant metastases (M). These parameters are assessed
and re-assessed at different times throughout the progression of the disease.*®

TMN classifications are grouped into prognostic stage groups, ranging from stage | to
stage IV. Patients in each stage group have similar prognoses. Stage | represents smaller
cancers, which are not deeply invasive into the surrounding tissue and have not yet
spread to nearby lymph nodes. Stage Il and stage Ill represent cancers with increasing
tumor size and invasiveness into surrounding tissues and lymph nodes. Stage IV
represents metastatic cancers.®

Surgery, with the aim of resecting as much of the tumor as possible, is the cornerstone

of many treatment regimens. Apart from, ideally, removing all of the tumor, it also aides
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in tumor staging and allows performance of histopathological and genomic analyses.!%%

This helps to further guide treatment. Treatment is often classified whether it is
performed before (neoadjuvant) or after (adjuvant) surgery. Neoadjuvant treatment often
serves to shrink the tumor prior to surgery or transform it from a non-operable to an
operable stage, while adjuvant therapy aims to prevent recurrence or slow down further
spread in the case of advanced cancers.***®

Chemotherapy is a systemic therapy based on destroying cancer cells using cytotoxic
chemotherapeutic agents, which interfere with processes that are commonly upregulated
in cancer cells, such as DNA synthesis and maintenance, and mitosis. Inhibiting these
processes harms rapidly proliferating cancer cells much more than normal cells.
Examples of such drugs are anthracyclines and taxanes, which are effective in a wide
variety of cancers, 13152021

Radiation therapy is based on exposing tumors to high energy radiation with the aim to
cause enough damage to the cells to destroy them. It can be either used as
monotreatment, for example in early-stage skin cancers, or as neoadjuvant or adjuvant
treatment, for example after a mastectomy. 41622

Targeted therapy refers to drugs which target specific molecules involved in the
development of cancer, such as signalling proteins in cancer cells which promote
proliferation and survival. This class of therapeutic agents consists of antibodies and
small molecule inhibitors.

Hormone therapy, or endocrine therapy, is used in tumors which are hormone-receptor
positive, for example in estrogen-receptor positive breast cancer. Drugs used for hormone

therapy either inhibit the synthesis of growth hormones, or act as antagonists to growth
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factor receptors to prevent cancer cells from utilizing them for proliferation. In breast

cancer, a common hormone therapy dug is tamoxifen, which acts as an estrogen receptor
antagonist.141523

Targeted therapy using antibodies typically focuses on receptors on the surface of
cancer cells such as receptor tyrosine kinases (RTKS). A prominent example are
antibodies which target the epidermal growth factor receptor 2 (HER2) in HER positive
breast cancers, such as trastuzumab. >

The other type of targeted agents are small molecule inhibitors which are membrane-
permeable and thus can target cell signalling molecules within the cancer cell. This
strategy is successfully used for example in treating melanoma using vemurafenib, an
inhibitor targeting the BRAF protein with a V600E mutation, or in treating breast cancers
using the PIK3CA inhibitor alpelisib.**?4% These inhibitors are often used as second- or
third-line treatment in advanced or metastatic cancer, and often in combination with other
anti-cancer drugs. The mTOR inhibitor everolimus for example is used concomitantly
with endocrine therapy.42®

Another form of targeted therapy which aims not to directly damage cancer cells, but
instead aims to utilize the body’s own immune system to destroy cancer cells, is
immunotherapy. The two main branches of immunotherapy are immune checkpoint
therapy and adoptive T cell transfer therapy.

Immune checkpoints are cell signalling mechanisms which regulate immune cell
activity. An example of such a mechanism is the programmed cell death 1 (PD-1) protein,
expressed on the surface of activated T cells, and programmed cell-death ligand 1 (PD-

L1), which is expressed at the surface of antigen-presenting cells of tumor cells. Binding
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of PD-1 to PD-L1 inactivates an activated T cell. Many cancers evolve to use immune

checkpoints to evade T-cell attacks, for example by overexpressing PD-L1. Immune
checkpoint therapy aims to block this inactivation by blocking, for example, either PD-1
or PD-L1 using antibodies. An example is pembrolizumab, an anti-PD-1 antibody used in
treating melanoma, 31527

Adoptive T-cell transfer therapy on the other hand is based on infusing cancer patients
with T cells. For example, tumor-infiltrating lymphocytes are extracted from a tumor
sample, isolated, and expanded using interleukin-2. These cells are then injected back
into the patient. This approach has been used for example in the treatment of metastatic

melanoma.t32’

1.1.3 The Role of the PISK Pathway in Cancer and Drug Development

The PI3K pathway is one of the most commonly altered pathways in many cancers
such as breast cancer and colorectal cancer. 28! It is involved in cell proliferation, cell
growth, survival, and apoptosis. This pathway is activated by receptor tyrosine kinases
(RTKSs), a class of G-protein coupled receptors. Among the ligands for RTKs are growth
factors such as epidermal growth factor and hormones, such as estrogen. Upon ligand
binding, RTKs dimerize, which activates their cytosolic tyrosine kinase domain, resulting
in autophosphorylation.?® This recruits phosphatidylinositol 3-kinase (PI3K) to the
receptor, either directly or via an adaptor protein.?®33" PI3Ks are a diverse class of
kinases, however the most common class of PI3Ks involved in carcinogenesis are class
IA PI3Ks, specifically PI3Ka. These consist of a heterodimer of the regulatory subunit
p85a and the catalytic subunit p110a. Following the binding of the p85a subunit to the

intracellular domain of dimerized RTKs, it facilitates the generation of
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phosphatidylinositol-3,4-biphsphate (PIP2) to phosphatidylinositol-3,4,5-biphosphate

(PIP3). PIP3 then recruits phosphoinositol-dependent kinase-1 (PDK1) and protein kinase
B (AKT) to the membrane, where PDK1, together with the mechanistic target of
rapamycin (mTOR) complex 2 (C2), phosphorylates and activates AKT 36:39:40
AKT is a central node of the PI3K pathway (Figure 1). One of its main functions is the
activation of the mTOR complex 1 (C1), both directly by phosphorylating mTORC1 via a
proline-rich AKT substrate of 40 kDa (PRAS40), or indirectly via phosphorylation and
subsequent inactivation of the tuberous sclerosis (TSC) 1 and TSC 2 complex, an
inhibitor of MTORC1. mTORCL in turn activates proteins involved in mRNA translation,
such as eukaryotic translation initiation factor 4 (elF4A), as well as ribosomal protein S6
kinase beta-1 (S6K1), a protein involved in protein synthesis and suppression of
apoptosis. Further, AKT phosphorylates forkhead box protein O3, BAD and p27,
suppressing autophagy and apoptosis (Figure 1), 36:37:3940
Several feedback loops exist within the PI3K pathway. For example, phosphatase
and tensin homolog (PTEN) acts as the corresponding phosphatase to PI3K, converting
PIP3 back to PIP2, thereby down-regulating AKT activity.*%*? The mTORC1/S6K1 axis
is also an important node for various feedback loops within the pathway. For example, it
promotes the inactivation and degradation of RTK adaptor proteins, as well as the
inactivation of mTORC?2, thereby downregulating pathway activity.3"#3 Additionally, the
PI3K pathway is connected to other pathways vital for tumorigenesis. For example, AKT
and mTORC1 crosstalk with the Wnt/ B-catenin pathway via the phosphorylation of

glycogen synthase kinase 3 beta (GSK3p), a central
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Figure 1. Overview of the PI3K pathway showing the main signalling cascade (grey), crosstalk
between to the Wnt/B-Catenin and the MAPK/ERK pathway (red), as well as drug classes
targeting this pathway (green).

protein in the [-catenin destruction complex, as well as by affecting the
expression of the Wnt receptor FZD (Figure 1).34%

Further, extensive crosstalk exists between the PI3K pathway and mitogen-
activated protein kinase (MAPK) pathway, which is also activated by RTKSs. For
example, the GTPase Ras binds to PI3K recruited to activated RTKSs, increasing PI3K’s
activity.3* Also, the extracellular signal-regulated kinases (ERK) 1/2 can activate
mTORCL1 signalling via phosphorylation and inhibition of the TSC1/2 complex (Figure
1).3L:8343

Common alterations in the PI3K pathway are activating gene mutations,
amplifications as well as loss-of-function mutations 293032353641 pIK3CA, the gene
encoding the catalytic subunit of PI3K, and its corresponding phosphatase PTEN are

among the most highly mutated genes in various cancers. 2%%44%The most common
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activating PI3K pathway alterations are gain-of-function mutations or amplifications of

PI3K (for example, PIK3CA is mutated in up to 40% of breast cancers), loss of function
mutations or deletions of PTEN (25% of HER2" breast cancers), and AKT gain-of-
function mutations and amplifications, 29323544

As such, this pathway has become a focus for drug development, with dozens of
different inhibitors in various clinical trials. The most common inhibitor classes are PI3K
inhibitors (Pan-inhibitors or isoform-specific), mTOR inhibitors, and AKT inhibitors.33%
However, only few drugs have been approved by the Food and Drug Administration
(FDA), such as the mTOR inhibitors everolimus and temsirolimus and the PI3K
inhibitors copanlisib, idealisib, and alpelisib, with AKT inhibitors still in clinical trials
(Figure 1).253335 There are many reasons for drug candidates failing during clinical trials,
the most common being intolerable toxicities and insufficient efficacy. A significant
challenge is the lack of biomarkers and biomarker technology to effectively stratify

patients for PI3K treatment.33%

1.2 Disease Biomarkers

Due to the complex nature of cancer, many different biomarkers are necessary to
diagnose the disease and guide the various treatment approaches. The nature of available
biomarkers evolves with the analytical technology to detect and quantify them. For
example, genome sequencing has had major impact in clinical diagnostics. With the
increasing role of targeted therapies, the need for personalized medicine i.e., tailoring
treatment to each patient’s individual tumor biology, has become apparent. There is a

need to find new biomarkers and biomarker technologies.



1.2.1 Definition of Disease Biomarkers

Biomarkers are biological characteristics that can be objectively measured and
evaluated as an indicator of normal biological processes, pathogenic processes, or
pharmacological responses to a therapeutic intervention.*® They have been used
extensively in the clinic for many decades to improve patient care. For example, the
autoantibody rheumatoid factor has been used for the diagnosis of rheumatism since the
1940s.4748 Similarly, the presence of antibodies against the human immunodeficiency
virus (HIV) has been used for diagnosing HIV since the 1980s.4°

At different disease stages, biomarkers provide different insights (Figure 2). They
indicate the development, progression, treatment response and outlook for a disease and
thus are powerful tools for its management and prevention.*6:59-52

Antecedent biomarkers are useful for exploring the etiology of a disease and the
likelihood of developing a certain disease or condition.®* These biomarkers include risk
factors such as environmental, genetic, microbial, and behavioural risks. For example,
pathogenic germline mutations of the BRCA1 and BRCA2 genes are genetic risk factors
that are strongly associated with a highly elevated risk for breast cancer.>® Screening for
these mutations can be extremely beneficial for preventative care.

Diagnostic biomarkers are used to detect a disease or condition. An example of such
markers are blood pressure readings to diagnose hypertension®. Ideally, diagnostic
biomarkers should identify the intended disease early and with high sensitivity (accurate
detection of individuals with the disease) and high specificity (accurate detection of

individuals without the disease).
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Figure 2. Biomarkers at different stages of the natural history of disease.

Prognostic biomarkers are used to assess the likelihood of certain outcomes or
progression of diseases in patients such as death or disease reoccurrence.*6°05! |n
oncology, such biomarkers may include tumor size, metastasis, or molecular signatures
which are associated with the five-year survival rate.>>>> Notably, while prognostic
biomarkers are used to establish the likelihood of medical events associated with the
disease, they do not predict the effectiveness of a particular treatment. Biomarkers that
are used to stratify patients based on their likely response to a particular treatment are
called predictive biomarkers.*6505!

Predictive biomarkers can have different clinical utilities. Biomarker guided treatment
strategies (treatment-by-biomarker interaction) can be either of quantitative nature, where
treatment is more effective in biomarker positive patients, or of qualitative nature, where
a treatment is only effective in biomarker positive patients.® For example, the mutation
status of epidermal growth factor receptor (EGFR) for the EGFR inhibitor erlotinib is a
quantitative interaction. While effective in patients both with and without activating
EGFR mutations, erlotinib has been shown to be more effective in mutation-positive

patients .>* An example of a qualitative treatment-by-biomarker interaction is the BRAF
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inhibitor vemurafenib, a kinase inhibitor used to treat melanoma. It is only effective in

tumors harboring the BRAF V600K mutation and does not act on wild-type BRAF.>®
However, it is important to note that a biomarker can be both prognostic and predictive.
Thus, it is important to evaluate potential biomarkers for both characteristics, and to re-
evaluate existing biomarkers if considerable technological advances in the quantitation of
this biomarker are made. For example, an existing prognostic biomarker measured by a
qualitative assay may also prove to be predictive for certain treatments when analysed by
a sensitive quantitative assay.

To monitor the progression of a disease and to gain feedback on whether a selected
treatment has a positive effect, monitoring and response biomarkers are used. Monitoring
biomarkers are regularly measured to provide an update on the status of a medical
condition. For example, prostate-specific antigen (PSA) is routinely measured in prostate
cancer patients both during active surveillance of the cancer as well as for post-treatment
follow-up®®®8. Response biomarkers are used to assess the patient’s response to a
treatment. For example, blood pressure is used to evaluate treatment against

hypertension.

1.2.2 Biomarker Validation

Before a new biomarker can enter use in a clinical laboratory as a laboratory test, it
must undergo extensive validation. The potential clinical benefits and the role of the
biomarker in the respective clinical pathway, the algorithm guiding the management of a

specific condition in a specific group of patients, must be defined.>”*
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The biomarker’s purpose, target condition, use case, target population as well as

sample type, target analyte and data interpretation (qualitative or quantitative) need to be
considered prior to evaluation.>® However, these parameters may also change during the
validation of a biomarker.

Generally, a new biomarker should provide a new benefit such as better treatment
outcomes in the case of a predictive biomarker, earlier diagnosis of a condition using a
diagnostic biomarker, or reducing costs. For an in vitro laboratory assay for quantifying a
specific biomarker, the evaluation encompasses three key aspects: analytical
performance, clinical performance and clinical utility.5"%°

Analytical performance describes an assay’s ability to reliably quantify the target
biomarker within the clinically relevant range. To demonstrate this, an assay needs to be
validated for linearity (the range in which the assay is directly proportional to the analyte
concentration), accuracy (trueness of the assay compared to a reference) and precision
and reproducibility (distribution of replicate measurements), the limit of detection and
quantitation (the lowest amount that the assay can detect and accurately quantify), as well
as specificity (e.g., no interference from sample matrix)."°

Clinical performance assesses whether the measurements of the biomarker assay have a
meaningful association with the clinical condition the test was designed for. For example,
a diagnostic biomarker needs to demonstrate adequate sensitivity and specificity in
discriminating populations with and without the targeted disease.*¢:>’

The clinical utility describes the ability of the biomarker to improve health and

treatment outcomes for a patient. It is ideally assessed using a randomized clinical trial.
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Lastly, cost-effectiveness should also be taken into consideration, since the cost of a

test has broad implications for its clinical adaptation and feasibility. 657

These evaluation steps are however not strictly linear. Analytical improvements may
open up new avenues for clinical performance, or insights gained during the assessment
of clinical performance and utility may inform additional method development for the

test, prompting new validation.®’

1.2.3 Technologies Currently Used in the Clinic for Biomarker Quantitation in

Cancer

Biomarkers evolve rapidly with analytical technology. For cancer diagnostics,
classification, and treatment, histopathology is one of the oldest tools available.
Histopathology relies on the examination of a tissue section of a tumor resection. Tumors
are preserved for analysis either ‘fresh-frozen’ (FF) or using formalin fixation coupled
with paraffin embedding (FFPE)(Figure 3).

Fresh-frozen refers to snap-freezing a biological specimen, for example in liquid
nitrogen. This rapid freezing prevents the formation of ice crystals which would
otherwise damage the tissue.®

Tissue preservation using FFPE requires several steps. First, the tissue section is
immersed in formalin, a formaldehyde formulation, which leads to the formation of
protein-protein crosslinks throughout the tissue. The tissue is dehydrated, followed by
paraffin infiltration by placing the tissue in a paraffin solution and then embedding it in a
paraffin block. This preservation method allows specimens to be stored at room

temperature for years.5263
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Figure 3. Overview of commonly used technologies for assessing biomarkers for guiding cancer
treatment.

Such tumor tissue samples are then sectioned and stained using hematoxylin and eosin
(H&E staining).5 Hematoxylin stains nucleic acids blue and is thus particularly useful
for staining cell nuclei.’* Eosin is the most used counterstain and non-specifically colors
proteins red.®* This staining method reveals a great level of cellular detail in tissue
sections. Examples for its uses in analyzing cancer biomarkers are assessing tumor
topography, morphology, and infiltration, as well as levels of necrosis and mitotic rate.®®
For example, histomorphologic assessment of non-small cell lung cancer makes it
possible to differentiate between squamous cell carcinoma and adenocarcinoma.®. This
technology is well established, cheap, and versatile.

However, it is insufficient by itself since tumor morphology often is not predictive of
response to therapy nor does it provide enough information to guide current treatment

approaches.%® Hence, complementary diagnostic tools for molecular profiling of tumors
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are necessary that assess protein expression levels as well as gene expression and

mutations status (Figure 3).

One of the most common tools for assessing protein expression is
immunohistochemistry (IHC). IHC is an immunostaining method based on applying
antibodies against target biomarkers to a tissue sample. Generally, IHC consists of an
antigen retrieval step, for example heating, to remove methylene protein crosslinks which
may interfere with the antibody binding. Then, anti-biomarker antibodies are added to the
tissue section. After the binding is complete, the antibody-antigen complex is visualized
either directly, using an enzyme linked to the primary antibody which produces a
chromogenic or fluorogenic reaction, or indirectly using a secondary antibody coupled to
such an enzyme.®” Using IHC, protein expression profiles for various tumors can be
generated, providing more detailed insight into tumor biology. This allows further
subclassification of cancers.®>® Not only does IHC improve cancer classification, protein
biomarkers assessed using this technique have prognostic and predictive value, and are
used to guide treatment. It has since become a standard in cancer diagnostics and an
essential part of clinical treatment algorithms. For example, IHC is used to assess the
expression of HER2 in breast cancer. Overexpression of HER2 is associated with poor
prognosis and is predictive for resistance to endocrine therapies. HER2 status is also used
to guide treatment decisions for therapy with trastuzumab, an anti-HER2 antibody, and
lapatinib, a small molecule inhibitor for HER2.%8:6°

Other technologies often used to quantify proteins are immunoassays such as enzyme-
linked immunosorbent assays (ELISA) as well as electrochemical, chemiluminescent and

fluorescence immunoassays. %72 ELISA is based on capturing a target using an antibody,
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followed by visualization of the antibody-antigen complex by an antibody-coupled

enzyme which produces a colorimetric reaction. Direct ELISAs use enzyme-coupled
primary antibodies which bind to their target analyte. Upon addition of suitable substrate,
the enzyme, for example horseradish peroxidase, produces a colored product. In indirect
ELISA, the enzyme is not coupled to the primary antibody, but to a secondary antibody
which binds to the primary antibody. A similar method is sandwich ELISA, in which a
primary antibody binds the antigen, followed by addition of a second, enzyme-coupled
primary antibody.”® Chemiluminescent and fluorescent immunoassays work similarly to
ELISAs, however the antibody-antigen complex is not visualized using an antibody-
coupled enzyme. Instead, the antibodies are coupled to a fluorophore, which emits light
upon excitations using an external light source, or to a molecule which is
chemiluminescent such as luminol, which emits blue light upon oxidation.”
Immunoassays are primarily used for protein quantitation in liquid biopsies such as blood
or urine samples. For example, prostate specific antigen, a biomarker for prostate cancer,
and alpha-fetoprotein, a biomarker associated with primary liver cancer, are quantified
using various immunoassays.’®"

Apart from protein expression, gene expression and gene mutation status are also
routinely assessed. Two commonly used technologies are fluorescence in-situ
hybridisation (FISH) and next-generation sequencing (NGS). FISH is an imaging
technique based on the binding of fluorescence-labeled DNA or RNA probes with
complementary strands in a cell or tissue sample. The sample is denatured, followed by
adding the DNA/RNA probes which anneal with the complementary part of the

endogenous DNA/RNA. This is visualized either directly using probes labeled with a
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fluorophore, or indirectly using anti-probe antibodies labeled with a fluorophore. This

makes it possible to visualize specific genes in a cell or tissue sample using an imaging
system or fluorescence microscope.” FISH is used to detect genetic biomarkers such as
ALK gene rearrangements in non-small lung cancer.®

NGS is collective term for high-throughput genome sequencing technologies which
have dramatically decreased the cost and turn-around time of genome sequencing and
made sequencing a viable tool for clinical diagnostics in the past 15 years. It is divided
into two sequencing approaches: short-read NGS and long-read NGS.’® In short-read
NGS, DNA is first amplified, followed by fragmentation of larger DNA strands into
smaller templates (up to 3000 base pairs), which are then sequenced. This is done either
using sequencing by ligation (SBL) or sequencing by synthesis (SBS), with SBS being
the most commonly used technique.’®"®

SBS relies on the synthesis of complementary DNA strands using an immobilized
template, polymerases, and fluorescence-labeled deoxynucleotides (dNTPs). After each
incorporation of a dNTP, the fragments are imaged, successively revealing the nucleotide
sequence. This step can be performed in two ways: (a) either by repeating a cycle of
adding one labeled dNTP at a time, for example adenine, imagining the template then
adding the next dNTP, or (b) by using a cycle of adding all four dNTPs at once, which
requires four different fluorophore labels as well as using dNTPs with the 3’-binding
group blocked to prevent the incorporation of more than one dNTP, followed by an
unblocking step. 7678

Long-read NGS encompasses two main technological approaches: Single-molecule real

time sequencing (SMRT) and synthetic long reads. SMRT functions similar to SBS;
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sequencing is achieved by synthesising a DNA strand based on a template using

polymerases and fluorescence-labeled dNTPs.”® Synthetic long read is based on
fragmenting larger DNA strands and uses SBS technology to sequence them. These
fragments are then assembled into long reads using bioinformatics.”®"

Currently, short-read NGS is often the method of choice for assessing the gene
mutation status in various cancers. This is often done using gene hotspot panels, which
focus on specific genome regions harbouring known mutation sites for various known
oncogenes. Using DNA samples from a cancer tumor, these specific regions are
amplified using PCR and sequenced using short-read NGS. This approach is widely used
for cancer diagnostics, for example in determining EGFR, KRAS and BRAF mutation
status in non-small cell lung cancer, or PIK3CA and AKT1 mutation status in breast
cancer, 867680

Additionally, NGS is also used for quantifying and sequencing cell-free circulating
tumor DNA (ctDNA). ctDNA are DNA fragments circulating in the bloodstream,
released from circulating tumor cells or tumor sites via both passive mechanisms (e.g.,
cell death) or active mechanisms (e.g., released from tumor cells through extracellular
vesicles). Since ctDNA can be assessed from liquid biopsies, which are far less invasive
than solid tumor biopsies , NGS assays for ctDNA are emerging tools for cancer
diagnosis and monitoring, detection of residual disease after definitive therapy, and for
detecting cancer recurrence or metastasis.? -3

These molecular technologies have drastically changed cancer diagnosis and
treatment. Current diagnosis and treatment algorithms typically include all of the above

methods. ELISA is used for quantifying diagnostic biomarkers for example in liquid
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biopsies. Imaging techniques such as H&E staining, IHC and FISH provide insight into

tumor topography, morphology and infiltration, as well as spatially resolved expression
of protein biomarkers or gene rearrangements, and NGS detects relevant gene mutations

in the tumor tissue.%®

1.3 Mass Spectrometry-based Proteomics

Currently, biomarkers used for patient stratification in cancer treatment are either
protein based, such as HER2 expression levels in breast cancer, or DNA based, such as
BRAF mutation status in melanoma.

However, there are technological and biological challenges with these approaches.
Gene mutation biomarkers are surrogate biomarkers for the protein they encode i.e., an
activating mutation in PIK3CA is assumed to lead to an overactive PI3K enzyme on the
protein level. However, gene mutation status alone may not be enough to fully assess the
activity of the actual oncogene, as each stage of DNA->RNA->Protein pathway is
subject to dysregulation in cancer. Indeed, omics analysis of cancer cell lines and tumor
tissues revealed low correlation between DNA->RNA->Protein translation.®48 Hence,
the use of gene-mutation based biomarkers for patient stratification for targeted treatment
may leave some patients over-or under-treated. A patient may show activating mutations
which would indicate that they would benefit from the treatment, but the implied pathway
activation may not actually manifest at the protein level (false positive, leading to
overtreatment). Alternatively, a patient may be mutation-negative, but the relevant cell
signalling pathway may be elevated through other forms of dysregulation such as

proteosomal degradation (false negative, leading to under-treatment). Additionally, it
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cannot always be predicted how gene mutations drive tumor biology®®’, hence it is

necessary to incorporate protein-based biomarkers for patient stratification, since it is at
the protein level where the tumor phenotype manifests.

Protein-quantitation technologies currently for clinical diagnostics in cancer are
immunoassays such as ELISA and IHC. While powerful, these assays often suffer from a
lack of standardization, varying degrees of specificity, vulnerability to interferences and
artefacts, cross-reactivity and limited multiplexity 3891 Mass spectrometry-based
proteomics has emerged as a powerful tool to mitigate the issues with current protein
quantitation methods and has the potential to give a much greater insight into tumor

biology.

1.3.1 Principles of Mass Spectrometry

Mass spectrometry (MS) is an analytical technique based on the separation of gas-
phase ions using electrical or magnetic fields.%? It was first developed at the beginning of
the 20" century, with the first mass spectrometer being reported in 1914.%2% A mass
spectrometer consists of three major parts: the ion source, the mass analyser, and the
detector (Figure 4).

Molecules are ionized in the ion source using either hard or soft ionization techniques.
Hard ionization like electron impact ionization (EI) leads to strong fragmentation of the
analyte, making it less useful for larger, complex molecules. Soft ionization techniques
such as electrospray ionization (ESI) and matrix-assisted laser desorption/ionization
(MALDI) allow the ionisation of large intact molecules, which is why they have become
widely adapted in biochemistry.®* Specifically, the ability of ESI to be coupled with

liquid chromatography (LC) was a major breakthrough.®
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The ions are then guided through the mass analyser, which separates ions based on

their mass-to-charge ratio, and into the detector. The most common mass analysers used
today are quadrupoles, time-of-flight mass analysers (TOF), and various ion traps such as

linear ion traps or orbitraps.

1.3.2 lon Sources

Electrospray ionization

Electrospray ionization occurs at atmospheric pressure. The sample, consisting of the
target analyte suspended in a solution, is injected into the ion source via a capillary. A
high potential is applied to the capillary, leading to the formation of positively or
negatively charged droplets at the end of the capillary, depending on the applied
potential. These charged droplets are then dried in a stream of nitrogen gas (Figure 4). As
the droplets shrink (from pum to nm diameter), the repulsive forces between the charged
molecules in the sample increase.?2%

Depending on the size of the analyte suspended in this droplet, the gas-phase ion is
generated in one of three ways. lons of low molecular weight are ejected from the surface
of the shrinking droplet following the ion evaporation model (IEM). Larger, globular
molecules, such as folded proteins, are not ejected from the shrinking droplet. Rather, the
droplet evaporates to dryness around it, leaving the highly charged ion in the gas phase.
This mechanism is referred to as the charged residue model (CRM). Finally, large
disordered molecules, such as unfolded or intrinsically unstructured proteins, follow the
chain ejection model (CEM): starting from one terminus, they are sequentially ejected

from the droplet. **° Following the ionization, the ions are then accelerated into the mass
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spectrometer using ion optics with a potential opposite of the injection needle. This

ionization mechanism has the major advantage that it can be coupled with liquid
chromatography. Thus, it is possible to perform large-scale proteomic analyses on

complex biological samples.

Matrix-assisted laser desorption/ionization

Unlike ESI, MALDI ions are not generated from a continuously injected stream of
sample, but from a solid surface. In MALDI, the analyte, suspended in a buffer solution,
is spotted onto a metal plate (MALDI target or MALDI plate). A solution of small
organic molecules capable of absorbing UV-light (the matrix) is added to this spot.
Typical MALDI matrices for proteomics are a-Hydroxy-Cyanocinnamic acid (HCCA) or
sinapinic acid. As the spot dries, the analyte co-crystallizes with the matrix molecules. A
laser beam is then fired at the MALDI spot containing the analyte-matrix crystals. The
matrix absorbs the laser, leading to desorption of both the matrix and the analyte into the
gas phase (Figure 4).%

lonization occurs following two different mechanisms, both of which happen to
varying degrees at the same time, depending on the sample/matrix composition as well as
laser intensity. According to the ”Lucky Survivor® model, analytes retain the charge they
had in solution. The charged analytes, together with their counterions, co-crystallize with
the matrix and are liberated by the laser beam in a cluster. Charge separation in this
cluster, together with the buffering of counterions by protonated or deprotonated matrix

ions, leaves the lucky survivor ions.%%
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The other ionization mechanism is the ’Gas Phase Protonation’ model. The analytes are
present as neutral species. Upon laser ablation, they are ionized by colliding with
protonated (or deprotonated) matrix ions, leading to a proton transfer with analyte.%>%’
Compared to ESI, MALDI typically generates ion species with far fewer charge states.
Unlike ESI, MALDI is typically performed under vacuum, though atmospheric pressure

applications exist.%% Also, since MALDI uses samples in a solid state, combination with

liquid chromatography is not easily possible.

1.3.3 Mass analysers

Quadrupole

A quadrupole consists of four metal rods arranged in parallel (Figure 4). Direct and
alternating current voltages are applied to each opposing pair of rods. When an ion enters
the quadrupole, it will be attracted toward the rods with opposite charge. However, due to
the alternating current voltage, the rods switch polarity, thus repulsing the ion. This leads
to the ion entering an oscillating trajectory through the quadrupole. Depending on the
applied currents, only ions of a specific mass to charge ratio will have a trajectory which
will lead to the exit of the mass analyzer.%21%

Additionally, quadrupoles can also be switched to only use direct current potential.
This allows all ions to pass through it, making it useful as ion lenses, focussing ion beams
and passing them between different parts of an instrument.

Quadrupoles are the most used mass analyser. They have fast scan rates and allow
continuous sample injection, making it easy to be combined with liquid chromatography.
They are also often used as collision cells, which are used to induce fragmentation in a

target ion (MS/MS). An example of a collision cell is a quadrupole filled with an inert
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gas, through which an ion beam is directed. The ions collide with the gas, fragmenting in

the process (collision-induced fragmentation or CID).
However, quadrupoles have a limited mass range of only 2000-3000 Da and a low
resolution (~1000-2000 full width at half-maximum (FWHM)) compared to other mass

analysers.%%100.101

Time-of-flight

Time-of-flight mass analyser work on the principle of accelerating ions through a field-
free path in a vacuum. The flight time of the ion is dependent on its mass-to-charge ratio.
In a TOF analyser, packets of ions are accelerated into the flight tube from a pulsed ion
source. The ions then travel down a linear flight path and hit a detector.’>!% This
configuration is called ‘linear mode’ (Figure 4).

Many TOF analysers additionally use a reflectron, an electrostatic ion mirror which
repels the ions and sets them onto a new trajectory to a different detector. This serves two
purposes: First, it equalizes the kinetic energy of ions. Between ions of the same m/z
ratio, there are generally small differences between their kinetic energy because of their
acceleration into the flight tube. The reflectron compensates for that, as ions with higher
kinetic energy penetrate deeper into it, equalizing these differences. Secondly, using a
reflectron extends the flight path of the ions considerably. Through the combination of
these two effects, the resolution in reflectron mode is considerably higher than in linear
mode. For example, the benchtop TOF instrument Microflex (Bruker) achieves

resolutions of <1000 FWHM in linear mode and up to 15000 in reflectron mode. %2103
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TOF analysers have a very large mass range, extending to several hundred thousand

Da, making them extremely useful in protein analysis.®>!%° Additionally, since TOF
allows to detect many ions of different m/z ratios at once in a single mass spectrum, TOF
is used extensively for fingerprinting, for example for peptide mass fingerprinting or lipid

analysis for identifying microorganisms.*%4-107

lon traps

lon trap mass analysers trap ions in an electronic or magnetic field for an extended
period, rather than having them pass through. Many different architectures for ion traps
exist. Two designs commonly used in proteomics are linear ion traps and orbitraps.

Linear ion traps function like quadrupoles, with ions being confined within alternating
and direct current electric fields. In fact, quadrupoles are commonly used as linear ion
traps in many instruments. Instead of letting only certain m/z ratios pass through the
quadrupole, the ions are trapped inside and selectively ejected according to their m/z
ratio. Linear ion traps allow ion enrichment, leading to higher sensitivity, or to perform
MS3 fragmentation. However, their mass resolution is lower than that of TOF analysers.
100,108

Orbitraps are high-resolution ion traps. They contain a central electrode, flanked by
two outer electrodes (Figure 4). lons enter the trap and assume stable trajectories around
the central electrode which ramps its voltage. The frequency of their oscillation is
dependent on their m/z ratio and it is measured as an image current induced in the outer
electrodes of the ion trap. Orbitraps achieve very high resolution and allow for the

analysis of intact, large molecules in the hundreds of kDa.1%810°
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Hybrid and Tandem Mass Spectrometers

Most mass spectrometers do not only use one mass analyser, but a combination of
several analysers that enable more complex applications such as ion fragmentation. In
proteomics, commonly used hybrid mass spectrometers are usually a combination of
three mass analysers, for example three quadrupoles (QQQ), quadrupoles and TOF
analyser (Q-TOF), quadrupoles and linear ion traps (Q-TRAP) or ion trap and orbitrap
(IT-Orbitrap).92109-111

In proteomics experiments, the first mass analyser (MS1) is used to select a precursor
ion from the incoming ionized sample. Only the selected precursor can pass through to
the second mass analyser (MS2), which is used to induce fragmentation of the selected
ion. There are several fragmentation mechanisms, the most used one being CID. Using
CID, the second mass analyser is filled with an inert collision gas that causes the
precursor ion to fragment into several product ions, which are detected in the third mass
analyser. Depending on the setting of the final mass analyser (MS3), either only one
product ion (selected ion monitoring, SIM), multiple product ions (multiple reaction
monitoring, MRM), or all product ions (parallel reaction monitoring, PRM) may be
observed.®>1% The combination of several mass analysers thus makes it possible to detect

analytes with higher sensitivity and specificity.
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Figure 4. Overview of the architecture of a mass spectrometer, showing ion sources and mass
analysers commonly used in mass spectrometry-based proteomics. Red and blue represents
electrodes of opposing polarity.

1.3.4 Mass Spectrometry-Based Quantitative Proteomics Approaches
Untargeted proteomics

Untargeted proteomics aims not to quantify specific proteins but aims for maximum
proteome coverage.''? It is often used for discovery studies, for example to investigate
differential protein expression in cancers to elucidate cell signalling pathway activation
and to identify potential drug targets. Several strategies are used to achieve protein
quantitation using untargeted approaches.

Isobaric Labeling is an approach based on covalently coupling heavy isotope labeled
molecular tags to peptides prior to MS analysis using reagents such as tandem mass tags
(TMT) and isobaric tags for relative and absolute quantitation (iTRAQ). Typically, a
sample (for example a tumor tissue sample) is enzymatically digested and then coupled to

the isobaric tags. The tags consist of a reporter group and a balancing group. They have
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the same molecular weight, but a different distribution of heavy isotopes between the

reporter and balancing group. Samples from different experiments can thus be labeled
with different tags that all have the same mass and analysed simultaneously using MS.
During MS analysis, all tagged peptides with the same sequence are selected in the first
mass analyser, and then fragmented. Upon fragmentation the different isobaric tags
release reporter ions of different mass, thus allowing to simultaneously compare peptide
expression between the different experiments, 13116

Stable isotope labeling with amino acids in cell culture (SILAC) is a labeling technique
based on growing cell cultures in media enriched with amino acids that are labeled with
heavy isotopes. These labeled amino acids are incorporated into the cell’s proteins,
leading to an isotope labeled proteome. Cells grown using SILAC and cells grown in
regular growth media can then be compared in a single MS run, allowing relative protein
quantitation between different testing conditions,*11>116

Label-free quantitation does not rely on any kind of labeling prior to analysis. It
instead relies on spectral counting or intensities of chromatographic peaks. One approach
is to calculate the ratio of identified peptides of a protein to the number of theoretically
observable peptides for that protein, called protein abundance index (PAI).1t3115-119
Another approach is to calculate the area under the curve (AUC) for a given peptide peak
in the ion chromatogram, and then compare this to AUCs of the same peptide observed in
other experiments, allowing relative quantitation. However, label-free quantitation has

worse precision, accuracy and reproducibility compared to labeled or targeted

approaches.
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Targeted proteomics

In contrast to untargeted proteomics, targeted proteomics aims to only quantify specific
proteins or peptides. This is achieved both by pre-selecting proteins prior to analysis by
mass spectrometry, for example by using antibody-enrichment, and by using synthetic
peptide standards, analogous to the targeted peptide, for relative and absolute protein
quantitation. Generally, targeted methods have better reproducibility and precision than

untargeted methods.1#120

MRM-based Quantitation

Multiple-reaction monitoring coupled with liquid chromatography (MRM-MS) is
frequently used for protein quantitation. In a typical MRM-MS workflow, a panel of
target proteins is chosen. For each target protein, a proteotypic peptide (a peptide with a
unique amino acid sequence that is released from the protein after digestion by a
proteolytic enzyme) is selected and analogous synthetic peptide standards are made.
These standards typically consist of a stable isotope-labelled standard (SIS), with a mass
several Da higher than the endogenous peptide (END), as well as a synthetic peptide
standard without any isotopic labelling (NAT).

To each unknown sample, SIS is added as an internal standard, co-eluting with the
targeted END peptide. Additionally, an external calibration curve with varying amounts
of NAT and constant SIS is also run using the same method. Using this calibration, the
END:SIS ratio can then be used to determine absolute protein concentrations in the
unknown samples. MRM-MS can be coupled with immuno-enrichment on both the

protein and the peptide level (pre-or post-digest). 112120
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iMALDI

Immuno-MALDI-TOF MS (iMALDI) combines antibody enrichment of proteotypic
peptides with MALDI-TOF MS analysis. A protein sample, for example a tumor tissue
sample, is first digested using trypsin. SIS peptides, analogous to the targeted endogenous
END peptide, are added to the digested sample. The peptides are then enriched using
anti-peptide antibodies coupled to magnetic beads. The peptide-antibody-bead complex is
then magnetically separated, washed, and spotted onto a MALDI target plate. After
drying, matrix is added on top of the dried beads, eluting the bound peptides. The sample
is then analysed using a MALDI-TOF MS. The ratio of END to SIS peptides allows

absolute protein quantitation using an external calibration curve. 12!

1.4 Project Outline and Approach

Personalized medicine has become the focus of the development of new cancer
treatments. With standard chemotherapy having reached an efficacy plateau, the focus of
drug development lies with targeted therapy such as monoclonal antibodies or protein
inhibitors.'?? This approach has seen great success. Targeted therapy, often in
combination with classic chemotherapy, has become the standard of care, for example in
breast cancer and melanoma treatment, 1420123

However, targeted therapy requires potent predictive and prognostic biomarkers for
patient stratification to be effective, since treatment efficacy is highly dependent on the
individual patient’s tumor biology. Gene mutation-based biomarkers alone may be
insufficient since they provide an incomplete picture of pathway activity at the protein

level where the drugs act.
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Protein-based biomarkers are necessary to provide complementary information.

Protein-quantitation technologies currently used for clinical diagnostics in cancer are
immunoassays such as ELISA and IHC. While powerful, these assays often suffer from a
lack of standardization, varying degrees of specificity, vulnerability to interferences and
artifacts, cross-reactivity and limited multiplexicity. "85

Liquid chromatography mass spectrometry (LC-MS)-based proteomics has emerged as
a powerful tool for protein quantitation. However, it has drawbacks such as expensive
instrumentation, long run times (10-60 min) and the need for specialized operators. A
solution for this problem is iIMALDI, which combines immune-enrichment with MALDI-
TOF mass spectrometry. Immunoenrichment allows high sensitivity, and MALDI-TOF
MS readout alleviates problems such as antibody cross-reactivity of which ELISAS
frequently suffer. All liquid handling steps can be automated using a benchtop liquid
handling robot, and MALDI-TOF MS analysis is done using a Microflex (Bruker,
Germany), an FDA-approved MS which is already present in many clinics as a biotyper
(Figure 6).124125 Additionally, sample analysis times are seconds per run, compared to
minutes per run for LC-MS. iMALDI is a targeted proteomics approach, which allows
absolute protein quantitation, and thus the establishment of clinical reference ranges for
protein biomarkers, better reproducibility and easier translation of biomarkers between
systems.®’

This may further help to address another major issue with proteomics-based
biomarkers. Indeed, while many candidate biomarkers are identified in the discovery
stage, very few proteomics-based tests, as little as 10%, make progress towards clinical

application. 1?6 This highlights the need to develop technologies to facilitate biomarker
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translation. IMALDI is an optimal method for translating mass spectrometry-based assays

into the clinical environment, since it uses instruments and workflows which are already
established, while allowing a high degree of automation.

This project aims to develop automated iIMALDI assays for the use of quantifying cell

signalling proteins in the PI3K pathway for improving patient stratification for targeted
cancer treatment. Specifically, the aim is to develop iIMALDI assays for PI3K catalytic
subunit p110a and PTEN, evaluate their analytical performance, and combine them with
an already developed AKT assay.'?? AKT and p110a are central upstream nodes in the
PI3K pathway and thus are common drug targets for targeted therapy, with inhibitors
either currently in clinical trials or having already received FDA approval.?6:35127.128
PTEN is a tumor suppressor immediately downstream of p110a and upstream of AKT. It
is commonly dysregulated in many cancers, and loss of PTEN is associated with PI3K
pathway activation and resistance to p110a inhibition.?
All three proteins are dysregulated not only via gene mutations, but also via aberrant
expression levels.8128130-132 Thys this project may help establish mass-spectrometry-
based proteomics as a tool for clinical oncology, specifically for improving patient
stratification for targeted cancer treatment.

As described in chapter 2, the development of the PTEN+p110a iMALDI assays began
with selecting suitable proteotypic peptides for both target proteins and generating anti-
peptide antibodies, followed by optimizing assay parameters such as digestion conditions
and incubations times (Figure 5). The assay was automated using a liquid handling robot,
and R scripts were developed to improve data analysis. In chapter 3, different

multiplexing strategies were explored to integrate the iMALDI assay to with the existing



33
AKT assay. After development, the assay was validated for linearity, accuracy, precision,

and reproducibility to demonstrate that they are fit-for-purpose. As described in chapter
4, a novel two-point internal calibration strategy using two internal standards was
developed and demonstrated with the developed PTEN iMALDI assay as well as an
orthogonal PTEN immuno-MRM assay, increasing assay throughput, and eliminating the
need for surrogate calibration matrices. Here, it is also shown that the developed iMALDI
assay performs comparable to the ‘gold-standard’ LC-MS method.

Finally, in chapter 5, the assays, combined with the existing iIMALDI assay for
AKT1+2, were applied to patient tumor samples from a clinical trial of the AKT inhibitor
capivasertib (AZD5363) in order to demonstrate that the assays allow automated, robust
absolute protein quantitation using instrumentation already present in many clinics, thus
making clinical translation of these assays easier and demonstrating the analytical

performance of the assay.
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Figure 5 Thesis project outline and its role in the biomarker validation framework. The
project aims to develop iMALDI assay for pl10a and PTEN. Step 1: Selection of suitable
proteotypic peptides for antibody development. Step 2: Method development, consisting of
antibody evaluation, assay optimization and multiplexing, as well as assay automation. Step 3:
Method validation of the PTEN+p110a assay for linearity, precision and accuracy, reproducibility
and interferences. Step 4: Analysis of a set of patients samples from the phase Il drug trial of the
AKT inhibitor Capivasertib to demonstrate that the assays are fit-for-purpose.
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Figure 6. Automated iMALDI workflow for quantifying cell signalling proteins. Following
proteolytic digestion (A), SIS standards are added and both the END and SIS peptides are
enriched using antibodies coupled to magnetic beads (B). The antibody-antigen bead complex is
magnetically separated, washed and spotted onto a MALDI plate (C). After drying, the spots
washed and matrix is added (D), followed by analysis using a Microflex in either linear or
reflectron mode. Differential expression levels of the targeted proteins may give insight into
tumor biology which can be used to guide treatment. All liquid handling steps (A-D) can be
automated using a liquid handling robot. END= Endogenous Peptide. SIS= Stable-isotope
labelled standard. HCCA= hydroxy-Cyanocinammic acid. No-Tosyl-L-lysine chloromethyl
ketone hydrochloride
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Chapter 2 Systematic optimization of the iIMALDI workflow for
the robust and straightforward quantification of signalling

proteins in cancer cells

Work in this chapter was performed at the UVic Genome BC Proteomics Centre (PC) and
at the Jewish General Hospital in Montreal (JGH). MDA-MB 231 cell lysates were
prepared by Adriana Aguilar-Mahecha (JGH). All experiments herein, and the data
analysis thereof, were performed by Bjoern Froehlich. Experimental design was
performed by Bjoern Froehlich, Andre LeBlanc, Rene Zahedi, and Christoph Borchers.
Christoph Borchers oversaw the project. The contents of this chapter were adapted from

the following publication:

Bjoern C. Froehlich, Constance A. Sobsey, Sahar lbrahim, Andre LeBlanc, Yassene
Mohammed, Adriana Aguilar-Mahecha, Oliver Pétz, Alan Spatz, Mark Basik, Gerald
Batist, René Zahedi, and Christoph Borchers,

“Systematic optimization of the iMALDI workflow for the robust and straightforward
quantification of signalling proteins in cancer cells”. PROTEOMICS — Clin. Appl., 2020,

2000034. 10.1002/prca.202000034.
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2.1 Introduction

The most commonly used methods in clinical diagnostics for quantifying protein levels
are immunoassays (IA) such as ELISA and IHC.***-*%> The general advantages of I1As are
a simple workflow and high sensitivity, while IHC additionally provides spatial
information about protein concentrations within tissue samples. Despite their widespread
use, these assays can suffer from antibody cross-reactivity and matrix effects. Moreover,
IHC is only semi-quantitative and has limited multiplexing capability.23-%

Mass spectrometry has emerged as a technology that allows these issues to be
addressed. Recent advances in untargeted mass spectrometry using liquid
chromatography coupled with mass spectrometry (LC-MS) has enabled the large-scale
detection and quantification of low-abundance proteins and peptides in complex
matrices.’**41  These methods offer high reproducibility and selectivity but have
comparatively long analysis times, and require relatively expensive instrumentation and
well-trained operators. Additionally, these methods often lead to only “relative” results
(i.e. up or down regulation), whereas, in a clinical context, the precise determination of
protein/peptide levels is often required.!*?

A more appropriate technique for clinical analysis using mass spectrometry is absolute
quantification using targeted proteomics.®”*2  Combining anti-peptide antibody-based
immuno-enrichment of peptides with mass spectrometry as quantitative readout has been
shown to be a simple approach for improving selectivity and for achieving high
sensitivity and throughput in complex biological samples.**?

IMALDI in particular useful for targeted proteomics.?* The low complexity of the

immuno-enriched samples circumvents the need for elaborate and expensive LC-MS
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instrumentation, and the presence of MALDI-MS instruments in many clinical

laboratories for microbial identification makes this technology especially well-suited to
clinical translation. #3144

One IMALDI application of particular interest is the quantification of cell signalling
proteins in patient tumor samples, which should be helpful for stratifying patients for
targeted cancer treatment 8486134145

In this study, we focus on the PI3K pathway which controls cell proliferation,
survival, and apoptosis. It is commonly altered in many cancers, including breast cancer
and colorectal cancer, and is a major drug target. PI3K p110a, and PTEN are commonly
dysregulated on both the genetic and protein levels, and are a indicators of PI3K pathway
activity. 336131132 Quantifying these proteins in cancer tumors might, therefore, improve
patient stratification for treatments targeting the PI3K pathway. Since IMALDI is
typically conducted using anti-peptide antibodies specific to proteotypic peptides of the
target protein, the use of synthetic SIS peptides allows the precise determination of
protein concentrations.

An IMALDI assay comprises a number of sample preparation steps that can affect the
overall outcome: (i) digestion of protein lysates (both digestion time and relative trypsin
amount used) to release endogenous target peptides (Figure 6), (ii) coupling of the
antibodies to magnetic beads, (iii) peptide enrichment using anti-peptide antibodies
(Figure 6, B), (iv) separation of the antibody-antigen-bead complex from the sample, (v)
transfer of the beads to a MALDI target plate (Figure 6, C), (vi) matrix addition and
target spot washing (Figure 6, D), (vii) and data acquisition and analysis (Figure 6, E).

Optimization and automation of these steps in order to improve handling time,
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robustness, and sensitivity is essential for translation of the developed assay into the

clinic. For instance, digestion conditions need to be optimized to achieve reproducible
release of the target peptide(s) as quickly as possible.**¢ Similarly, antibody enrichment
conditions need to be optimized, which can be challenging since various antibodies can
exhibit very different binding kinetics.**”**¢ The surface chemistry of magnetic beads
used to bind anti-peptide antibodies plays a crucial role as well, as it is important to
minimize non-specific binding of background peptides to the antibody-coupled magnetic
beads. This is of major importance for iIMALDI, as it does not include liquid
chromatography to reduce sample complexity and is therefore more susceptible to
interferences from the sample and dynamic range issues than other MS-based assays.
While this lack of liquid chromatography is a major advantage for the ease of translation,
it requires a higher level of specificity of the actual enrichment in order to minimize and
avoid interferences from the matrix.

Another challenge is to find suitable calibration matrices. Calibration using standard
addition, i.e., by using the sample itself as the matrix, is often impractical since large
amounts of sample would be required for the complete workflow. Since, after successful
and efficient immuno-enrichment, both the complexity and the dynamic range of the
matrix are limited, the use of surrogate matrices for generating calibration curves and
determining the parameters of the assay is a valid strategy.'*

In this chapter, we systematically evaluated and optimized critical steps of the
IMALDI workflow to streamline the procedure and further improve the robustness and
sensitivity of iMALDI for quantifying cell signalling proteins. This chapter provides a

template that can be followed to optimize future IMALDI assays.
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2.2 Materials and Methods

2.2.1 Materials

Reagents were purchased from Sigma Aldrich (St. Louis, MO) unless otherwise
specified. LC-MS grade water and LC-MS grade acetonitrile were purchased from
Thermo Fisher (Waltham, MA). Unlabelled (NAT) and stable-isotope labelled peptides
(SIS) analogues of the PTEN peptide *¢AQEALDFYGEVR, as well as a double-
isotope labeled standard (dSIS) analog of the AKT2 peptide “®THFPQFSYSASIRE*!,
were synthesized, purified, and quantified in-house at the UVic- Genome BC Proteomics
Centre (Victoria, Canada).*® PTEN dSIS, as well as unlabelled, mono-and-double isotope
labelled standards analogues of the p110a peptide **EAGFSYSHAGLSNR®® were
obtained from SynPeptide (Shanghai, China). Peptide concentration and purity were
determined by amino-acid analysis and capillary zone electrophoresis at the UVic-
Genome BC Proteomics Centre.**® Polyclonal rabbit anti-peptide antibodies (pAbs) were
ordered from Signatope (Reutlingen, Germany). Antibodies were generated and purified
as described previously, but using the peptides AQEALDFYGEVR for PTEN and
EAGFSYSHAGLSNR for p1100. as antigens.*!

Protein G Dynabeads and M280 Tosylactivated Dynabeads were obtained from
Invitrogen (Carlsbad, CA). MagReSyn Protein G beads were purchased from Resyn
Biosciences (Gauteng, South Africa). Trypsin (TLCK treated) was purchased from
Worthington (Lakewood, USA). 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
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Daltonics, Bremen, Germany). pFocus MALDI target plates were purchased from

Hudson Surface Technologies (Suwon, S. Korea).

2.2.2 General iMALDI Method

Preparation of Cell Lysates

E. coli BL21 DE3 cells were grown overnight in lysogeny broth (10 g/L Tryptone, 10
g/L NaCl, 5 g/L 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). Protein
concentration was determined using a Bicinchoninic acid assay (BCA) assay (Thermo

Fisher). MDA-MB 231 cell lysates were prepared as described previously.?

Antibody-bead Coupling

Protein G Dynabeads were washed 7x with 25:75 acetonitrile:(PBS+0.015 % (w:w)
CHAPS (PBSC)) and 3x PBSC buffer, using 1:10 bead-slurry: buffer (v:v). This step
was automated using Bravo 96 LT liquid handling robot (Supporting Figure S 2 A).
Rabbit polyclonal anti-peptide antibodies (1 pg/uL in PBS+0.05 % sodium azide) were
added (0.2 pg antibody per 30 pg beads) and incubated while being rotated at room
temperature for 1 h. Prior to use, the antibody-coupled beads were washed 3x with PBSC

and reconstituted in PBSC to give a final concentration of 1.5 pg beads/uL (0.01 ug

antibody/pL).
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Tryptic Digest

E.coli and MDA-MB 231 lysates were diluted to a concentration of 0.1 ug protein/pL
using cold (4° C) 20 mM TRIS HCI at pH 8 supplemented with 0.015 % CHAPS
(TRIS+C). Each sample was aliquoted in 100-pL aliquots (10 ug total protein, each).
Using a Bravo 96LT liquid handling robot (Supporting Figure S 2 B), 10 pL of 10 %
sodium deoxycholate (final concentration = 0.9 %) were added to each aliquot, and
samples were incubated for 30 min at 60 °C. 10 pL of trypsin solution (0.2 ug trypsin/uL
in 1 mM HCI, 20 ug total trypsin per replicate) were added and samples were incubated
at 37 °C for 1 h. Ten uL of 170 uM No-Tosyl-L-lysine chloromethyl ketone

hydrochloride (TLCK) solution were added to stop the digestion (Figure 6 A).

Peptide Enrichment

The following liquid handling steps were performed using a Bravo 96 LT liquid
handling robot (Supporting Figure S 2, Supporting Figure S 3). Internal standard (SIS or
dSIS) and, where applicable, NAT were added to the digested samples prior to
enrichment, the precise amounts are specified in the according sections below. Twenty
ML of antibody-bead slurry (1.5 pg beads/pL, 10 ng antibody/uL) was added to the
sample and incubated for 1 h at room temperature, while shaking at 1000 RPM
(Microplate Vortex 120V ADV, Thermo Fisher). The antigen-antibody-bead complex
was separated, washed 1x using 70 pL of PBSC, 3x using 80 puL of 5 mM ammonium
bicarbonate (AmBic). After resuspension in 10 pL of AmBic, the beads were
subsequently spotted onto a 2600 um pFocus MALDI target plate. After the spots were

dried, 1.5 pL of matrix (3 mg/mL a-cyano-4-hydroxycinnamic acid, 7 mM ammonium
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citrate (dibasic) in 70% acetonitrile (ACN), 0.1% trifluoroacetic acid (TFA, Thermo

Fisher) were added. After drying, spots were washed three times as follows: 5 puL of 7
mM ammonium citrate dibasic (AmCit, pH=5) were added on top of each spot, and

removed after 5 s (Figure 6 B-E).

Data Acquisition and Analysis

The MALDI plates were analysed on a Bruker Microflex LRT in both linear positive
(LP) and reflectron positive (RP) mode. One thousand shots were accumulated per spot
in 25-shot intervals using a ‘random walk’ pattern. The data was analysed using
FlexAnalysis (Bruker, v3.4, Build 70). Linear mode spectra were smoothed using the
Savitzky Golay algorithm (10 cycles with a 1-Da width and TopHat baseline subtraction).
Peaks were detected using Centroid (Peak width= 1 Da, height= 80 %). Reflectron mode
mass spectra were smoothed using Savitzky Golay (1 cycle, Peak width= 0.2 Da and
TopHat baseline subtraction). Peaks were detected using SNAP (SNAP average
composition= Averagine'®?). Mass lists were exported and analysed using R (Supporting

Figure S 1).153

2.2.3 Selection of Proteotypic Peptides for Antibody Development

Recombinant PTEN protein was purchased from Abcam (85 % purity). Recombinant
PI3K p85a pl10a was gifted by Dr. John Burke. Candidate proteotypic peptides for
antibody development were identified using Peptide Picker'®*. Candidate peptides were
experimentally confirmed using tryptic digests of the respective recombinant proteins

analysed by MALDI-TOF MS.
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One microgram of recombinant protein was denatured in 15 pL of 2 M urea, reduced

with 2 uL. 20 mM dithiothreitol (DTT) for 30 min at 37 °C, and alkylated with 2 pL of 80
mM iodoacetamide (IAA) for 30 min at 37 °C. Alkylation was quenched using 1 uL 80
mM of DTT, followed by digestion using 1 pL trypsin solution (0.1 pg/uL in 1 mM HCI)
for 1 h at 37 °C. The digests were desalted using C18 ZipTips (Millipore, Burlington,
MA) and eluted in 20 pL of 50% ACN, 0.1% TFA, 2 uL (0.05 ug digested protein) of
which were used for analysis. Matrix addition and spot washing were done as described
above. The samples were analysed using an Ultraflex 111 (Bruker).

pAbs were raised against the most intense proteotypic peptides identified in the
respective  protein  digests  (PTEN: AQEALDFYGEVRY™,  pll10a:
SEAGFSYSHAGLSNR®®). Two pAbs were generated for each target peptide.
Corresponding synthetic peptide standards with and without isotopic labeling were
generated as described in above.

To compare the pAb performance, the E.coli lysate digest (10 pg total protein per
replicate) was spiked with 2.5 fmol per replicate of PTEN and p110a NAT peptides.
Using the spiked E.coli digest as the sample, PTEN and p110a NAT peptides were
enriched using the different pAbs coupled to Protein G Dynabeads, as described above
(N=4 per and pAb). Additionally, the MALDI matrix was spiked with AKT2 dSIS
peptide as external standard to a concentration of 0.67 fmol/pL, resulting in 1 fmol
peptide per sample spot using 1.5 pL of matrix. Antibody-enrichment efficiencies
between the antibodies were compared between pAbs using the NAT:AKT2 dSIS ratios

and two-sided t-tests with a confidence level of 0.99.
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2.2.4 Comparison of Manual versus Automated Washing

Ten 10-pg aliquots of E. coli cell lysate were each spiked with 2.5 fmol PTEN
(AQEAL(7)DFYGEVR@10) and pl10a (EAGFSYSHAGL(7)SNR@10) double-SIS
(dSIS) peptide. IMALDI assays were done according to the procedure described above.
For 5 samples, the antigen-antibody-magnetic bead complexes were washed and spotted
manually after incubation with the sample; the other 5 were washed and spotted using the
automated bead washing+spotting protocol (Supporting Figure S 3). AKT2 dSIS
(THF+10)PQFSYSASIR(+10)E) peptide was added to the matrix to a concentration of 0.67
fmol/pL as an external standard, resulting in 1 fmol AKT dSIS peptide per sample spot.
Automated and manual bead washing were compared based on the ratio between PTEN
and p110a dSIS to the AKT2 dSIS intensities, respectively by two-sided t-tests with a

confidence level of 0.99.

2.2.5 Optimization of Tryptic Digestion

Protein:trypsin ratios of 10:1 and 1:2 as well as digestion times of 0.5, 1, 2, and 4 h
were compared. Using MDA-MB 231 cell lysate (0.1 pg total protein/pL), thirty-two
100-pL aliquots were prepared (10 pg of total protein each). Sixteen aliquots each were
digested using a protein:trypsin ratio of 10:1 (w:w) and 1:2 (w:w), respectively. For both
tested ratios, four replicates each were digested for 0.5, 1, 2 h, and 4 h at 37 °C.
Afterwards, 2.5 fmol PTEN and p110a SIS and dSIS peptides were added as internal
standards. iIMALDI assays, with AKT2 dSIS peptide added as internal standard to the
matrix, were done as described above. Peptide recoveries were calculated using the ratio

of the peak intensities of the released endogenous peptide to the spiked-in dSIS peptide.
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The release of endogenous proteotypic peptides was compared for the different

incubation times and for both protein:trypsin ratios. The results were evaluated using a

two-sided t-tests with a confidence level of 0.99.

2.2.6 Optimization of Calibration Strategies

PBSC, BSA digest (0.1 pg/uL in TRIS+C buffer), and E.coli digest (0.1 pg/pL in
TRIS+C buffer) were tested as possible calibration matrices. PTEN (AQEALDFYGEVR)
and pl1100. (EAGFSYSHAGLSNR) NAT peptide standards (c= 1.000, 0.500, 0.250,
0.125, 0.062, 0.030, 0.000 fmol/uL) were prepared manually.

Calibration curves were prepared by adding 20 pL of the respective standards to either
PBSC, BSA digest (10 pg total protein per replicate) or E.coli digest (10 ug total protein
per replicate), yielding amounts from 0 to 20 fmol per replicate. Additionally, four
replicates of MDA-MB 231 digest (100 uL of 0.1 pg total protein/uL) were prepared to
quantify endogenous PTEN and pl110a using the different calibration strategies. A
solution containing 2.5 fmol PTEN and p110a SIS and dSIS peptides were added as
internal standards to each sample. iIMALDI assays were conducted as described above
IMALDI assays were conducted as described above using automated wash protocols.

To determine whether the peak parameters used for generating the calibration curve
would affect the quantification, calibration curves were generated using NAT:dSIS ratios
based on either the peak intensities, the S/N ratios of the respective NAT and dSIS ratios,
or the peak areas, generating a total of 3 calibration curves per matrix.. For the MDA-MB

231 samples, the NAT:dSIS ratios were determined the same way: PTEN and pl110a
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were quantified using the three different calibration curve strategies for each matrix. The

results were compared using two-sided t-tests with a confidence level of 0.99.

2.2.7 Optimization of Immuno-enrichment
E.coli cell lysate digest was used as sample matrix for the experiments described
below. Prior to digestion as described above, the lysate was reduced and alkylated as

described previously. 12

Optimization of Bead Types and MALDI Plate Spot Sizes

Three different types of magnetic beads were tested for antibody coupling: Protein G
Dynabeads, M280 Tosylactivated Dynabeads, and Protein G MagReSyn microspheres.
Additionally, two types of MALDI plates were tested for each bead type: 2600 pum

pFocus MALDI plates and 700 um MFX pFocus MALDI plates (Hudson).

Bead Preparation

Protein G Dynabeads were prepared as described above (bead suspension ‘PG #1°).
The bead suspension was diluted 10-fold using PBSC (3 pug beads (0.02 pg antibody)/10
pL, bead suspension ‘PG #1_1/10°).

M280 Tosylactivated Dynabeads were prepared by washing 0.625 mg of beads with
200 pL of 0.1 M sodium phosphate buffer (pH 7.5), resuspending them in 6.25 pL of
PTEN and 6.25 pL p110a antibody (c=1 mg/mL each) in 1 M ammonium sulfate and
incubating them for 20 h at 37 °C with rotation. The supernatant was removed, 0.2 mL of

20 mM TRIS+0.015 % CHAPS buffer (buffer C) were added for quenching, and samples
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were incsubated for 1 h at 37 °C with rotation. The beads were washed twice with 0.2 mL

of buffer C and resuspended in 20.6 uL of buffer C (30 pg beads (0.6 pg antibody/pL)).
From this stock suspension, two dilutions were prepared using PBSC: ‘C #1° (30 pg
beads, 0.6 pg total antibody per 20 uL), and ‘C #1 1/10° (3 pug beads, 0.06 ug total
antibody per 20 pL).

Protein G MagReSyn beads (bead suspension ‘PG #2’) were prepared by resuspending
40.8 ug beads in 600 pL PBSC and sonicating them with a sonication probe (Sonic
Dismembrator Model 100, Thermo Fisher) using short bursts (1 s using intensity level 1)
until the suspension was homogenous and free of clumps. The beads were then placed on
a magnet to remove the supernatant and the beads were resuspended in 20 puL PBSC.
The beads were washed 7x with 25:75 ACN:PBSC and 3x with PBSC, as described for
the in Antibody-bead Coupling. After washing, the beads were resuspended in 50 pL of
PBSC and split into two aliquots. A solution of 4.3 uL of PTEN and p110a antibody
solution were added, respectively, and incubated for 1 h with rotation. The conjugated
beads were stored at 4 °C with rotation, until used. Prior to use, PTEN and p110a
aliquots were combined, the supernatant was removed, and the beads were washed 3
times using 300 pL of PBSC. Finally, the beads were resuspended in 263 pL of PBSC

(final concentration=0.155 pg beads, 0.025 g antibody per 1 pL).

Assay Preparation
E.coli digest (0.083 ug total protein/pL) was used as sample matrix, from which thirty
two 120-uL aliquots were prepared. Additionally, eight 100-uL PBSC aliquots were

prepared. PTEN+pl10a NAT+SIS+dSIS peptides (1.25 fmol) were added to each
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sample. To 4 replicates of E.coli digest and 1 replicate of PBS+CHAPS, 20 uL of bead

suspensions ‘PG #1°, ‘PG 1 1/10°, ‘PG #2’, or ‘C’ #1” and ‘C #1 1 1/10° were added,
respectively. To 8 replicates of E.coli digest and 2 replicates of PBSC, 20 uL of bead
suspension ‘PG #2’ were added.

The assays were done as described above. The antigen-antibody-bead complexes were
spotted onto two different MALDI Plates: ‘PG #1°, ‘C #1°, and ‘PG #2’ (half of the
prepared replicates) were spotted onto a 2600 um pFocus MALDI plate; ‘PG #1 _1/10°,
‘C#1_1/10°, and ‘PG #2’ (second half of the prepared replicates) were spotted onto a 700
pm MFX pFocus MALDI plate. Matrix spotting for the 700 um MFX pFocus MALDI

plate was performed by manually adding 0.2 puL of matrix solution.

Direct vs. Indirect Immuno-enrichment

Twelve aliquots of E. coli digest (150 pL, 10 ug of total protein), spiked with 1 fmol
PTEN NAT and dSIS standards, were prepared in a 1.1-mL Deep Well plate. Six
samples were enriched using direct immuno-enrichment; the other six were enriched
using indirect immuno-enrichment, as described below.

Direct immuno-enrichment was performed as described above.

Indirect enrichment was performed as follows. Ten pL of 0.02 pg/pL PTEN anti-
peptide antibody solution were added to each of the 6 aliquots and incubating for 1 h at
1000 RPM at room temperature. A 30-ug aliquot of Protein G Dynabeads was added to
the sample solution to bind the peptide-antibody complex. Bead washing, spotting, and
analysis were done as described before. After immuno-enrichment, the matrix (1.5 pL)

was spiked to 0.67 fmol/uL AKT2 dSIS peptide, resulting in 1 fmol of external standard
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per sample spot. Two-sided t-tests with a confidence level of 0.99 were performed for

comparing the NAT: AKT2 dSIS peptide ratios between the two conditions tested.

Incubation Times

Three PCR plates were prepared containing 10 aliquots of E.coli digest (150 uL, 10 pg
of total protein) spiked with 1.25 fmol (20 pL 0.0625 fmol peptide/pL) of PTEN and
pl10a NAT standard (Plates A, B, C). Additionally, 6 more aliquots were prepared in
the same way in a 1.1-mL U-bottom deep well plate (Plate D). Plates A, B, and C were
incubated rotating (8 RPM), Plate D was incubated shaking at 1000 RPM. Plates A, B,
and D were incubated at room temperature, while Plate C was incubated at 4 °C. Plates
A and D were incubated for 1 h, while plates B and C were incubated for 22 h overnight.
Plate incubation was timed so that all plates would finish the incubation step at the same
time. IMALDI assays were conducted as described above, but the matrix was spiked
with AKT2 dSIS peptide as external standard to a concentration of 0.67 fmol/uL,
resulting in 1 fmol peptide per sample spot using 1.5 pL matrix. Two-sided t-tests with a
confidence level of 0.99 were performed to compare the NAT:AKT2 dSIS peptide ratios

of plate A to plates B, C, and D, as well as plate B to plate C.

2.3 Results and Discussion

2.3.1 Antibody Generation
Potential proteotypic peptide targets for PTEN and p110a were identified in-silico

using our Peptide Picker software.’® Peptides with a length of 7 to 20 amino acids
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following Keil rules, present in all isoforms and without Tryptophan or strings of Proline

and Serine were considered. Candidate peptides were experimentally confirmed by
analyzing tryptic digests of recombinant PTEN and pl10a using MALDI-TOF MS
(Figure 7, Supporting Table S 1). The most intense proteotypic peptides were selected for
antibody generation, namely the PTEN peptide *®AQEALDFYGEVR®™® (Figure 7 A)
and the p110a peptide ***EAGFSYSHAGLSNR®® (Figure 7 B, Supporting Figure S 4).
Having identified the proteotypic peptide with the highest sensitivity using MALDI-TOF
MS, rabbit polyclonal antibodies were generated against these target peptides and used

for the experiments described below.
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Figure 7. Selection of proteotypic peptides for antibody development and comparison of
developed antibodies. Candidate proteotypic peptides for PTEN and p85a/p110a were selected
using Peptide Picker and experimentally confirmed by analyzing tryptic digests of recombinant
PTEN (A) and p85a/p110a. (B) using MALDI-TOF-MS. The most intense proteotypic peptides
were selected for antibody development. (C) Comparison of the polyclonal antibodies (pAb).
E.coli lysate was spiked with 2.5 fmol PTEN and p110o NAT peptide, which were enriched by
iIMALDI using each antibody. The signal of isotope-labeled AKT2 peptide
(THF+10PQFSYSASIR:10)E) spiked into the MALDI matrix (1 fmol per spot) was used for
normalization. Error bars represent standard deviation, horizontal bars indicate means. Values
above and below the data points represent the mean and absolute standard deviations. No
significant difference (p<0.01) was detected between the antibodies, showing that different
antibodies provided from the same manufacturer (Signatope) provide the same results.
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2.3.2 Comparison of Automated and Manual Wash

All liquid handling steps were automated using a Bravo liquid handling robot (Agilent
Technologies). The automated separation of the antigen-antibody-bead complex from the
sample solution, and the washing and spotting onto a MALDI plate can lead to losses of
target peptide at various stages. Loss of antigen-antibody-bead complex may occur
during liquid transfer and bead washing steps, and bead washing steps may be less
effective due to less efficient removal of supernatants, leading to higher non-specific
background levels. Due to the complexity of the procedure and the potential for
numerous pitfalls during automation, automated bead washing, and spotting were also
compared to the manual procedure (Figure 8, Supporting Table S 2).

A comparison of manual and automated washing and spotting revealed no significant
difference (p>0.01) in enrichment efficiency, as measured by the ratio of PTEN and
p1100 dSIS to AKT2 dSIS (PTENautomated/manuai= 0.98; p110aautomated/manuai= 0.80), but
particularly for p110a automation improved the CV considerably from 15% to 9%.
(Figure 8 A). Additionally, mass spectra of iIMALDI assays with automated and manual
bead washing and spotting show similar backgrounds, demonstrating that both are
equally effective (Figure 8 B+C). However, hands-on time is reduced by approximately
a factor of six using automation -- manual bead washing and spotting using a full 96-well
plate took approximately 90 min, compared to 15 min using the liquid handling system.
Manual matrix spotting and spot washing of 96 spots took approximately 60-80 min,
whereas the automated protocols required 30 min with little hands-on time. Thus,
automation allows the preparation of hundreds of samples per day, without compromising

precision (PTENwmanuaiAutomated cv= 11/10 %, p1100Mmanual/Automated cv= 15/9 %).
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Figure 8. Comparison of automated versus manual washing of antigen-antibody-bead
complex. (A) Comparison of the efficiency of manual versus automated bead washing for
enriching PTEN and p110a dSIS peptide (2.5 fmol) spiked into E.coli digest. The signal of the
stable isotope labelled AKT2 peptide (THF10PQFSYSASIR:19E) spiked into the MALDI
matrix (1 fmol per spot) was used for normalization. Error bars represent standard deviation,
horizontal bars indicate means. Values above and below the data points represent the mean and
absolute standard deviation. N=5. (B+C) Mass spectra of antigen-antibody-bead complex using
manual (B) and automated (C) bead washes, data recorded in the reflectron mode, showing
similar non-specific backgrounds between both bead-washing methods.

2.3.3 Optimization of Tryptic Digestion

One of the characteristics of our previously reported protein iMALDI assays is the use
of protease inhibitors during lysis and consequently the use of a relatively high amount of
trypsin, compared to standard proteomics workflows.*¢*>> In this chapter, we report the
optimization of the iMALDI digestion conditions for the PTEN and pl110a assays in
which different protein:trypsin ratios were tested. Specifically, we compared the results
of using a 1:2 protein:trypsin ratio, which had previously been used for an AKT iMALDI
assay, to a 10:1 protein:trypsin ratio which is more commonly used in typical proteomics
experiments, to reduce the occurrence of potential none-tryptic cleavages derived from
residual contamination with chymotrypsin and to reduce the abundance of tryptic

autoproteolysis products.*? In addition, different incubation times (from 0.5 to 4 h) were
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tested (Figure 9). Ten ug of MDA MB 231 lysate was used as sample, 2.5 fmol of PTEN

and p110a dSIS were spiked in.

For both target peptides and the two protein:trypsin ratios tested, the release of the

endogenous target peptide as determined by the END:dSIS ratio, did not significantly
improve with incubation times greater than 1 h. For example, no significant difference
(p>0.01) between END:dSIS ratios was observed between a 1-h and 4-h incubation using
10:1 protein:trypsin, for either target peptide (PTEN1n4h=0.91 , p110a 1n:4n=0.97).
Peptides are readily released, and the END:SIS ratios observed indicate that chymotryptic
side-activity is unlikely, even when very high amounts of trypsin are used, as
chymotryptic side-activity would have been more pronounced in the samples with higher
trypsin concentration, leading to reduced END levels that would have been reflected by
lower END:SIS ratios. Overall, peptide recoveries were approximately 30% higher when
using a 1:2 protein:trypsin ratio (Figure 9A,B, Error! Reference source not found.).
For both PTEN and p110a, at both protein:trypsin ratios tested and digestion times, no
change in the non-specific background of the mass spectra was observed. No background
peaks interfered with either PTEN or p110a END peptides, or their respective SIS and
dSIS standards at either digestion ratio (Figure 9 C, D). CVs were consistently below 10
% for both peptides, with the exception of 0.5 h incubation using 1:2 protein:trypsin
(PTEN/p110a CV= 15/14 %).

For further experiments, we chose to use a 1-h incubation time using a 1:2
protein:trypsin ratio, since incubation times of greater than 1 h did not improve the
release of endogenous target peptide and it was desirable to keep turnaround times short.

Using a high amount of trypsin ensures high digestion efficiency, and after
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immunoenrichment, we found no background peaks which interfere with the peaks of the

enriched peptides.
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Figure 9. Optimization of tryptic digestion using MDA-MB 231 lysate spiked with 2.5 fmol
of both SIS and dSIS peptide. (A) PTEN (*AQEALDFYGEVR®®) peptide recoveries at
different incubation times (0.5-4 h) and at protein:trypsin (P:T) ratios of 1:10 (dark red) and 2:1
(light red). (*) indicates a significant difference (p<0.01) between two protein:trypsin ratios at the
same incubation time. N=4 per tested incubation time. (B) p1100 (**®*EAGFSYSHAGLSNR®)
recoveries at different incubation times (0.5-4 h) at protein:trypsin ratios of 1:10 (light blue) and
2:1 (dark blue). (*) indicates significant difference (p<0.01) between two protein:trypsin ratios at
the same incubation time. N=4 per tested incubation time. (C+D) Overlaid mass spectra of
sequentially enriched PTEN and pl110a peptides after 1 h digest using (C) 10:1 and (D) 1:2
protein:trypsin, recorded in the linear mode. Spectra show similar background for both tested
protein:trypsin ratios and no peaks are interfering with the target peptide peaks.

2.3.4 Optimization of Calibration Strategies

Different methods of creating a calibration curve were evaluated by quantifying
endogenous PTEN and p110a in MDA-MB 231 cell lysate. This was done to test the

influence of the calibration matrix and the peak parameters used for quantification. Three
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external calibration curves were generated using matrices of increasing complexity:

PBS+CHAPS buffer, BSA digest (10 ug total protein/replicate), and E.coli digest (10 pg
total protein/replicate). The target peptides were measured using both the linear and
reflectron modes to determine if whether the difference in resolution and signal intensity
would affect the quantitation.

NAT:dSIS ratios of samples and calibrators were calculated using either (i) peak
intensity, (ii) S/N ratios, or (iii) peak areas of the respective peaks, in both linear and
reflectron modes, resulting in six calibration curves for each matrix. The amounts of
PTEN and pl10a in the individual samples were calculated independently using the
different calibration matrices and NAT:dSIS readouts (intensity, S/N ratio, peak area)
(Figure 10A-D, Supporting Table S 4-6).

Comparing the amount of quantified PTEN peptide in the samples using the different
peak properties for generating the calibration curve showed no significant difference
using either S/N, peak intensities, or peak areas in the linear and reflectron modes. For
example, using PBS+CHAPS as calibrator matrix, the mean quantified peptide amounts
in the linear mode were 4.1 fmol using S/N (CV=7 %), 4.1 fmol using intensities (CV=7
%), and 4.3 fmol using peak areas (CV= 5 %). No significant difference was found
between using S/N and intensities (p=1.00), S/N and peak areas (p= 0.38), or Intensities
and peak areas (p=0.38). Furthermore, no significant differences were observed between
using S/N ratio, peak area or intensity when using BSA or E.coli digests as the matrix.
(Figure 10 A+B).

Notably, a significant difference was observed when quantifying p110a in the

reflectron mode based on peak areas. For example, when PBS+CHAPS was used as the
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calibrator matrix, mean pl10a amounts of 1.1 fmol (CV=9 %) were found using both
S/N and peak intensities, compared to 2.6 fmol (CV= 6 %, p<0.01) calculated using peak
areas ((Figure 10 C+D). This is likely due to inaccurate peak fitting during the
reflectron-mode peak analysis. Particularly for low-intensity peaks, such as the
endogenous pl10a peaks observed here, the peak modelling using SNAP may be less
accurate for projected isotope patterns, which affects peak areas more than S/N ratios.

A comparison between the calibrator matrices showed no significant differences for the
quantification of p110a ((Figure 10 C+D).

For PTEN, no significant differences between calibration matrices were observed in the
reflectron mode. Using the linear mode, the quantified amounts were higher using an
E.coli digest as the matrix. This can be explained by an interference of a background
peak with the internal standard peak in the linear mode, which was avoided in the
reflectron mode because of the increased resolution (Figure 10A, Supporting Figure S 5).
These results indicate that evaluating different matrices in both linear and reflectron
modes is recommended when developing a new iIMALDI assay.

In conclusion, we found that the calibration matrix has little impact on the
quantification, other than potential interferences from background peaks in the mass
spectrum. This, however, can be a major concern, especially in MALDI-TOF MS, since
- without LC separation - there are fewer options for resolving such interferences
compared to LC-MS. Thus, the use of a BSA digest (10 ug/replicate) seems the most

appropriate compromise. Peak intensity is the preferred quantification strategy, as we
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Figure 10. Evaluation of different calibration strategies by quantifying PTEN and p110a in
the same sample using different calibration matrices and peak parameters. Error bars
represent standard deviation, horizontal bars indicate means. Values above and below the data
points represent the mean and absolute standard deviation (A+B) Quantification of endogenous
PTEN in 10 pg MDA-MB 231 digest using different calibration matrices and peak parameters.
Data recorded in the linear mode (A) shows differences in PTEN quantification using E.coli
digest as matrix, whereas data recorded in the reflectron mode (B) shows no difference between
the matrices. (+) indicates a significant difference (p<0.01) between E.coli digest and
PBS+CHAPS matrices for PTEN quantification using the same peak parameters for calculating
the calibration. This difference is due to an interference with the internal standard for PTEN from
the calibration matrix. (C+D) Quantification of endogenous p110a in 10 pg MDA-MB 231 digest
using different calibration matrices and peak parameters. Data recorded in the linear mode (C)
shows no difference in p110a quantification using different matrices and peak parameters, while
the reflectron mode (D) data shows differences when peak area is used for quantification, likely
due to less accurate SNAP peak modelling for low-intensity peaks. (+) indicates a significant
difference (p<0.01) between E.coli digest and BSA to PBS+CHAPS matrices using the same
peak parameter for calculating the calibration. (*) indicates a significant difference (p<0.01)
between peak area and S/N ratio for pl10a quantification. N= 4 per calibration matrix.

have found that peak area is more dependent on the particular peak fitting method used

and therefore is more prone to errors, for example, in the case of p110a in the reflectron
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mode. In our hands, S/N ratios were slightly more prone to errors when calculated by the

FlexAnalysis software, so again peak intensity appears to be the parameter that is the
least influenced by spectrum processing. The lower limit of quantitation was 0.7 fmol on
the MALDI target spot for both peptides in the linear mode, or 0.9 fmol for p110a and
1.4 fmol for PTEN in the reflectron mode. Notably, both the linear and reflectron modes
were found to be suitable for peptide quantification, and it is feasible to measure all

samples in both modes as an internal quality control measure.

2.3.5 Optimization of Immuno-enrichment

2.3.5.1 Optimization of Bead Types and MALDI Plate Spot Sizes

Different types of magnetic beads were compared for antibody coupling (Figure 11
A+B, Supporting Table S 7): two types of protein G coupled beads (one a solid bead (PG
#1) and the other a porous microsphere (PG #2)), as well as tosyl-activated magnetic
beads (solid spheres) which covalently bind antibodies (C #1). In addition to different
bead types, different MALDI plates with different spot sizes were tested: 2600 pum
pFocus and 700 um pFocus plates. Concentrating the same amount of analyte on a much
smaller surface area could potentially lead to higher sensitivities.*>

A comparison of different types and amounts of beads showed that the covalently
coupled antibody-beads, in general, did not perform as well as antibodies non-covalently
bound to protein G beads. This was indicated by a mean p110a dSIS S/N of 3 for the
covalently coupled beads, compared to 17 for the protein G-coupled beads (PG #1). Both
protein-G beads performed similarly, giving mean pl110a S/N ratios of 17 for PG #1
compared to 19 for PG #2, and mean PTEN S/N ratios of 20 versus 10 for PG #1 and #2.

The porous microspheric PG #2 beads have an approximately 20x higher binding
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capacity than PG #1, which is why only 3 ug of PG #2 beads were used per replicate,

compared to 30 pg for PG #1 (note that using less than 3 pg of PG #2 proved
impractical). Still, using 3 pg PG #2 resulted in 0.5 pg of antibody available per
replicate, twice as much as the 0.2 pg of antibody using 30 ug PG #1. However, neither
the lower amount of beads nor the higher amount of available antibody using PG #2
seemed to improve enrichment. CVs of S/N ratios between PG #1 and PG #2 were
comparable for PTEN, while CVs for p110a peptides were slightly lower using PG #2
(PTENpG#1/pc#2 cv=0.8, p110apc#i/pce2 cv= 3).

For evaluating the 700 pm pFocus plates, PG #1 and C #1 bead amounts had to be
reduced by a factor of 10 in order to avoid overloading the MALDI plate (PG #1_1/10
and C #1_1/10). PG #2 already required a very small amount of beads for the 2600 um
uFocus plates (3 pg) and did not need downscaling.

Using a 700 um pFocus plate, very low S/N ratios (S/N=2) were observed for both
PTEN and pl110a using PG #1_1/10. Using C #1_1/10, no analytes were detected. In
contrast, S/N ratios of 14 for PTEN and 8 for p110a were observed using PG #2, which
are closer to the observed S/N ratios of 10 for PTEN and 19 for p110a on a 2600 pum
puFocus plate. Thus, using PG #2 beads yielded comparable results on both MALDI
target spot sizes tested. However, no increase in sensitivity was achieved. Handling the
extremely small volumes (as low as 0.2 pL) and bead amounts (3 pg and lower)
necessary for using small anchor plates also posed major challenges to the liquid
handling system used in this study.

In conclusion, both types of protein G beads were found to be suitable for IMALDI.

However, in our experience, bead performance may vary substantially depending on the
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antibody and sample matrix used. We found no improvement using smaller MALDI

target spots for iIMALDI, which may be related to the additional challenges posed by the

automation of a miniaturized system.

2.3.5.2 Direct versus Indirect Immuno-enrichment

Both direct immuno-enrichment (i.e. adding antibodies immobilized to magnetic beads
to the sample) and indirect immuno-enrichment (i.e. adding unbound antibody to the
sample, then enriching the antigen-antibody complex using magnetic beads) of the target
peptides were compared using E.coli digest spiked with PTEN NAT and dSIS peptides as
the sample (Figure 11C, Supporting Table S 8). Samples were immuno-enriched on
antibody-immobilized beads for 1 h (direct) or by using free antibody for 1 h, followed
by a 1-h incubation with magnetic protein G coupled beads (indirect). AKT2 dSIS
peptide was added to the MALDI matrix as an internal standard to allow comparison of
the two methods.

Our data demonstrate that the direct approach increases the recovery of the target
peptide (NATpirect/indirect= 1.4, p<0.01). Low CVs were achieved using either approach
(CVbirect= 7 %, CVindirect= 10 %). Although direct enrichment performed slightly better,

indirect enrichment is still feasible with iMALDI.

2.3.5.3 Optimization of Incubation Times
To optimize incubation conditions, the influence of (i) incubation time of the sample
with the antibody-coupled beads, (ii) sample mixing during enrichment, and (iii)

enrichment temperature were evaluated (Figure 11 D, Error! Reference source not f
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ound.). An E.coli digest spiked with PTEN and p110a NAT and dSIS peptides was used

as the sample. AKT2 dSIS peptide was added to the MALDI matrix as internal standard,
and enrichment efficiencies were compared based on the ratios of PTEN NAT/AKT2
dSIS, and p110a NAT/ AKT2 dSIS.

()To test the impact of incubation time on peptide yield, samples were incubated at
room temperature either overnight or for 1 h, while rotating. Longer incubation time
slightly ~ improved  the  enrichment  (PTENun_rotating/Overnight RT rotating=  0.67,
p1100.1h_rotating/Overnight RT_rotating= 0.66).

(if) Immuno-enrichment for 1 h at room temperature either using end-over-end rotation
or shaking at 1000 RPM, yielded comparable results for PTEN (PTEN1n_rotating/1h_shaking=
0.98) and slightly better enrichment for p110a (p<0.01, though the observed increase was
small, with p110a1n_rotating/1h_shaking= 0.83).

(iii) The effect of incubation temperature (RT vs 4 °C) was tested by incubating
samples overnight while rotating. Both incubation temperatures showed comparable
enrichment (PTENovemight 4°C_rotating/Ovemnight_RT_rotating= 0.86,
P110aovernight_4°C_rotating/Overnight RT rotating= 1.04). Low CV's between 5-12 % were achieved
regardless of incubation time or sample mixing approaches.

In conclusion, increasing incubation times clearly improved enrichment efficiency,
while neither the incubation temperature nor the mixing method led to significant
changes in assay performance. Indeed, this is an important finding for clinical
translation: the general IMALDI workflow yielded reproducible results even when
conducted under slightly varying conditions, a situation which cannot be avoided even

within a given hospital setting and even more so across different sites.
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Figure 11. Optimization of immuno-enrichment. Error bars represent standard deviation,
horizontal bars indicate means. Values above and below the data points represent the mean and
absolute standard deviation (A) Comparison of different bead types for enriching 2.5 fmol PTEN
and p110a dSIS peptides spiked into 10 pg E.coli digest, using a 2600 um MALDI target plate.
Protein G Dynabeads (PG #1), Protein G MagReSyn beads (PG #2) and M280 tosylactivated
Dynabeads (C #1) were tested. Peak S/N ratios of the enriched dSIS peptides are used for
comparison. (B) Comparison of different beads for enriching 2.5 fmol PTEN and p110a dSIS
peptides spiked into 10 g E.coli digest, using a 700 um MALDI target plate. Peak S/N ratios of
the enriched dSIS peptides are used for comparison. The same antibody-coupled beads as in (A)
were tested, using 1/10 of the bead amount (PG #1_1/10, C #1_1/10), except for PG #2 (same as
in (A)). N=4 per bead type and MALDI target plate. Data for A+B recorded in the reflectron
mode. (C) Comparison of direct and indirect immuno-enrichment for PTEN NAT peptide (1
fmol) spiked into 10 pg E.coli digest, showing better recovery using direct IP. Outlier (> Q3+3x
Interquartile Range) was excluded due to poor quality of the mass spectrum. Meanpirect ir (OUtlier
included) = 0.44 £ 0.1. The signal of AKT2 dSIS standard spiked into the MALDI matrix (1 fmol
per spot) was used for normalization. (*) indicates significant difference (p<0.01) to direct IP.
Data recorded in linear mode. (D) Testing different incubation times, temperatures and mixing
conditions for enriching PTEN and p110a NAT peptide (1.25 fmol) spiked into 10 pg of E.coli
digest. The signal of the  double-stable-isotope-labelled AKT2  peptide
(THF(+10)PQFSYSASIR(+10)E) spiked into the MALDI matrix (1 fmol per spot) was used for
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normalization. (*) indicates significant difference (p<0.01) of PTEN enrichment after 22 h
incubation compared to 1 h incubation, (+) significant difference (p<0.01) between pl110a
enrichment compared to 1 h incubation, and (#) indicates significant difference between PTEN
enrichment after 22 h at room temperature (RT) and 22 h at 4 °C. N=10 for each condition,
except 1 h shaking (N=6). Data was recorded in the linear mode.

2.4 Conclusions

The IMALDI workflow was optimized for the efficient and automated quantification of
cell signalling proteins from cell lysates. The essential steps inherent in every iMALDI
procedure, including assay automation, tryptic digest, calibration, antibody-sample
incubation times, temperatures as well as using different enrichment strategies and
different types of antibody-coupled magnetic beads, were systematically evaluated (Table
1).

The liquid handling steps were successfully automated. In particular, the labour-
intensive and comparatively complicated washing and spotting of the antibody-antigen
bead complex were automated without compromising sensitivity, while the turnaround
time for 96 samples was reduced from approximately 90 min using manual preparation to
15 min using automation.

Regarding the sample preparation, it was found that digestion using 1:2 protein:trypsin
was the ratio-of-choice, as it combined high digestion efficiency with short incubation
times. In contrast to conventional proteomics experiments, most potential interferences
are removed during anti-peptide immuno-enrichment after the proteolytic digestion. For
the enrichment step, direct enrichment using protein G coupled beads was found to be the
most sensitive method for cell lysate digests. Importantly, we found that different pAbs
from the same manufacturer (Signatope) provided the same results. Given that only

minimal amounts of antibody are required to conduct iIMALDI assays with high
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sensitivity - even for proteins of low abundance - this is an important result, as 10,000s of

assays can be conducted using a single pAb preparation, theoretically reducing the need
for the generation of monoclonal antibodies.

In addition, different matrices were evaluated, as well as alternative peak parameters
(S/N, intensity, area) for quantifying peptides in cell digests. For generating an external
calibration, the complexity of the matrix was found to have little influence on the amount
of target peptide measured in the sample and a BSA digest was found to be completely
acceptable as a generic sample matrix.

In summary, this chapter provides a comprehensive template on how to set up,
optimize, and evaluate future iMALDI assays. This will facilitate the transfer of this
technology into the clinic, where protein-based assays are becoming increasingly

important for patient stratification.**2**’
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Table 1. Summary of optimized iMALDI method parameters.

Parameter Optimal condition

Peptide Length for Antibody 7 to 20 Amino acids

Development and MALDI-TOF MS

analysis

Tryptic Digest 1:2 protein:trypsin (w:w) for 1 h at 37° C

Bead Type Protein G Dynabeads (MagReSyn Protein G
beads perform similarly but with different
background peaks overserved in the mass
spectrum)

Enrichment Direct enrichment (antibodies coupled to
beads prior to enrichment).

Incubation condition 1 h to overnight, shaking (1000 RPM, too rapid
shaking may cause loss of antigen) or rotating.

Incubation temperature Room temperature (1 h incubation) or 4 dC
(overnight incubation)

Wash Protocol 1x 70 pL PBS +0.015 % (w:w) CHAPS, 3x 80 pL
5 mM Ammonium Bicarbonate (Automated)

MALDI Matrix 3 mg/mL HCCA+ 7 mM AmCit in 70:29.9:0.1
ACN:H20:TFA (1.5 pL matrix used per spot)

Spot Wash Procedure 3x 7 mM Ammonium Citrate Dibasic (pH=5, 10
pL wash buffer with 5 s incubation time on
spot)

Calibration surrogate matrix BSA Digest (0.1 pg/uL in TRIS+C buffer)

Peak parameter used for peak Peak Intensity

calculations
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Chapter 3 A Multiplexed, Automated Immuno-Matrix Assisted
Laser Desorption/lonization Mass Spectrometry Assay for
Simultaneous and Precise Quantitation of PTEN and p110a in

Cell Lines and Tumor Tissues

Work in this chapter was performed at the UVic Genome BC Proteomics Centre (PC) and
at the Jewish General Hospital in Montreal (JGH). MDA-MB 231 cell lysates were
prepared by Adriana Aguilar-Mahecha (JGH). All experiments herein, and the data
analysis thereof, were performed by Bjoern Froehlich. Experimental design was
performed by Bjoern Froehlich, Andre LeBlanc, Rene Zahedi, and Christoph Borchers.
Christoph Borchers oversaw the project. The contents of this chapter were adapted from

the following publication:

Bjoern C. Froehlich, Robert Popp, Constance A. Sobsey, Sahar Ibrahim, Andre LeBlanc,
Yassene Mohammed, Marguerite Buchanan, Adriana Aguilar-Mahecha, Oliver Potz,
Michael X. Chen, Alan Spatz, Mark Basik, Gerald Batist, René P. Zahedi, and Christoph
H. Borchers,

“A Multiplexed, Automated Immuno-Matrix Assisted Laser Desorption/lonization Mass
Spectrometry Assay for Simultaneous and Precise Quantitation of PTEN and p110a in

Cell Lines and Tumor Tissues”, submitted
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3.1 Introduction
Targeted therapies that selectively inhibit key proteins in oncogenic signaling

networks have emerged as new and promising method to treat cancer patients!8. 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?>1>°,
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
mutational status in colorectal cancer, as well as protein markers whose expression levels
are typically assessed by immunohistochemistry, such as PD-L1 in lung cancer.24160.161
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.848¢ Thus, genomic biomarkers do
not readily reflect the activity and/or expression of a drug’s target protein or
pathway*%162-164  Moreover, the expression of protein biomarkers is typically assessed
by immunohistochemistry (IHC)34135165 which is poorly standardized, strongly depends
on antibody-specificity, suffers from interference from post-translational modifications,
and provides only subjective and semi-quantitative data (e.g., “amplified” vs. “normal”)
135,137,166 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.
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The PIBK/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 PISBK/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>17-170, Some of these, however,
show unexpectedly low response rates. 2°>3>127

The PI3K catalytic subunit pl110a and the phosphatase and tensin homolog (PTEN),
which is the main negative regulator of the PI3K/AKT/mTOR pathway, are frequently
mutated and dysregulated in many cancers, and are considered as strong indicators of
PI3K pathway activity3686131,132,171-174 = 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 chromatography coupled with multiple or parallel reaction
monitoring (LC-MRM or LC-PRM) to achieve high sensitivity, reproducibility, and

selectivity. LC-based approaches, however, suffer from comparatively long analysis
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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 quantitation by
MALDI-TOF MS to achieve high selectivity, sensitivity, and precision. Moreover,
MALDI requires only a few seconds of analysis-time on bench-top MALDI-TOF
instruments such as the Bruker Microflex, which is an FDA-approved instrument that is
already present in many clinical laboratories for microbial identification. In iIMALDI,
endogenous proteins are first enzymatically digested to release the endogenous
proteotypic 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 proteins by
IMALDI requires as little as 10 pg of total protein per measurement, which is in-line with
the severely limited amounts of tissue that can be obtained for many clinical samples.t?!

Following the development of anti-PTEN and anti-p110a antibodies, as well as
optimizing key assay parameters such as tryptic digestion, automation and immuno-
enrichment in the previous chapter, this chapter describes the validation of the developed

assay to demonstrate that it is fit-for-purpose.
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3.2 Materials and Methods

All major iMALDI liquid handling steps were conducted using a BRAVO liquid handling
system (Agilent Technologies), as described in the previous chapter.t’> Refer to section

2.2.1 for the materials used.

3.2.1 iMALDI Workflow

Preparation of Antibody-coupled Beads. Protein G Dynabeads were washed 7x 25:75
acetonitrile:(PBS+0.015 % (w:w) CHAPS (PBSC)) and 3x PBSC buffer, using 1:10
bead-slurry: buffer (v:v), followed by addition of 0.2 pg anti-peptide antibodies per 30 pg

beads.

Peptide Enrichment. Ten pg of total lysate protein in 100 pL were used for each
experiment. The sample was digested for 1 h at 37 °C using 1:2 (w:w) protein:trypsin,
followed by quenching using Na-Tosyl-L-lysine chloromethyl ketone hydrochloride
(TLCK). The target peptides were enriched using 0.2 pg antibody coupled to 30 pg
Protein G Dynabeads per replicate and 1 h incubation at room temperature. Then, the
antigen-antibody-bead complexes were washed 1x with PBS+0.015% CHAPS (PBSC)
and 3x 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 a-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 3x with 7 mM ammonium citrate and analyzed using a Bruker Microflex
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LRT in both linear positive (LP) and reflectron positive (RP) ion mode. Liquid handling

steps were automated using an Agilent Bravo 96LT.

3.2.2 Preparation of cell and tissue samples

E. coli BL21 DE3 cells were grown overnight in lysogeny broth (10 g/L Tryptone, 10
g/L NaCl, 5 g/L 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.!? Briefly, cells were
grown overnight at 37 °C and 5% CO, 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 1x halt protease and 1x halt phosphatase inhibitor (Thermo
Fisher), supported by sonication. Protein concentration was determined using a BCA
assay (Thermo Fisher).

E.coli, MDA-MB 231, and tissue lysates were diluted to a concentration of 0.1 pg
protein/pL using cold TRIS supplemented with 0.015 % CHAPS (TRIS+C). Each
sample was divided into 100-pL aliquots (with 10 ug 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 previously
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reported (38), all experiments were performed in accordance with the protocol approved

by the Lady Davis Institute/McGill University animal care committee.

3.2.3 Evaluation of the impact of reduction and alkylation on PTEN and p110a

iMALDI assays

MDA-MB 231 lysate (10 pg of total protein per replicate in 100 pL) was digested
using trypsin (1:10 protein:trypsin) either with (+RA) or without prior reduction of
disulfide bonds and alkylation of free Cys residues (-RA), using five replicates per
condition. Reduction and alkylation were performed by adding 10 pL 0.74 mM tris(2-
carboxyethyl)phosphine (TCEP), followed by 10 puL 0.74 mM iodoacetamide (IAA),
followed by incubation for 30 min at 37 °C in the dark, and quenching using 10 pL 1.48
mM dithiothreitol (DTT). Tryptic digestion was performed the same way for both
conditions, as described above. To each replicate, 2.5 fmol PTEN SIS and p110a SIS
were added as internal standards. iIMALDI assays were conducted as described above.
Two-sided t-tests with a confidence level of 0.99 were performed to compare the
END:dSIS ratios and SIS:dSIS ratios for PTEN and p110a between samples digested

with and without reduction and alkylation.

3.2.4 Evaluation of iMALDI multiplexing strategies
Sequential enrichment was performed by coupling Protein G Dynabeads to either anti-
AQEALDFYGEVR (PTEN) or anti-EAGFSYSHAGLSNR (p110a) antibodies, and then

using these antibody-bead complexes to separately enrich the target peptides from
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different sample aliquots. For each sample, 30 pug 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 pg of beads coupled to the
second antibody were added (i.e. if anti-PTEN antibodies were used in the first
enrichment, anti-p1100 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/p110a), anti-PTEN and anti-p110a coupled beads
were mixed in a 1:1 ratio prior to enrichment. Thirty pug of the bead mixture (containing
15 pg anti-PTEN and anti -p110a 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.

3.2.5iMALDI method validation - linearity
MDA-MB 231 lysate was used as matrix and 10 pg total protein per replicate was
digested as described above. Mixed calibration stock solutions of PTEN+p110a dSIS
(2.5, 1.75, 1, 0.75, 0.5, 0.375, 0.25, 0.125, 0.06, 0.03, 0.016, 0 fmol/uL, each) were
prepared in PBSC using an automated calibration curve-preparation protocol.
Calibrations standards were prepared by adding 20 uL of calibration stock solution to
10 pg MDA-MB 231 digest, resulting in 50, 35, 20, 15, 10, 7.5, 5, 2.5, 1.25, 0.6, 0.3, 0

fmol dSIS per standard. Three replicates were prepared for each standard. 2.5 fmol
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PTEN SIS and p110a SIS (PTEN+p110a SIS) were added to each replicate as internal

standards. Peptides were analysed using the developed iIMALDI assay as described
above.

The peak intensities ratios of PTEN dSIS and p110a dSIS (PTEN+p110a dSIS) to the
respective SIS peptides were calculated and calibration curves were generated. 1/x"2
weighted regressions were calculated for each both target peptides in linear mode and 1/x
weighted regressions in reflectron mode. To assess the linearity, the ratios of the

residuals divided by the calculated fitted values (in percent) were calculated.

3.2.6 iIMALDI method validation — accuracy

MDA-MB 231 digest was used as matrix. Ten pg of total protein per replicate was
digested as described above, and three accuracy test solutions were prepared. Acc #1:
MDA-MB 231 digest was spiked with PTEN dSIS and p110a dSIS, both to a final
concentration of 1.8 fmol/ug total protein (18 fmol total PTEN/ pl110a dSIS per
replicate). Acc #2: Acc #1 was diluted with MDA-MB 231 digest to a final concentration
of 1.0 fmol/pg total protein for both dSIS (10 fmol total PTEN/ pl10a dSIS per
replicate). Acc #3: Acc #1 was diluted as above to a final concentration of 0.2 fmol/pug
total protein (2 fmol total PTEN/ p110a dSIS per replicate). Four replicates were
prepared for each accuracy test solution.

For external calibration, BSA digest (10 g total protein per replicate) was spiked with
increasing amounts of PTEN+pl10a dSIS ranging from 0 to 20 fmol. Peptide
enrichment, bead washing and spotting, matrix spotting, and spot washing was performed

as above. To each accuracy sample and calibration standard, 2.5 fmol PTEN+p110a SIS
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were added as internal standard (normalizer). To assess accuracy, PTEN+p110a dSIS

concentrations in the Acc 1-3 samples were determined using the calibration generated in

above.

3.2.7 iIMALDI method validation — interference

Recombinant PTEN and p1100/p85a protein were each spiked into MDA-MB 231
lysate to a concentration of 1.5 fmol recombinant protein/1 pg total lysate protein (15
fmol protein per protein and 10-pg replicate). The sample was then diluted either 2-, 4-,
or 8-fold using PBSC and digested as described above. To each digest, 2.5 fmol
PTEN-+p110a dSIS were spiked in as internal standards. Four replicates were prepared
per dilution. Assay preparation, bead washing and spotting, matrix spotting and spot
washing were performed as described above. For external calibration, constant
PTEN+p110a dSIS (2.5 fmol per replicate) were spiked in with variable amounts of
PTEN and p110a NAT (ranging from 0 to 20 fmol) and 10 pg total protein BSA digest as
surrogate matrix. Three replicates were prepared for each calibration standard.
Concentrations of recombinant PTEN and p110a were determined based on the external

calibration.

3.2.8 iIMALDI method validation — precision

To assess the five-day precision across the working range of the multiplexed
PTEN+p110a assay, three different pools of MDA-MB 231 cell lysate (labeled ‘low’,
‘medium’, ‘high’) were prepared by adding PTEN+p110a dSIS to achieve concentrations

of 2, 10, and 18 fmol /10 pg total lysate protein, respectively. The pools were then
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diluted to a total protein concentration of 0.1 pg/pL, and each pool was split into 5

aliquots and stored at -80 °C until used.

For five consecutive days, one aliquot of the ‘low’, ‘medium’ and ‘high’ pool was
analyzed in three technical replicates each. Ten g total protein was analyzed per
replicate, resulting in PTEN+p110a dSIS amounts of 2, 10, and 18 fmol. An external
calibration curve with varying concentrations of PTEN+pl110a dSIS (0-20 fmol per
replicate) in BSA digest (10 pg total protein per replicate) was generated fresh, daily.
Constant amounts of 2.5 fmol PTEN+p110a SIS were added as internal standards to each
sample and calibration standard. Antibody-coupled magnetic beads were prepared fresh
daily and stored while rotating at 4 °C until use. Assay preparation, bead washing and
spotting, matrix spotting and spot washing was performed as above. Spiked-in
PTEN-+p110a dSIS concentrations were determined using the calibration curve prepared
on the same day.

Overall CVs were calculated based on the average Intra-day CVs and the inter-day

CVs (Equation 1).176

CVrotar = ymean(Intra — Day CV)? + Inter — Day CV?2

Equation 1. Calculation of overall 5-Day CVs
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3.3 Results

3.3.1 Multiplexed analysis of PTEN and p110a using iMALDI is feasible

The multiplexing of iIMALDI assays allows the precise quantification of different
protein targets in a single sample without the need for additional sample material. This is
particularly 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 biomarker panels for
patient stratification is high.

We, therefore, evaluated two different strategies of multiplexing iIMALDI assays and
compared these to the classical singleplex enrichment with regard to efficacy and
robustness: simultaneous enrichment and sequential enrichment of both target peptides
(Figure 12 A). 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 ug total protein
per replicate) that was spiked with 1 fmol NAT and 2.5 fmol SIS peptides for PTEN and
p110a, respectively (n=4 for each concentration and multiplexing strategy). For both
PTEN and p110a, the NAT/SIS ratios showed good agreement between the multiplexed
and singleplex assays, with mean NAT/SISmutiplex and NAT/SISsingieplex ratios of 1.03
(PTEN) and 0.97 (pl110a) for both tested concentrations. High precision was also

achieved using the multiplexed assays (CVmean_pteEn= 4%, CVMean pi10a= 5%), Which was
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comparable to the singleplexed assays (CVmean pten= 10%, CVMean pi10a= 8%) (Figure 12

D, E; Supporting Table S 10).

Peptide recoveries of the 1 fmol NAT spike-in, as determined 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) (Supporting
Figure S 6; Supporting Table S 11). Using sequential enrichment, the order of
enrichment did not lead to significant differences, for either PTEN (Figure 12B) or p110a
(Figure 12C).

These results indicate that multiplexed PTEN/p110a iMALDI is feasible without
compromising assay accuracy or precision. All of the subsequent steps in the validation
and application of the multiplexed PTEN/p110a iMALDI assay were performed using
simultaneous enrichment because of its more straightforward and simpler workflow,

compared to sequential enrichment.
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Figure 12 Multiplexed PTEN/p110a iMALDI assay. (A) E.coli digest was spiked with either 1
fmol or 10 fmol PTEN and p110a NAT peptides and 2.5 fmol corresponding SIS peptides,
followed by PTEN and p110a enrichment, either sequentially or simultaneously. Both sequential
multiplexing strategies were compared to the PTEN and p110a 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 p110a. NAT after sequential enrichment as either first (T1) or second target
(T2) (D+E) Comparison of PTEN and p110a peptide enrichment performed as singleplex (T1),
sequential enrichment with PTEN/p110a enriched either as first (T; before T,) or second (T:
before T,) target, or simultaneous enrichment of both peptides (T1+T2). NAT/SIS ratios were
calculated for both the (D) 1 fmol and (D) 10 fmol NAT spike-in samples, showing no significant
differences in accuracy and precision between all strategies.

3.3.2 Validation of our multiplexed PTEN and p110a 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 p110a (Supporting
Figure S 7,Supporting Table S 12), we validated our simultaneous multiplexed
PTEN/p110a. iMALDI assay’s precision and accuracy (referring to the surrogate

peptide).60121



80
To assess linearity of our assay, we prepared a calibration curve using MDA-MB-231

digest (10 ug total protein/replicate), which was spiked with constant amounts of PTEN
and p110a SIS (2.5 fmol/replicate) and varying amounts of PTEN dSIS and p110a dSIS
(PTEN+p110a dSIS) (ranging from 0-50 fmol/replicate). The samples were analysed in
both linear positive (LP) and reflectron positive (RP) ion modes (Figure 13 1A, Figure 13
1B; Figure 13 2A; Figure 13 2B; Supporting Table S 13, Supporting Table S 14).
Because of the heteroscedasticity of the calibration data, weighted linear regression
(WLYS) is preferred over ordinary least squares regression (OLS) in mass-spectrometry
based assays'”’.

In the LP mode, the linear range of the assay was from 0.6 to 20 fmol on-spot, with R?
values of 0.99 and CVs consistently below 15% for both PTEN and p110a (Figure 13 1A,
Figure 13 1B). 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 (Supporting Figure S 8 A).%17> The
sensitivity of our iIMALDI 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.'’® In the RP mode, the linear
range of the assay was from 1.25 to 50 fmol on-spot with R? values of 0.98 (PTEN) and
0.99 (p110a), and CVs of <20% (for >0.6 fmol peptide on-spot) (Figure 13 2A; Figure 13
2B, Supporting Figure S 8 B). Based on our previous experience, we did not expect any
target protein concentrations above 20 fmol/10 pg total lysate protein, so we used the

linear range of the assay in LP mode as the working range for our assay.’® This is also
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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/p110a iMALDI assay, we used 10
pg of a MDA-MB-231 cell lysate that had been spiked with (i) 2, 10, or 18 fmol of PTEN
dSIS plus p110a 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 p110a SIS. PTEN and p110a dSIS amounts were determined based on dSIS/SIS
ratios and were compared to the theoretical spike-in amounts (Figure 13 1C; Figure 13
2C; Supporting Table S 15, Supporting Table S 16). 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 high 90% for low, medium, and high levels, respectively)
and pl110a (112%, 105%, 97% for low, medium, and high levels, respectively), all of
which were well within FDA’s cut-off of £20% for immunoassays, with CVs of 2 to
6%.%0 Comparably high accuracies were achieved in the RP mode for both target
peptides (PTEN: 99%, 109%, and 112%; and p110a: 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/p110a iMALDI assay provides high accuracy
and precision across its entire working range.

To test dilutional linearity, recombinant PTEN and p110a/p85a protein were spiked
into MDA-MB-231 cell lysate to give a final concentration of 1.5 fmol recombinant
protein per ug of total lysate protein. The sample was diluted 2-, 4-, and 8-fold with
PBSC, followed by tryptic digestion and mutliplexed iIMALDI analysis. Additionally, to

evaluate the potential impact of using high amounts of trypsin (specifically potential
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chymotrypsin-like digestions), 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 (Figure 13 1D; Figure 13 2D;
Supporting Table S 17; Supporting Table S 18). For both PTEN and p110a, high linear
coefficients of determination were found across the dilution series (R? of 0.996 and 0.995
for PTEN and p110a, respectively), demonstrating dilutional linearity.

These results demonstrate that our multiplexed PTEN/p110a 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 comparatively narrow
(0.6-20 fmol), it is still applicable to samples with higher PTEN and/or pl10a
concentrations or higher amounts of starting material.

To test the intra- and inter-day precision of our multiplexed PTEN/p110a. 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+pl10a dSIS per 10 pg 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 a 10 pg, 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 Equation 1 (Figure 14 1, Figure 14 2, Supporting

Table S 19-22).
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For PTEN average the 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 (Figure 14
1A,1B). For p110a, 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 (Figure 14
1C,1D).
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Figure 13 Method validation of the multiplexed PTEN+p110a iMALDI assay. Data shown
was recorded in the linear positive ion mode (1) or reflectron mode (2). 10 pg of MDA-MB-231
digest were spiked with varying amounts of PTEN+p110a dSIS peptides and 2.5 fmol PTEN and
p110a SIS as normalizer. (1A) Calibration curve (n=3): The linear range is from 0.6-20 fmol and
(1B) all means within that range were within a £15% error margin of the regression for . In
reflectron mode, the linear range extends from 1- fmol (2A, 2B). (C1+C2) To determine
accuracy, PTEN+p110a dSIS amounts were determined based on dSIS/SIS ratios and compared
to the theoretical spike-ins. (n=4). (D1+D2) For interference testing, 10 pg MDA-MB-231 lysate
(total protein) was spiked with 15 fmol of recombinant PTEN and p1100/p85a, respectively, and
diluted 2-, 4-, and 8-fold prior to tryptic digestion

These data indicate that our multiplexed PTEN/p110a iMALDI assay is highly

reproducible throughout its linear range, with mean total CVs over all experiments and
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days of 9.5% for PTEN and 8.4% for p110a in the LP mode, and similarly low CVs

(14.7% and 12.4%) in the RP mode (Figure 14 2).
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Figure 14 Inter- and intra-day precision of the multiplexed PTEN/p110a. iMALDI assay.
Three pools of MDA-MB-231 lysate were spiked with 2, 10, or 18 fmol of PTEN+p110a dSIS,
corresponding to 10%, 50%, and 90% of the assay’s linear range in linear mode (low, medium,
and high levels, respectively). One fresh aliquot from each pool was analyzed each day for five
consecutive days in triplicate. Data was recorded in the linear positive ion mode (1) and
reflectron mode (2). (A+C) The deviation from the 5-day mean for low, medium, and high
samples is given for (A) PTEN and (C) p110a. (B+D) Intra-day CVs and 5-day inter-day CVs
for low, medium, and high-level samples. An outlier (amount quantified > 3rd quartiles.gay ‘low’
resultst3X Interquartile Ranges.day low’ resuiis) was excluded from the ‘low’ sample on Day 4.

3.3.3 Multiplexed quantitation of PTEN and p110a in tissue samples

Having validated our multiplexed iIMALDI assay, we then evaluated the performance
of the assay for the quantitation of endogenous PTEN and p110a 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
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which were reported previously.*’”® The samples used in this study originated from the

third drug trial, where trastuzumab-resistant gastric tumors were transplanted into 12
mice, which were either treated with trastuzumab (Tra) at 5mg/kg intraperitoneal once a
week, everolimus (Ev) at 5mg/kg daily gavage, both trastuzumab and everolimus (Tra-
Ev) at the same concentrations 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
gastrointestinal cancers. The combination of trastuzumab and everolimus is a potential
combinatorial treatment for patients who are HER2-positive but have aberrant
PIBK/AKT/mTOR-pathway activation, which is associated with resistance to
trastuzumab therapy.'®® 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 guidelines®®. 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 ug of total protein extract with high reproducibility
(the median CV across duplicates was <6%) (Figure 15 A, Figure 15 B; Supporting Table
S 23). While PI3K expression levels were stable across the different samples, showing
no significant differences (Ctrl: 0.4+0.5 fmol/10 pg; Tra: 0.8+0.2 fmol/10 ug; Ev:
0.9+0.2 fmol/10 pg; Tra-Ev: 0.9£0.2 fmol/10 ug), 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/10 pg; Tra: 3.6+£0.5 fmol/10 pg; Ev: 4.6+1.0 fmol/10 pg; Tra-Ev: 4.2+0.5 fmol/10

1g), although these differences were not statistically significant due to high variability in
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the control group. This dose-dependant upregulation of PTEN expression upon treatment

with everolimus has previously been reported for A549 cells, while PI3K levels have
been reported as being reduced upon everolimus treatment, 182183

We further analyzed fresh-frozen tissue samples of four colorectal 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 pg of total protein extract
(Figure 15 C, Figure 15 D). While PI3K shows a surprisingly stable protein expression
level across the two tumor tissues -- from 0.6 to 1.2 fmol per 10 pg of total protein in
both colorectal cancer liver metastases (MCRC, 0.9+0.3 fmol/10 pg) and breast tumors
(0.8£0.4 fmol/10 pg) -- the protein expression levels of PTEN showed a higher
variability (mCRC: 2.0+1.2 fmol/10 ug; breast tissue: 2.0+1.0 fmol/10 ug).

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).t84-18  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
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Figure 15 Multiplexed quantitation of PTEN and p110a in human tissue samples. (A)
Endogenous PTEN and p110a 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
pl110a END peaks as well as SIS+dSIS standard. (C) Endogenous PTEN and p110a
concentrations in various FF breast tumor (B) and colorectal cancer liver metastasis (L) tissue
samples (10 pg total protein/replicate). (D) MALDI TOF spectrum of sample L #4 showing the
endogenous PTEN and p110a target peptides as well as the SIS and dSIS standards with low non-
specific background.

precise protein assays to quantify relevant cancer genes on the protein level, where
cancer drugs act.8+26
In summary, our results show that our validated multiplexed PTEN/ p110a iMALDI

assay is fit-for-purpose for high-throughput analysis of tumor samples. In addition, our



88
data show surprisingly robust expression levels of PTEN from fresh-frozen PDX samples

and from breast tumors and colorectal cancer liver metastases.

3.3.4 Conclusions

We developed and validated an automated, rapid (same-day results), and multiplexed
iIMALDI assay for quantifying PTEN and p110a. Our assay requires as little as 0.2 ug of
antibody per sample and the MS readout requires only a low-cost benchtop 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 p110a, and the intra- and inter-day precision was below 15%. °

Using this assay, we were able to quantify endogenous PTEN and p110a in cancer cell
lines as well fresh-frozen tumor tissue samples, including a PDX model of trastuzumab-
resistant gastric tumor. We were able to detect small changes in the expression levels of
PTEN upon treatment with everolimus and everolimus+trastuzumab, which agree with
data in the literature, and the differences between PI3K and PTEN protein expression
levels were in good agreement with transcriptomic data for breast cancer and colorectal
cancer, while concurrently underlining the discrepancy between transcriptome readouts

and absolute protein expression levels.
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Chapter 4 Using two peptide isotopologues as internal
standards for the streamlined quantification of low-abundance

proteins by immuno-MRM and immuno-MALDI

Work in this chapter was performed at the UVic Genome BC Proteomics Centre (PC) and
at the Jewish General Hospital in Montreal (JGH). Colo-205 cell lysates were prepared
by Adriana Aguilar-Mahecha (JGH) and Sahar Ibrahim (JGH). iMALDI experiments
were performed by Bjoern Froehlich, iMRM experiments were performed by Sahar
Ibrahim. Data analysis was performed by Bjoern Froehlich and Sahar Ibrahim.
Experimental design was performed by Bjoern Froehlich, Sahar lbrahim, Rene Zahedi,
and Christoph Borchers. Christoph Borchers oversaw the project. The contents of this

chapter were adapted from the following publication:

Sahar Ibrahim, Bjoern C. Froehlich, Adriana Aguilar-Mahecha, Raquel Aloyz, Oliver
Poetz, Mark Basik, Gerald Batist, René P. Zahedi, and Christoph H. Borchers,

“Using Two Peptide Isotopologues as Internal Standards for the Streamlined
Quantification of Low-Abundance Proteins by Immuno-MRM and Immuno-MALDI”,

Anal. Chem. 2020, 92, 18, 12407-12414
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4.1 Introduction

Major advances in instrumentation and methods for MS-based proteomics have
enabled the relative quantification of 1000s of proteins across different samples and
conditions.'*8187.188 |1n many cases, however, relative quantification showing only
up/down-regulation of a protein compared to a control may not be sufficient, and a more
precise determination of the actual protein concentration, i.e. the expression level is
required.!2157189 Thjs is of particular importance in precision oncology. Since not all
patients’ tumors have pharmacologically tractable alterations in their DNA, a deeper
understanding of cancer biology - at the level of proteins and their post-translational
modifications - may help to determine whether these proteins might either be drug
targets, or serve as diagnostic, prognostic or predictive biomarkers,121%

PTEN, a tumour suppressor which negatively regulates the PI3K/mTOR pathway, is an
important example: Despite the low incidence of PTEN mutations and deletions in
breast, prostate, and colon cancer, PTEN expression is commonly found to be
downregulated in these tumors.!®* Importantly, PTEN downregulation correlates with the
severity of these cancers in a dose-dependent manner.!%? These findings make PTEN a
good biomarker candidate for prognosis, as well as for predicting the response to
therapeutics that target the PI3BK/mTOR pathway. Typically, IHC is used to evaluate
PTEN expression in patient clinical samples, but it lacks the sensitivity, specificity, and
precision to distinguish subtle differences in protein expression levels between tumors.
These shortcomings of IHC have hindered the accurate correlation of PTEN expression

with disease severity, and thus have prevented PTEN’s approval as a biomarker.
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Whether a target protein can be quantified or even detected by MS strongly depends on

the dynamic range that can be covered in a given type of analysis. Great advances have
been made to expand the dynamic range of MS -- and thus enable and improve the
quantification of low abundance proteins -- however, this often requires pre-fractionation,
or state-of-the-art instrumentation and technology which may not always be
available, 1389319421011 1y narticular, the robustness of a specific workflow and of the
required instrumentation are important determinants for clinical MS, which is in stark
contrast to fundamental research, that is constantly pushing technological boundaries.'®%-
197

Immuno-MS approaches using SIS peptides as internal standards, as described in
chapter 1.3.4, are well suited for this task. SIS peptides not only enable quantifying
endogenous protein concentrations but can also be used as internal standards to control,
e.g., immuno-enrichment recovery. Controlling immuno-enrichment recovery is a crucial
control-step that is virtually impossible for anti-protein immuno-enrichment.'%19%°
Furthermore, using SIS peptides allows the generic normalization of the END signal and
therefore compensates for issues that are often hard to control, such as sample-specific
ion suppression, or spray instabilities in ES1.?% Typically, the most precise and robust
quantification using SIS peptides involves targeted MS, i.e. multiple reaction monitoring
(MRM) or parallel reaction monitoring (PRM), where mass spectrometers specifically
monitor and quantify specific peptides-of-interest.

The choice of calibration strategy can greatly affect the precision (and accuracy) of
protein quantification assays. While some proteomics studies use only the END/SIS ratio

measured in the sample to directly determine protein concentrations, proper
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quantification requires a careful characterization of the assay-at-hand, ideally including

the assessment of the linear range, the lower limit of quantification, etc., as well as the
generation of a calibration curve in order to deduce the actual END concentration from
that END/SIS ratio. The calibration curve directly examines the relationship between the
measured signal and the actual peptide quantity, which can demonstrate that the
measured concentration is precise, and that the signal is above the lower limit of
quantification (LLOQ), and within the linear range of the assay. When measuring an
unknown sample, all these requirements have to be met to guarantee that the measured
signal really reflects a certain quantity of the analyte.?*

External calibration is a “gold standard” for quantitative MS assays: a synthetic
version of the END peptide (often referred to as NAT, for “native”) and its SIS are used
to generate the calibration curve. While the SIS is kept constant, different levels of NAT
are spiked into the individual standards of the calibration curve (Figure 17 A). The same
amount of SIS is then also added to all “real” samples with unknown END
concentrations. This approach enables the signal to be normalized and corrected for
variations in analyte response: once added during sample processing, the SIS peptide
reflects all losses from that point forward, including fluctuations in LC-MS response, and
consequently corrects the final quantification. External calibration requires the use of a
representative sample matrix that, ideally, does not contain endogenous analyte which
would interfere with the measurements, particularly at the lower end of the calibration
curve. Surrogate matrices are often used for external calibration, based on the
assumption that an analyte’s LC-MS response is the same in different types of samples?®?,

thus ignoring a major source of error in external calibration, i.e., matrix effects.?03204
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Because the complete elimination of matrix effects is often either impossible or not

feasible in trace analysis, external calibration should be used only when matrix effects
can be expected to be low.2%

Recently, we have reported a strategy to compensate for matrix effects in plasma, by
using two different SIS isotopologues that differ in mass, in order to prepare an external
calibration curve in the exact same matrix without interference from potential END
signals.?® Chiva et al. presented an extension of our approach, where five different
isotopically labeled peptide standards were incorporated for internal calibration, and
demonstrated its applicability for high precision MRM-based quantification of HER2
FFPE samples.20

Herein, we present a strategy for the internal calibration of immuno-MRM and
immuno-MALDI assays. Mimicking the matrix of iMRM and iMALDI assays in order
to generate a representative external calibration curve proved to be challenging, as the
background obtained after immuno-enrichment depends strongly on both the antibody
used and the sample. Even when external calibration curves were generated from the
same sample type after immuno-enrichment, endogenous signals may still interfere.?%®
Using surrogate matrices to generate external calibration curves, such as BSA or E.coli
digests, has previously been shown to be feasible, as described above in chapter 2.2.6 1"
but may not sufficiently represent interference and suppression events occurring in
clinical samples, including FFPE specimens, where considerable unanticipated off-target
binding of antibodies may occur. Proving that a particular external calibration works for

a given combination of immuno-MS assay and patient tissue sample on a case-by-case

basis is virtually impossible. As recently argued by Hoofnagle et al, external calibration
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of each sample batch substantially increases the cost?®” and turnaround time?®, so that the

concept of running full calibration curves in each sample batch as “ideal” has been
challenged.?®® This practice might be even more questionable for precision-medicine
assays which often demand timely analysis and thus are likely to be analyzed individually
rather than in large batches. Since iMRM and iMALDI have the great advantage of co-
enriching SIS and END peptides with the same efficiency, we evaluated the merit of
using two SIS isotopologues at different concentrations in order to quantify the protein of
interest using internal calibration (Figure 17 B). Our rationale for the use of only two SIS
isotopologues for immuno-MS was to keep the costs for clinical assays low without
compromising precision, as (i) generation, purification and quantification of SIS peptides
is costly and (ii) spiked-in SIS will compete with endogenous peptides for antibody-
occupancy, thus either reducing peptide recovery or requiring the use of more antibody.
We therefore compared our two-point internal calibration (2-PIC) strategy with the gold-

standard, external calibration.
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Figure 17. Comparing external calibration to two-point internal calibration (2-PIC).
Schematic workflows for immuno-MS based protein quantification. A: External calibration:
multiple standards have different concentrations of NAT in a constant concentration of SIS.
Calibration standards are prepared in a surrogate matrix without immuno-enrichment and
analyzed together with the sample to determine a calibration curve that is used to calculate the
analyte’s concentration in real samples. B: Two-point internal calibration where two different
SIS isotopologues that differ in mass are spiked into the real sample at different concentrations,
prior to immuno-enrichment, and the two-point internal calibration curve is used to calculate the

concentration of the analyte.
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4.2 Materials and Methods

4.2.1 Reagents

Reagents were obtained from Sigma Aldrich (Oakville, Canada), if not stated
otherwise. The Bicinchoninic acid assay (BCA) kit was obtained from Thermo Scientific
(Ottawa, Canada). Trypsin/Lys-C Mix, MS Grade was from Promega (Madison, USA),
while TPCK treated trypsin, was purchased from Worthington (Lakewood, USA).
Microcon-30 kDa Centrifugal Filters were purchased from Millipore-Sigma (Oakville,
Canada). LC-MS grade acetonitrile (ACN) and water were purchased from VWR
International (Montreal, Canada) and Honeywell B&J Brand (Muskegon, USA),
respectively. Acetic acid was purchased from Honeywell Fluka (Montreal, Canada).

The iIMRM SIS2 (NNIDDVVR+10 Da; bold letters indicate stable-isotope labeled
amino acids; the total mass shift in Da is given) peptide, as well as the IMALDI NAT
(AQEALDFYGEVR) and SIS1 (AQEALDFYGEVR+10 Da) peptides were synthesized
at the University of Victoria Genome BC Proteomics Centre (Victoria, BC, Canada), and
their purities and concentrations were determined by capillary zone electrophoresis and
amino acid analysis, respectively.?’%?111 2 The iMRM NAT (NNIDDVVR, , Supporting
Figure S 4) and SIS1 (NNIDDVVR+6 Da) and the iMALDI SIS2
(AQEALDFYGEVR+17 Da) peptides were purchased from Synpeptides (Shanghai,
China). Anti-NNIDDVVR and anti-AQEALDFYGEVR rabbit polyclonal antibodies
were obtained from Signatope (Reutlingen, Germany). Protein A Dynabeads and Protein

G Dynabeads were purchased from Invitrogen (Ottawa, Canada).
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4.2.2 Cell lines samples and sample digestion

Colon adenocarcinoma Colo-205 cells were second-passage cells obtained from
ATCC. Cells were mycoplasma-free and 6.66 x 10° cells were seeded in 10 cm dishes
and cultured in RPMI-1640 medium (ATCC 30-2001) with 10% FBS at 37°C in 5% CO..
Cells were collected at 80% confluence within 24 h of seeding, washed with D-PBS,
trypsinized (0.25% trypsin), centrifuged at 12,000 x g for 5 min, and the pellet was
collected.

The Colo-205 cell pellet was washed 3 times with 1 mL of 50 mM Tris buffer (pH 8.5)
and spun down at 15,000 x g for 1 min at 4 °C. Then the pellet was re-suspended in 400
pL of 2% sodium deoxycholate in 50 mM Tris, vortexed for 30 s before being
centrifuged at 18,000 x g for 30 min at 4 °C. The supernatant was transferred into an
Eppendorf LoBind microcentrifuge tube, and a 10 pL aliquot was used to determine total
protein concentration by BCA, following the manufacturer’s protocol. Twenty-pL
aliquots were then prepared.

For iIMRM, 7 pL of lysate (equivalent to 60 pg of total protein) were reduced with 10
mM Dithiothreitol (DTT) for 30 minutes at 56 °C, with shaking. After cooling on ice,
free Cys residues were alkylated with 25 mM of iodoacetamide (IAA), incubated at 22 °C
for 30 min in the dark, followed by quenching with 5 mM of DTT. Prior to proteolytic
digestion, sodium deoxycholate!*® was diluted to a final concentration of below 0.3%
with freshly?!2 prepared 8 M urea, 100 mM TRIS-HCI, pH 7.8. The sample was then
transferred to a molecular weight cutoff spin filter (Microcon-30 kDa Centrifugal Filter
Unit, Millipore) for filter-aided sample preparation.?*3?1* After centrifugation at 13,500 x

g for 15 minutes, the sample was washed 3 times with 200 pL of 8 M urea, 100 mM
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TRIS-HCI, followed by another 3 washes with 200 pL of 50 mM ammonium bicarbonate

(AmBic). The filter device was transferred into a fresh LoBind microcentrifuge tube and
100 pL of 30 ng/uL Trypsin/LysC in 50 mM AmBic were added (1:20 protein:enzyme,
w:w). The sample was incubated overnight at 37 °C, under gentle shaking. The
generated peptides were collected by centrifugation at 13,500 x g for 15 minutes,
followed by a wash with 50 puL of 50 mM AmBic, and another wash with 50 pL of dH-O.
The sample was dried in a Speedvac and reconstituted in 60 pL of 1x PBS supplemented
with 0.003% CHAPS (PBSC2), followed by vortexing for 1 min.

For iIMALDI, the Colo-205 lysate was diluted using 20 mM TRIS+0.015% CHAPS
(TRIS+C) to a final concentration of 0.5 pg/pL ina 1.5 mL Axygen MaxRecovery tube.
For proteolytic digestion, aliquots of 105 puL were prepared in triplicate. The samples
were denatured by adding 10.5 pL 10% DOC in 200 mM TRIS, pH 8.1 (DOC2), to a
final DOC2 concentration of 0.91%, followed by incubation at 60 °C for 30 min. Then,
10.5 pL of 10 pg/pL trypsin in 1 mM HCI (1:2, w:w protein:trypsin) were added,
followed by incubation at 37 °C for 1 h. The digestion was quenched by adding 10.5 pL
of 850 uM Nao-tosyl-L-lysine chloromethyl ketone hydrochloride (TLCK).

In addition, bovine serum albumin (BSA) digest was prepared as surrogate matrix for
the experiments described below by first preparing a 10 mL BSA solution at a
concentration of 0.1 pg/uL in TRIS+C in a Falcon® 15 mL conical centrifuge tube. The
sample was digested as described above, using 1 mL 10% DOC2 for denaturation, 1 mL
2 Mg/uL trypsin solution (1:2 protein:trypsin) for digestion and 1 mL 170 uM TLCK for

guenching.
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4.2.3 LC-MRM analysis

Samples were analyzed on an Agilent 6495 triple-quadrupole MS, coupled online to an
Agilent 1290 Infinity UHPLC system. Peptides were separated using an Agilent 1290
Infinity UHPLC system equipped with an Agilent RRHD Eclipse Plus C18 column (2.1
mm inner diameter X 150 mm length, 1.8 um particle size). The column was maintained
at 50 °C. The following 11-min multistep gradient was used at a flow rate of 0.4 mL/min,
using 0.1% formic acid (FA) as mobile phase B, and 0.1% FA in ACN as mobile phase
B: 0 min: 2 % B, 1 min: 3 % B, 8 min: 35 % B, 9.5 min: 85 % B, 10 min: 85 % B, 10.5
min, 2 % B, 11 min: 2 % B. The UHPLC system was interfaced to an Agilent 6495 triple
quadrupole mass spectrometer via an ESI source with Agilent Jet Stream technology, in
the positive ion mode. The capillary and nozzle voltages were set to 3500 V and 300 V,
respectively. In the MRM method, the NNIDDVVR NAT and SIS peptide ions y6, y5, y4
were targeted using collisional energies of 19, 17, 19, and 13, respectively.

The MRM data was quantified with Skyline-Daily 19.1.2*> Peak picking was manually

checked, and the data was exported to Excel.

4.2.4iMALDI analysis

The automated IMALDI assays, including antibody-bead conjugation, assay
preparation and bead washing+spotting were conducted following the workflow
described in chapter 2.2.2 and 3.2.1.

A mixture of IMALDI SIS1 (AQEALDFYGEVR+10 Da) and SIS2
(AQEALDFYGEVR+17 Da) peptides was prepared and spiked into each sample as the

internal standards. Next, 30 pg of antibody-coupled beads (0.2 pg antibody per replicate)
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were added to each sample, followed by a 1-h incubation at room temperature while

shaking at 1000 RPM on a Microplate Vortex 120V ADV (Thermo Fisher, Ottawa,
Canada).

After incubation, the antigen-antibody-bead complex was magnetically separated from
the sample and washed and spotted on a MALDI plate. After the spots dried, they were
washed as described above in section 2.2.2.

The MALDI plates were analyzed in reflectron positive ion mode (RP). One thousand
laser shots per spot, were accumulated in 25-shot intervals using a ‘random walk’
pattern. The data was analyzed using FlexAnalysis (v3.4, Build 70). Mass spectra were
smoothed using Savitzky Golay (1 cycle, Peak width= 0.2 Da and TopHat baseline
subtraction). Peaks were detected using Snap (SNAP average composition set to

Averagine). Mass lists were exported and analyzed using R (Supporting Figure S

1).153’216

4.2.5 External calibration

To generate an external calibration curve for iIMRM, eight different standard samples
were created by mixing different concentrations of iIMRM SIS2 (NNIDDVVR+10 Da)
peptide to a constant concentration of 2 fmol/uL of SIS1 (NNIDDVVR+6 Da) in 0.1%
FA, resulting in SIS2 concentrations of 0.025, 0.05, 0.125, 0.25, 0.42, 1.67, 3.33, 6.67
fmol/puL. Then, 20 pL of each standard sample were injected and analyzed by LC-MRM
in triplicate, as described above.

To generate an external calibration curve for iMALDI, six standards were created with

varying amounts of AQEALDFYGEVR NAT peptide in PBSC2: 0.03, 0.063, 0.125,
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0.25, 0.5, and 1.0 fmol/pL. A SIS2 (AQEALDFYGEVR+17 Da) peptide standard, with a

concentration of 0.088 fmol/uL, was prepared similarly.

Aliquots of 130 pL BSA digest, prepared as described above, were used as the
surrogate sample matrix yielding 10 pg total protein per aliquot. These samples were
spiked with 20 pL iMALDI NAT standard and 20 pL SIS2 standard, resulting in constant
SIS2 amounts of 1.75 fmol per replicate and varying NAT amounts of 0.6, 1.25, 2.5, 5,
10, and 20 fmol per replicate. Three technical replicates were prepared for each standard.

The samples were analyzed using iMALDI as described above.

4.2.6 Internal Calibration

In LC-MS, instrument response is proportional to the concentration (x), and larger
deviations at higher analyte concentrations tend to disproportionately influence
regression curves (heteroscedasticity). Weighting regression curves using weighted least
squares (WLYS) significantly reduces the impact of the variance at the upper end of the
calibration curve?'’, so that 1/x? is the appropriate weighting factor.X’” Thus, SIS peptide
peak areas were used for internal and for external calibration with 1/x? weighted linear
regression. The 2-PIC calibration curve was generated using WLS through the origin.

For iIMALDI, PTEN NAT peptide amounts were determined using either external
calibration, or 2-PIC and ordinary least squares regression (OLS).2*

Sample preparation for the use of 2-PIC for quantifying (i) a constant NAT at different
SIS1 and SIS2 levels and (ii) different NAT levels at constant SIS1 and SIS2 levels,
using both MRM and iMALDI, are described in the Supporting Information, and outlined

in Figures 2 and 3, respectively.
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4.2.7 2-point internal calibration for quantifying a constant NAT at different SIS1

and SIS2 levels

Sample preparation and analysis using MRM. The following samples were generated
with varying amounts of NNIDDVVR NAT:SIS1:SIS2 (fmol:fmol:fmol): (Al) 10:5:1,
(A2) 10:20:4, and (A3) 10:40:4. Next, to determine whether internal calibration can
provide precise quantification over an extended dynamic range, a second set of samples
were generated: (B1) 10:40:2, (B2) 10:60:2, and (B3) 10:100:2. Finally, to determine
whether our strategy allows precise quantification of NAT levels if SIS1 and SIS2 span a
dynamic range of up to 2 orders of magnitude and, importantly, even in the hypothetical
case that both standards are at a higher concentrated than the NAT, a third set of samples
were generated: (C1) 10:100:1, (C2) 10:500:5, and (C3) 10:2000:20. Samples were
measured as described above. For each sample, the NAT concentration was calculated
using the NAT and SIS intensities determined by Skyline. The 2-PIC curves using
iIMRM SIS1 (NNIDDVVR+6 Da), SIS2 (NNIDDVVR+10 Da), were generated with
1/x2 WLS linear regression (see Figure 2A) through the origin. Thus, the calculated
NAT amounts were compared to the actual 10 fmol NAT spike-in. Mean values and
relative standard deviations (RSD) were calculated from triplicates.

Sample preparation and analysis using iMALDI. Aliguots of 130 puL BSA digest were
used as the surrogate sample matrix. The following samples, with varying amounts
AQEALDFYGEVR NAT:SIS1:SIS2 (fmol:fmol:fmol), were generated by adding 20 pL
NAT and 20 pL SIS1+SIS2 standard to the sample: 10:5:1 (M1), 10:12.5:2.5 (M2),
10:17.5:1.75 (M3), 10:20:1 (M4), and 10:15:5 (M5). Four technical replicates were
prepared each, and the samples were analyzed using IMALDI. NAT concentrations were

calculated using the NAT and SIS peak intensities as determined by FlexAnalysis.
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Theoretical NAT amounts were calculated using ordinary least squares regression (OLS)

2-PIC, with SIS1 (AQEALDFYGEVR+10 Da) and SIS2 (AQEALDFYGEVR+17 Da),
and compared to the actual amount of NAT spike-in. The mean values and the RSDs

were calculated.

4.2.8 2-point calibration for quantifying different NAT levels at constant SIS1 and

SIS 2 levels

Sample preparation and analysis using MRM. Nine samples were generated by mixing
different iMRM NNIDDVVR NAT concentrations with a constant 2 fmol/puL of SIS1
(NNIDDVVR+6 Da) and 0.1 fmol/ pL of SIS2 (NNIDDVVR+10 Da) in 0.1% FA,
resulting in NAT concentrations of 0.05, 0.1, 0.25, 0.5, 1.0, 1.5, 2.0, and 2.5 fmol/pL.
Twenty pL of each sample were injected and increasing amounts of NAT (1, 2, 5, 10, 20,
30, 40, and 50 fmol; see Figure 3A) were analyzed, with constant amounts of SIS1 (40
fmol) and SIS2 (2 fmol). Samples were measured by LC-MRM.

Sample preparation and analysis using iIMALDI. Aliquots of 130 pL BSA digest, were
used as surrogate sample matrix. Five samples were generated in quadruplicate by
adding 20 uL AQEALDFYGEVR iMALDI NAT standards of varying concentrations
(0.05, 0.125, 0.25, 0.5, and 1.0 fmol/uL) in PBSC2. Then, 20 pL of a mixture of 0.875
fmol/uL iIMALDI SIS1 (AQEALDFYGEVR+10 Da) and 0.0875 fmol/uL SIS2
(AQEALDFYGEVR+17 Da) were added. The resulting samples contained five different
NAT amounts (1.0, 2.5, 5.0, 10, and 20 fmol) with constant amounts of SIS1 (17.5 fmol)

and SIS2 (1.75 fmol) and were analysed using iMALDI (see Figure 3D).



104
4.2.9 Comparison of 2-point internal calibration with external calibration for

guantifying endogenous PTEN levels in the Colo-205 colon cancer cell line

The utility of 2-PIC was evaluated for clinical samples, and the precision of
quantifying endogenous PTEN was compared to external calibration. The 2-point
calibration curve was evaluated for clinical samples, and the precision of quantifying
endogenous PTEN was compared to external calibration.

Sample preparation and analysis using MRM. A mixture of IMRM SIS1
(NNIDDVVR+6 Da) and SIS2 (NNIDDVVR+10 Da) peptides was added to Colo-205
digests to obtain final concentrations of 2 fmol SI1S2 and 40 fmol SIS 1 per 10 pg/15
1g/30 g of total protein. Each sample was diluted to a final volume of 100 pL using
PBSC, prior to immuno-enrichment.

One day before the immuno-enrichment, 8 puL of Magnetic Protein A Dynabeads slurry
(Invitrogen, 2.8 um, 30 pg/pL) were transferred to a fresh reaction tube, and the beads
were washed 3 times with PBSC, followed by reconstitution in 72 pL of PBSC. Eight pL
of anti-NNIDDVVR antibody (0.5 mg/mL) were added and the samples were incubated
overnight at 4 °C, shaking.

The following steps were conducted in a cold room, using a pre-cooled magnetic rack
and pre-cooled PBSC. The antibody-coupled beads were washed 3 times with 80 uL of
PBSC and reconstituted in 80 pL of PBSC. Twenty pL of the reconstituted antibody-
bead complex were spiked into each of the three Colo205 digests, and the samples were
incubated overnight at 4 °C, shaking. The beads were washed with 200 pL of PBSC, 200
pL of 0.1x PBSC, and finally with 200 uL of H20. Bound peptides were eluted with 20
ML of 3% ACN, 5% acetic acid, 50 mM citrate for 2 min. The eluate was analyzed by

LC-MRM.
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Sample preparation and analysis using iIMALDI. Colo-205 lysate was prepared as

described above. From the 0.5 pg total protein/uL stock solution, three dilutions with
concentrations of 0.1, 0.15, and 0.3 pg total protein/uL were prepared in duplicate using
TRIS+C as diluent. A mixture of iMALDI standards -- SIS1 (AQEALDFYGEVR+10
Da; 0.875 fmol/uL) and SIS2 (AQEALDFYGEVR+17 Da; 0.0875 fmol/uL) -- was
prepared in PSBC.

IMALDI was performed as described above, using 130 puL Colo-205 digest and 20 pL
of IMALDI standard mix as internal standard, yielding constant total amounts of 17.5
fmol SIS1 and 1.75 fmol SIS2 across all samples, and varying Colo-205 amounts of 10,
15, and 30 pg per sample. Additionally, an external calibration curve was prepared as
described above. The endogenous PTEN amounts were quantified using both 2-PIC and

external calibration.

4.3 Results and Discussion

This study was designed to determine whether 2-point internal calibration using two
different SIS peptides can be used to quantify NAT (or respectively endogenous)
peptide/protein levels precisely by immuno-MRM and immuno-MALDI. For this
purpose, it is important to address the following questions: (i) does the method generally
work with good precision and accuracy, (ii) does a SIS1/SIS2 internal calibration mixture
enable the quantification of different NAT (or endogenous) levels over a biologically
relevant dynamic range, and (iii) how the quantification would be affected if some real-
life samples fall outside the pre-defined calibration curve. The minimum amounts of

NAT and SIS peptides used were 1 fmol either on-column (MRM) or on-spot (MALDI),
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which agrees with the lower limits of quantification (LLOQ) that we determined by

external calibrations using the same setups (1.0 fmol for MRM and 0.9 fmol for
MALDI). Thus, different standard samples were generated in order to determine whether
a constant NAT level could be correctly quantified using different amounts of SIS1 and
SIS2, spanning up to two orders of magnitude, even if both SIS standards were either
below or above the concentration of the NAT (Figure 18). Next, standards with fixed
amounts of SIS1 and SIS2 were prepared, and we evaluated whether those would allow
the precise quantification of different levels of NAT, again, even if both standards are
below/above the NAT concentration (Figure 19). The second setup better reflects the
real-life situation where a specific assay would be developed using a predefined amount
of calibrant in order to quantify unknown samples. Finally, we used our 2-PIC method to
quantify levels of the tumor suppressor protein PTEN in the Colo-205 cells (Figure 20).
To evaluate the general applicability of 2-PIC, we conducted all experiments for two
independent immuno-MS workflows, immuno-MRM and immuno-MALDI. Importantly,
these two workflows (i) have completely different sample preparation protocols, (ii)
target different PTEN peptides (**NNIDDVVR® for iMRM, 1 AQEALDFYGEVR™® for
iIMALDI) both of which were selected to be proteotypic and devoid of known mutations
or post-translational modifications (see Sl), (iii) utilize two different ionization methods
(ESI and MALDI), and (iv) use two different MS techniques (LC-MRM and MALDI-
TOF). These methods can therefore be orthogonal and, importantly, they have been
carried out by two different individuals in two different laboratories (an inter-laboratory

comparison).
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4.3.1 2-PIC for quantifying a constant NAT at different SIS1 and SIS2 levels

MRM. 2-PIC was used to determine the precision of quantifying a constant 10 fmol
NAT spike-in, when different amounts of iIMRM SIS1 (NNIDDVVR+6 Da) and SIS2
(NNIDDVVR+10 Da) were used as standards. For this purpose, three sample sets, A-C,
were generated (Figure 18A, C).

Sample set A included 3 samples with the following NNIDDVVR SIS1:SIS2
(fmol:fmol) ratios and a constant amount of 10 fmol of NNIDDVVR NAT: (Al) 5:1,
(A2) 20:4, and (A3) 40:4. Samples were prepared and measured in triplicate. The
amounts of NAT determined based on the internal calibration curves were 9.4+2.1 fmol
(Al), 10.6£0.7 fmol (A2), 10.2+£1.0 fmol (A3), with relative standard deviations (RSD)
of 21.7% (A1), 6.2% (A2), 9.3% (A3). Thus, except for A1, where both standards SIS1
(5 fmol) and SIS2 (1 fmol) were below the 10 fmol NAT, the error was <10%, and
recoveries for all samples were between 94% and 106%.

Sample set B was used to evaluate how well 2-PIC performs when the internal
standards span different levels in dynamic range, reflecting changes that might occur in
biological samples. Thus, NNIDDVVR NAT and SIS2 were kept constant at 10 fmol
and 2 fmol, respectively, while SIS1 was 40 fmol (B1; dynamic range of 20), 60 fmol
(B2; dynamic range of 30), and 100 fmol (B3; dynamic range of 50). Samples were
prepared and measured in triplicate. The 10 fmol NAT spike-in was quantified as
9.8+0.3 fmol (B1), 9.3+0.2 fmol (B2), 10.4+0.6 fmol (B3), with RSDs of 2.6%, 2.6%,
and 5.9%, respectively. Recoveries were 98+3% (B1), 93+2% (B2), and 104+6% (B3).

In sample set C, the dynamic range of the internal standards was extended to 100.

Three samples were prepared in triplicate with the following NNIDDVVR SIS1:SIS2
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(fmol:fmol) ratios and a constant amount of 10 fmol of NNIDDVVR NAT: (C1) 100:1,

(C2) 500:5, and (C3) 2000:20. The 10 fmol NAT spike-in was quantified as 8.8+0.4
fmol (C1), 8.6+0.1 fmol (C2), 11.2+1.1 fmol (C3), with RSDs of 5.0%, 0.6%, and 9.9%,
respectively. Recoveries were 88+4% (C1), 86+1% (C2), and 112+11% (C3).

IMALDI. To determine if the 2-PIC concept is also applicable to iMALDI assays,
which involve a completely different sample preparation protocol and type of MS
analysis, five samples, M1-5, were prepared with constant AQEALDFYGEVR NAT (10
fmol) and varying amounts of internal standards (Figure 18B). Because MALDI
generally has a smaller linear range than MRM, we adjusted the amounts of iMALDI
SIS1 (AQEALDFYGEVR+10 Da) and SIS2 (AQEALDFYGEVR+17 Da) accordingly,
reflecting the PTEN amounts we would expect to find in 10 pg of total protein cell lysate,
based on in-house data. Samples M1-M5 had the following AQEALDFYGEVR
SIS1:SIS2 ratios (fmol:fmol): (M1) 5:1, (M2) 12.5:2.5, (M3) 17.5:1.75, (M4) 20:1, and
(M5) 15:5. The samples were prepared in quadruplicate, using BSA digest as the
surrogate sample matrix, followed by analysis using iIMALDI (Figure 18D).

The amounts of NAT (10 fmol spike-in) determined based on 2-PIC were 8.5+0.2 fmol
(M1), 9.1+0.1 fmol (M2), 9.1+0.1 fmol (M3), 9.0£0.1 fmol (M4), 9.3+0.1 fmol (M5). In
all five samples, the NAT levels could be determined with high precision using 2-PIC,
with RSDs of 1.8, 1.3, 0.9, 1.6, and 1.5% (Figure 18D) as well as with high accuracy,
with the quantified NAT amounts being well within £20% of the spiked-in concentration.
High recoveries were achieved even in cases where (i) SIS1 and SIS2 were both below
the NAT amount (M1) with 85+2%, (ii) SIS2 was 20-fold higher than SIS1 (M4) with a

90£1%, and (iii) when SIS1 was only 3-times higher than SIS2 (M5) with 93+1%.
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Collectively, these results demonstrate that 2-PIC provides high accuracy and precision

for IMALDI-based protein quantification, and is a good alternative to the use of external

calibration.

A. MRM workflow

SI1S1 : SIS2 [fmol] NNIDDVVR
A1 A2 A3 B1 B2 B3 Ci C2 cC3
5 20 40 40 60 100 100 500 2000
1 4 4 2 2 2 1 5 20
+ 10 fmol NAT
°
MRM-MS s
analysis IQ 3

* Calculate NNIDDVVR NAT

3

* Determine precisionand accuracy 0 10 20 20 40 %

Analyte conCentraton

(2]
=
)
=
B
@
@
£
~
@

Calculated NAT in fmol

10 12

8

94 106102

Al A2 A3 BY B2 B3 C1 C2 C3

1 4 4 2 2 2 1

5 20 40 40 60 100 100 5002000
SIS4:SIS; Ratio (fmol:fmol)

+20 %

-20 %
Calculated NAT in fmol

B. iMALDI workflow
SIS1:8IS2 [fmol]] AQEALDFYGEVR

M1 M2 M3 M4 M5 BSA Digest+
o O (@) (@) O - 10 fmol NAT
5 128 175 20 15
1 23 .05 1 5
Immuno-enrichment
]
MALDI-TOF z
MS analysis Q H /
» Calculate AQEALDFYGEVRNAT

* Determine precisionand accuracy o

10 20 30 40 %
Analyte concentraton

D. iMALDI results

........

1

R

..................................................... e

9.1 9.1 9 93 |¥

¢ ¢ Q|

.................................................... 2
1225 175 20 15
25 175 1 5

SIS:SIS; Ratio (fmol:fmol)

Figure 18. Testing 2-PIC for quantifying a constant NAT level using different SIS1 and
SIS2 levels. A: MRM workflow targeting the PTEN peptide 48NNDDVVR55. B: iMALDI
workflow targeting the PTEN peptide 148AQEAKDFYGEVR159. C. MRM results of samples
Al-A3, B1-B3, C1-C3. NAT levels calculated using 2-PIC are shown as light green rhombuses
(N=3). D: iMALDI results of samples M1-M5. NAT levels calculated using 2-PIC are shown as
light green rhombuses (N=3).
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4.3.2 2-PIC for quantifying different NAT levels at constant SIS1 and SIS2 levels

MRM. We next evaluated the precision and accuracy when different levels of NAT
were quantified using a fixed SIS1:SIS2 ratio, as would be the case for a fully optimized
assay.

Eight different levels of NNIDDVVR NAT spikes (D1: 1 fmol, D2: 2 fmol, D3: 5
fmol, D4: 10 fmol, D5: 20 fmol, D6: 30 fmol, D7: 40 fmol, and D8: 50 fmol) were used
to mimic a 50-fold change in PTEN amount, using fixed amounts of 40 fmol SIS1 and 2
fmol SIS2 as 2-PIC standards (Figure 19A). Samples were prepared in triplicate and
measured by LC-MRM. In sample D1, the NAT level (1 fmol) was below both internal
standards, and in sample D8, the NAT level (50 fmol) was above both internal standards.
For all eight samples highly reproducible results were obtained, with the RSD from the
triplicate analyses between 1% and 13%, and with a correlation between determined and
known NAT levels of r>= 0.9791 (y= 1.05x-0.23). For D2-D8, PTEN quantification was
clearly within a 20% cut-off, with recoveries between 83% and 110% (average 103%),
while for D1, recovery was 77+2%. Notably, for the D8 sample where 50 fmol NAT was
above both SIS standards, the recovery was 97+3% (Figure 19C).

These results clearly show that -- given a defined set of SIS1 and SIS2 levels in an
optimized assay -- 2-PIC vyields accurate and precise results, over a reasonable range of
fold-changes that might be expected in a given biological sample.

IMALDI.  We prepared another set of 5 samples (N1-N5) with different
AQEALDFYGEVR NAT levels (1, 2.5, 5, 10, and 20 fmol) in quadruplicate, using BSA
digest as surrogate matrix and 17.5 fmol iMALDI SIS1 and 1.75 fmol SIS2 as the 2-PIC

standards (Figure 19B). Again, the NAT level of one sample (N1; 1 fmol NAT) was
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below the levels of both internal standards, while in the sample N5 (20 fmol NAT) the

NAT level was above both internal standards. In all samples, the NAT levels could be
quantified with high precision, with RSDs between 0.6% and 3.1%, and with a good
correlation between the experimentally determined and known NAT levels (r>= 0.9912,
y=0.86x+0.31).

For N2-N5 all measurements were within the 20% cutoff, with recoveries between

89% and 93% (average 91%), while for sample N1 (1 fmol NAT), the recovery was

121+3% (Figure 19D).
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Figure 19. Quantifying different NAT levels using 2-PIC with fixed SIS levels. A: MRM
workflow targeting the PTEN peptide “*NNDDVVR®. B: iMALDI workflow targeting the
PTEN peptide * AQEALDFYGEVR®®, C: MRM results of the samples D1-D8. Dashed blue
line: 1/x2 WLS regression curve. D: iMALDI results of the samples N1-N5. Dashed blue line:
1/x2 WLS regression curve.
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These results agree with the results from our MRM experiments, and demonstrate the

applicability of the 2-PIC strategy for the quantification of low-abundance proteins.

4.3.3 Comparison of 2-PIC with external calibration for quantifying endogenous

PTEN levels in Colo-205 cells

In clinical laboratories, the concept of internal calibration in LC-MS was first
introduced for drug monitoring of immunosuppressants.?l® In fact, the Clinical
Laboratory Improvement Amendments guidelines do not require a calibration curve for
every batch of runs.??® For targeted proteomics MS methods, internal calibration can
increase the throughput, thus reduce expenses while avoiding the dependence on
potentially misleading surrogate matrices.?” Moreover, as clinical laboratories need to
analyze small numbers of patient samples when they are received, reducing the workload
required for preparing and running the calibrators can be very important. This means that
applying internal calibration strategies for targeted proteomics will facilitate its clinical
translation.

We therefore compared our 2-PIC strategy to conventional external calibration for their
abilities to precisely determine endogenous PTEN expression levels in Colo-205 cells, a
cell line that is commonly used to study metastatic colorectal cancer and which shows a
down-regulation of PTEN expression compared to other colorectal cell lines.?????2 Colo-
205 cells have wildtype PTEN, showing neither copy-number variations nor single
nucleotide variations. Notably, they have a BRAFY6E mutation and show increased
activity of the PIBK/AKT/mTOR pathway and lower PTEN protein expression levels

than BRAF6%E_positive melanomas.
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Thus, Colo-205 are a good model to test our immuno-MS PTEN assays, because the

typically low endogenous PTEN expression level in normal tissue is further reduced in
many cancers. We used both orthogonal workflows, immuno-MRM targeting the peptide
“NNIDDVVR® and immuno-MALDI targeting the peptide **AQEALDFYGEVR™,
To evaluate the robustness of both methods three different amounts of starting material
were used: 10, 15, and 30 pg of total Colo-205 lysate protein, rather than just using the
same amount three times.

Although one of the advantages of immuno-MS is that the amount of starting material
can be scaled-up to improve the detection of low-abundance proteins, relatively low
amounts of starting material are often all that can be obtained from clinical samples.
Thus, each Colo-205 cell lysate was divided into two aliquots, one each for iMRM and
IMALDI. Sample preparation, immuno-enrichment, data acquisition, and data analysis
for IMRM and iMALDI, respectively, were performed by two different individuals in two
different laboratories as described above.

For all three amounts of cell lysate (10, 15, and 30 pug of total Colo-205 protein) and
both methods (iIMRM and iMALDI), the two calibration methods (2-PIC and
conventional external calibration) showed good agreement on the determined amounts of
endogenous PTEN. For iMRM, the RSDs between 2-PIC and external calibration were
6.4%, 4.6%, and 3.7% using 10 ug, 15 ug, and 30 pg of Colo-205 lysate, respectively,
and the IMALDI RSDs were 1.6%, 0.2%, and 1.6%, respectively (Figure 20A). These
results demonstrate that both setups are extremely robust and very precise, and that 2-PIC
yields results that are fully comparable to those from external calibration, while requiring

much less effort, time, antibody, and standards - and fewer samples analyzed.
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Moreover, although the two methods were orthogonal - being based on two different

peptides, using different anti-peptide antibodies, and being performed by two different
individuals in two different laboratories — they showed good agreement on the
determined amounts of endogenous PTEN when 2-PIC was used, with an average of
0.48+0.01 fmol/ug of total Colo-205 protein for iMRM (RSD of 1.6%) and 0.29+0.02
fmol/pug of total Colo-205 protein for iIMALDI (RSD of 5.6%). Using 2-PIC, the
endogenous PTEN concentrations determined by iMALDI and iMRM had an average
inter-assay RSD of 25% and these results reflect the good correlation between iMALDI
and iIMRM for quantifying endogenous PTEN (r?=0.9966, y=0.64x; (Figure 20B).

For many years, MS researchers have been studying inter-laboratory assay
performance and how to manage the resulting imprecision.??>226 For example, Kuhn et
al. demonstrated using a SISCAPA workflow that the overall inter-laboratory %CV,
(including protein digestion, desalting, peptide antibody enrichment, and scheduled LC-
MRM-MS analysis) was below 25% at or near the LOQ and below 20% at or near the
midpoint of the linear range. While Abbatiello et al. studied the reproducibility of MRM
assays across 11 laboratories and using 14 LC-MS systems, demonstrating that the
median inter-laboratory CV% was <20% across the concentration range tested.

To our knowledge, there are no inter-laboratory precision studies that involved the
quantification of a protein using two completely different MS techniques using two
different ionization methods, such as shown here for IMRM and iIMALDI. The
agreement between the two methods on quantifying endogenous PTEN in Colo-205 cells

(RSD=25%; r?=0.9966; y=0.64x) is comparable to values that have been reported for
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inter-laboratory variation when using a single method and standardized sample

preparation protocols.
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Figure 20. Quantifying endogenous PTEN levels from 10, 15, and 30 pg of Colo205 cell
lysate total protein. A: iIMRM and iMALDI measurements. Left: iMRM results. The PTEN
peptide NNIDDVVR was immuno-enriched from lysate, followed by MRM analysis. Right:
IMALDI results. The PTEN peptide AQEALDFYGEVR was immuno-enriched from lysate,
followed by MALDI analysis. B: Correlation between iMRM and iMALDI results. iMRM and
iMALDI show a good correlation (r?=0.9966; y=0.64x), even though they are orthogonal methods
targeting different PTEN peptides and being conducted by two different individuals in two
different laboratories.

4.4 Conclusions

Using two orthogonal workflows, namely iMRM and iMALDI, targeting two different
PTEN peptides, the utility of our 2-PIC strategy for immuno-MS assays was compared
with a conventional, multipoint external calibration approach. We found that both the
cost and burden of preparing multiple calibration standards with every batch of samples
can be reduced, while analytical quality was maintained. Importantly, we demonstrated
that even if the difference between the internal standards levels was 100-fold, precise
quantification of the analyte is possible, as long as the standards are in the linear range.

Furthermore, 2-PI1C allowed quantification of the analyte in samples with levels below
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that of the lower internal standard, as well as in samples with levels above the higher

internal standard. We also demonstrated that the endogenous PTEN concentrations
determined from the cell line Colo-205 using the 2-PIC method were in good agreement
with the results obtained using external calibration. Although quantification of
endogenous PTEN in Colo-205 was conducted in two different laboratories by two
different individuals, using completely different workflows targeting two different
peptides with two different MS techniques and ionization methods, the results obtained
strongly agreed with an RSD of only 25%.

This demonstrates that the developed PTEN iMALDI assay delivers results comparable
to an orthogonal LC-MRM-MS method, the gold standard for quantitative proteomics. At
the same time, IMALDI uses simpler, less expensive instrumentation (Bruker Microflex
(~USD200,000) compared to Agilent 6495 triple-quadrupole (~USD600000)) and
achieving faster analysis times (10 s per sample using MALDI-TOF MS compared to 11

min using LC-MS).
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Chapter 5 Quantitation of AKT1, AKT2, PTEN and p110a in FFPE
tissue samples from patients enrolled in an AKT inhibitor

AZD5363 clinical trial using an integrated, multi-site workflow

Work in this chapter was performed at the UVic Genome BC Proteomics Centre (PC)
and at the Jewish General Hospital in Montreal (JGH). Samples were provided by
AstraZeneca UK. Tissue extraction of FFPE tissues belonging to patients from the
AZD5363 trial (Study #D3610C00001) was performed in Montreal by Constance Sobsey
and Sahar Ibrahim. AKT1+2 iMALDI analysis was performed by Constance Sobsey and
Robert Popp. Untargeted proteomics data collection was performed by Constance
Sobsey, Georgia Mitsa, and Rene Zahedi at JGH. Analysis of PTEN and p110a was done
by Bjoern Froehlich. Data analysis for this data set presented in this chapter was
performed by Bjoern Froehlich and Constance Sobsey. The methods section describing
sample extraction, AKT1+2 iMALDI analysis and global proteomics data collection was
provided by Constance Sobsey and Rene Zahedi. Experiments relating to multiplexing
the AKT1+2 and PTEN+pl10a iMALDI assays were performed at PC by Bjoern
Froehlich. MDA-MB 231 cell lysates were prepared by Adriana Aguilar-Mahecha (JGH).

Experimental design was performed by Constance Sobsey, Bjoern Froehlich, Andre
LeBlanc, Rene Zahedi, Gerald Batist, and Christoph Borchers. Christoph Borchers

oversaw the project.
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5.1 Introduction
The PI3K pathway is frequently activated in many cancers and thus an important target

for drug development.®® Overexpression of AKT isoforms specifically have been
investigated and targeted for their role in cancer progression.??’ The AKT inhibitor
AZD5363 (capivasertib) is a competitive inhibitor drug candidate with high potency and
selectivity and has promise for patients with advanced solid cancers for whom other lines
of treatment failed.??® In clinical trials, patient stratification for this drug was performed
using gene mutation status, specifically activating PI3KCA or AKT mutations or PTEN
deletions. However, this approach has met with limited success. In a recent trial (Study
#D3610C00001), only 30% of patients tested for anti-tumor activity of the drug showed a
response (stable disease or partial response).'?” This could potentially be due to
insufficiencies in the current patient stratification strategy. Since activation of the PI3K
pathway may occur independent of mutations in pathway components, patients who
present with activating mutations do not necessarily have an overactive PI3K pathway,
and some tumors without activating mutations may nonetheless an activated PI3K
pathway.

This clinical trial represents a demonstration and analytical performance evaluation for
the application of our developed iMALDI assays . Patient FFPE tissue samples from the
AZD5363 clinical trial# D3610C00001 were analysed at two sites (the Jewish General
Hospital in Montreal and the UVic-Genome BC Proteomics Centre in Victoria) in an
integrated workflow combining several IMALDI assays as well as label-free protein
guantitation using untargeted proteomics. AKT1 and AKT2 were assessed using a
previously published iMALDI assay (Figure 21 Step 1-3)'?%?2 followed by quantifying

PTEN and p110a using the multiplexed PTEN+p110a iMALDI assay using both 2-PIC
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as well as external calibration approaches (Figure 21 Step 4). Additionally, a fraction of

the remaining supernatant was used to perform global proteomics by LC-MS/MS (Figure
21 Step 5).

Herein, we demonstrate that the multiplexed PTEN+p1100 iMALDI assay can be
integrated not only with other iIMALDI assays, but also with untargeted proteomics
approaches, and that this combination may provide further insights into tumor biology.
Further, we show that the PTEN assay has good correlation with established IHC
methods, that the 2-PIC calibration approach developed in chapter 3 works in these
complex patient samples, and that the iIMALDI assays can be further multiplexed, thus

reducing the required amount of sample material.
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Figure 21. Workflow for analyzing patient samples from phase 11 trial of the AKT inhibitor
AZD 5363. Sample extraction, digestion, AKT quantitation using iMALDI and global proteomics
by LC-MS (steps 1-3+5) was performed at the Jewish General Hospital in Montreal, Canada.
Quantitation of PTEN and p110a was performed at the UVic-Genome BC Proteomics Centre in
Victoria, Canada.
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5.2 Materials and Methods

5.2.1 Analysis of Patient Samples from AZD5363 trial # D3610C00001
Patient samples. A set of 24 mutation-positive samples from AstraZeneca’s clinical

trial of AZD5363 (Study #D3610C00001), consisting of adult patients with breast
cancers, gynecological cancers, and other advanced solid tumors, was analysed
(Supporting Table S 26). FFPE tumour tissue were selected for analysis based on the
following criteria: minimum 50% tumour content, tissue volume >75mm?, screened for
mutations in AKT, PI3K and/or PTEN (by PCR or NGS), and accompanied by a
pathology report indicating hormone-receptor status in breast cancer cases. Two slide-
mounted slices of 4 um FFPE were provided per patient in an anonymized format. These
samples are from Part C of the trial which includes ER positive (ER+) or progesterone
positive (PR+) breast or gynecologic (ovarian, cervical, or endometrial) tumours with
activating PIK3CA mutations. All patients in this subset received the study drug and
have detailed treatment response data available. Samples were stored at room temperature

until extraction.

Sample Extraction. Slide-mounted 4 um FFPE slices were deparaffinized using xylene
followed by ethanol rehydration, 20 minute high-temperature incubation in sample
extraction buffer (99°C) to break formalin crosslinks, sonication, and an additional 2 hour
incubation at 80°C. The total protein in each sample was then quantified using a BCA
assay (Thermo Fisher), or BCA-reducing agent compatible assay Kits.

Targeted protein quantitation using iMALDI. AKT1 and AKT2 were analysed using a
previously published method.'?*?2 In brief, samples were diluted to 0.1 pg/uL and

denatured using 5% sodium deoxycholate, followed by reduction with 0.74 mM tris(2-
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carboxyethyl)phosphine (TCEP) and alkylation using 0.74 mM IAA. Alkylkation was

quenched using 0.74 mM DTT. The samples were then digested for 1 hour at 37°C with
trypsin with a 2:1 protein:trypsin ratio, after which the digest was quenched with TLCK
and treated with phosphatase (1U/ug) for 2 hours at 37°C. SIS peptide was added prior to
immunoenrichment overnight at 4°C with antibodies coupled to Protein G Dynabeads.
Beads were washed and spotted onto a MALDI target. HCCA matrix added, dried, and
each spot was washed with ammonium citrate. Liquid handling steps were automated
using a Bravo 96LT (Agilent) liquid handling robot.

Sample analysis was done using a Bruker MicroflexTM LRF benchtop MALDI-TOF-
MS. Calibration curves were generated using 1/x? weighted linear regressions as
described in chapter 4. Supernatant from the immunoenrichment step was retained for
further analysis. A portion of the supernatant was used for global proteome analysis, with
the remainder being used for PTEN and pl110a quantitation using the iMALDI method
described in chapters 3 and 4. In brief, the supernatants were spiked with 17.5 fmol
PTEN and p110a SIS and 1.75 fmol PTEN and p110a dSIS, respectively. An external
calibration was prepared as described in chapters 3 and 4. Both the spiked supernatant
samples and were then analysed simultaneously as described above in chapter 3. The

workflow of sample analysis is depicted in Figure 21.

Global proteomics by LC-MS/MS analysis of supernatants. A 2 pL aliquot of
supernatant from the iMALDI workflow, corresponding to 117.5 ng total protein, was

reserved for global proteome analysis. Samples were desalted using pipette tips packed
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with C18 and R3 substrate (prepared in-house), dried, and resuspended in 6 puL 0.1%

formic acid.

Mass spectrometry data was acquired on a Thermo Scientific UltiMate 3000 RSLC
nano system coupled to a ThermoFisher Scientific Q-Exactive Hybrid Quadrupole-
Orbitrap MS. Five puL sample were injected resulting in 107 ng total protein digest on-
column. LC was performed using a 78-minute method which incorporates a 50 minute
gradient with 250 nL/minute flow rate. The 15 most abundant precursor ions (charge
states: 2+ to 4+) are selected for MS/MS fragmentation.

The resulting raw MS spectra were processed, and consensus peptide-protein IDs were
generated using Proteome Discoverer 2.4 (PD, Thermo Scientific). Database searches
were performed using SequestHT and a human Swissprot database (January 2019; 20,414
target entries), with trypsin as the enzyme and a maximum of one missed cleavage.
Carbamidomethylation of cysteine (+57.021 Da) was set as fixed modification and
oxidation of methionine (+15.995 Da) as variable modifications. Mass tolerances were
set to 10 ppm for precursor ions and 0.02 Da for product ions. Percolator was used to
calculate posterior error probabilities and the data was filtered to a false discovery rate
(FDR) <1% on the peptide and protein levels. Label free quantitation (LFQ) was
performed using the Minora feature detector node and applying low abundance
resampling imputation which replaces missing values randomly with values from the
lower 5% of detected values. Samples were normalized based on the total summed
protein intensities to correct for differences in sample loading. Per protein, all obtained
guantitative values were scaled, such that for a total of 20 quantified samples, the scaled

abundance of a protein would amount to 20 x 100 = 2000, with the value 2000 being
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distributed among the individual samples in such a way that it reflects the normalized

abundances. Only proteins that were quantified with at least one protein unique peptide
were considered for the quantitative comparison. For samples with multiple technical
replicates, scaled abundances of the two technical replicate measurements were averaged.
Scaled abundances for the proteins quantified in datasets SN1 and SN2 were combined.
The scaled, normalized abundances were then exported to Microsoft Excel for further
analysis.

Data analysis: Data exported from Proteome Discoverer was filtered and cleaned by
selecting protein IDs with “high” confidence (FDR<1%) and at least two protein-unique
peptides. Multivariate statistical analysis was performed using MetaboAnalyst. PCA,
UMAP and sPLSDA analysis was performed using.3*-?%? The final UMAP analysis was
performed using the metric ‘manhattan’ with the following settings: init="spectral’, pca=
10, n_neighbors= 3, min_dist= 0.1.23* UMAP cluster analysis was performed using

hierarchical DBSCAN.2%*

5.2.2 Multiplexing AKT1+2, PTEN and p110a iMALDI Assays
Simultaneous enrichment of AKT1, AKT2, PTEN and p1100. in spiked E.coli lysate.

Ten pg E.coli cell lysate per replicate was prepared as described in chapter 2. A
calibration curve was prepared, ranging from 0.6 to 20 fmol, AKT1, AKT2, PTEN and
p110a each. Samples were enriched either using a singleplex approach, using 0.2 pug of
either AKT1, AKT2, PTEN or p110a pAb, or simultaneously using 0.05 pg of each pAb
(0.2 ug total antibody) per replicate. Four replicates were prepared for each condition.

One fmol AKT2 dSIS peptide was spiked into the MALDI matrix as described in chapter
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3. Assay preparation, bead washing and spotting, and data analysis was performed as

described in chapter 2.2.2 and 3.2.1.

Sequential enrichment of AKT1 and AKT2. Assay preparation, bead washing and
spotting, and data analysis was performed as described in in chapter 2.2.2 and 3.2.1. Ten
Mg E.coli lysate were spiked with 2.5 fmol AKT1 and AKT2 NAT peptides. Analogous
to the experiment described in chapter 3.2.5, AKT1 and AKT2 were enriched
sequentially, either ATK1—AKT2 or AKT2—AKT]1. One fmol AKT2 dSIS peptide was
spiked into the MALDI matrix as described in chapter 3. Six replicates were prepared per

enrichment sequence.

Quantitation of endogenous AKTI, PTEN and p1100. in MDA-MB 231 lysate. Ten pg
MDA-MB 231 lysate were digested and dephosphorylated as described in chapter 2.2.2
and 3.2.1 in triplicate, though no reduction+alkylation step was performed. An external
calibration curve was prepared in BSA digest as described in chapter 2.2. Each sample
was spiked with 1.75 and 17.5 fmol AKT1+PTEN+p110a SIS and dSIS peptides,
respectively. Analytes were enriched using 0.2 pg total antibody per replicate (0.067 pg
AKTI, PTEN and p110a pAb each). Bead washing, spotting and data analysis was

performed as described in chapter 4.
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5.3 Results and Discussion

5.3.1 Quantitation of endogenous AKT1+2, PTEN and p110a from FFPE patient
tissue samples

Using the developed PTEN+p110a assay, as well as the already developed AKT1+2
IMALDI assay'?, the four target analytes were quantified in the FFPE tissues of the
AZD5363 patient samples (N= 19). As demonstrated in chapter 3, it is possible to use the
supernatant of one IMALDI assay as the sample for a subsequent assay without
compromising the ensuing analysis. This sequential enrichment using iIMALDI was used
to successfully combine the multiplexed PTEN+p110a assay with the singleplexed AKT1
and AKT2 assays.

Analysed sample amounts ranged from 6.8 to 10 ug per replicate, depending on the
availability of sample material. Not all patient samples were sufficient to conduct both
untargeted LC-MS proteomic analyses. AKT, PTEN and p110a were quantified in the
remaining samples (Figure 22). AKT1 and AKT2 concentrations ranged from 0.09 to
0.41 fmol/ug and from not detected to 0.21 fmol, respectively. PTEN amounts ranged
between not detectable to 0.45 fmol/ug, and p1100 amounts ranged between not detected
and 0.11 fmol/pug. Notably, pl110o amounts were generally low, with pl110a being
detectable, but frequently below the assay’s LLOQ (Supporting Table S 27).

While the target proteins were quantified in the patient samples, no direct correlation

between protein expression and the patient’s response to the treatment could be found

(Figure 23).
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Figure 22. AKT1+2, PTEN and pl110a concentrations in AZD5363 patient samples
guantified using the developed, multiplexed IMALDI assays. Sample IDs with their
corresponding treatment group (in parenthesis) are displayed. Treatment group 1= no treatment
response, treatment group 2= treatment response (either stable disease or partial response)
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Figure 23. AKT1+2, PTEN and pl110o concentrations, sorted by patient’s treatment
response to AZD5363 inhibitor treatment. Treatment group 1= no treatment response,
treatment group 2= treatment response (either stable disease or partial response)
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5.3.2 Analysis of FFPE patient tissue samples using an untargeted, label-free
proteomics approach.

In addition to analysis by iMALDI, untargeted proteomics analysis was performed on
the patient samples. The samples were analysed in two batches (Supporting Table S 27).
Significant batch effects were observed; the number of proteins quantified by label-free
proteomics varied between approximately 600 proteins in batch #1 and approximately
1460 proteins in batch #2. This poses a significant challenge for downstream analysis.
For the analysis of this data set, only complete features i.e., proteins identified in all
samples, were considered. Protein amounts were normalized by sum and scaled by range
(Supporting Figure S 9) prior to further analysis.

First, principal component analysis (PCA) was performed on the data set (Figure 24 A,
Supporting Figure S 10). No clear trends were observed. While samples from adjacent
slides of the same tissue cluster together (for example samples 02-01 and 02-02), PCA
did not readily discriminate between responders/non-responders, tissue type, or by
AKT1/AKT2/PTEN/p110a concentration. However, the sample set is very heterogenous
and has likely significant covariance, making it very difficult to reliably identify trends in
the data. In addition to PCA, a non-linear dimension reduction technique, uniform
manifold approximation and projection (UMAP) was applied to the data set. UMAP
parameters such as minimum distance and nearest neighbours were optimized, and
hierarchical density-based spatial clustering of applications with noise (HDBSCAN) was
applied to the optimized UMAP (Figure 24 B, Supporting Figure S 11, Supporting Figure
S 12), which revealed two clusters. When comparing the samples in both clusters with
their corresponding results from the targeted iMALDI assays (where available), cluster 2

encompasses samples with elevated AKT1 and AKT2 levels cluster
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(meanakTti/medianakT1=0.16 fmol/ug/ 0.17 fmol/pug, meanakrz2/medianakT2=0.10 / 0.11

fmol/pg) compared to cluster 1 (meanakrti/medianakti=0.12 fmol/ug/ 0.096 fmol/ug,
meanaxT2/medianaxkT2=0. 05 / 0 (n.d.)). While the greatest care needs to be taken to not
overinterpret these results, especially since UMAP projections are not directly
interpretable the way PCA is, they still provide a useful avenue for further exploring the
data set.

Using the clusters identified by UMAP, sparse partial least squares-discriminant

analysis (SPLSDA) was performed on the data (Figure 24 D, Supporting Figure S 14).
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Figure 24. Untargeted proteomics analysis of FFPE tissue samples from patients treated
with AZD5363. Samples are represented as colored shapes representing their tissue type.
Triangles represent breast cancer tissue, rhombuses represent gynecological cancer tissue. Red
filling represents responders, black filling represents non-responders. Pink circles around the
points represent samples associated with UMAP cluster #2, turquoise circles represent UMAP
cluster #1. A. PCA of the label-free protein quantitation data. B. UMAP projection of the label-
free protein quantitation data, clusters were identified by HDBSCAN. C. sSPLSDA discriminating
the samples by treatment response. D. sPLSDA discriminating the samples by the clusters
identified using UMAP (B). E. sPLSDA discriminating the samples by the clusters identified
using UMAP (B), using only proteins associated with tumor invasiveness.
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SPLSDA readily discriminates the samples based on their association with their

respective clusters identified by UMAP. Interestingly, p-catenin was found to be a strong
VIP feature in the sPLSDA loadings. B-Catenin is a major component of the Wnt
signalling pathway, which is linked to AKT, as described in chapter 1. As the clusters
identified by UMAP seem to correspond to ‘high’ and ‘low’ AKT concentration as
identified by IMALDI, the significant contribution of p-catenin to the pLSDA
discrimination may point towards a difference in AKT pathway activation. Another
significant contributor is peroxiredoxin-1, a known biomarker for tumor invasiveness.
Indeed, a SPLSDA analysis using the UMAP cluster and using only proteins with a
known association with tumor invasiveness?®, two clear clusters overlapping with the
UMAP cluster form (Figure 24 E). This association may be an interesting avenue for
future exploration of these results, potentially linking AKT pathway activation and tumor
invasiveness.

Additionally, sPLSDA was performed to test if the patient samples can be stratified
based on the patient’s response to treatment with AZD5363 (Figure 24 C, Supporting
Figure S 13). While AKT, PTEN and p110a did not correlate directly with treatment
response, responders and non-responders were well stratified using the untargeted
proteomics data. This suggests that there may indeed be a difference between the protein
expression profiles based on treatment response. This investigation however is ongoing
and is outside the scope of this thesis.

However, we demonstrated that by combining targeted and untargeted proteomics,
together with various dimension reduction techniques, a very challenging set of patient

samples could be explored. While one has to be cautious to not overinterpret these
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findings due to the challenges associated with this data set (such as low N and a

heterogeneous patient population), they provide a promising avenue for future research.

5.3.3 Comparison of PTEN guantitation by iMALDI and Immunohistochemistry
IHC is currently the standard method for assessing protein concentrations in tissue

samples in clinical oncology. Indeed, PTEN concentrations for patients enrolled in this
study had been assessed using IHC. Hence, comparing our developed iMALDI assay to
IHC is useful for assessing its utility as a tool for clinical protein quantitation.

Here, we compared the Hscores obtained from IHC with the average PTEN
concentration per patient, as determined by iMALDI (Figure 25). Hscores were
calculated by multiplying the PTEN expression levels (0-3, lowest to highest) with the
corresponding percentage of expressing cells, giving an Hscore range of 0-300 (PTEN
deficient to fully PTEN proficient). For the PTEN iMALDI results, the PTEN
concentrations were averaged per patient in cases where multiple tissue slices were
analysed.

The absolute PTEN concentrations determined by iMALDI show a good correlation
with the IHC Hscores. Specifically, IMALDI results for patients #01, 03, 09, 14, 21, 22,
and 23 are closely correlated with their corresponding Hscores (R2=0.86). However, there
are notable cases in which both do not correlate. For example, samples #14 and #16 have
almost identical Hscores (135 compared to 140), however, the PTEN amounts calculated
by iIMALDI differ by a factor of two (0.16 fmol/ug vs 0.36 fmol/pug). This difference
could be clinically relevant but may not be detected in some cases using IHC.

Another example is sample #04, where IHC shows the maximum Hscore of 300,

suggesting full PTEN proficiency, while PTEN iMALDI shows very low PTEN amounts
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(0.05 fmol/ug, very close the assay LOQ). By iMALDI, this sample would likely be

classified as PTEN deficient, but IHC classifies it as proficient. Sample #22 has a
similarly low PTEN concentration, which is matched by a low Hscore. For both samples
#22 and #4, label-free protein guantitation was performed. UMAP analysis of this data
showed that samples #4 and #22 frequently cluster together, suggesting similar protein
expression profiles (Supporting Figure S 11). While certainly not a definitive answer to
whether the IHC or iMALDI results are correct, it suggests that sample #4 is not as PTEN
proficient as IHC might suggest.

Overall, these results show that the developed iMALDI assay has a good correlation
with the established IHC method, but there may be some edge cases in which the targeted
proteomics approach used by iMALDI may provide insights into the sample which may

be lost using IHC.
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Figure 25. Comparison of PTEN iMALDI with PTEN IHC. PTEN amounts measured by
iMALDI were compared to the corresponding HScore of the same sample, obtained from IHC.

5.3.4 Evaluation of the 2-point internal calibration strategy for quantifying PTEN in
FFPE patient tissue samples

As demonstrated in chapter 4, a 2-point calibration curve generated from two different
isotopologues, which are spiked into the sample and enriched together with the
endogenous target peptide, allows accurate peptide quantitation comparable with the
standard approach of using an external calibration (EC). However, the experiments
comparing EC and 2-PIC were done using a cell line, not tissue samples which are a

considerably more complex matrix. Here, we compared the performance of 2-PIC in the

FFPE patient tissue samples of the AZD5363 trial, a very heterogenous set of samples.
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PTEN amounts for all replicates were quantified using both EC and 2-PIC (Figure 26).

Plotting the quantified PTEN amounts, obtained using both calibration strategies, against
each other reveals an excellent correlation between both methods (y=0.93+0.2, R2= 0.97).
This demonstrates the robustness of our 2-PIC quantitation approach and confirms our
conclusion from chapter 4: even in a very heterogenous set of FFPE tissue samples, 2-
PIC delivers results comparable to the established calibration method without the need
for preparing and measuring an external calibration, reducing instrument run time and,

ostensibly, costs.
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Figure 26. Comparison of using internal and external calibration for PTEN quantitation in
AZD5363 patient samples. PTEN amounts for the samples from the AZD5363 study were
quantified by iMALDI using both external calibration and 2-point internal calibration (2-PIC).
The results of both calibration strategies were plotted against each other, and a linear regression
was calculated to determine their correlation.
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5.3.5 Improving multiplexing strategies for the AKT1+2, PTEN and p110a assay
While the AKT1 and AKT2 assay were combined with the PTEN+p110a assay using

sequential enrichment, all targets should ideally be enriched in a single workflow. As we
experienced with the analysis of the AZD5363 study samples, sample material is often
very limited, making further multiplexing of the assays desirable.

First, the simultaneous enrichment of all four targets was tested by preparing a
calibration from 0.6 to 20 fmol AKT1+2/PTEN/p110a. NAT per replicate. These samples
were analysed using simultaneous enrichment of AKT1+2, PTEN and p110a, as well as
using the respective singleplex assays. Both approaches where compared in a similar way
as described in chapter 3: a double-SIS-labeled peptide analogous to the target AKT2
peptide was spiked into the MALDI matrix. The peak intensity of the enriched NAT
peptides was then normalized against the intensity of the AKT2 dSIS peptide in the
matrix, making it easier to compare enrichment efficiencies between the multiplexed and
the singleplexed assays by plotting the resulting NAT/AKT2 dSIS ratios against each
other (Figure 27 A).

The results show similar performance of AKT1, PTEN and p110a using simultaneous
enrichment, with high correlation between the singleplex and multiplexed approaches
(R2>0.99) and slopes of ~0.6, suggesting a slight loss in sensitivity which is comparable
to the multiplexed PTEN+p110a assay as described previously (chapter 3, Supporting
Figure S 6). However, AKT2 enrichment is far worse using the multiplexed approach,
with a slope of only 0.26. This is in line with our previous experience with trying to
enrich AKT1+2 simultaneous and might be due to the AKT2 antibody having some

cross-reactivity with AKTL1.
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Hence, in order to combine all analytes into a single workflow, a combination of

simultaneous enrichment of AKT1, PTEN and pl10a and sequential enrichment of
AKT2 is necessary. To determine the optimal order of AKT enrichment, E. coli cell
lysate was spiked with 2.5 fmol of both AKT1 and AKT2 NAT peptides, which were
enriched sequentially, either AKT1—AKT?2 or vice versa (Figure 27 B). Enriching AKT1
first, then AKT2 was shown to be optimal, with AKT1 enrichment being significantly
better when enriched first (NAT/AKT2 dSIS of 0.7 vs 0.6, p<0.95), and AKT2
enrichment being more efficient if performed after AKT1 (NAT/AKT2 dSIS of 0.3 vs
0.2).

Finally, with the correct enrichment order established, we tested if endogenous AKT1,
PTEN and pl110a could be enriched simultaneously from 10 ug MDA-MB 231 lysate
(Figure 28) using both EC and 2-PIC. Endogenous peptides were quantified using both
EC and 2-PIC, with good agreement between both approaches, each falling within 20%
of the mean quantified amount using both approaches (1.35+-0.27 fmol/10 pg for AKT1,
2.05+-0.41 fmol/10ug for PTEN and 0.75+-0.15 fmol/10pg for pl10a). CVs were
consistently below 20%.

This demonstrates that the 2-PIC approach is feasible for AKT1, and that simultaneous
enrichment of AKTI, PTEN and p110a is possible. Further development of this assay
will include validating the workflow consisting of enriching AKTI+PTEN+p110a
followed by sequential AKT2 enrichment, simplifying the assay and reducing the

required amount of sample.
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Figure 27. Multiplexing of PTEN, p110a and AKT1+2 assays. A.Six standards ranging from
0.6 to 20 fmol AKTI1/AKT2/PTEN/p1100. NAT peptides were prepared and analysed using
singleplex approaches as well as simultaneous enrichment of AKT1+AKT2+PTEN+p110a. NAT
peak intensities were normalized against the peak intensity of 1 fmol AKT2 dSIS peptide spiked
into the matrix (NAT/SIS ratios).B. E.coli lysate was spiked with 2.5 fmol AKT1 and AKT2
NAT, and enriched sequentially either AKT1—AKT2 or AKT2—AKT1. (*) indicates significant
difference (p<0.01) between enrichment order.
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Figure 28. Simultaneous quantification of endogenous AKT1, PTEN and p110a in MDA-
MB 231 cell lysate using both intern and external calibration.
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5.4 Conclusions
We demonstrated that the PTEN+p110a assay can be integrated with existing AKT

IMALDI assays, and further that targeted proteomics by iMALDI can be combined with
an untargeted proteomics approach using the same sample. By applying various
dimension reduction techniques to the label-free quantitation data, and combining in it
with the results from our iIMALDI assays, we were able to show potential avenues for
future research to improve patient stratification for AZD5363 and further elucidate the
tumor biology in this data set. However, our experience with untargeted proteomics also
highlights the need for targeted proteomics approaches, especially for validating
biomarkers, as the analysis of the untargeted data was very challenging, while the
analysis of the IMALDI results was extremely robust and straightforward.

We also demonstrated that our 2-PIC approach is works well not only in cell lines, but
in complex FFPE tissue samples. Additionally, we showed a good correlation between
PTEN iMALDI and PTEN IHC, proving that the assays are fit-for-purpose for analyzing
complex samples while delivering results comparable to established methods. Further, we
showed how our iMALDI assays may be further multiplexed, reducing the amount of

sample material needed even further while simplifying the workflow.
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Chapter 6 Conclusions and Future Perspectives

The aim of this thesis was to develop automated, multiplexed iMALDI assays for
quantifying PTEN and p110a in tumor tissues and cell lines, integrating them with
established AKT1 and AKT2 assays, and applying them to tissue samples from a clinical
trial for the AKT inhibitor AZD5363 to prove their analytical performance and their
potential for biomarker validation.

We successfully developed iMALDI assay for PTEN and p110a, while systematically
optimizing the IMALDI workflow for these proteins and providing a template for
developing and optimizing other iIMALDI assays for cell signaling proteins. We
developed robust automation protocols, which not only work for these specific assays but
are highly flexible and can be applied to other iMALDI assays with minimal effort.23® We
also significantly improved data analysis and visualization using custom R scripts which
made data analysis faster and more reproducible.?’

The assay was successfully multiplexed using both simultaneous and sequential
enrichment strategies, proving that the supernatant of one iIMALDI assay may serve as
the sample for another without compromising the following assay. We validated the
multiplexed PTEN+pl110o assay in both linear and reflectron positive ion mode,
demonstrating high reproducibility and accuracy. Linear ranges (0.6-20 fmol on the
MALDI target), as well as sensitivity (LLOW below 1 fmol) were comparable to
previously published assays.

Using the PTEN iMALDI assays as well as an orthogonal PTEN immuno-MRM
method, we developed a novel calibration strategy using an internal calibration generated

by two differently isotopically labeled peptide standards spike into the sample, which
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alleviates issues faced with finding suitable surrogate matrices for external calibration, as

well as dramatically reducing instrument run time. Additionally, by comparing the PTEN
IMALDI assay with an orthogonal immuno-MRM assay and finding excellent agreement
between both methods (RSD 25% in an inter-lab study), we showed that iMALDI can
have comparable performance to LC-MS assays, the current ‘gold standard’ for mass-
spectrometry based proteomics.

Having demonstrated that sequential enrichment using iIMALDI is possible, we
combined the PTEN+p110a assay with the established AKT1 and AKT2 assays, as well
as with untargeted proteomics using LC-MS, in a multi-site integrated workflow and
applied it to a challenging set of FFPE samples from a clinical trial of the AKT inhibitor
AZD5363. Using iMALDI, we were able to reliably quantify the target proteins in these
samples. We further showed that our developed 2-PIC quantitation approach works in
these complex samples, and that the PTEN amounts quantified by iMALDI have good
correlation with PTEN IHC results. Thus, not only does iMALDI perform well when
compared with the ‘gold standard’ LC-MS approach used for proteomics, it also performs
well when compared to the ‘gold standard’ for assessing protein concentrations in tumor
tissue currently used in the clinical lab.

Combining both targeted and untargeted proteomics approaches, as well as various
dimension reduction techniques, provided potential insights into differences in pathway
activation between the different patient samples, which opens avenues for continued
future work for improving patient stratification for targeted treatment. At the same time,
this showed the advantages of targeted proteomics approaches: absolute protein

quantitation allows straightforward data analysis which can be used to establish reference
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ranges for protein biomarker which are reproducible between different sites. Analysis of

untargeted proteomics data proved much more challenging, with batch effects
significantly affecting data analysis, while this problem does not present itself the same
way using targeted approaches. Thus, we demonstrated the potential of IMALDI as a tool
for protein quantitation and biomarker validation.

Finally, we showed ways in which the developed iIMALDI assays may be further
improved by combining the enrichment of AKT1, AKT2, PTEN and p110a into a single
workflow. The next steps of assay development should include validating the iMALDI
workflow of simultaneous enrichment of AKTI1, PTEN and pll10c, followed by
sequential enrichment of AKT2, in a similar way as described in chapter 3. Additionally,
2-PIC calibration strategies should be included in this validation from the outset.

The selected biomarkers (PTEN, p110a, AKT1+2) did not appear to have a significant
correlation with treatment outcome. A reason for this might be the quality of the FFPE
tissue samples. Since it is not feasible to collect fresh tissue samples (e.g., through a
tumor biopsy) from patients at the time of enrollment for an early trial for of an
experimental drug, archived tissue samples were used. While, pragmatically, these
constitute the best available samples, the tissues have been collected years prior to
enrollment in the trial. Also, many enrolled patients underwent several lines of treatment
since the tissue samples were collected. Thus, the tumor samples we analysed may not
actually be representative of the tumor at the time of treatment. Additionally, the patients
were selected for treatment based on perceived PI3K pathway activation. However, it

may be necessary to also screen potential recipients for possible escape mechanisms to
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AKT inhibition (e.g., potential pathway activation in connected pathways such as the

Whnt pathway).

Still, we found potential differences in protein expression profiles between responders
and non-responders based on global proteome analysis, as well as potential differences in
protein expression profiles in patients between high and low AKT expression. While
outside of the scope of this thesis, this opens potential new avenues for future biomarker
assessment. For example, eukaryotic initiation factor 4A-1 (EIF4A-I) was found to be
differentially expressed between responders and non-responders, pointing to potential
evasion of AKT inhibition. Analysis of this data set is still ongoing, and a list of potential
biomarkers for further evaluation by targeted MS is currently compiled. At this stage, no
statement can be made how many, if any, promising biomarker candidates may be found.

In conclusion. we developed a powerful workflow combining targeted and untargeted

proteomics, which may help to establish proteomics as tool for clinical oncology.
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Supporting Figure S 1. Data analysis and visualization pipeline using custom R scirpts. Mass
lists and mass spectra are exported as *.xlIsx and *.txt files, respectively. Data analysis: From the
mass lists, the peak parameters (intensity, S/N ratio and peak area) of the NAT, END and SIS
peaks are extracted. NAT/SIS ratios as well as CVs are calculated. Data visualization: Mass
spectra are imported from the *.txt file and visualizaed using custom graphic parameters. Peak
labeling is performed by extracting the peak parameters for the selected peaks from the
corresponding mass lists and displaying them, together with custom labels, according to the
user’s settings.



A. Liquid Handling Protocol: Washing of Non-Conjugated Magnetic Beads
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B. Liquid Handling Protocol: Digest and Assay Preparation

Wash Butfer 1

| TipWash Imdsmwl TipWash | IWnshEuﬂcM
Station Station

Shaker

Wash Buffer 2 e

Protocol

—) Plate Moving Step  —  Liquid Handling Step

1. Put tips on in tip box, withdraw supernatant from bead slurry plate placed on magnet plate,
and discard in tip wash station. Discard tips in tip seating station.

2. Put onfresh tips in tip box, add wash buffer to bead plate.

3. Move bead plate to shaker, resuspend beads for 30 5 at 1000 RPM.

4. Move bead plate back tc magnet plate.

5. After 30 s pelleting time, remove supernatant and discard to tip wash station. Discard tips in tip
seating station.

Perform steps 2-5 a total of 7 times with wash buffer 1 (30 % ACN + 70 % PBS+0.015 % CHAPS)

TipWash
Station

Tip Wash
Station,

atrix
Reservoir

Plate

Matrix
Reservair
Plate

Wash Buffar
Flate

Shaker

1. Put tips on, move tip box away to position 3.

2. Move matrix reservolr plate to position 4.

3. Pipette 1.5 uL matrix solution from matrix plate to MALDI target spots,
4, Wash tips in tip wash station.

TipWash
Station

TipWash
Station

Digest
Reagent

Protacol

— Plate Moving Step

1. Put tips on, move tip box away to position 3.

2. Move sample plate from shaker to position 8.

3. Move reagent plate to shaker on position 9, mix plate (optional).
4. Transfer digest reagents from reagent plate to sample plate.

5. Put digest reagent plate off shaker to position 5.

6. Place sample plate on shaker and mix.

—» Liquid Handling Step

+

TipWash ]

Sample
Plate

Wash Buffer
Plate
Wash Buffer fﬁ\ﬂatm
Plate: eservoir
Plate

Protocol

—> Plate Moving Step —> Liquid Handling Step

5. Move matrix plate away to position 7.
6. Move wash buffer plate to position 4.
7. Pipette 5 ul wash buffer onto dried matrix spots, wait for 5 s, withdraw wash buffer from matrix spots,
8. Discard wash buffer, wash tips in tip wash station. Repeat steps 7+8 for an additional 2 times.

[ Shaker ]

Supporting Figure S 2. Automated liquid handling protocols utilizing a Bravo 96 LT liquid
handling robot. (A) Washing non-conjugated magnetic beads to remove detergents present in the
bead stock solution prior to antibody coupling. (B) Adding tryptic digestion reagents to cell lysate
samples, as well as adding internal standard and antibody-coupled beads prior to antibody
enrichment. (C) Adding MALDI matrix on top of dried antigen-antibody-bead MALDI target
spots and washing the dried matrix spot with wash buffer.
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Liquid Handling Protocol: iMALDI Bead Washing and Spotting

Tip Wash
Station

Tip Wash

Ny Tip Box 2 Tip Box 1 TipWash
Station

Stalion
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s ample Transfer || on Wash Buffer
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Station Station Station
GO000000! Wash Buffer 1

sample Transfer{if ©n Wash Buffer
Plate [Empty) Stack

i
MALDI Targets I {Sample
Removed)

Wash Buffer 1 Wash Buffer 2 Wash Buffer 1

Wash Buffer 2

TipBox 3 mpty Tip Box 3 Empty Sample Transfer]

sample Plate | dleize (Fillod)

ple Plate

Protocol
—» Plate Moving Step  ——» Liquid Handling Step

1, Moving sample plate with beads onto plate magnet.

2. After 15 s pelleting time, withdraw supernatant. and discard in tip wash station, wash tips.
3. Move sample plate back to shaker,

4, Add 70 pL wash buffer 1 to sample plate, resuspend beads using shaker.

5.Transfer beads+wash buffer solution from sample plate to sample transfer plate. - -
6. Move empty sample plate away on top of MALDI target plates, X onckicn: —
7. Move sample transfer plate onto plate magnet. e I ,S,TET:(;J;?;S 4
8. Move wash buffer 1 plate off the plate stack.

3. 15 s pelleting, withdraw supernatant from sample transfer plate and discard in tip wash station, discard tips in tip box 1. -
10, Move plate onto shaker.

11. Put on tipsin tip box 2, add 80 pL wash buffer 2 to plate, resuspend beads in wash buffer.

12. Move plate onto shaker.

13.15 5 pelleting, withdraw supernatant from sample transfer plate and discard in tip wash station., wash tips

14. Move plate onto shaker. Repeat steps 11-14 two times. For the last wash, dicard tips in tip box 2 and put on fresh tips in tip box 3.
15. Add 10 pL wash buffer 2 te sample transfer plate.

16. Mowve wash buffer 2 plate on top of wash buffer 1 plate.

17. Mave sample plate off MALDI targets.

18. Resuspend beads in added wash buffer, transfer beads to MALDI targets.

Supporting Figure S 3 Liquid handling protocol for washing antigen-antibody-bead complex
and spotting the loaded beads onto a MALDI Plate using a Bravo 96 LT liquid handling robot
(Agilent Technologies).
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Supporting Figure S 4 Overview of PI3K p110a and PTEN protein sequences. A: Overview of
p110a sequence, showing functional domains, examples of common ‘hot spot” mutations
frequently found in various cancers?®$2%®, as well as the location of the proteotypic peptide used
for iMALDI assay development. ABD= Adapter-binding domain, RBD= Ras-binding domain,
C2= C2-domain, Helical= Helical domain, Kinase= Lipid kinase domain. B: Overview of PTEN
sequence, showing functional domains, as well as the location of the proteotypic peptides used for
iMALDI and iMRM assay development. Unlike for p110a, frequent ‘hot spot’ mutations are less
common, with most PTEN mutations consisting of deletions and frame-shift mutations¥ [ref].

Phosphatase= Phosphatase domain, C2= C2 domain.
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Supporting Figure S 5. Overlaid mass spectra of 2.5 fmol NAT calibration standard prepared in
E.coli digest recorded in both linear (LP, dark red) and reflectron (RP, light red) mode, showing a
background peak overlapping with the SIS peak in the linear mode. This interference affects
PTEN quantification.
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Supporting Figure S 6 Comparison of sequential (T;—T2 or T;—T>) and simultaneous enrichment of
PTEN and p110a NAT peptides (T1+T2). Peptide intensities were normalized using 1 fmol AKT2 dSIS
which was spiked into the MALDI matrix. A slightly lower recovery was detected for simultaneous
enrichment, but was not significant (p>0.01).
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Supporting Figure S 7 Reduction and alkylation (+RA) of disulfide bonds prior to tryptic digest does
not significantly alter PTEN and p110a recovery. Ten ug MDA-MB-231 lysate (total protein) with (+RA)
and without reduction and alkylation (-RA) were analyzed by multiplexed iMALDI (n=5). Error bars
represent absolute standard deviation; horizontal bars represent the mean. * An outlier (END/SIS Ratio >
3¢ quartile+3x Interquartile Range) was excluded due to a potential contamination observed in the

MALDI-TOF spectrum.
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Supporting Figure S 8 CVs of calibration curves presented in figure 2B and Supplementary
Figure S1A, and which were used to assess linearity. Ten pg of MDA-MB 231 digest per
replicate were spiked with 0-50 fmol PTEN+p110a dSIS peptides and 2.5 fmol PTEN and p110a
SIS. The CVs of the normalized signals for each tested standard is shown. N=3 per
concentration. Data recorded in (A) linear and (B) reflectron mode, showing that CVs were
consistently below 20%.
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Supporting Figure S 9. Normalization of untargeted proteomics data. Data nomalization,
scaling and visualization was done using Metaboanalyst.
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Supporting Figure S 10. Principle component analysis of untargeted proteomics data from
FFPE tissue samples from patients treated with AZD5363. Samples are represented as colored
shapes representing their tissue type. Triangles represent breast cancer tissue, rhombuses
represent gynecological cancer tissue. Red filling represents responders, black filling represents
non-responders. Patient ID’s below the data points are colored based on which batch the sample
was analysed in (1 or 2), or their PTEN/p110a/AKT1+2 concentration as determined by iMALDI
(blue=lowest, red= highest, black= no data).
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Supporting Figure S 11. Uniform Manifold Approximation and Projection of untargeted
proteomics data from FFPE tissue samples from patients treated with AZD5363. Samples
are represented as colored shapes representing their tissue type. Triangles represent breast cancer
tissue, rhombuses represent gynecological cancer tissue. Red filling represents responders, black
filling represents non-responders. Patient ID’s below the data points are colored based on which
batch the sample was analysed in (1 or 2), their PTEN/p1100/AKT1+2 concentration as
determined by iMALDI (blue=lowest, red= highest, black= no data), or based on clustering

results by HDBSCAN.
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Supporting Figure S 12. Optimization of Uniform Manifold Approximation and Projection
of untargeted proteomics data from FFPE tissue samples from patients treated with
AZD5363. Samples are labeled based on their sample ID and colored according to their
respective AKT1 concentration as determined by iMALDI (blue=lowest, red= highest, black= no
data)
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Supporting Figure S 13. sSPLSDA of untargeted proteomics data from FFPE tissue samples
from patients treated with AZD5363 comparing responders and non-responders. Data
analysis and visualtion was done using Metaboanalyst.
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Supporting Figure S 14. sSPLSDA of untargeted proteomics data from FFPE tissue samples
from patients treated with AZD5363 comparing clusters identified by UMAP analysis. Data

analysis and visualtion was done using Metaboanalyst.



Appendix 2

Supporting Table S 1. Comparison of generated polyclonal antibodies (pAb), showing peak
intensities (*) for endogenous PTEN+pl10a target peptide (END) and the internal standard
(dSIS), as well as their peak ratios (#).
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Replicate
Experiment Peptide pAb# 1 2 3 4 Mean CVin%
1 PTENpAb NAT* 1 469 704 1085 696 738 35
2 PTENpAD 812 1 208 424 635 263 382 50
3 PTENpAb NAT/SIS* 1 225 1.66 1.71 2.65 207 23
4  PTENpAb NAT* 2 322 477 653 442 473 29
5  PTEN pAb ﬁggf 2 218 240 469 303 307 37
6 PTENpAb NAT/ASIS 48199139146 158 17
7 pll0upAb  NAT* 1 555 913 875 871 803 21
8  pl10a pAb fj\sKg*z 1 198 457 501 475 408 35
O  pll0apAb NAT/SIS* 1  2.80 2.00 1.74 1.83  2.10 23
10  pll0apAb  NAT* 2 654 854 842 707 764 13
11 pl10a pAb fj\sKg*z 2 323 306 454 417 397 14
12 p110apAb NAT/ASIS 5 500 216 1.86 169  1.93 10
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Supporting Table S 2. Comparison of automated versus manual washing of antigen-antibody-
bead complex, showing peak intensities (*) for PTEN+p110a dSIS and AKT2 dSIS (internal
standard), as well as their peak ratios (#).(#).

Replicate
Wash Protein  Peptide 1 2 3 4 5 Mean CVin %
1 Manual PTEN  dSIS* 2336 2100 2628 2618 2014 2339 12
2 Manual PTEN AKT2dSIS* 2187 1769 1929 2128 1436 1890 16
3 Manual PTEN ds'dsé'l“s'fz 107 119 1.36 1.23 140 1.25 11
4  Manual pll0a  dSIS* 1203 1214 1649 1499 1087 1330 18
5  Manual pll0a AKT2dSIS* 2187 1769 1929 2128 1436 1890 16
6 Manual pli0a ds'dsé%'fz 055 0.69 085 070 0.76 0.71 15
7 Automated PTEN  dSIS* 2797 2097 3252 1913 2671 2546 21
8 Automated PTEN AKT2 dSIS* 2416 1510 2655 1766 2043 2078 22
dSIS/AKT?2
o Automated PTEN 2T 116 130 122 108 131 123 10
10 Automated pll0o  dSIS* 1478 956 1557 888 1082 1192 26
11 Automated pl10c AKT2dSIS* 2416 1510 2655 1766 2043 2078 22
12 Automated p110a OOWAKTZ 61 063 059 050 053 057 9

dsiIs*
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Supporting Table S 3. Optimization of tryptic digestion using MDA-MB 231 cell lysate,
showing peak intensities (*) for endogenous PTEN+p110a target peptide (END) and the internal
standard (dSIS), as well as their peak ratios (#), for different incubation times (IT) and
protein:trypsin ratios (P:T). (#).(#).

Replicate

IThm P:T Protein Peptide 1 2 3 4 Mean C;;om
1 05 10:1 PTEN END* 3376 3579 5666 7120 4935 36
2 05 10:1 PTEN dSISs* 3017 3617 5334 6435 4601 34
3 05 10:1 PTEN END/SIS* 1.12 0.99 1.06 1.11 1.07 5
4 1 10:1 PTEN END* 4600 4974 6175 6618 5592 17
5 1 10:1 PTEN dSISs* 3944 4885 6016 6387 5308 21
6 1 10:1 PTEN END/dSIS* 1.17 1.02 1.03 1.04 1.06 7
7 2 10:1 PTEN END* 4758 3064 6413 6013 5062 30
8 2 10:1 PTEN dSIS* 3916 2913 5859 5611 4575 31
9 2 10:1 PTEN END/dSIS* 1.22 1.05 1.09 1.07 1.11 7
10 4 10:1 PTEN END* 3432 4737 6411 6844 5356 29
11 4 10:1 PTEN dSIS* 2874 4003 5632 6036 4636 32
12 4 10:1 PTEN END/dSIS* 1.19 1.18 1.14 1.13 1.16 3
13 0.5 1:2 PTEN END* 3441 3771 5264 3642 4029 21
14 0.5 1:2 PTEN dSIS* 2625 2480 3768 3426 3075 20
15 0.5 1:2 PTEN END/dSIS* 1.31 1.52 1.40 1.06 1.32 15
16 1 1:2 PTEN END* 3752 2895 6018 5385 4513 32
17 1 1:2 PTEN dSIS* 2679 2049 4170 3803 3175 31
18 1 1:2 PTEN END/dSIS* 1.40 1.41 1.44 1.42 1.42 1
19 2 1:2 PTEN END* 6111 3520 5551 7841 5756 31
20 2 1:2 PTEN dSIS* 4349 2587 4025 5249 4053 27
21 2 1:2 PTEN END/dSIS* 1.40 1.36 1.38 1.49 141 4
22 4 1:2 PTEN END* 4654 3202 5476 4458 4447 21
23 4 1:2 PTEN dSIS* 3185 2140 3638 2798 2940 22
24 4 1:2 PTEN END/dSIS* 1.46 1.50 151 1.59 151 4
25 05 10:1 pll0a END* 803 1035 1575 1884 1324 37
26 05 10:1 pli0o  dSIS* 2444 3108 4213 5626 3848 36
27 05 10:1 pll0a END/ASIS* 0.33 0.33 0.37 0.33 0.34 6
28 1 10:1 pl1l0a END* 1656 1133 2308 1477 1644 30
29 1 10:1 pl10a  dSIS* 4884 3590 6225 4695 4848 22
30 1 10:1 pl10a END/ASIS* 0.34 0.32 0.37 0.31 0.34 8
31 2 10:1 pll0a END* 1902 1555 2209 1904 1893 14
32 2 10:1 pll0a  dSIS* 5089 4571 6029 5352 5260 12
33 2 10:1 pl10a END/ASIS* 0.37 0.34 0.37 0.36 0.36 4
34 4 10:1 pll0a END* 1336 1690 2266 1875 1792 22
35 4 10:1 pl10a  dSIS* 3843 5116 6654 4792 5101 23
36 4 10:1  p110a END/ASIS* 0.35 0.33 0.34 0.39 0.35 8
37 0.5 1:2 pll0a END* 691 802 801 835 782 8
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39
40
41
42
43
44
45
46
47
48

o O

1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2

pl10a  dSIS*
p1100. END/dSIS*
pl10a  END*
pl10a  dSIS*

p1100. END/dSIS*
pl10a  END*
pl10a  dSIS*
p1100. END/dSIS*
pl10a  END*
pll0a  dSIS*
p1100. END/dSIS*

1738
0.40
1261
2694
0.47
2734
5524
0.50
1171
2322
0.50

2697
0.30
2026
4241
0.48
1163
2489
0.47
2041
4094
0.50

2464
0.33
1876
4607
0.41
2197
5564
0.39
2132
4667
0.46

2162
0.39
1289
3210
0.40
2038
4114
0.50
2542
5012
0.51

2265
0.35
1613
3688
0.44
2033
4423
0.46
1971
4024
0.49
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18
14
25
24

32
33
10
29
30
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Supporting Table S 4. Testing different calibration strategies, showing endogenous PTEN and
p110a enriched from in MDA-MB 231 lysate. Peak intensities (*) for endogenous PTEN+p110a
target peptide (END) and dSIS (internal standard) as well as their peak ratios (#) are shown.

Replicate
Protein MS Mode Peptide Peak 1 2 3 4  Mean CVin
Parameter %
1 PTEN  Linear END* Intensity 7574 4083 4259 4565 5120 32
2 PTEN Linear END* S/N Ratio  15.00 10.47 9.58 13.32 12.09 21
3 PTEN Linear END* Area 23948 11443 12170 12767 15082 39
4 PTEN  Linear dsIS* Intensity 5611 3469 3569 3585 4058 26
5 PTEN Linear dsiIs* S/NRatio 11.11 889 8.02 1046 9.62 15
6 PTEN Linear dSIS* Area 17814 9402 10101 10388 11926 33
7 PTEN Linear END/dSIS* Intensity 135 118 119 127 125 6
8 PTEN Linear END/dSIS* S/N Ratio 135 118 119 127 125 6
9 PTEN Linear END/dSIS* Area 134 122 120 123 125 5
10 PTEN Reflectron END* Intensity 8107 4916 3106 2656 4696 53
11 PTEN Reflectron END* S/N Ratio  47.65 33.42 26.15 24.81 33.01 32
12 PTEN Reflectron END* Area 6943 3781 2778 2037 3885 56
13 PTEN Reflectron  dSIS* Intensity 4744 3239 1921 1794 2924 A7
14 PTEN Reflectron  dSIS* S/N Ratio  28.08 22.23 16.26 16.82 20.85 27
15 PTEN Reflectron  dSIS* Area 4002 2430 1640 1322 2349 51
16 PTEN Reflectron END/dSIS*  Intensity 171 152 162 148 158 7
17 PTEN Reflectron END/dSIS*  S/N Ratio 170 150 1.61 148 157 6
18 PTEN Reflectron END/dSIS* Area 173 156 169 154 163 6
19 pl1l0a  Linear END* Intensity 4529 2344 2528 2465 2966 35
20 pll0a  Linear END* S/N Ratio 926 6.03 574 736 7.10 23
21 pll0a  Linear END* Area 16745 7629 8445 7826 10161 43
22 pll0a  Linear dsIS* Intensity 9682 4819 6150 5823 6618 32
23 pll0a  Linear dsis* S/N Ratio  20.57 1256 13.77 17.85 16.18 23
24 pll0a  Linear dsis* Area 41746 17445 20189 18605 24496 47
25 pll0o Linear END/dSIS* Intensity 047 049 041 042 045 8
26 pl110a  Linear END/dSIS* S/NRatio 045 048 042 041 044 7
27 pll0o.  Linear END/dSIS* Area 040 044 042 042 042 4
28 pll0a Reflectron END* Intensity 3759 2018 1461 839 2019 62
29 pll0a Reflectron END* S/NRatio 23.35 14.11 12.70 8.23 14.60 44
30 pl1l0a Reflectron END* Area 5395 2783 2498 1304 2995 58
31 pll0o Reflectron  dSIS* Intensity 7812 4357 2661 1980 4202 62
32 pll0a Reflectron  dSIS* S/N Ratio  48.81 30.56 23.33 19.58 30.57 42
33 pll0a Reflectron  dSIS* Area 7368 3568 2637 1502 3769 68
34 pl10o Reflectron END/ASIS*  Intensity 048 046 055 042 048 11
35 pll0o Reflectron END/dSIS* S/NRatio 0.48 0.46 0.54 042 048 11
36 pl10o Reflectron END/dSIS* Area 073 078 095 0.87 083 11
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Supporting Table S 5. Testing different calibration strategies, showing quantified endogenous
PTEN and p110a amounts (in pg) in 10 pg MDA-MB 231 lysate using calibrations prepared in
different calibration matrices and using different peak parameters.

Replicate

Cal. Matrix Peak Protein MS Mode 1 2 3 4 Mean CVin
Parameter %

1 PBSC S/NRatio PTEN Linear 4.4 38 39 42 41 7
2 PBSC Intensity PTEN  Linear 4.4 38 39 42 41 7
3 PBSC Area  PTEN Linear 4.6 42 41 42 43 5
4 BSA S/N Ratio PTEN  Linear 4.7 41 42 44 A3 6
5 BSA Intensity PTEN  Linear 4.7 41 42 44 43 6
6 BSA Area PTEN Linear 4.7 43 42 43 44 5)
7 E.colidigest S/N Ratio PTEN Linear 6.2 54 55 58 57 6
8 E.colidigest Intensity PTEN Linear 6.2 54 55 58 57 6
9 E.colidigest Area PTEN Linear 6.7 61 61 62 6.3 5
10 PBSC  S/NRatio PTEN Reflectron 3.9 35 37 34 36 6
11 PBSC Intensity PTEN Reflectron 3.9 35 37 34 36 6
12 PBSC Area PTEN Reflectron 3.5 32 34 32 33 5
13 BSA S/N Ratio PTEN Reflectron 3.9 35 37 34 36 6
14 BSA Intensity PTEN Reflectron 3.9 35 37 34 36 6
15 BSA Area PTEN Reflectron 3.5 32 34 32 33 5
16 E.colidigest S/N Ratio PTEN Reflectron 4 36 38 36 38 5
17 E.colidigest Intensity PTEN Reflectron 4 36 38 36 38 5
18 E.colidigest Area PTEN Reflectron 4 36 39 36 38 6
19 PBSC  S/NRatio pl1l0a Linear 1.3 14 12 12 13 8
20 PBSC Intensity pl10a  Linear 1.3 14 12 12 13 8
21 PBSC Area  pllOa Linear 1.1 12 12 12 12 4
22 BSA S/N Ratio p110o  Linear 1.3 13 12 12 12 5
23 BSA Intensity pll0a  Linear 1.3 13 11 12 12 8
24 BSA Area  pll0a Linear 1.1 12 11 11 11 4
25 E.coli digest S/N Ratio pl110o.  Linear 1.2 13 12 11 12 7
26 E.colidigest Intensity pll0o Linear 1.3 13 11 12 12 8
27 E.colidigest Area  pll0o Linear 1.1 12 11 11 11 4
28 PBSC  S/NRatio pl10a Reflectron 1.1 1 1.2 1 1.1 9
29 PBSC Intensity pl10a Reflectron 1.1 1 1.2 1 1.1 9
30 PBSC Area pl110a Reflectron 2.8 25 27 25 26 6
31 BSA S/N Ratio pl10o Reflectron 1.2 1.1 13 11 1.2 8
32 BSA Intensity pl10a Reflectron 1.2 11 13 11 12 8
33 BSA Area pl10a Reflectron 1.4 15 17 16 16 8
34 E.colidigest S/N Ratio pl110a Reflectron 1.1 1.1 12 11 11 4
35 E.colidigest Intensity pll0a Reflectron 1.1 1.1 12 11 11 4
36 E.colidigest Area pl10a Reflectron 1.4 14 17 16 15 10
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Supporting Table S 6. Testing different calibration strategies, showing the linear regressions
calculated from calibrations prepared in different calibration matrices and using different peak

parameters.
Linear Mode Reflectron Mode
Protein Calibration  Peak Intercept Slope R2 Intercept Slope R?
Matrix Parameter P P P P
1 PTEN Ecoli \ensity 022 058 087 -069 124 097
digest
2 PTEN E.coll SIN 021 058 087 -069 123 0097
digest
3 PTEN Elgcgll Area  -0.18 053 086 -069 127 098
4 PTEN  BSAdigest Intensity -0.06 0.73 099 -0.83 1.33 0.98
5  PTEN BSAdigest SIN 006 073 099 -083 132 0098
6 PTEN BSAdigest Area -0.02 0.71  0.99 -1.06 1.54  0.97
7 PTEN PBSC  Intensity 017 072 095 -06 126 1
8  PTEN PBSC SIN 017 072 095 -059 124 099
9  PTEN PBSC Area 031 066 094 -08L 147 099
10 plloa 5:‘:0“ Intensity  -0.1 099 099 -08 176 098
igest
11 plloa 5:‘:0“ SIN 01 099 099 08 175 0098
igest
12 plloa EISSS'L Area  -004 095 098 -092 198 0.9
13 pll0a BSAdigest Intensity -004 094 099 -079 172 0.9
14  pll0a BSAdigest S/IN 005 092 099 -078 171 099
15  plloa BSAdigest Area 002 093 1  -114 207 0.98
16 plloa PBSC  Intensity -0.02 09 098 -037 147 0.99
17 plloa PBSC SIN 0 089 098 -036 146 0.9
18 pli0a PBSC Area 006 08 096 -075 18 1
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Supporting Table S 7. Comparison of different bead types for iMALDI, showing peak S/N
ratios for PTEN+p110a dSIS. For calculating the mean and CV, not detected (n.d.) peaks were
treated as 0.

Replicates
MALDI
Target Bead Type Protein 1 2 3 4 Mean CVin%
Size

1 2600 um Protein G Dynabeads PTEN 24 16 19 19 20 17
2 2600 um Protein G Dynabeads pl110o 24 13 14 15 17 30
3 2600 um M280 Tosylactivated PTEN 6 n.d. nd. 4 2.5 119
4 2600 um M280 Tosylactivated pll0a 6 nd. 3 4 3 76
5 2600 um MagReSyn ProteinG PTEN 13 10 8 9 10 22
6 2600 um MagReSyn ProteinG  p110oc 20 20 19 16 19 10
7 700 um Protein G Dynabeads PTEN nd. 4 4 n.d. 2 115
8 700 um Protein G Dynabeads pl110a 3 nd. 3 n.d. 2 116
9 700 pum M280 Tosylactivated PTEN n.d. nd. n.d. n.d. n.d. n.d.
10 700 um M280 Tosylactivated pl110a n.d. n.d. n.d. n.d. n.d. n.d.
11 700 um MagReSyn ProteinG PTEN 13 10 23 11 14 43
12 700 um MagReSyn ProteinG pl10a 7 6 13 8 8 34
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Supporting Table S 8. Comparison of direct and indirect immuno-enrichment, showing peak
intensities (*) for PTEN NAT and AKT2 dSIS (internal standard), as well as their peak ratios (#).
Replicate #2 for direct immuno-enrichment (labeled in red) was excluded for calculating mean

and CV values.

dsiIs*

Replicates

Enrichment  Peptide 1 2 3 4 5 6 Mean ng)m
1 Direct NAT* 863 1119 911 893 1179 926 954 13
2 Direct AKT2dSIS* 1973 1751 2473 2190 2056 2443 2407 15
3 Direct NAJS/’ngz 044 064 037 041 040 038 040 7
4 Indirect ~ NAT* 1307 1598 1274 1573 1086 1466 1384 14
5 Indirect AKT2dSIS* 4114 5277 4572 5483 4051 6132 4938 17
6 Indirect NATAKTZ 505 03 028 020 027 024 028 10
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Supporting Table S 9. Testing different incubation times, temperatures and mixing conditions,
showing peak intensities (*) for PTEN+p110a NAT and AKT2 dSIS (internal standard), as well
as their peak ratios (#). Inc. Cond.= Incubation Condition, Prot.= Protein, Rot=rotating, RT=

room temperature.

Inc.

Cond. Prot.

Peptide

Replicates
1 2 3 4 5 6 7 8 9 10 Mean

CVin
%

1 1hrot
2 lhrot

3 lhrot

1h

4 Tl PTEN
1h

5 shake PTEN
1h

6 shake PTEN

7 22h4°CPTEN

8 22h4° CPTEN
9 22h4°CPTEN

1022 h RT PTEN
1122 h RT PTEN

1222 h RT PTEN

13 1 hrot pl10a
14 1 hrot pll0a

15 1 hrot pl10a

1lh
16 shake

1lh
L shake

1h
18 e PL100

1922 h 4° Cp1100;
2022 h 4° Cp110a

2122 h 4° Cpl10a

22 22 h RT p110a
2322 h RT p110a

2422 h RT p110a

PTEN
PTEN

PTEN

p110a

p110a

NAT*
AKT2 dSIS*
NAT/AKT2

dsis

NAT*

AKT2 dSIS*

NAT/AKT?2
dsIs*
NAT*

AKT2 dSIS*

NAT/AKT2
dsis
NAT*

AKT2 dSIS*

NAT/AKT?2
dsis*
NAT*

AKT2 dSIS*

NAT/AKT?2

dsIs*

NAT*

AKT2 dSIS*

NAT/AKT2
dsis?
NAT*

AKT2 dSIS*

NAT/AKT2
dsIs*
NAT*

AKT2 dSIS*

NAT/AKT2

dsis*

984 15371504 156224481109 1497 152024492316 1693
1550 26102516 245537911974 209024004274 3738 2740

0.63 0.59 0.60 0.64 0.65 0.56 0.72 0.63 0.57 0.62 0.62

1280 17211996 162017211880 1703

1831 2734 33033096 2490 2841 2716

0.70 0.63 0.60 0.52 0.69 0.66 0.63

1952 124418192598 2781 2186 2455 1328 2086 2164 2061
2382 15732307 2966 3253 2814 2966 1912 2839 2515 2553

0.82 0.79 0.79 0.88 0.86 0.78 0.83 0.69 0.73 0.86 0.80

1759 21082001 180219722247 2148 1984 2228 2430 2068
1942 24602097 1967 22752411 22031975 24452611 2239

0.91 0.86 0.95 0.92 0.87 0.93 0.98 1.00 0.91 0.93 0.93

903 160114511524221110621288 133825992392 1637
1550 26102516 245537911974 209024004274 3738 2740

0.58 0.61 0.58 0.62 0.58 0.54 0.62 0.56 0.61 0.64 0.59

1356 1824 221821251904 2093 1920

1831 2734 33033096 2490 2841 2716

0.74 0.67 0.67 0.69 0.76 0.74 0.71

2526 117519952625 35782597 307416182714 2581 2448
2382 15732307 2966 32532814 2966 1912 2839 2515 2553

1.06 0.75 0.86 0.88 1.10 0.92 1.04 0.85 0.96 1.03 0.94

1892 214617301961 178019992179 19022089 2295 1997
1942 24602097 1967 22752411 22031975 24452611 2239

0.97 0.87 0.82 1.00 0.78 0.83 0.99 0.96 0.85 0.88 0.90

31
33

7

14

19

10

24
20

7

10
11

5

35
33

5

16

19

6

28
20

12

9
11

9
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Supporting Table S 10.NAT/SIS peptide intensity ratios of the multiplexing experiments
presented in Figure 9 are shown. E.coli lysate digest (10 pg per replicate) was spiked with 1 fmol
(‘low’) or 10 fmol (‘high’) PTEN+p110a NAT. Peptides were enriched using either singleplex,
sequential (i.e. PTEN-p110a or p110a-PTEN, referred to as T1—T, or T1—Ty), or simultaneous
enrichment (T1+T2). Mean NAT/SIS ratios and corresponding standard deviations in fmol are
displayed, as well as the corresponding CVs in %. Additionally, the ratio of the mean NAT/SIS
ratios using multiplexed assays and the corresponding mean NAT/SIS ratio of the singleplex
assay are displayed (e.g. mean NAT/SIS PTENT1_12 nigh divided by mean NAT/SIS PTENsingieplex
High). Data was recorded in the linear mode. Both multiplexing methods showed similar
performance.

SingleplexSingleplexT1— T T1—T T1—»T2T1—»T2T1—T2T1—T>

Peptide High Low High Low High Low High Low

NAT in fmol - 10 1 100 1 10 1 10 1
1 PTEN 2 03 21 - 19 03 19 03
2 PTEN 15 03 19 03 18 03 18 02
3 PTEN 1.9 0.3 2 03 2 03 19 03
4 PTEN 1.8 0.3 2 03 2 02 18 02
Mean PTEN 18 0.3 2 03 19 03 19 03
Abs. SD PTEN 0.2 002 01 001 01 002 01 001
cv PTEN  11.4 81 35 18 4 88 31 44
< Multiplex/sr<-singleplex. PTEN - - 1.09 107 105 1.04 1.02 0.93
1 pll10a 4.3 05 44 04 45 04 45 04
2 pll0a 4.4 04 41 04 51 04 42 04
3 pl10a 4.5 04 42 04 48 04 44 04
4 pll0a 4.6 04 42 04 48 04 44 04
Mean pll0a 4.5 04 42 04 48 04 44 04
Abs. SD pl10a 0.1 01 02 002 02 003 01 002
cv pl100 3 129 36 57 49 8 27 41

NAT NAT

~7 Multiplex/ 55 Singleplex P1100 - - 095 093 108 095 099 0.88
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Supporting Table S 11 NAT/AKT dSIS peptide intensity ratios of the multiplexing experiments
presented in Supporting Figure S 6are displayed. E.coli lysate digest (10 pg per replicate) were
spiked with 1 fmol (‘low’) or 10 fmol (‘high’) PTEN+p110a NAT. Peptides were enriched using
either sequential enrichment (PTEN—p110a or p1100—PTEN, referred to as T1—T, or T1—T2)
or simultaneous enrichment (T1+T2). A constant amount of AKT2 dSIS was spiked into the
MALDI matrix (1 fmol per spot). Data was recorded in the linear ion mode. Both multiplexing
methods showed similar performance.

I.—-T, T:—-T: Ti—»ITx Ti—»Ix Title Tit+T2

Peptide High Low High Low High Low

'\:f:o'ln - 10 1 10 1 10 1
1 PTEN 2.8 3.3 0.3 2.1 0.2

2 PTEN 3.1 0.4 3.5 0.4 24 0.3

3 PTEN 3.3 0.4 4.2 0.3 3 0.2

4 PTEN 2.5 0.3 3.5 0.3 2.2 0.2
Mean PTEN 2.9 0.3 3.6 0.3 24 0.2
Abs. SD PTEN 0.4 0.05 0.4 0.05 0.4 0.04
Ccv PTEN 12 14 11 16 16 16

1 pl110a 2.9 3.1 0.3 2 0.2

2 P110a 2.9 0.2 3.4 0.3 2.3 0.2

3 pl110a 2.8 0.2 3.5 0.2 2.5 0.2

4 pl110a 2.7 0.2 3.3 0.2 1.9 0.1
Mean pl110a 2.8 0.2 3.3 0.2 2.2 0.2
Abs. SD pl110a 0.1 0.03 0.1 0.03 0.3 0.03

Ccv pll0a 4 11 4 13 12 20
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Supporting Table S 12. END/SIS peptide intensity ratios of the reduction and alkylation
experiments shown in Supporting Figure S 7 are shown. MDA-MB 231 cell lysate (10 pg total
protein per replicate) with or without reduction and alkylation prior to digestion was analysed.
PTEN+p110a SIS peptides (2.5 fmol per replicate) were added to each sample. Data was
recorded in the linear mode. No significant difference (p<0.01) was found between samples with
or without reduction and alkylation prior to digestion.

Replicate
Protein i?:;:i:; 1 2 3 4 5 Mean Abs. SD
PTEN + 1.74 196 151 162 152 167 0.19
PTEN - 135 143 138 129 345 136 0.06
p110a + 0.42 0.45 0.4 045 048 044 0.03

p110a - 042 042 034 038 155 039 0.04
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Supporting Table S 13. Linearity values of the calibration curves presented in Figure 13 1A are
displayed. MDA-MB 231 lysate digest (10 pg per replicate) was spiked with varying amounts of
PTEN+p110a dSIS and constant amounts of corresponding SIS standards (2.5 fmol). dSIS/SIS
ratios (normalized by multiplying dSIS/SIS ratios by the amount of spiked-in SIS) are displayed
for each replicate. Corresponding means, standard deviation, and relative standard deviation
(Abs. SD, CV) are shown for each tested dSIS amount. Data presented were collected in the
linear mode. The linear range of the calibration curve is from 0.6 to 20 fmol. N.d.=Not
detectable.

PTEN p110a
Spiked
dSISin dSIS/S.IS Mean Abs. SD cv dSIS/S.IS Mean Abs. SD cv
(normalized) (normalized)
fmol
50 46.9 33.5
50 43.9 47.4 3.8 8 29.2 32.3 2.7 8
50 51.5 34.2
35 35.2 23.1
35 354 36.1 1.4 4 25.0 24.7 1.4 6
35 37.7 26.0
20 25.7 17.0
20 23.2 24.2 13 5 16.0 16.7 0.5 3
20 23.6 17.0
15 19.1 13.3
15 20.0 19.8 0.7 3 13.5 13.1 0.5 4
15 20.3 12.6
10 13.6 8.7
10 14.4 14.1 0.5 3 9.2 9.0 0.3 3
10 14.3 9.1
7.5 10.9 6.7
7.5 10.4 10.9 0.5 5 6.9 6.9 0.2 3
7.5 11.5 7.1
5 6.5 4.7
5 6.1 6.4 0.2 3 4.6 4.7 0.1 1
5 6.4 4.7
2.5 2.8 2.3
2.5 3.3 3.1 0.3 10 2.4 24 0.0 1
2.5 3.2 2.4
1.25 1.6 1.4
1.25 1.5 1.6 0.1 4 13 1.3 0.1 5
1.25 1.7 13
0.62 0.9 1.0
0.62 0.9 0.9 0.1 8 0.7 0.8 0.2 19
0.62 0.8 0.7
0.31 n.d. - - - 0.6 0.5 0.1 9
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Supporting Table S 14. Linearity values of the calibration curves presented in Figure 13 2A are
displayed. MDA-MB 231 lysate digest (10 pg per replicate) were spiked with varying amounts
of PTEN+pl110a dSIS and constant amounts of corresponding SIS standards (2.5 fmol).
dSIS/SIS ratios (normalized by multiplying dSIS/SIS ratios by the amount of spiked-in SIS) are
shown for each replicate. Corresponding means, standard deviation and relative standard
deviation (Abs. SD, CV) are shown for each tested dSIS amount. Data presented were collected
in the reflectron mode. The linear range of the calibration curve was from 0.6 to 20 fmol.
N.d.=Not detectable.

PTEN p110a
Spiked
dSIS in dSIS/S.IS Mean Abs. SD cv dSIS/S.IS Mean Abs. SD cv
(normalized) (normalized)
fmol
50 141.4 66.9
50 121.4 127.2 12.3 10 57.1 61.2 5.1 8
50 118.8 59.7
35 68.8 38.1
35 82.0 79.5 9.7 12 34.6 36.0 1.9 5
35 87.7 35.2
20 46.4 24.0
20 47.9 46.6 1.2 3 23.9 23.3 1.2 5
20 45.6 21.9
15 35.3 18.1
15 31.6 33.0 2.0 6 20.1 18.5 1.5 8
15 32.1 17.3
10 21.1 10.6
10 20.5 20.9 0.4 2 11.6 11.3 0.6 5
10 21.2 11.6
7.5 16.1 8.2
7.5 12.3 14.9 2.3 15 7.6 8.0 0.4 5
7.5 16.3 8.2
5 9.7 4.7
5 9.0 8.8 1.0 11 5.2 5.0 0.3 5
5 7.8 5.2
2.5 3.5 2.1
2.5 34 34 0.2 5 2.0 2.1 0.1 5
2.5 3.2 2.1
1.25 1.2 0.9
1.25 1.5 14 0.2 12 1.0 0.9 0.1 7
1.25 1.6 0.8
0.62 1.1 0.4
0.62 1.0 1.1 0.1 9 0.3 0.4 0.0 8
0.62 1.2 0.3
0.31 n.d. - - - 0.3 0.2 0.0 17
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Supporting Table S 15. Accuracy results shown in Figure 13 1C are displayed. MDA-MB 231
cell lysate (10 pg total protein per replicate) was spiked with 2, 10 or 18 fmol PTEN+p110a dSIS
peptides. PTEN+pl110a SIS peptides (2.5 fmol per replicate) were added to each sample as
internal standard. Recovered dSIS peptide amounts and accuracy (recovered amount/theoretical
spike-in amount) were calculated. Data was recorded in linear mode. High accuracies were found
across the working range of the assay.

Absolute Peptide Amounts Accuracy in %
Quantified in fmol
. 2fmol 10fmol 18 fmol: 2 fmol 10 fmol 18 fmol
Peptide o . . o . . o o

spike-in spike-in spike-in ; spike-in spike-in spike-in
Replicate1 PTEN 2.1 10.9 15.6 104 109 87
Replicate2  PTEN 2 9.5 17 101 95 95
Replicate 3  PTEN 2 9.9 16.9 100 99 94
Replicate4 PTEN 2.1 9.7 15.2 104 97 84
Mean PTEN 2 10 16.2 102 100 90
Abs. SD PTEN 0 0.6 0.9 2 6 5
CV (%) PTEN 2 6 6 2 6 6
Replicate1l pl10a 2.2 11 17.2 111 110 95
Replicate2 p110a 2.2 10.3 17.8 110 104 99
Replicate 3 pl110a 2.3 10.2 17.9 114 102 99
Replicate4 pl110a 2.2 10.2 16.6 112 102 92
Mean p110a 2.2 10.5 17.4 112 105 97
Abs. SD pll0a 0 0.4 0.6 2 4 3
CV (%) pl10a 2 4 4 2 4 4
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Supporting Table S 16. Accuracy results shown in Figure 13 2C are shown. MDA-MB 231 cell
lysate (10 pg total protein per replicate) was spiked with 2, 10, or 18 fmol PTEN+p110a dSIS
peptides. PTEN+p110a SIS peptides (2.5 fmol per replicate) were added to each sample as
internal standard. Recovered dSIS peptide amounts and accuracy (recovered amount/theoretical
spike-in amount) were calculated. Data was recorded in the reflectron mode. High accuracies
were found across the working range of the assay.

Absolute Peptide Amounts
Quantified in fmol
2 fmol 10fmol 18 fmol: 2 fmol 10 fmol 18 fmol

Accuracy in %

Peptide spike-in spike-in spike-in ; spike-in spike-in spike-in

Replicate1  PTEN 2 11 19.6 101 110 109

Replicate2  PTEN 2.1 10.5 21 107 105 117

Replicate 3  PTEN 1.8 11.1 19.2 90 111 107

Replicate4 PTEN 1.9 10.9 20.7 96 109 115

Mean PTEN 2 10.9 20.1 99 109 112
Abs. SD PTEN 0.1 0.3 0.8 7 3 5
CV (%) PTEN 7 2 4 7 2 4

Replicate1 pl110a 2 11.5 19.9 101 115 110

Replicate2 p110a 2.1 111 196 i 105 111 109
Replicate 3 p110a 2.1 10.2 187 i 106 102 104
Replicate 4 p110a 2.1 10.1 199 i 106 101 111
Mean p110a 2.1 10.7 195 i 105 107 109
Abs.SD  pll0a 0 0.7 0.5 3 7 3
CV (%) plloa 2 6 3 2 6 3
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Supporting Table S 17. Interference results shown in Figure 13 1D are given here. MDA-MB
231 cell lysate (10 pg total protein per replicate) was spiked with recombinant PTEN and
p110a/p85a protein (approximately 15 fmol per replicate). Samples were serially diluted by a
factor of 2, 4, and 8 using PBSC. PTEN-+p110a dSIS peptides (2.5 fmol per replicate) were added
to each sample as internal standard. Endogenous PTEN and pl110oa amounts (in fmol) were
calculated for each sample. Data was recorded in the linear mode. Dilutional linearity was
demonstrated.

Dilution
Protein . Nc'> 2x 4x 8x
dilution

Replicate 1 PTEN 13.4 6.8 3.4 1.9
Replicate 2 PTEN 14.4 7.5 3 1.8
Replicate 3 PTEN 14.1 6.9 3.4 1.7
Replicate 4 PTEN 13.8 7.2 3.5 1.8
Mean PTEN 13.9 7.1 33 1.8
Abs. SD. PTEN 0.4 0.3 0.2 0.1

CV (%) PTEN 3 5 7 6
Replicate 1 p110a 10.8 5.6 3.2 1.4
Replicate 2 pl110a 11.8 5.5 2.7 13
Replicate 3 p110a 11.2 5.5 2.9 1.3
Replicate 4 pl110a 12.0 5.8 2.8 1.3
Mean pl110a 11.4 5.6 2.9 13

Abs. SD. p110a 0.5 0.1 0.2 0

CV (%) p1100 5 2 7 4
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Supporting Table S 18 Interference results shown in Figure 13 2D are given here. MDA-MB
231 cell lysate (10 pg total protein per replicate) was spiked with recombinant PTEN and
p110a/p85a protein (approximately 15 fmol per replicate). Samples were serially diluted by a
factor of 2, 4, and 8 using PBSC. PTEN+pl110a dSIS peptides (2.5 fmol per replicate) were
added to each sample as internal standard. Endogenous PTEN and p110a amounts (in fmol) were
calculated for each sample. Data was recorded in the reflectron mode. Dilutional linearity was
demonstrated.

Dilution
Protein . N? 2x 4x 8x
dilution

Replicate 1 PTEN 13.4 5.8 2.9 1.3
Replicate 2 PTEN 13.8 6.1 2.6 1.4
Replicate 3 PTEN 15.6 6.7 2.5 1.4
Replicate 4 PTEN 15.4 6.6 2.8 1.5
Mean PTEN 14.5 6.3 2.7 1.4
Abs. SD. PTEN 1.1 0.4 0.2 0.1

CV (%) PTEN 8 7 7 5
Replicate 1 pl110a 10.5 5.0 3 13
Replicate 2 p110a 10.2 5.0 2.6 1.3
Replicate 3 pl110a 12.3 5.5 2.5 1.2
Replicate 4 p110a 13.8 5.5 2.3 1.1
Mean pl110a 11.7 5.2 2.6 1.2
Abs. SD. pl110a 1.7 0.3 0.3 0.1

CV (%) p110a 14 5 11 5
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Supporting Table S 19. 5-day precision results for PTEN in LP shown in Figure 14 1A are given
here. Three pools of MDA-MD 231 lysate were spiked with 2, 10, and 18 fmol PTEN+p110a
dSIS (per 10 pg total lysate protein). Each pool (10 pg total protein per replicate) was analysed
each day in triplicate. Quantified amounts of PTEN dSIS per replicate (in fmol) are shown. *An
outlier (amount quantified > 3rd quartiles.day low’ resust3X Interquartile Ranges.day ‘iow’ resuits) Was
excluded from the ‘low’ sample on Day 4.

2 fmol spike-in 10 fmol spike-in 18 fmol spike-in
Day 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

Rep.1 21 20 21 24 24:91 93 95 12.2 10.5i{14.5 144 15.3 15.6 15.0
Rep.2 :21 22 22 37* 24:94 91 103 11.4 10.4:14.4 143 16.7 14.3 18.7
Rep.3 21 21 23 22 24:91 92 93 95 11.3:14.8 14.6 15.1 15.7 18.6
Mean 21 21 22 23 24:i92 9.2 9.7 110 10.7i{14.6 14.5 15.7 15.2 17.4
Abs.SD. : 00 0.1 01 01 00:02 01 05 14 05:02 02 08 08 21
CV (%) 1 3 5 6 0 2 1 6 13 5 1 1 5 5 12
Spike 2 2 2 2 2 {10 10 10 10 10:18 18 18 18 18
Acc. (%) i106 105 110 113 120: 92 92 97 110 107: 81 80 87 84 97
Mean,, 22 22 22 22 22:10.0 10.0 10.0 10.0 10.0{15.5 15.5 15.5 15.5 15.5

Abs. SD.
01 01 01 01 0110 1.0 1.0 1.0 1.0:14 14 14 14 14

Day
CWepy(®): 6 6 6 6 6 :10 10 10 10 10: 9 9 9 9 9

Acc.
(;)Day 111 111 111 111 111:100 100 100 100 100: 86 86 86 86 86
(1]

CVrotal (%) i 7 7 7 7 7 11 11 11 11 11 {10 10 10 10 10
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Supporting Table S 20. Five-day precision results for pl110a in LP shown in Figure 14 1C are
Three pools of MDA-MD 231 lysate were spiked with 2, 10, and 18 fmol
PTEN+p110a dSIS (per 10 pg total lysate protein). Each pool (10 pg total protein per replicate)
was analysed each day in triplicate. Quantified amounts of p110a dSIS per replicate (in fmol) are
shown. *An outlier (amount quantified > 3rd quartiles.gay ‘low resuist3X Interquartile Ranges.aay ‘ow’
results) Was excluded from the ‘low’ sample on Day 4.

given here.

2 fmol spike-in

10 fmol spike-in

18 fmol spike-in

Day i1 2 3 4 5i1 2 3 4 5:i1 2 3 4 5
Rep.1 23 22 25 25 23:10.2 10.0 10.8 13.5 11.1:16.6 16.6 17.1 16.8 16.8
Rep.2 2.6 23 23 4.1* 24105 9.9 10.9 12.3 10.7:16.1 16.9 17.4 16.3 20.1
Rep.3 25 23 24 24 24102 100 9.8 10.2 12.5:16.0 16.3 16.0 17.6 18.7
Mean {25 23 24 24 24103 10.0 10.5 12.0 11.4i16.2 16.6 16.8 16.9 18.5
Abs.SD. i0.2 01 01 01 00:i02 01 06 1.7 1.0:03 03 08 07 17
CV(%) i6 2 5 4 1:i2 1 6 14 8 :i2 2 5 4 9
Spike 2.0 20 2.0 2.0 20 :10.0 10.0 10.0 10.0 10.0i{18.0 18.0 18.0 18.0 18.0
Acc. (%) i123 114 121 122 118103 100 105 120 114i 90 92 93 94 103
Mean, 24 24 24 24 24108 10.8 10.8 10.8 10.8i17.0 17.0 17.0 17.0 17.0
Abs. SD.
01 01 01 01 01:i11 11 11 11 11:11 1.1 11 1.1 11
Day
CVepo%): 4 4 4 4 4310 10 20 10 100:7 7 7 7 7
Ac:;)DaV 119 119 119 119 119108 108 108 108 108i 94 94 94 94 94
CVrowal (%) 6 6 6 6 6 i12 12 12 12 12: 8 8 8 8 8
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Supporting Table S 21. Five-day precision results for PTEN in RP shown in Figure 14 2A are
given here. Three pools of MDA-MD 231 lysate were spiked with 2, 10, and 18 fmol
PTEN+p110a dSIS (per 10 pg total lysate protein). Each pool (10 pg total protein per replicate)
was analyzed each day in triplicate. Quantified amounts of PTEN dSIS per replicate (in fmol) are

shown.
2 fmol spike-in 10 fmol spike-in 18 fmol spike-in
Day 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Rep.1 :20 18 19 2.2 2.0:10.5 10.2 10.0 16.9 10.7:20.2 17.0 19.2 20.0 17.1
Rep.2 :19 20 19 37 20:11.0 9.3 10.1 154 12.3:17.8 19.0 18.0 20.9 23.8
Rep.3 :20 2.0 2.0 2.0 21:105 9.7 99 99 11.0:17.2 19.6 18.9 20.1 26.9
Mean :20 19 19 21 20:10.7 9.7 10.0 14.1 11.3:18.4 18.6 18.7 20.3 22.6
Abs.SD. : 0.1 0.1 0.1 02 01:03 04 01 37 08:16 14 06 05 5.0
CV (%) 4 5 3 8 3 3 5 1 26 7 9 7 3 3 22
Spike 20 20 2.0 20 2.0 :10.0 10.0 10.0 10.0 10.0:18.0 18.0 18.0 18.0 18.0
Acc.(%) i 99 96 96 106 100:107 97 100 141 113:102 103 104 113 126
Mean,, 2.0 20 2.0 20 20:i11.2 11.2 11.2 11.2 11.2{19.7 19.7 19.7 19.7 19.7
Abs. SD.

01 01 01 01 01:22 22 22 22 22:i27 27 27 27 27

Day
CVspyyl®): 5 5 5 5 5 :19 19 19 19 19:14 14 14 14 14
Ac(i'/:)"ay 9 99 99 99 99 :111 111 111 111 111:109 109 109 109 109
CVrotal (%) i 7 7 7 7 7 i21 21 21 21 21:16 16 16 16 16
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Supporting Table S 22. Five -day precision results for p110a in RP shown in Figure 14 2A are
displayed. Three pools of MDA-MD 231 lysate were spiked with 2, 10, and 18 fmol
PTEN+p110a dSIS (per 10 pg total lysate protein). Each pool (10 pg total protein per replicate)
was analyzed each day in triplicate. Quantified amounts of p110a dSIS per replicate (in fmol) are
shown.

2 fmol spike-in 10 fmol spike-in 18 fmol spike-in
Day 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

Rep.1 21 1.9 22 23 21:i11.0 10.6 9.9 17.6 10.6:20.2 18.4 21.3 20.0 17.6
Rep.2 2.0 21 2.0 42 20125 10.1 11.4 13.7 11.5:20.1 19.1 19.6 22.9 23.1
Rep.3 i20 21 21 21 1.9 :i11.9 105 10.3 10.5 12.3:18.9 21.2 20.9 21.5 21.7
Mean 2.0 2.0 2.1 22 2.0 :11.8 10.4 10.6 13.9 11.5:19.7 19.6 20.6 21.5 20.8
Abs.SD. i0.1 0.1 01 02 01:08 03 08 36 08:07 14 09 14 29
V(%) i3 4 5 7 4:i6 3 7 25 7 i4 7 4 7 14
Spike 2.0 2.0 20 2.0 2.0 :10.0 10.0 10.0 10.0 10.0i18.0 18.0 18.0 18.0 18.0
Acc. (%) i100 102 105 111 101:118 104 106 139 115:110 109 115 119 115
Mean,, . i21 21 21 21 21116 11.6 11.6 11.6 11.6i20.4 20.4 20.4 20.4 20.4

Abs. SD.
01 01 01 01 01:20 20 20 20 20:i16 16 16 16 16

Day
Vepy(®¥)i5 5 5 5 5 :17 17 17 17 17: 8 8 8 8 8

Acc.
(;)D""V 103 103 103 103 103:116 116 116 116 116:113 113 113 113 113
(1]

CVrotal (%) i 7 7 7 7 7 19 19 19 19 19:{11 11 11 11
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Supporting Table S 23. Endogenous PTEN and p110a amounts quantified in various FF tissue
samples shown in Figure 15 C are given here. Biological replicates were analyzed in duplicate
(10 pg total protein per replicate). Quantified amounts of PTEN and p110a per replicate (in fmol)

are shown.

Data was recorded in the linear mode. Not detectable (n.d.) was treated as 0 for

calculating means and standard deviation. *Replicates excluded due to contamination.

Trastuzumab +

Vehicle Trastuzumab  Everolimus .
Everolimus
Biological Technical
. . PTEN pl110a PTEN pl110a PTEN pll0a PTEN pll0a
Replicate Replicate
Bio. Rep. #1 1 4.1 1.0 3.6 0.8 5.3 1.1 4.8 0.8
Bio. Rep. #1 2 4.3 0.9 4.0 0.8 5.4 1.2 4.7 0.9
Bio. Rep. #2 1 0.8 0.4 3.2 0.6 5.0 0.8 3.5 0.6
Bio. Rep. #2 2 0.9 n.d. 2.9 0.8 5.2 0.8 3.9 0.8
Bio. Rep. #3 1 9.2*% 2.1* 8.6* 2.0* 3.2 0.8 4.1 1.0
Bio. Rep. #3 2 n.d. n.d. 4.2 1.1 3.3 0.9 4.3 1.1
Mean 2.0 0.4 3.6 0.8 4.6 0.9 4.2 0.9
Abs.SD 2.0 0.5 0.5 0.2 1.0 0.2 0.5 0.2

QY

99.6 1055 149 241 223 17.7 114 17.6
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Supporting Table S 24. Endogenous PTEN and p110a amounts quantified in various FF tissue
samples shown in Figure 15 A are given here. Colorectal cancer liver metastases (mMCRC) and
breast FF tissue samples (10 ug total protein per replicate) were analysed in triplicate. Quantified
amounts of PTEN and p110a per replicate (in fmol) are shown.

mCRC Tissues Breast Tissue
Proteini L#1 L #2 L#3 L#4 : B#1 B#2 B#3 B#4 B#5

Rep.1 PTEN | 1.0 19 16 39 ! 26 33 13 22 11
Rep.2 PTEN i 0.9 21 15 39 i 21 31 15 17 00
Rep.3 PTEN i 0.0 17 13 37 {23 35 14 27 12
Mean PTEN: 0.7 19 15 38 (23 33 14 22 08
Abs.SD. PTEN i 0.6 02 02 01 i02 02 01 05 07
CV(%) PTEN: 87 11 10 3 9 7 6 2 87
Rep.1 pll0a: 0.6 07 10 12 i 08 14 06 06 11
Rep.2 pll0a: 0.6 08 11 11 i 09 13 06 05 00
Rep.3 pll0a: 0.6 07 09 12 i 10 12 06 08 09
Mean pll0a: 0.6 07 10 12 i 09 13 06 06 07
Abs. SD. p110ai 0.0 01 01 01 :io01 01 00 01 06
CV (%) pll0ai 7.2 76 67 76 128 65 75 175 877
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Supporting Table S 25. Summary of experimental conditions for PTEN iMRM and
IMALDI assays using 2-PIC.

PARAMETER

IMRM

IMALDI

SAMPLE PREPARATION

DIGESTION

HIGH POINT INTERNAL STANDARD

SIS1 SPIKE-IN

LOW POINT INTERNAL STANDARD

SIS2 SPIKE-IN

IMMUNO-ENRICHMENT

Antibody used
(rabbit polyclonal)

Antibody (Ab)-
beads complex

Ab incubation with
beads

Samples

Ab-beads complex
incubation with
samples

Wash protocol

Peptide elution

manual

denaturation, reduction and
alkylation

FASP

Trypsin/LysC

1:20 protein:enzyme (w:w)
overnight at 37°C
NNIDDVVR+6 Da

40 fmol

NNIDDVVR+10 Da

2 fmol

anti-NNIDDVVR

0.5 pg Ab per 30 pg Protein A
Dynabeads beads per sample (up
to 30 ug of total protein)

overnight at 4°C, slow shaking
three samples prepared as one
replicate: 10, 15 and 30 ug

overnight at 4°C, slow shaking

PBSC buffer (1x PBS + 0.003 %
CHAPS

200 pL of PBSC, 200 pL of 0.1x
PBSC, 200 pL of H20

20 pL of 3% ACN, 5% acetic acid,
50 mM citrate for 2 min

automated on Agilent Bravo 96LT

denaturation

in-solution

TPCK-treated trypsin

1:2 protein:enzyme (w:w) for 1 h
at 37°C.

AQEALDFYGEVR+10 Da

17.5 fmol

AQEALDFYGEVR+17 Da

1.75 fmol

anti-AQEALDFYGEVR

0.2 pg Ab per 30 pg Protein G
Dynabeads per sample (up to 30
ug of total protein)

at room temperature for 1 h
three samples prepared in
duplicate: 10, 15 and 30 ug

1 h at room temperature, slow
shaking

PBSC2 buffer (25:75 ACN:1x
PBS+0.015 % CHAPS)

70 uL PBSC2, 3x 80 uL 5 mM
AmBic

no elution, direct application on
MALDI plate



SAMPLE PREPARATION

MS INSTRUMENTATION

DATA ANALYSIS SOFTWARE
2-PIC REGRESSION

Agilent 6495 QQQ online-coupled
to Agilent 1290 Infinity UHPLC.
Agilent RRHD Eclipse Plus C18
column (2.1 mm inner diameter x
150 mm length, 1.8 um particle
size). 11-min binary gradient.

Skyline-Daily 19.1

1/x? weighted linear regression
(WLS) through the origin
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addition of Matrix solution (3
mg/mL HCCA, 7 mM AmCit in 70%
ACN, 0.1% TFA) followed by
washing the dried spots with 3x5
uL 7 mM ammonium citrate (5 s
incubation time before
withdrawing the wash solution)
MALDI Bruker Microflex LRF
(Reflectron positive ion mode)

FlexAnalysis (v3.4, Build 70).

ordinary least squares (OLS)



209

Supporting Table S 26. Descriptive statistics for samples from AstraZeneca.

Responders (n=8)

Non-Responders (n=7)

Cancer type

Patient Weight (kg)
Age (years)

Sex

WHO PS

ER/PR

Her2

# of Met Sites
Lines of treatment

PFS (adjusted, days)
Sample site

Age

Size

Cellularity

Breast = 3

Gyne =5

66.75 +/- 19.75

60.00 +/- 10.86
F=8,M=0
PS0=3,Ps1=5

+ =4, unknown = 4
+=2,-=1,unknown =5
2.88 +/- 1.05

1st=1,349=1 >3"=4, unknown = 2

182.25 +/- 134.01

Metastatic = 5, Primary = 3

7.30 +/- 0.78 (4 unknown)
355.75 mm2 +/- 171.41

67.88 +/- 13.66 (necrosis 4.5 +/- 2.8)

Breast =4

Gyne =3

61.14 +/- 9.34

61.57 +/- 7.84

F=7, M=0

PS0 =4,PS1=3

+ =5, unknown = 2

+ =0, unknown = 3

3.43 +/-1.76
1t=1,2M=2 349=2
>3 =1, unknown =1
47.57 +/- 17.97
Metastatic=1, Primary=6
7.62+/-1.36 (2
unknown)

334.17 mm2 +/- 52.08
62.14 +/- 23.28 (necrosis
4.43 +/- 3.37)
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Supporting Table S 27. Amount of AKT1, AKT2, PTEN and p110a quantified using
iIMALDI in FFPE tissue samples from patients treated with AZD5363. Underlined values
represent protein amounts which were detected, but below the LLOQ.

Samp Canc Respo Gro LC- Quantity AKT1/ AKT2/ PTE PTEN/ pl110 pll0a/

lelD er nse up# MS analyzed pg ug N ug aCV ug
Type Bat (total cv

ch ug/replic
ate)

01-01 BREA SD 2 2 10.0 0.26 0.11 5 0.13 147 0.03
ST

01-02 BREA SD 2 2 10.0 0.11 0.00 NA NA NA NA
ST

02-01 BREA PD 1 2 10.0 0.11 0.12 NA NA NA NA
ST

02-02 BREA PD 1 2 10.0 0.10 0.08 148 0.03 0 0.01
ST

03-01 BREA PD 1 2 10.0 0.21 0.16 12 0.16 68 0.06
ST

03-02 BREA PD 1 2 10.0 0.17 0.16 1 0.11 68 0.05
ST

04-01 BREA PD 1 2 10.0 0.09 0.05 0 0.04 #DIV/ 0.00
ST o!

04-02 BREA PD 1 2 10.0 0.14 0.07 5 0.04 #DIV/ 0.00
ST 0!

05-01 BREA PD 1 2 10.0 0.26 0.11 28 0.11 42 0.05
ST

05-02 BREA PD 1 2 10.0 0.21 0.13 6 0.12 2 0.03
ST

07-01 GYNE PD 1 1 7.4 NA NA NA NA NA NA

07-02 GYNE PD 1 1 8.2 NA NA NA NA NA NA

08-01 GYNE SD 2 1 10.0 0.10 0.04 NA n.d. 241 0.02

08-02 GYNE SD 2 1 10.0 NA NA NA NA NA NA

09-01 GYNE SD 2 1 9.6 NA NA 0 0.21 0 0.11

09-02 GYNE SD 2 1 8.9 NA NA NA NA NA NA

12-01 BREA SD 2 1 9.7 NA NA 0 0.45 0 0.11
ST

12-02 BREA NA NA NA NA NA NA NA
ST

14-01 BREA SD 2 1 6.8 0.41 0.18 10 0.16 57 0.05
ST

14-02 BREA 2 1 10.0 NA NA NA NA NA NA
ST

16-01 GYNE PD 1 NA 10.0 0.38 0.18 2 0.26 18 0.06

16-02 GYNE PD 1 NA 6.8 NA NA 4 0.36 17 0.03

17-01 GYNE PR 2 NA 66 034 015 10 005 87 0.05



19-01
19-02
21-01

21-02

22-01
23-01
23-02

GYNE
GYNE

BREA
ST
BREA
ST
GYNE

GYNE
GYNE

SD
SD

SD
PD
PD

NA

NA

10.0
10.0
10.0

10.0
10.0
10.0

0.17
NA
NA

NA

0.09
0.34
NA

0.21
NA
NA

NA

0.12
0.12
NA

29
NA
16

NA

NA

0.11
NA
0.21

NA

0.03
n.d.
0.08

38
NA
28

NA

NA

n.d.
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0.05
NA
0.08

NA

0.05
NA
n.d.



