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Abstract

Some of the most profound changes elicited by cell growth stimuli influence
dramatic rewiring of metabolism. Intriguingly, rapidly dividing cells with aberrant growth
factor signalling, such as cancer cells, tend to rely on glycolysis to generate an adequate
supply of building blocks required for cell proliferation and invasion. In this study, we
observed that in response to stimulation with insulin-like growth factor 1 (IGF-1), MCF-7
breast adenocarcinoma cells show increased levels of the key glycolysis proteins pyruvate
kinase M2 and lactate dehydrogenase A. We then developed targeted multiple reaction
monitoring (MRM) mass spectrometry assays to conduct quantitative analysis of glycolysis
proteins and heterogeneous nuclear ribonucleoproteins (hnRNPs), the latter implicated in
pyruvate kinase splicing and many other aspects of cell proliferation. Application of the
glycolysis MRM assay to examine IGF-1 stimulated MCF-7 cells revealed increased levels of
all sequential proteins from phosphoglycerate mutase 1 to lactate dehydrogenase A in the
glycolysis pathway. An extension of this study to cell lines of varying invasiveness, suggest
a relation between glycolysis and metastasis. The clinical applicability of glycolysis MRM
assay was also shown by its successful application to lung cancer biopsy analysis. Success
with the targeted analysis of glycolysis proteins led to a similar approach for the hnRNP
family. Our results showed evidence that a poorly characterized hnRNP (A/B) may be
regulated by the c-Myc transcription factor but does not evidently influence pyruvate
kinase splicing.

Our approach using MRM to examine small subsets of proteins downstream of
cellular growth signals is relatively novel. Our results demonstrate the potential for such
targeted MS strategies because of their high selectivity and multiplexing capabilities.
Further, the findings from our analyses provide novel insights into the downstream

changes elicited by growth signals such as IGF-1 and c-Myec.
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Chapter 1: Introduction?

Abstract

Cancer cells dramatically alter their metabolism in order to increase the production
rate of intermediates required for nucleic and fatty acid biosynthesis in rapidly
proliferating cells. While not well understood, dysregulation of oncogenes and tumour
suppressors found in growth factor signal transduction pathways results in the altered
expression of specific isoforms of glycolysis proteins. A full understanding of glycolytic
alterations in cancer through a systems biology approach requires tools to observe changes
in the set of proteins that make up the glycolytic proteome. We propose that a targeted
proteomics approach employing multiple reaction monitoring (MRM) is an excellent
strategy to quantitatively monitor sets of proteins, such as those making up the glycolytic
proteome. MRM is particularly well suited to proteins of glycolysis as they are of moderate
to high abundance. Such systems-based efforts provide a means to understand the
mechanisms for an altered glycolytic proteome in cancer, perhaps leading to novel

therapeutic targets and metabolic signatures for use in cancer prognosis.

1 Published; ]J. Patrick Murphy, Patrice D. C6té and Devanand M. Pinto. 2010. Current Proteomics; In Press.
JPM, PDC, and DMP are affiliated with Dalhousie Biology, Halifax, NS and JPM and DMP are affiliated with the
National Research Council Institute for Marine Biosciences, Halifax, NS. Text has been slightly modified from
its published format.



1.1 Altered Glucose Metabolism in Cancer and the Warburg Effect

A consistent feature of tumour cells is an altered glucose metabolism, first observed
by biochemist Otto Warburg in the 1920’s and now given the namesake “the Warburg
Effect” 1. Warburg’s observations remain relevant as demonstrated by the now common
usage of radio-labelled glucose uptake in tumour imaging. At the transcript level, mRNAs
encoding glycolysis proteins make up significant portions of transcriptome signatures
representing various different types of malignancies 2. Genes encoding glycolysis proteins
are over-expressed in 70% of human cancers 3. At the protein level, proteomic analyses
using two dimensional gel electrophoresis techniques have shown elevated expression of
glycolytic proteins in colorectal* and renal cell carcinomas 5.

The altered metabolism of tumours is generally believed to result from the selective
pressures of the hypoxic tumour micro-environment, under which metabolic fitness
advantages are conferred®. Others, however, have shown that proliferative cancer cells may
already be metabolically reprogrammed before encountering hypoxic conditions’. Such
reprogramming may occur through mutations in oncogenes and tumour suppressors
resulting in altered growth factor signalling and changes in metabolism. Regardless of its
origin, there are multiple benefits of the altered glycolytic phenotype to proliferating cells
(Fig. 1.1). At first glance increasing glycolysis seems inefficient since it only produces a
fraction of the ATP (2 moles/mole glucose) that can be produced using oxidative
phosphorylation (36 moles ATP/mole glucose). However, by regulating glycolysis, cells can
redirect metabolites towards the nucleotide and fatty acid synthesis pathways needed for
proliferation®. Glycolysis does not require oxygen, so is especially advantageous for cell
survival and proliferation inside solid tumours where cells are frequently over 100 pm
from the nearest blood vessel and therefore reside in a hypoxic (low oxygen)
environment®. A better understanding of the glycolytic differences between quiescent and
proliferating cells may uncover novel targets for cancer therapies.

The first part of this introductory chapter provides an overview of current
knowledge of the regulation of metabolism in cancer cells. The second part aims to

demonstrate the benefits of targeted proteomics using multiple reaction monitoring as a



powerful tool in studying metabolic systems in proliferating cells, which is applied in later

chapters.
Glucose
Glycolysis
HK2
G6PD, TKT ~ Pentose Nucleic acid
phosphates biosynthesis
NAD*
PKMZ NADP* NADPH —> Fatty acid
NADH biosynthesis
l ATP
LDHA
Lactate € Pyruvate

Figure 1.1. Depiction of Proposed Survival Advantages Conferred by Altered Glucose
Metabolism. Proliferating cells, such as cancer cells, redirect carbon flux to fuel nucleic and
fatty acid biosynthesis, and increase low-oxygen production of ATP. A redirected
metabolism may therefore provide nucleic acids and fatty acids for rapid turnover of
daughter cells in proliferative tumours. Acidification of the micro-environment by the
production of lactate further enhances breakdown of surrounding normal tissues, aiding in
tumour invasion.



1.2 Glycolytic Protein Isoforms in Tumour Metabolism

A notable difference between proliferating cancer cells and their normal
counterparts is the expression of different glycolytic protein isoforms. Protein isoforms are
produced by related genes, or arise from alternatively spliced pre-mRNA from the same
gene. Alternate splice variants of several proteins (such as p53, vascular epithelial growth
factor, and CD44) are commonly over-expressed in cancer 10. Protein isoforms thus revise
our view of glycolysis as that of a simple, static pathway. As a result of gene duplication
events, several isoforms of glycolytic enzymes have evolved with different kinetic
properties and, through the altered expression of these isoforms, the pathway can be
regulated based on the glycolytic requirements of the cell 1. Glucose metabolism might
therefore follow any number of pathways (Fig. 1.2), with some favouring tumour growth.
Much of the understanding of cancer metabolism may come from how specific isoforms or
splice variants are regulated in cancer cells'?. Hexokinase 2 and pyruvate kinase M2 are

perhaps the best-known proliferation-enhanced proteins of glycolysis.

1.2.1 Hexokinase 2

There are 4 main isoforms and several splice variants of hexokinase - HK1, HK2,
HK3, and HK4 (also called GCK)!3. Over-expression of HK2 is observed in tumour cells4,
where it is associated with the outer mitochondrial membrane through a voltage-
dependent anion channel (VDAC)!5. By this mitochondrial association, HK2, along with
VDAC and the adenine nucleotide transporters (ANT1-3), use newly synthesized ATP from
the inner mitochondrial membrane in the priming stage of glycolysis, phosphorylating
glucose and generating glucose-6-phosphate at high rates!3. In addition to priming
glycolysis, the HK2-VDAC interaction at the outer mitochondrial membrane inhibits
binding of Bad and Bax to VDAC, thereby inhibiting caspase-mediated apoptosis?®, further

promoting cell proliferation.



Glucose
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Figure 1.2. Putative Isoform-specific Paths of Glucose Metabolism Through the
Glycolysis Pathway. Shown for each of the main proteins of glycolysis are the currently
known isoforms. Based on the over-expression of specific isoforms, exemplified here by the
size of each circle, the reactions of glycolysis could follow different paths in tumour cells
(red lines), than in normal cells (blue line). Isoforms depicted here are expressed by single
genes and an even greater number of paths are possible if splice variants are included (e.g.
PKM?2). (green = traditionally forward glycolysis directing, red = traditionally glycolysis
redirecting).



1.2.2 Pyruvate Kinase M2

Pyruvate kinase is a key glycolytic enzyme that catalyses the dephosphorylation of
phosphoenolpyruvate (PEP) to form pyruvate and is consistently shown to be important in
cancer biology. There are two pyruvate kinase isoforms (PKLR, and PKM1/M2) and each
isoform has two known splice variants. Expression of the L and R variants of PKLR, are
expressed in liver and red blood cells respectively, but the expression of M1 and M2
variants of PKM1/M2 depends on the developmental stage!”. The M1 variant is expressed
in most adult tissues and the M2 variant is normally expressed during embryonic
development. Intriguingly the M2 variant is also highly expressed in proliferating cancer
cells8. Recent work has shown that exchanging the embryonic M2 variant for the M1
variant, reverses the Warburg effect in cultured cell lines??, suggesting a key role for the M2
splice variant in tumourigenesis.

Enzymatically, the M2 variant is less efficient than the M1 variant at converting PEP
to pyruvate and metabolites are believed to assimilate upstream and enter biomass
synthesis pathways!® 19, PKM2 thus seemingly lowers pyruvate accumulation, which
contradicts the consistent finding of high lactate (of which pyruvate is a precursor) levels
in cancer cells. However, it has recently been shown that the phosphate from PEP is
transferred to phosphoglycerate mutase (PGAM1) leaving pyruvate as a product?0.
Pyruvate and lactate accumulation also can occur through glutamine metabolism in cancer
cells, a process which further supplements proliferating cells with NADPH for lipid
biosynthesis 21.

Interestingly, in direct relation to growth factor signalling, PKM2 binds directly to
phosphotyrosines, such as those of receptor tyrosine kinases (RTKs), which interferes with
the normal allosteric activation of PKM2 by the upstream glycolysis intermediate fructose-
1,6-bisphosphate?2. The observation that a reduction in mitochondrial ATP production
under hypoxic conditions coordinates a PKM2-mediated effect on glycolysis, provides a link
between tumour hypoxia and PKM2 expression?3. Conflicting with the commonly held view
that the M2 variant of pyruvate kinase is only expressed in embryonic or tumour tissue,
PKM?2 has been detected at similar levels between normal and carcinogenic breast, lung,

and oesophageal tissues, suggesting that some tissues already possess the M2 variant prior



to malignant transformation?4. The promotion of tumour growth by PKM2 is further
complicated by the fact that it has been shown to trans-locate to the nucleus to induce cell
death in response cell exposure to apoptotic agents2>. The role of the PKM2 splice variant
in cancer biology is therefore important but complex. As a result of its exclusive expression
in proliferating cells, PKM2 and the regulation thereof demands further attention as a

therapeutic target for cancer.

1.2.3 Emerging Roles for Other Metabolic Proteins

In addition to specific isoforms of glycolytic enzymes, the existence of other
glycolysis related proteins, such as those of the pentose phosphate shunt, can alter the
direction of glucose metabolism. In the pentose phosphate shunt, glucose-6-phosphate
dehydrogenase (G6PD), catalyzes the reaction of glucose-6-phosphate to 6-
phosphoglucono-§-lactone, producing NADPH and ribose sugars for nucleic and fatty acid
biosynthesis?6. GGPD was shown to be necessary for increasing ATP production in cells
detached from the extra-cellular matrix - a key event in metastasis?’. Recent work has
shown another group of proteins, the 6-phosphofructo-2-kinase/fructose 2,6-
bisphosphatases (PFKFBs) also alter glycolysis?8. PFKFBs promote glycolysis by regulating
cellular levels of fructose-2,6-bisphosphate, a positive allosteric activator of
phosphofructokinase-1 (PFK-1). They also inhibit gluconeogenesis (regeneration of
glucose) by inhibiting fructose 1,6,-bisphosphatases, enzymes which catalyze the formation
of fructose-6-phosphate from fructose 1,6-bisphosphate?®. Interestingly, expression of
PFKFB mRNA was found to be under the control of MAPK signalling downstream of growth
factor activation in mouse fibroblasts. Of the four known isoforms, PFKFB4 was specifically
found to be over-expressed in MCF-7 breast cancer cells under hypoxic conditions and
expression of PFKFB3 has been shown to be regulated by hypoxia in vivo30.

Another well known metabolic enzyme, lactate dehydrogenase (LDH) contributes to
the excretion of lactate into the tumour micro-environment - a key process involved in
matrix degradation, invasion, and metastasis3!. Lactate dehydrogenase converts pyruvate,
the normal end-product of glycolysis, to lactate, regenerating NAD* for continuous rounds
of glycolysis32. Lactate is released into the extra-cellular environment by a

monocarboxylate transporter (MCT) channel protein, of which MCT4 isoform expression is
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enhanced in cancer cells33. Several LDH isoforms are known (Fig 1.2), the most well-
characterized isoform being lactate dehydrogenase A (LDHA), which appears to be
required for cell proliferation under hypoxic conditions 32. Pyruvate conversion is further
enhanced in proliferating cells by increased expression of pyruvate dehydrogenase kinase-
1 (PDK1), which inhibits the pyruvate conversion to acetyl-CoA by pyruvate
dehydrogenase, thus inhibiting pyruvate entry into oxidative phosphorylation in the
mitochondria 34 It is clear then, that altered expression of glycolytic proteins (canonical
and isoform-specific) is advantageous to tumour growth and contributes to the Warburg

effect.

1.3 Genetic Regulation of Tumour Metabolism

If the altered metabolism of cancer cells is manifested by aberrant expression of
multiple glycolytic proteins and isoforms thereof, how does the metabolic system become
reprogrammed? A prevailing view is that the glycolytic proteome is regulated by a
multitude of proteins, several of which are well known oncogenes or tumor suppressors
(Table 1) 35. In recent years, HIF-1a, c-Myc, and p53 have emerged as key regulators of the
glycolytic proteome3®. In addition, the immune response regulator, nuclear factor kappa-
light-chain-enhancer of activated B cells, (NF-kB) has recently emerged as an important
regulator of glycolysis. NF-kB and p53 both regulate cell physiology in response to
stressors, but do so in diametrically opposing ways where the former promotes cell
division and the latter initiates senescence and apoptosis 37. The regulation of these
mutually antagonistic signalling pathways is of central importance to cancer metabolism.
The majority of literature in this area has not focused on isoform-specific regulation,
perhaps due to a lack of appropriate tools for isoform study, but a clearer picture is taking

shape in regards to the general routes to reprogrammed metabolism.



Table 1.1. Genetic Regulators of Glycolysis

Protein name Activated by Activates Observation(s)
Aliases Inactivated by Inactivates
TSC-2 p53, AMPK Rheb38 Tumor suppressor GTPase. Negative regulator of the G protein Rheb.
FLJ43106, LAM, AKT-1
TSC4
HIF-1a cMyc Glut141 Transcription factor. Major regulator of the Crabtree effect 43.44. Activates glucose
PHD39 Glycolytic enzymes*! transport and glycolysys, and downregulates mitochondrial oxygen consumption4L.
VHL40 LDH, PDK14%, p53 42, MXI1 Antagonizes repressive c-Myc activity for gene activation3?. Prolyl hydroxylases
cMyc39 (PHD), which lead to the degradation of HIF-1 with VHL, are active in the presence
of high 02z levels and require a-ketoglutarate as a substratez6.
AMPK high AMP4%5, FOX049,50 Energy sensor: activated in the presence of high AMP and low glucose 52. Enhances
AAK-2 (C. AMPK kinase p5351, TSC-238, glucose uptake, fatty acid oxydation (FAO), and activates aerobic glycolysis 53.
elegans) sestrins#6, GLUT4
cytochrome c
oxydase47. 48,
LKB-1, p53
c-Myc HectH9/ARF-BP1 Glycolytic enzymes Oncogene. Transcription factor: controls the expression of several glycolytic
MRTL, bHLHe39 HIF-1a enzymes39 54-61,
MXI1
IKK TNF receptor pathway  NF-kB Important node in p53 and NF-kB regulation. Phosphorylates IkB, an inhibitory
p53 p53 subunit of NF-KB, in response to an extrinsic stressor (eg. infectious disease). This
leads to the degradation of IkB and activation of NF-kB. Directly serine-
phosphorylates p53 marking it for ubiquitination and degradation by b-TrCP-1 62.
NF-kB IKK, >200 protein targets Oncogene. Post translationally regulated transcription factor. Responds to >100
EBP-1, KBF1, Sirtuin proteins GLUT3 27, [kBé3 types of mediators (bacterial or viral infections, cytokines, other stresses)é+. Upon
p105, NFKB-p50,  IkB#63 activation by IKK, moves to the nucleus and activates genes containing NF-kB
p105, p50 response elements. Leads to cell proliferation.
p53 HIF-142 >100 protein targets Tumor suppressor. Post-translationally regulated transcription factor. Once
TP53 (human MDM2/MDM4 MDM-2/MDM-4, stabilized, moves to the nucleus to activate genes containing the p53 response
gene) IGF-BP365 PTEN 38, AMPK, element. Leads to apoptosis, cell cycle arrest or senescence. Represses the glucose

TIGAR®6, PGAMS67, TSC-2 38,
SCO-2 68, sestrins 46
IKK, AKT-1, PI3K, GLUT1 /4 ¢°

transporters GLUT 1 and 469, represses glycolysis via TIGAR®¢, and activates SCO-2
to enhance oxydative phosphorylation®8, Loss or dysregulation is a key inducer of
the Warburg effect52




(1)

Table 1.1 (continued)

Protein name Activated by Activates Observation(s)
Aliases Inactivated by Inactivates
PTEN p53 PIP338 Tumor suppressor. Lipid phosphatase that eliminates PIP3 and thus blocks AKT-1
BZS; DEC; GLM2; activation.
MHAM; TEP1;
MMAC1;
IGF-1 IGF-BP3 IGF-1 receptor/PI3K Potent activator of the AKT-1 pathway.
mTOR Rheb HIF-10a40 Activator of growth and glycolysis. Represses autophagy.
FRAP TSC-1/2
AKT-1 IKK, MDM-2, kB Oncogene. Kinase that acts on many targets to prevent apoptosis.
PKB p53, TSC-2, Bad
FOX0
FOXO0 AKT-1 TSC-1 Tumor suppressor. Transcription factor for TSC-1, an inhibitor of mTOR4e.
TIGAR p53 PFK-170 Represses glycolysis in response to p53 activation by reducing F-2,6-P levels, an
activator of PFK-1. Reduces ROS levels.
MDM-2 p53 p53 Ubiquitin ligase. Cornerstone of several autoregulatory loops with p53, MDM4 and
ATM MDM4 with itself. Is inhibited by ATM and CHK1/2 upon detection of DNA damage.
ARF MDM?2
CHK1/2 HIF-1a
Rheb mTOR38 G protein. Positive regulator of mTOR.
IGF-BP3 p53 IGF-165 Prevents activation of the IGF-1 pathway.
BP-53, IBP3
ARF cMyc ATR Tumor suppressor. Inhibits MDM-2 (promotes p53) and inhibits NF-kB via
p14ARF MDM-2 ATR/CHKI.
OGT activated by 0-Glc-NAc  NF-kB 0-Glc-NAc transferase. Activates NF-kB, IKK, and p53 by 0-Glc-NAc glycosylation 71.
from the hexosamine IKK
biosynthetic pathway p53
VHL HIF-1a40 Tumor suppressor. Oxygen sensor: contained within E3 ubiquitinases, the von
HRCA1, RCA1 Hippel Lindau protein binds directly to prolyl hydroxyl moieties added to HIF-1a in

normoxic conditions by prolyl hydroxylases (PHD).




1.3.1 HIF-1

The tumour micro-environment is characterized by low oxygen levels (hypoxia) and
increased interstitial pressure as a result of a disorganized microvasculature 72 73. The
discovery that hypoxia inducible factor-1 (HIF-1), is a regulator of metabolic changes under
hypoxia’4, has led to further work demonstrating the importance of this protein for tumour
formation 7>. Notably, HIF-1 alters the gene expression of multiple metabolic proteins (Fig.
1.3) including ENO1, PKM2 and LDHA3> 76-78, HIF-1a - /- embryonic stem cells grown under
hypoxic conditions display severely reduced levels of glucose transporters, glycolytic
enzymes, tumour growth, and vascularisation’s.

The active HIF-1 transcription factor is a complex of HIF-1a and HIF-18, the latter
being ubiquitously expressed. Under normoxic conditions, HIF-1a is rapidly degraded in a
two step process where HIF-1la is initially prolyl hydroxylated by oxygen-dependent
hydroxylases. This modification subsequently allows HIF-1a to be recognized by the von
Hippel Lindau (VHL) tumour suppressor in complex with ubiquitin ligases, marking it for
degradation (Fig. 1.3)40. Under hypoxic conditions, reactive oxygen species released by the
mitochondria inhibit the prolyl hydroxylation, stabilizing HIF-1a, and permitting the HIF-
la and B complex to enhance transcription factor activity of glycolytic proteins’® 80, In
some tumours, inactivating mutations in VHL prevent degradation of HIF-1a rendering
HIF-1 transcriptional effects upon metabolism constitutive 81. The HIF-1 mechanism can
also be affected by mutations in genes encoding succinate dehydrogenase and fumarate
hydratase. Such mutations result in the accumulation of fumarate and succinate which
inhibit prolyl hydroxylases from marking HIF-1a for degradation 82. An additional link
between HIF-1a and metabolism is the requirement of the citric acid cycle intermediate, a-
ketoglutarate, as a substrate for prolyl hydroxylases 83. HIF-1a activity is also influenced by
cellular metabolic state, where under conditions of glucose deprivation, an increased level
of AMP activates AMP-activated protein kinase (AMPK) (Fig. 3) 84, which has been shown to
increase HIF-1la expression in pancreatic and prostate cancer cells 8. Perhaps as a feed
forward mechanism, the glycolysis end products pyruvate and lactate have been shown to
alter the levels of glycolytic enzymes by preventing the oxygen-induced degradation of HIF-

1la’. Most of the HIF-1 transcriptional effects are thought to occur through interaction with
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hypoxia response elements in the genome. For example, the gene for HK2 has been shown

to contain response elements for HIF-1 81,86,
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Figure 1.3. An Overview of HIF-1, c-Myc, p53 and Growth Factor Signalling in
Regulation of Proteins Involved in Glucose Metabolism. The activation of signal
transduction components and transcription factors upstream of glycolytic protein
expression is effected by hypoxia, pyruvate/lactate concentration, activation of p53 by DNA
damage, low glucose, and growth factor signalling. Shown are glycolytic proteins
upregulated (green) by c-Myc, HIF-1 or p53 and those downregulated (red). Abbreviations
besides those already indicated in Fig. 3 are; VHL (von Hippel Landau tumour suppressor),
HIF-1 (hypoxia inducible factor-1), p53 (tumour suppressor p53), MDM2 (human
homologue of mouse double minute 2), c-Myc (human homologue of avian
myelocytomatosis virus oncogene), Max (myc-associated factor X), AMPK (AMP-activated
protein kinase), mTOR (mammalian target of rapamycin), Akt (protein kinase B), GF
(growth factor), RTK (receptor tyrosine kinase), PI3K (phosphotidylinositol-3-kinase),
PTEN (phosphatase and tensin homologue), GLUT (glucose transporter), SCO2 (synthesis
of cytochrome c oxidase 2).
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1.3.2 c-Myc

The c-Myc transcription factor is upregulated in ~30% of human cancers and
controls the expression of several glycolysis proteins (Fig. 1.3) 54. Dysregulated expression
of c-Myc often occurs in cancers as a result of chromosomal translocations 5°. Expression of
c-Myc is believed to be mainly controlled downstream of p-catenin signalling, in which
mutations in any of the various components might be sufficient to alter metabolism
through c-Myec. Interestingly, the genes for TPI, ALDOA, and ALDOC have also been shown
in rats to be downregulated by c-Myc 5% In two recent publications, three
ribonucleoproteins, hnRNPI, hnRNPA1, and hnRNPA2, under the control of c-Myc, were
shown to facilitate the mRNA splicing to form the M2 variant in some cell lines®%61. There is
considerable interplay between HIF-la and c¢-Myc as they both act on similar
transcriptional response elements, including those for glycolytic genes 3°. In a seemingly
opposing effect, HIF-1a inhibits c-Myc activity by interaction with the c-Myc transcriptional
co-activator, myc-associated factor X (MAX), repressing c-Myc responsive genes (Fig. 3) 8.
Over-expression of c-Myc, however, can overcome the inhibitive effect of HIF-1a 88, thereby

collaborating with the HIF-1a transcription of metabolic genes 87.

1.3.3 p53

Also playing a major role in metabolic reprogramming leading to the Warburg effect
is the tumour suppressor p53 - one of the most frequently mutated proteins in cancer. p53
is usually subject to rapid turnover (6 to 30 minute half-life depending on the cell type) but
in response to DNA damage and oxidative stress, p53 is stabilized (half-life increases to
hours) and moves to the nucleus where it increases transcription of genes for cell cycle
arrest and apoptosis 8% 90. p53 is also stabilized by HIF-1a under hypoxic conditions in
normal cells but also represses HIF-1 complex transcription 42. Mouse double minute 2
homologue (MDM2), a ubiquitin ligase regulates p53 by degradation but increases the
expression of HIF-1a under hypoxic conditions, albeit in a p53-independent manner (Fig.
1.3) °1. 92, p53 contributes to changes in the cancer cell metabolism by activating TP53-
induced glycolysis and apoptosis regulator (TIGAR), a protein that suppresses glycolysis by

decreasing levels of fructose-2,6 bisphosphate (an allosteric activator of PFK-1 ¢6). p53 also
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suppresses glycolysis by ubiquitination of phosphoglycerate mutase (PGAM), and loss of
p53 has been shown to increase PGAM activity, thereby promoting glycolysis 7. Moreover,
p53 suppresses membrane glucose transporters, GLUT1 and GLUT4, decreasing glucose
uptake 9. In relation to mitochondrial respiration, loss of p53 activity prevents the
expression of the gene encoding the synthesis of cytochrome c oxidase 2 (SCO2) protein 68,
a key enzyme of oxidative phosphorylation. The interplay between p53, c-Myc, and HIF-1

thus plays a key role in alteration of metabolic protein expression.

1.3.4 NF-xB

Whereas the tumor suppressor p53 responds to cellular stressors such as, for
example, DNA damage and hypoxia by “shutting down” through cell cycle arrest and
apoptosis, NF-kB will instead respond to the stress caused by infectious disease by
mobilizing the immune system and activating cell proliferation (this division-promoting
activity of NF-kB makes it a possible oncogene). NF-kB activation results in enhancement of
aerobic glycolysis through increased transcription of the glucose transporter GLUT 3,
which in turn results in increased levels of pyruvate. The increased glucose levels also
promote the pentose phosphate shunt. These two pathways produce the substrates
required for the synthesis of lipids, nucleic acids, and amino acids, and for the production of
NADPH to counter oxidative stress, all of which are necessary for cell proliferation.
Although they both respond to stress, the opposing functions of p53 and NF-kB make their
simultaneous activation detrimental to the cell. An elaborate reciprocal regulation network
consisting of several nodes that allow crosstalk between the p53 and NF-kB pathways is
therefore in place to prevent this from occurring. For example, upon activation, protein
kinase B (Akt) phosphorylates MDM2 which accelerates the degradation rate of p53 23 and
simultaneously, Akt phosphorylates the IkB kinase (IKK) protein which in turn activates
NF-kB 94. Several other proteins such as the tumor suppressor gene product p14ARF, IkB,
the histone acetyl-transferase enzymes p300/CBP are involved in counterbalancing the
activities of the p53 and NF-kB pathways 37. Interestingly, not all regulatory systems have
opposing effects on these pathways. A portion of the elevated levels of glucose inside the
cell is fed into the hexosamine pathway and the UDP-GIcNAc produced as a result is used as

a substrate for protein glycosylation by the enzyme 0-GlcNAc transferase (OGT). O-GlcNAc
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is added to both p53 and NF-xB by OGT and thus appears to enhance both p53 and NF-xB
simultaneously. In such a situation, p53 seems to dominate by repressing the expression of

the glucose transporters GLUT-1 and 3 °>.

1.3.5 PI3K/Akt/mTOR

Dysregulated growth factor signalling has long been implicated in oncogenesis and
is increasingly being investigated for links to regulating metabolism. Specifically, receptor
tyrosine kinases (RTKs) have been shown to promote the expression of glycolytic genes by
initiating the PI3K/Akt/mTor pathway °% °7. Many cancers contain activating mutations in
PI3K, RTK’s, or inactivating mutations of the negative regulator of PI3K, phosphatase and
tensin homologue (PTEN) °8. Changes in the expression of metabolic proteins by PI3K is
facilitated through the activation of Akt, which has been shown to bring about a glycolytic
switch in glioblastomas®. Akt also increases glucose uptake through up-regulation of
GLUT1 expression 100-102 yig downstream activation of the mammalian target of rapamycin
(mTOR) (Fig. 1.3) 103, 104, Additionally, Akt accentuates glycolysis by activating HK2 (Fig.
1.3) and increasing its association with the mitochondrial outer membrane 105 106,
Downstream of Akt is mTOR, a serine/threonine kinase, and a crossroads protein in
regulating nutrient uptake, energy metabolism, cell growth, proliferation, and cell
survivall07. 108 Besides activation by Akt in response to growth signals, mTOR is regulated
by metabolic state, where it is inhibited by the cellular energy sensing protein AMPK under
high AMP (low glucose) levels1%. Moreover, induction of glycolysis proteins by mTOR,
accompanies the activation of HIF-1 110.111 and c-Myc expression (Fig. 1.3)112.

Briefly, HIF-1, c-Myc, p53, NF-kB and components of PI3K/Akt/mTOR pathways
form an intricate network to coordinate glycolysis in cells. It is therefore conceivable, that
frequently observed mutations in cancer-related genes such as p53 or PTEN, constitutively
alter expression of glycolytic proteins, resulting in metabolism suited to cell proliferation.
However, even after a long history of biochemical studies of metabolism, glycolytic protein

expression in cells is not well characterized.
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1.4 Targeted Proteomics of Tumour Metabolism

A greater understanding of the Warburg effect and how it relates to cell
proliferation might be best achieved through systems-wide approaches, where metabolism
can be modeled under various conditions. Such approaches require methodologies to
observe changes in the glycolytic proteome. Traditionally, measurements of changes in sets
of proteins have been accomplished using affinity-based approaches such as Western blots
or ELISA, but development of such methods is expensive and time consuming!ls3.
Alternatively, “shotgun” quantitative proteomics platforms based on 2D-LC-MS/MS can
quantify thousands of proteins in a single experiment!!4. In “shotgun”-type analyses,
peptides are chosen for MS/MS based on their intensity; therefore, “shotgun” proteomics is
inherently biased towards the analysis of moderate to high abundant peptides!1®.
Interpretation is also complicated by variations in chromatographic behaviour, which
result in incompletely overlapping lists of peptide spectra acquired between biological
replicates (Fig. 1.4) 116, Proteins of low abundance can be detected through
enrichment/depletion strategies, or more extensive 2-dimensional liquid chromatography
(2D-LC) or even 3D-LC fractionation, but at the expense of throughput!’. These limitations
restrict current proteomics analysis to small numbers of samples. As a result, thousands of
proteins can be confidently identified using “shotgun” proteomics, however protein
quantification is not precise and needs to be verified in larger sample sizes because of
typically high false discovery rates18.

While shotgun proteomics is a powerful approach capable of measuring the
expression of thousands of proteins in a given sample, it tends to be hypothesis generating.
In addition, the incomplete overlap between replicates further compounds the difficulty in
using quantitative proteomics to test a specific biological hypothesis. Recently, there has
been interest in the hypothesis-driven, targeted proteomic approach, as this method is
amenable to quantification, in a reproducible manner, of a limited subset of the proteome
(Fig. 1.4)119. Targeted proteomics is often used for verification of potential biomarker
panels, signalling cascades, or other data sets resulting from global proteomics
experiments. Targeted proteomic methods offer higher throughput than global methods

since they are amenable to one-dimensional chromatographic analysis unlike the extensive
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two and three-dimensional separations usually performed in global proteomic analyses.
Metabolic proteins, such as those of glycolysis, are mostly of moderate to high abundance
and are among the most frequently identified group of proteins in global proteomics
experiments. Because of their abundance, glycolytic proteins can be targeted using robust
proteomic approaches, usually in an isoform-specific manner without multiple sample
fractionation steps. Multiple opportunities therefore exist for using targeted proteomics to

interrogate the mechanisms of sustained metabolic reprogramming of tumours.
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Figure 1.4. Intensity-dependent Versus Targeted Proteomics. Peptides selected for
tandem MS analysis (colored squares on the bottom chromatograms) overlap less between
replicates in the intensity dependent approach (A) than in the targeted, MRM-based
approach (B) where specific precursor and product ion pairs are targeted for prior-
determined peptides. Although more proteins are detected by the intensity-dependent
approach, the targeted approach provides much greater throughput.

1.4.1 MRM for Targeting Isoform-specific Proteomic Subsets

The key MS technique for targeted proteomics is the use of one dimensional liquid
chromatography (1D-LC) and multiple reaction monitoring (MRM) mass spectrometry. Due
to its increased throughput, overlap, sensitivity, and amenability for multiplexing, LC-MRM
has become a key tool for targeting sets of proteins 120. In an LC-MRM experiment, the
sample is separated by a simple 1D-LC separation and the mass spectrometer is set to
briefly monitor selected pairs of parent peptides and peptide fragments, termed

transitions!?1. Monitoring multiple transitions per peptide ensures high selectivity and
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monitoring hundreds of transitions a single LC-MRM-MS analysis provides highly
multiplexed peptide quantification.

The choice of peptides and transitions to monitor requires knowledge of the most
proteotypic peptides - those identified consistently by MS - and their most reliably
monitored product ions. Transitions can be predicted in silico but the most reliable
transitions are those selected from empirically obtained product ion spectral?2. Databases
of empirical peptide product ion spectra are available for transition selection, such as

Peptide Atlas (http://www.peptideatlas.org) the Global Proteome Machine (the GPM)

(http://www.thegpm.org) and the PRoteomics I[DEntifications (PRIDE) database

(http://www.ebi.ac.uk/pride). However, spectra from these databases, may be specific to a

particular instrument, sample preparation method or tissue and, therefore, might not suit
all users. Optionally, peptide MS/MS spectra from given sets of proteins, can be generated
by targeted fragmentation. In this process, an in silico predicted MRM transition is
monitored and used to trigger the collection of an MS/MS spectrum for many peptides. The
process is termed MIDAS (for MRM-initiated detection and sequencing) 123 and alleviates
the bias resulting from intensity-dependent collection of product ion spectra.

The use of peptide LC-MRM analysis may also be tailored towards protein isoforms.
However, in practice this process is challenging. Arguably, the greatest challenge occurs as
a result of the high sequence similarity between isoforms, resulting in only small stretches
of unique, isoform-specific sequences. These small isoform-specific positions may therefore
contain few or no proteotypic peptides while LC-MRM analysis requires at least one,
preferably several, proteotypic peptides for quantifying the isoform. Additionally, not all
isoforms may be known for a given set of proteins 124, These challenges aside, there are still
multiple opportunities for targeting subsets of proteins, with isoform-specificity, using LC-

MRM to understand the metabolism of cells.

1.4.2 The Potential of LC-MRM Analysis of the Warburg Effect

Many disease-related proteins of low-abundance have been aggressively targeted by
sophisticated fractionation strategies followed by MRM. Directly targeting high to
moderately abundant modulators of cell growth, far downstream of growth signals has

been overlooked even though many of these proteins they are commonly identified in
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global proteomic experiments. For example, through a recent survey study, glycolytic
proteins (more specifically ENO, PK, TPI, and GAPDH) are among those frequently
identified differentially expressed proteins in proteomics 125. Glycolytic proteins mostly
reside in the cytosol except for occasional cases when proteins are bound to, or located in
sub-cellular compartments. As such, most glycolytic proteins are soluble in mild, detergent
free buffers that are compatible with MS analysis. The first example of a proteomic
targeting of a metabolic protein set has recently been conducted in Saccharomyces
cerevisiae'1?. Using MRM, and incorporating internal standards, absolute quantification (in
copies per cell) of 45 proteins of the carbon metabolism network were monitored in a
time-course transition from glucose-rich to fermentative metabolism. LC-MRM analysis of
each time-point took less than 1 hour and provided high accuracy of quantification (mean
of ~15% CV). A clear metabolic shift was observed towards induction of glyoxylate cycle
proteins.

The suitability of LC-MRM towards glycolytic proteins creates many opportunities
for a system-wide view of metabolism in cancer. For example, this small, manageable,
proteome subset could be assayed in response to stimulation by many growth factors and
combinations thereof, knockdown or small molecule inhibition of signal transduction
components, medium-throughput screens of small molecule or peptide libraries, or
simulated tumour micro-environment conditions. Cell line perturbation, followed by
measurement of changes in key cellular metabolites, has been conducted using
progressively transformed fibroblast cell lines, where lactate dehydrogenase, hexokinase,
mitochondrial ATP synthase, PI3K, or mTOR were inhibited with small molecules, revealing
metabolite changes congruent with the Warburg effect 126, Also in this study, more
progressively transformed cell lines showed a 6-fold induction of lactate production,
glucose uptake, and ribose-5-phosphate (for nucleotide biosynthesis), compared to a
control cell line. LC-MRM methodologies, as part of a broader strategy, may answer
important questions about glycolytic proteins in cell proliferation. Moreover, such an
approach will enhance our understanding of the roles of oncogene and tumour suppressor

mutations and the selective pressures of the tumour landscape, in altering metabolism127.
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1.5 New Opportunities for Prognosis Using Targeted Proteomics

Whether the Warburg effect is necessary for tumour formation or not, the altered
glucose metabolism of proliferating cells has proven prognostic utility. The specific glucose
uptake value (SUV), resulting from 18FDG-PET scans, is negatively correlated with patient
survivall?8, where sensitivity ranges from 84-87%, and specificity ranges from 88-93%,
depending on the cancer!?°. Not surprisingly, patient SUV has been shown to correlate with
many of the Warburg-related proteins such as GLUT-1 and HIF-1a expression in pancreatic
cancer!39, increased HK2 expression in gastric carcinomas 131 as well as more direct
indicators such as tumour cells/volume and proliferation rates in breast cancer!32.

Use of metabolic indicators as biomarkers has been explored in cancer in other
forms than 18FDG-PET. For example, a combined analysis of protein and mRNA data
revealed 11 components of glucose metabolism that were associated with poor survival of
patients with lung adenocarcinomal33. In an analysis of a large cohort of samples from
heterogeneous tumour-types, altered metabolic protein signatures were observed in more
than 95% of the tumours!34 In another recent example, a study using enzyme-linked
immune-sorbent assays (ELISAs) towards a bio-energetic signature consisting of PKM2,
GAPDH, Hsp60, and B-F1-ATPase was used to distinguish normal and cancerous cell-types
in 3 tissues (from breast, lung, and oesophagus)?*. Thus, metabolic signatures are useful for
diverse types of cancer.

LC-MRM directed at the glycolytic proteome has enormous potential for increased
accuracy in cancer staging 135 by high-throughput analysis of samples from large cohorts of
patients!3¢, This approach might be more successful than shotgun proteomics approaches
which have not yet led to widespread use of clinical protein biomarkers - mainly because of
the time and cost to measure an adequate number of samples to exclude false positive
results 137, In fact, less than 10 protein biomarkers have been approved by the US Food and
Drug administration in the last 5 years!38. MRM may reveal effective protein biomarker
signatures, perhaps augmenting information from 18FDG-PET scans for patient-specific
cancer prognosis and staging, and reducing the clinical requirements for 18F.

Until now LC-MRM biomarker signatures have been targeted using MRM of plasma

proteins for which rapid, accurate, and repeatable quantification of many samples is
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needed. However, many plasma protein biomarkers of current clinical importance, such as
prostate specific antigen and carcinoembryonic antigen are typically present in the pg to
ng/mL of plasma range, below the typical MRM-detectable range of ~1-10 ug/mL of
plasmal38. To facilitate their analysis by LC-MRM, multiple fractionation or enrichment
steps are often employed. For example, immuno-affinity depletion of the top 6 highly
abundant proteins, preceding peptide MRM analysis, was necessary for successful
quantification of 47 high/intermediate-abundance human plasma proteins (at <lug/mL)
120, Other novel enrichment techniques have recently been introduced, including an
approach called stable isotope standards with capture by antipeptide antibodies
(SISCAPA), where peptides of interest are specifically immuno-affinity captured alongside
stable isotope labelled internal peptide standards followed by absolute quantification by
MRM117, 139,140 While the SISCAPA approach does not offer significant improvement in cost
or throughput when compared to ELISA, the coupling of affinity to MRM achieves much
greater level of multiplexing, specificity, and quantitative accuracy 41. In most cases,
fractionation and enrichment steps prior to MRM, allow for reasonable quantification
variability (CV’s of 10-20%)117 139,142 but limit throughput, for biomarker verification. As
opposed to current protein biomarkers, the glycolytic proteome is typically highly
abundant and exhaustive separation is not required for LC-MRM analysis.

Taken together with the constitutive alteration of glycolysis in proliferating cells,
LC-MRM of glycolysis proteins has potentially enormous prognostic potential in cancer.
Given the relevance of the glycolytic proteome, analysis of patterns in glycolysis protein
expression might be useful in selecting patients that will respond to metabolism-based
therapies. Members of the glycolysis proteome are emerging as important targets for
therapeutic intervention. There are no approved cancer therapies directed at the Warburg
effect, however, drugs such as metformin used to treat metabolic disorders are being tested
as anticancer agents 143. Other inhibitors of cancer-related metabolic proteins are currently
being assessed for therapeutic potential including hexokinase inhibitors such as, 3-
bromopyruvic acid#4, and 2-deoxyglucosel4>, a transketolase and pyruvate dehydrogenase
inhibitor, oxythiamine 146, and a glucose-6-phosphate inhibitor, 6-aminonicotinamide 146.
Inhibitors of the upstream modulators of glycolytic protein expression are also in various

stages of evaluation, including therapeutic agents for mTOR (RADO001, CCI-779, and
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AP23573) and HIF-1la (topotecan, NSC 644221, YC-1, and PX-478) which have shown
efficacy for inhibiting tumour growth146-151, A more detailed portrait of glycolysis in
proliferating cells will facilitate the development of novel metabolism-based anticancer

drugs.

1.6 Conclusion

An altered metabolism of tumour cell populations resulting in the Warburg effect,
occurs in nearly all types of cancer and mounting evidence is showing its regulation by
oncogenic growth signals. The glycolytic proteome consists of proteins of moderate to high
abundance such that they can be measured using LC-MRM without sample enrichment. We
suggest use of targeted LC-MRM of the glycolytic proteome and other subsets of important
high-abundance proteins should be pursued to investigate the oncogenic origins of the
Warburg effect to reveal cancer therapies. Future work using LC-MRM of the glycolytic
proteome will need to assess whether the technique is applicable to clinical samples to be
used in the detection of metabolic biomarker signatures. Finally, if metabolically-related
cancer therapies are validated, assessing the glycolytic proteome of tumours may be

extremely useful in directing patient-specific treatment.
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Chapter 2: Temporal Proteomic Analysis of IGF-1R Signalling in
MCF-7 Breast Adenocarcinoma Cells?

Abstract

Dysregulation of the insulin-like growth factor receptor (IGF-1R) signalling network
is implicated in tumour growth and resistance to chemotherapy. We explored proteomic
changes resulting from IGF-1 stimulation of MCF-7 adenocarcinoma cells as a function of
time. Quantitative analysis using iTRAQ™ reagents, and 2D-LC-MS/MS analysis of 3
biological replicates resulted in the identification of 899 proteins (p < 0.05) with an
estimated mean false positive rate of 2.6%. Quantitative protein expression was obtained
from 681 proteins. Further analysis by supervised k-means clustering (KMC) identified five
temporal clusters, which were submitted to the FuncAssociate server to assign over-
represented gene ontology (GO) terms. Proteins associated with vesicle transport were
significantly over-represented. We further analyzed our dataset for proteins showing
temporal significance using the software, EDGE, resulting in 20 significantly and temporally
changing proteins (p =< 0.1). These significant proteins play roles in, among others, altered
glucose metabolism (lactate dehydrogenase A (LDHA) and pyruvate kinase M1/M2
(PKM2)) and cellular stress (nascent polypeptide-associated complex subunit a (NACA)
and heat shock (HSC70) proteins). We used multiple reaction monitoring (MRM) to
validate these interesting proteins and have revealed several differences in relative peptide

expression corresponding to protein isoforms and variants.

2 Published; |. Patrick Murphy and Devanand M. Pinto. 2010. Proteomics; 10 (9) 1847-1860. JPM and DPM are
affiliated with Dalhousie Biology, Halifax, NS and the National Research Council Institute for Marine
Biosciences, Halifax, NS.
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2.1 Introduction

Signalling networks regulate key biological processes and, when perturbed, often
result in unregulated cell proliferation, differentiation, or motility 152. These cellular
abnormalities are involved in a multitude of pathogenic processes, including cancer. An
increased understanding of protein dynamics in signalling networks will be tremendously
useful to design effective therapies 153. Efforts to use quantitative proteomics to understand
cellular signalling networks have focused on the epidermal growth factor receptor (EGFR),
the first receptor tyrosine kinase (RTK) to be characterized in relation to cancer 116 154, 155,
The insulin like growth factor 1 receptor (IGF-1R) is another RTK that is receiving attention
as a putative therapeutic target for various types of cancers %6, IGF-1R is a cell surface RTK
that, through downstream interactions with signalling partners, regulates cell proliferation,
motility, and inhibition of apoptosis 157, contributing to tumour growth, metastasis, and
resistance to chemotherapy 158 159,

The route of signal transduction through IGF-1R is initiated by the binding of insulin-
like growth factor-1 (IGF-1) to the receptor causing a homo-dimerization and trans-
phosphorylation, which in turn activates several adapter proteins, subsequently triggering
mitogen activated protein kinase, phosphoinositide 3-kinase (PI3K) and Akt cascades 157.
Growth factor-induced signalling is also known to alter glucose metabolism for enhanced
cell growth and survival in cancer progression 10. In addition, IGF-1R signalling has further
been implicated in cancer through promoting the activation of the vascular epithelial
growth factor (VEGF) 161, interaction with the tumour suppressor p53 162, and cross talk
with estrogen receptor signalling163 164, Propagation of IGF-1R signal transduction is tightly
regulated by, for example, IGF-1 binding proteins 165, internalization of the receptor 166, and
regulation of downstream cascades.

As part of a broader strategy to detail the mechanisms relating activation of IGF-1R to
changes in specific cellular abnormalities in cancer, we monitored the temporal relative
protein expression changes in IGF-1 stimulated breast cancer cells using shotgun
proteomics 167, Our approach used an initial discovery phase to identify proteins whose
expression is altered following IGF-1 stimulation, followed by a verification phase, where a

subset of these proteins were quantified in a targeted manner using multiple reaction
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monitoring (MRM). These experiments were enabled using iTRAQ quantitative proteomics
in the discovery phase 167, and an orthogonal dimethyl labelling technique for the targeted
MRM phasel%8. As a model, we used the well-characterized MCF-7 breast cancer cell line,
which has been shown to express IGF-1R 163, making it an excellent model for IGF-1R
signalling. Temporal relative expression profiles generated from iTRAQ quantitative
analysis revealed a number of proteins and biological themes changing over time in

response to IGF-1 stimulation.

2.2 Experimental Procedures

2.2.1 Cell Growth and Stimulation

MCF-7 cells were obtained from the American Type Culture Collection (Manassas,
VA) and maintained in DMEM (Invitrogen, Carlsbad, CA), containing 10% FBS, at 5% CO:
until 80% confluency was reached. Cells were then washed with PBS and serum-starved
(no FBS) for 48 h. Three separate cultures were stimulated with 100 ng/mL IGF-1 for 0 (no
IGF-1), 6, 12, or 24 h (Fig. 2.1). Following IGF-1 stimulation, cells were washed with PBS
and trypsinized with 1.5 mL of 0.25% Trypsin/EDTA (Invitrogen). Detached cells were
transferred to a 50 mL tube, centrifuged at 2,000 x g for 5 mins, supernatants were
discarded, and pellets were washed twice with PBS. In a similar manner, two additional
cultures (3.0 x 10° cells per flask) were grown, serum-starved, and one was stimulated with

IGF-1 for 24 h (for optimization of MRM validation experiments).

2.2.2 Cell Lysis and Protein Extraction

Cell pellets were immersed in 1 mL of 50 mM tri-ethyl ammonium bicarbonate
(TEAB) buffer (Sigma-Aldrich, St. Louis, MO) and lysed by passage through a 21 G 1.5
needle 20 times. Each mixture was transferred to 3 mL centrifuge tubes, centrifuged at
110,000 x g for 1 h, and the supernatant (cytosolic proteins) was collected. Total protein
concentration of the cytosolic fraction was estimated using a Bradford assay 1¢° with BSA

as a standard.
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Figure 2.1. Workflow for Discovery and Validation Phases. MCF-7 cells were stimulated
for 24 h and iTRAQ analysis was employed to generate temporal profiles. Lists of proteins
with similar temporal expression profiles were formed using K-means clustering and
submitted to FuncAssociate to identify differentially regulated functional groups. Proteins
that showed EDGE significance (p < 0.05) were targeted for validation using MRM.
Dimethyl labelled peptide Q1/Q3 masses for significant proteins were predicted in silico,
where the y,.1 ion was selected for Q3. These predictions were used for MRM triggered
MS/MS of, dimethyl-labelled, 24 and 0 h samples. Transitions with positive Mascot
identifications were used for relative quantitation between the 24 and 0 h time-points.

2.2.3 iTRAQ Labelling and Offline SCX

Aliquots of 500 mL (~500 mg protein) from each time-point were dried in a vacuum
centrifuge and the pellet was re-immersed in 40 mL of iTRAQ dissolution buffer (AB Sciex,
Foster City, CA). For the remaining steps of reduction and blocking of cysteine residues,
protein digestion and peptide labelling, the iTRAQ manufacturer’s (AB Sciex) protocol was
followed, except all reagent quantities were doubled. Samples were labelled with iTRAQ
reagents as follows: 114 - no IGF-1, 115 - 6 h after IGF-1 addition, 116 - 12 h after IGF-1
addition, and 117 - 24 h after IGF-1 addition. Peptides were separated by strong cation
exchange (SCX) chromatography using a 2.1 x 100 mm polysulfoethyl A SCX column
(PolyLC, Columbia MD), at a flow rate of 0.2 mL/min. A linear gradient of 100% A (A = 10
mM ammonium formate, 25% ACN, pH 2.8) to 60% B (B = 600 mM ammonium formate,
25% ACN, pH 2.8) over 40 mins was applied, followed by a hold at 60% B for 5 mins, and
re-equilibration at 100% A for 15 mins. Fractions (200 uL) were collected every min from

20 to 50 mins and dried in a vacuum concentrator.
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2.2.4 Data-directed Acquisition and Protein Identification

LC-MS/MS was performed using a NanoAcquity UPLC system with an Atlantis 1.7 mm
particle size, 100 mm x 100 mm bridged ethyl hybrid Cis reversed phase column (Waters,
Milford, MA), coupled to a QTOF Premier mass spectrometer (Waters) equipped with a
nano-electrospray source. Fractions from SCX were resuspended in 30 pL of 5% ACN, 0.1%
formic acid, and 1 pL of each sample was injected at flow rate of 500 nL/min. Online
reversed phase separation was conducted using a linear gradient of 5% ACN, 0.1% formic
acid to 85% ACN, 0.1% formic acid over 65 mins. For data-directed analysis (DDA)
acquisition, MS scans were 1 s and MS/MS was conducted on the 4 most intense peaks with
charge states of 2 or 3 in the MS spectra, also for 1 s each. The lockspray option was
enabled using a constant flow of 2 pL/min of 200 fmol/mL Glu-Fibrinogen B (Sigma-
Aldrich), scanning every 20 s. To gain additional protein coverage, three technical
replicates were performed for each fraction. The third replicate was analyzed using an
exclusion list consisting of all MS peaks selected for fragmentation in the first two
replicates. Proteinlynx software package (Waters) was used to process the raw data into
peak lists with the following parameters for MS and MS/MS: normal MS background
subtract, 10% background threshold, background polynomial = 2, no smoothing, no
deisotoping, 6 channel minimum peak width, top 80% centroided, TOF resolution = 10000,
NP multiplier = 0.7. Once exported, processed peak lists from all SCX fractions, including
those collected from re-injected samples, were combined to 1 peak list per biological
replicate using a short Python script. Mascot 170 was used to search the combined peak lists
against the IPI human (v.3.50) protein database, and generate ratios from iTRAQ reporter
ion intensities. Identification criteria used were as follows; 0.5 Da MS tolerance, 0.4 Da
MS/MS tolerance, MMTS as a fixed modification, pT, pS, pY as variable modifications, p-
value = 0.05, minimum 2 peptides per protein, and ion score expect cutoff = 15. iTRAQ
peptide ratios were average normalized and the protein ratios were calculated using the

weighted average calculated by Mascot.

2.2.5 Analysis of iTRAQ Relative Quantitative Data

Individual iTRAQ ratios, generated by Mascot (115/114, 116/114, and 117/114)

were first log; transformed, and the ratio for each protein was averaged across the 3
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replicates. Missing values in the dataset were imputed using the k nearest neighbour (KNN)
impute algorithm 171 implemented through the EDGE software package 172, accepting 50%
(2/4 time-points) of the values per protein as missing, and imputing based on the 10
nearest neighbours. This dataset (including imputed values) was used as input for k-means
clustering (KMC) 173 implemented through the multi-experiment viewer (MeV) gene
expression analysis package 174. KMC was conducted in a supervised manner specifying 5
clusters and 20 iterations, using a Euclidian distance metric. Over-represented GO terms in
each KMC cluster were assigned using FuncAssociate 17> with a p-value < 0.05. Significance
analysis of time course log; data was conducted with the software package EDGE:

Extraction and Analysis of Differential Gene Expression 172, using a natural cubic spline.

2.2.6 Selection of MRM Transitions for Validation

Proteins from EDGE analysis with a p-value < 0.05 were selected for targeted MRM
validation of the 0 and 24 h time-points. For validation, a labelling method orthogonal to
iTRAQ, using dimethyl peptide labelling with isotopically coded formaldehydes 168, was
employed. For the EDGE -selected proteins, lists of peptide MRM transitions of the light and
heavy dimethylated parent ions and the highest mass y-ion were assembled. For simplicity
we refer to this as the yn.1 fragment ion, where n is the number of residues in the tryptic
peptide. In order to increase the sequence coverage, additional peptides for differentially
regulated proteins were assembled using a searchable database of in silico predicted of

MRM properties (http://rita.imb.nrc.ca/~spenny/mrm/mrm_predict.php). The database

contains parent = ai/ys-1t MRM transitions for all doubly charged human dimethyl-labelled
tryptic peptides in the IPI human database (v3.50). Peptides were ranked based on the
probability of being observed in an electrospray experiment (derived from empirical data
and amino acid physical properties). For each of the EGDE-selected proteins, parent -
ai1/yn-1 transitions were generated including the 10 most predictably observable peptides
(7-16 amino acids long) from the database, as well as peptides identified empirically in the

iTRAQ experiment.
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2.2.7 Differential Labelling by Reductive Methylation

Aliquots of 500 pL (~500 pg protein) were reduced with 5 mM DTT, alkylated with 12
mM iodoacetamide, and digested overnight with 10 pg of sequencing grade trypsin
(Promega, Madison, WI) at 37°C. To each sample, 89 uL of 7M CH20 (0 h samples) or 7M
CD20 (24 h samples) was added, and after 5 mins, an equimolar amount of 6M NaCNBH3
was added. After 2 h, samples within each replicate from the 0 (light-labelled) and 24 h
(heavy-labelled) time-points were mixed and acidified with 10 pL TFA. Each of these
samples were then desalted using C18 SepPak Light™ cartridges (Waters), separately for
each replicate sample, dried in a vacuum centrifuge, and resuspended in 200 pL of 5% ACN,

0.1% formic acid.

2.2.8 MRM and MRM-triggered MS/MS

LC-MS/MS for verification was conducted using an Agilent 1100 capillary HPLC
(Agilent, Santa Clara, CA) coupled to a 4000 QTrap mass spectrometer equipped with a
nano-electrospray source (AB Sciex). Online reversed phase chromatography was
conducted using two monolithic C1g 100 mm x 150 mm columns (EMD Biosciences, San
Diego, CA) connected in series, an injection volume of 3 mL, flow rate of 2 mL/min and a
gradient of 5% ACN (0.1% formic acid) to 30% ACN (0.1% formic acid) in 25 mins, then to
90% ACN (0.1% formic acid) at 35 mins. For MRM acquisition, dwell time was 50 ms and
collision energy (CE (eV)) used was calculated by dividing the parent [M+2H]?* m/z by 20.
For MRM triggered MS/MS acquisition, the MRM dwell time was 100 ms, and the 2 most

intense peaks exceeding 1000 counts were selected for MS/MS, using a rolling CE.

2.2.9 Optimization and Verification of Selected MRM Transitions

Suitable MRM transitions were selected through analysis of additional MCF-7 cell
cultures, where 0 and 24 h IGF-1 stimulation samples were selected. To increase
throughput, LC-MRM analyses were performed using a 1D-LC separation, as opposed to the
2D-LC separation used in the initial discovery experiments. Initial LC-MRM analysis was
conducted in batches of 40 MRM transitions (10 peptides x 4 transitions per peptide),
following which a transition was used in a subsequent MRM triggered MS/MS experiment if

light and heavy parent = ai/yn-1 peaks were observed at identical retention times (RTs)
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and S/N was greater than 10. Resulting MS/MS were submitted to Mascot and searched
against the IPI Human database (v.3.50). Identification criteria used were as follows; 0.5 Da
MS tolerance, 0.4 Da MS/MS tolerance, carbamidomethyl C as a fixed modification,
dimethyl labelling (both light and heavy) as variable modifications, p-value = 0.05, and ion
score expect cutoff = 10. For positively identified peptides, MRM transitions (parent = yn-1
only) were compiled into a single MRM method, and the Mascot RT was used to match
peaks to verified peptides. A summary of these procedures is illustrated in the lower

portion of Fig. 2.1.

2.2.10 Analysis of Relative Quantitative MRM

The compiled MRM method (above) was used to perform LC-MRM on the 3 biological
replicate samples, with 3 injections per sample. MultiQuant™ v1.1 (AB Sciex) was used to
integrate peak areas of MRM chromatograms using the following parameters; smoothing
width = 1 point, RT half window = 30 s, minimum peak width = 3 points, minimum peak
height = 0, noise% = 40, baseline subtract = 2 mins, and peak splitting = 1. Where more
than 1 MRM chromatographic peak was present, the RT reported in the previous
verification analysis by Mascot, plus matching retention times for both heavy and light
labels were used to indicate the correct peak for integration. If the selection criteria were
met, the MRM chromatogram area of the heavy to light parent = yn.1 transitions were used
to generate relative peptide ratios between the 0 and 24 h replicate time-points. To
examine uniqueness of the peptides we chose, each peptide sequence was submitted as a

BLAST search against the UniProtKB Human database (http://www.uniprot.org/blast/)

with a threshold of 10, PAM30 matrix, no filtering, and no gapped alignments.

2.3 Results

2.3.1 Protein Identification and iTRAQ Relative Quantitation

Proteomic analysis of IGF-1 stimulated MCF-7 cells resulted in the identification of

899 proteins (x = 0.05, minimum ionscore = 15, minimum 2 peptides per protein). The
data has been converted using PRIDE converter 17¢ (http://code.google.com/p/pride-
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converter) and is available in the PRIDE database 177 (www.ebi.ac.uk/pride) under

accession numbers 10885 - 10887. As shown by the Venn diagram in Fig. 2.2, a semi-
distinct list of proteins was identified for each of the 3 biological replicates, with limited
overlap (606 in rep 1, 335 in rep 2, and 523 in rep 3, totalling 899 unique proteins). We
suspect the identification of markedly fewer proteins in replicate 2 is due to a slight SCX RT
shift resulting in elution of some peptides outside the fraction collection period. This
problem was alleviated by increasing column equilibration before SCX chromatography of
replicate 3. As estimated by the decoy database search in Mascot, false discovery rates
were 2.8%, 3.3%, and 2.0% in replicates 1, 2, and 3 respectively. Using Mascot, relative
expression ratios were generated for 681 of the 899 identified proteins, again with
similarly few overlapping proteins as in Fig. 2.2. To relate the log, ratios to iTRAQ 114, a
value of “0” was set to each protein for the 0 h IGF-1 time-point, while the log2(iTRAQ
115/114), log2(iTRAQ 116/114), and log2(iTRAQ 117/114) values represented the relative
expression (to 0 IGF-1) at the 6, 12, and 24 h time-points, respectively. This resulted in a
dataset of 681 proteins x 3 replicates x 4 time-points, however, 37.4% of the points within
this dataset had missing values, caused by the limited overlap between replicates. The high
proportion of missing data would have excluded many proteins from statistical analysis.
Therefore, the mean log, ratio was used for each time-point, which reduced the missing
values to 8.04%. This reduction allowed the remaining missing values to be imputed using
the KNN impute algorithm 171, implemented through the EDGE statistical package 172.

The overall profiles of the log, ratios in each replicate (Fig. 2.3) indicate a slight
change in relative protein expression after 6 h, which was consistent between replicates,
and much greater changes after 12 and 24 h, as shown by the much larger vertical spread
of the data at the 12 and 24 h time-points in Fig. 2.3. To varying degrees, the same trend
was followed for all 3 biological replicates as shown by the solid lines (mean log; ratios) in

Fig. 2.3.
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Rep 1
606 proteins
2.78% FDR

Rep 2
335 proteins
3.31% FDR

Rep 3
523 proteins
1.99% FDR

Figure 2.2. Overlapping protein identification between biological replicates. From a
total of 899 unique proteins identified, 173 are identified in 3 replicates.
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Figure 2.3. Individual Log: Ratios for Each Biological Replicate. Coloured dots
represent log; ratios at each time-point (offset by 0.5 h for clarity). Solid coloured lines
connect the mean overall protein ratios over time for each biological replicate. Common to
each replicate are overall minor changes after 6 h, decreases after 12 h, followed by
increases after 24 h.

2.3.2 K-means Clustering and GO Annotation of Temporal Profiles

A number of clustering techniques can be used to highlight important biological
trends in time course gene expression studies including hierarchical clustering 178, sorting
organizational maps 179, and KMC 173. For gene expression, all of these clustering methods
partition expression changes of a large set of gene expression measurements into smaller
subsets based on their means 178, Since KMC has been shown to perform well for time
course data 173 we have employed supervised KMC of the mean log, profiles (including
imputed values). Following KMC, we identified over-represented GO terms within each
cluster, which allowed construction of temporal profiles of overall cellular processes in
response to IGF-1R signalling. A number of preliminary KMC analyses enabled estimation

of the number of clusters where diversity increases minimally to be 5. From the 5 clusters
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formed, the majority of proteins were grouped in clusters 3, 4, and 5 (Fig. 2.4) showing
similar relative expression profiles: minimal change after 6 h, decrease after 12 h and
increase after 24 h. The unique differences between clusters 3, 4, and 5, are the degree to
which the expression profiles decreased after 12 h (cluster 4 decreased the greatest) and
the degree to which they increased after 24 h (cluster 3 increased the greatest) as shown in
Fig. 2.4. The profile of KMC-1 showed an increasing relative expression over time, with no
decrease after 12 h. Conversely, the profile of KMC-2 showed an initial increase followed by
a decrease after 24 h and profiles grouped within it are more heterogeneous.

To expose biological trends in the relative quantitative data, the list of proteins
assigned to each cluster was submitted to the FuncAssociate server 175, and the resulting
GO terms hit were used to profile cellular functions over time following IGF-1 stimulation.
GO terms with a p-value =< 0.05 were sorted by decreasing log-odds (LOD) values - based
on, for a given GO term, the number of observed associated proteins in the list of N,
compared to the number of expected associated proteins in a random in a list of N human
proteins. The GO term descriptions with the 10 highest LOD values for each cluster are
shown to the right of the cluster profiles in Fig. 2.4. KMC-1 (Fig. 2.4), which increased
temporally without a major decrease at any time-point, showed over-representation of GO
terms such as “GTPase activity”, “coated vesicle”, and “protein localization”. This cluster of
48 proteins contains proteins such as Rab proteins and guanine dissociation inhibitors,
cortactin, a vesicle associated membrane protein (VAPB), and coatomer protein complex
epsilon subunit (COPE). Among proteins in the Rab group, several peptides which are
conserved among the Rab family were used for quantitation by Mascot, which may have
affected the clustering of these proteins. For example, the peptide LQIWDTAGQER is highly
conserved among the Rab family and, therefore, contributed to the temporal profile of each
member of the family. KMC analysis did not result in the grouping of all Rab proteins in the
same cluster because some peptides were unique to certain family members since, other
than a few conserved regions, Rab proteins show high sequence heterogeneity 180. While
not known for their involvement in vesicle trafficking, also grouped within KMC-1 were a
number of proteins associated with glycolysis; PKM2, phosphofructokinase C (PFKP), and
LDHA.
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Figure 2.4. K-means Clusters of Time Course Profiles with Associated Over-
represented GO Terms. Shown adjacent to each cluster (1-5) are the top 10 over-
represented GO terms (FuncAssociate p-value < 0.05) and associated log-odds (LOD), over-
represented in the list of proteins for that specific time-point. The number of proteins and
mean EDGE p-values (pmeaan) are shown for the proteins in each cluster.
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2.3.3 Significance Analysis of Temporal Relative Expression Profiles

In addition to KMC, which does not directly detect significantly different temporal
protein profiles, EDGE software 181 was used to analyze the temporal profiles for
significance. The algorithms within EDGE run on the R statistical package (http://www.R-
project.org) and use spline based curves to model the temporal expression profiles. The
technique essentially determines significance by fitting the logz time course profiles to
either a null (Ho,) or alternative (Ha) hypothesis. In this model, H, is a straight line with a
slope of 0 (no change in expression) that minimizes the sum of squares difference across all
flat lines, while Ha is a solid curve that minimizes the sum of squares difference across a set
of curves (natural spline based used here). Proteins that do not change in response to IGF-1
stimulation will likely fit the null hypothesis. However, this method may also miss proteins
that change in response to IGF-1 stimulation but only briefly for a single time point. For a
more detailed explanation of the algorithms used and splines in general, see 172 182, The
spline-based method can be used for a single biological group and therefore was valuable
in analyzing our averaged log; ratios. Using a p-value cutoff of 0.10 from the expression
analysis in EDGE, temporal expression profiles of 20 proteins showed significance. Proteins
with ambiguous descriptions, such as two heat shock proteins that showed significance, are
herein described as HSPA8 and HSPA1L -the gene symbol notations of the closest
homologue from a UniprotKB BLAST result sharing the same group of peptides (for all IPI
accession numbers, gene symbol notations used, and logz values, including those imputed,
see the supporting material). Mean log, profiles of the 20 EDGE-significant proteins are
individually plotted in Fig. 2.5, along with their representative p-values, and the k-means
cluster they appeared in (designated by line color).

While means were used for constructing profiles and assessing temporal significance,
only the SEM of proteins with successful relative expression in = 2 replicates (9/20
proteins) was retrieved (error bars, Fig. 2.5). SEM at individual time-points varied
depending on the protein, but the majority of the means, where SEM could be calculated,
showed significantly different expression after 24 h. For example, the mean log; ratio at 24
h among the EDGE-significant proteins was 1.44 with a SEM of 0.30. Some proteins showed
very clear temporal changes, such as CSRP1, LDHA, and CTSD, with low SEM at all time-
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points (Fig. 2.5). It is also worth noting that 19/20 EDGE-significant proteins showed an
upward trend, most increasing the greatest from 12 to 24 h, with GDI1 and CTSD having
shown a near linear increase. The exception to the temporally increasing trend was IDHZ2,
which initially increased, then showed an overall steep downward trend after 24 h. All of
the significant profiles were different from the general profile shapes in Fig. 2.2, which
indicates the spline-based method selected proteins with relative expression different from
the mean temporal profiles. The spline-based method also showed promise for selecting
proteins that fit a continuous curve function, which is an appropriate model for proteins
that showed real expression changes, rather than those that changed non-continuously, by
being modified, re-localized, or exported. For example, some proteins in our dataset, like
the Rab proteins grouped in KMC-1 (Fig. 2.4), showed a sharp increase between 6 and 12 h,
yet EDGE analysis did not show their significance (p < 0.1). This may be a result of these
specific Rab expression profiles fitting poorly to the spline-based, alternative hypothesis
curve because the observed differential expression may have been an artifact of a sub-
cellular re-localization. Rab profiles showed a variable change between 6 and 12 h, but
otherwise the profiles are flatter, perhaps fitting better to the null (flat) hypothesis than the
alternate (spline based curve). Proteins showing EDGE significance are likely to have
changed in expression if they display a consistent temporal change and, consequently, a
better fit to the alternate hypothesis. The mean EDGE p-values (pmean) for the proteins in
each cluster are shown in Fig. 2.4 and they imply that proteins in KMC-1, on average, were

closest to approaching EDGE-significance.
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Figure 2.5. Temporal Profiles of EDGE Significant Proteins. Twenty profiles showing
significance (p = 0.1) with EDGE are shown versus time. Error bars are shown for the 9/20
proteins where SEM could be retrieved, while those without error bars were quantified in
only one biological replicate. Most profiles increased after 24 h, with the exception of IDH2.
(TXNDCS5 - thioredoxin domain-containing protein 5, LMNB1 - lamin B1, IDH2 - isocitrate
dehydogenase II, CSRP1 - cysteine and glycine-rich protein, LDHA - lactate dehydrogenase
A, HSPA8 - heat shock cognate 70 protein A8, CAPZA1 - F-actin capping protein subunit
alpha-1, PKM2 - pyruvate kinase M1/M2, LASP1 - LIM and SH3 domain protein 1, HSPA1L
- Heat shock protein 1L, CTSD - cathepsin D, ProSAPiP1 - Uncharacterized protein
KIAA0552, GDI1 - guanine dissociation inhibitor I, CALR - calreticulin, NACA - nascent
polypeptide-associated complex subunit alpha, ILF3 - interleukin enhancer-binding factor
3, EIF3B - eukaryotic translation initiation factor 3 subunit B, ANXA6 - annexin A6). Line
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colors represent the k-means cluster that the protein was grouped in (green = KMC-1, red =
KMC-2, blue = KMC-3).

2.3.4 Validation of EDGE Significant Proteins by Quantitative MRM

As mentioned above, when using a shotgun proteomics approach, incomplete overlap
between replicates complicates quantification. Therefore, we used an MRM approach to
improve the reproducibility. MRM also provided more precise measurements, which
facilitated measurement of more subtle changes in protein expression. High specificity was
also achieved since MRM is a tandem MS measurement allowing for the use of 1D-LC
instead of 2D-LC, thus improving throughput. To validate significantly changing proteins
(in 3 replicates) and develop a rapid assay for future IGF-1R network perturbation
experiments, we employed MRM with one dimension of LC separation in combination with
isotopic dimethyl labelling 183. The advantage of the dimethyl labelling technique for our
purposes is the presence of intense and predictable a; and yn1 fragment ions 184 To
narrow our list of candidates, proteins with EDGE p-values < 0.05 (rather than 0.1) were
selected for further validation. MRM analysis of calculated dimethyl labelled (parent -
ai1/yn-1) transitions for in silico predicted, as well as empirically derived, peptides for these
12 proteins, resulted in dimethyl labelled transitions generating acceptable peaks (S/N >
10 and equal RT for both transitions) for 62 peptides. Peaks were verified as true peptides
through the use of MRM initiated MS/MS, where 22 of the 62 transitions were positively
identified as peptides with Mascot, representing 8/12 proteins (6 proteins = 2 peptides).
In a single MRM method, the successful peptide transitions (along with their expected
retention times) provided accurate relative quantitation for 6 of the EDGE-significant
proteins with at least 2 peptides. Our MRM method, optimized for the 6 successfully
verified proteins was then used to compare 24 and 0 IGF-1 treatments in the original
iTRAQ discovery experiment. The resulting log> ratios (24h:0h) of integrated MRM
chromatogram peak areas are plotted in Fig. 2.6. The MRM approach provided improved
precision (mean SEM of 0.1) compared to iTRAQ analysis (mean SEM of 0.6). Peptide log>
ratios within four of these proteins - HSPA8, LDHA, NACA, and CTSD - were consistent,
however log; ratios from HSPA1L protein and PKM2 varied considerably (Fig. 2.6). The

mean peptide ratios for these four proteins also agreed well with the iTRAQ ratios from the
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discovery phase (Fig. 2.6), with the exception of HSPA8, which may have been different as a

result of it being reported from a single biological replicate in the discovery phase.
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Figure 2.6. Peptides from EDGE Significant Proteins Successfully Assayed Using LC-
MRM. Shown for each peptide are the log ratios (+SEM) of the 24/0 h time periods (n=3).
Protein means calculated from these peptides are shown in the right of each pane adjacent
to the original mean from the iTRAQ analysis. (LDHA - lactate dehydrogenase A, HSPAS8 -
heat shock cognate 70 protein A8, HSPA1L - Heat shock protein 1L, PKM2 - pyruvate
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kinase M1/M2, CTSD - cathepsin D, NACA - nascent polypeptide-associated complex
subunit alpha).

2.4 Discussion

Time course measurement of relative protein expression, followed by two separate
data analysis methods (KMC and EDGE) has revealed changes in various functional groups
of proteins after stimulation of MCF-7 cells with IGF-1. These changes include proteins
involved in Rab GTPase activity, coated vesicle trafficking, glycolysis, and cell stress,
functions with previously demonstrated involvement with cancer cell proliferation 166 185,
186, Qur work suggests that these processes are modulated through activation of the IGF-1R
network in MCF-7 cells and we have designed MRM assays to follow these changes in a

high-throughput manner following perturbation of various IGF-1R network nodes.

2.4.1 Increased Vesicle Trafficking Regulation

The GO terms associated with the group of proteins in KMC-1 (Fig. 2.4) suggest an
increase in proteins involved in GTPase regulated trafficking of coated vesicles. Proteins in
the cluster that contribute to these resulting over-represented GO terms include 12 Rab
proteins, as well as guanine dissociation inhibitors (GDI1 and GDI2), IQGAP1, COPE, and
VAPB. Rab proteins are a group of proteins that are activated by exchanging GDP for GTP, a
process that is regulated by GDI and GAP proteins (GDI1, GDIZ, and IQGAP1 here) 187. COPE
and VAPB are both associated with vesicle transport between the ER and Golgi apparatus
188: with VAPB mutations commonly linked to motor-neural diseases 18°. Since cycling of
regulatory proteins by vesicle trafficking occurs between membrane, ER, and cytosolic
compartments 19, our observed increase in trafficking activity may be the result of vesicle
associated proteins returning to the cytosol. It is therefore difficult to elucidate whether the
change in abundance is due to changes in protein expression or sub-cellular re-localization,
both of which may be important. Several members of the Rab group of proteins identified
in our dataset do not follow this increasing trend over time and are distributed between
KMC-4 and KMC-5 (Fig. 2.4). This observation suggests specific Rab proteins may regulate

vesicle trafficking in response to IGF-1R and perhaps RTKs in general, while others, such as
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those in KMC-4 and KMC-5, do not. This observation agrees with previous work showing
high functional specificity among Rab family members!?1192, Increased regulation of
trafficking downstream of IGF-1R activation suggests the possibility that cell surface
receptors were internalized over time. Internalization of surface receptors, can act as a
feedback mechanism to attenuate signalling, or to facilitate signal transduction from
endosomes 193. 194, While not directly observed in our experiments, internalization of IGF-

1R, has been shown to be essential for activation of the MAPK pathway 19.

2.4.2 Altered Metabolic and Cell Stress Proteins

Since part of the functions of growth factors are to regulate metabolism!°¢ it is not
surprising that of the 20 proteins called significant with EDGE (Fig. 2.5), three (IDHZ,
PKM2, and LDHA), with respective mean log; ratios of -1.2, 2.6, and 1.7 after 24 h
stimulation, are metabolic proteins. IDH2Z has metabolic functions localized to the
mitochondria and such localization changes over time may explain our observed decreases
in relative expression observed in our cytosolic samples after IGF-1 stimulation. Levels of
glycolytic proteins, such as PKM2, are often increased in tumours, where they are involved
in the metabolic switch to preferential use of aerobic glycolysis 197, and are under the
control of Ras pathways!?8. Paradoxically, PKM2 can also cause apoptosis upon
translocation to the nucleus?>. LDHA is normally constitutively expressed, catalyzing the
inter-conversion of pyruvate and lactate, but has been shown to be over-expressed in
highly proliferative cancer cells, where it generates NAD+ for subsequent cycles of
glycolysis, producing lactic acid in the process 199. Specifically in MCF-7 cells, LDHA activity
has shown induction by estradiol, an effect that is inhibited by the cancer drug, tamoxifen
200, Glycolytic proteins are of considerable relevance in therapeutic target design and as
prognostic indicators, as tumours resulting from oncogenic mutations show enhanced
glycolytic phenotypes 201.

Stress response proteins such as heat shock proteins are commonly over-expressed in
perturbed cellular systems 292, and here we have found HSPA8, HSPA1L, and CTSD
(respective mean log ratios of 1.2, 1.1, and 0.6 after 24 h stimulation) to be increasing over
24 h of IGF-1 stimulation. Heat shock proteins are associated with proper protein folding

203, 204 are involved in mitotic/spindle formation, and accumulate in large amounts in
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cancer cells 205 206, CTSD is an aspartic protease involved in stress response, has recently
shown to be a mitogen in pro-apoptotic in cancer cells 207, and therefore shows potential as

a breast cancer biomarker298,

2.4.3 Other EDGE-significant Proteins

Transcription and translation are typically increased in response to growth factor
stimulation, and, in our case, the transcription/translation related proteins NACA, EIF3B,
ILF3, and c-Myc response protein Rcl, all showed increased relative expression (respective
mean log; ratios of 1.5, 1.9, 2.1, and 1.8) after 24 h stimulation. NACA has been shown to
interact with newly formed polypeptides, contribute to transcriptional co-activation 209 210,
and interact with c-Jun transcription factors, to stimulate protein import ?!1. Through
involvement in protein import, NACA exerts an effect on proliferation and apoptosis 212.
EIF3B, a component of cellular translational machinery, contributes to increased cell
growth, facilitating a parallel increase in protein synthesis and is often present at high
levels in breast cancer cells 213. ILF3 is a double-stranded RNA binding protein, which has
been shown to regulate the transcription of genes involved in cell cycle inhibition - genes
that, if expressed, lead to increased cell proliferation and inhibition of apoptosis 214. c-Myc
transcription factors regulate expression of proteins (in our case, c-Myc response protein
Rcl) which may then be involved in cell proliferation, differentiation, and apoptosis leading
to increased tumour growth 215,

A number of EDGE-significant proteins (Fig. 2.5) are associated with cell morphology
or structure; TXNDC5, CAPZA1, type II Keratin, LASP1, and LMNB1 (respective mean log:
ratios of 0.6, 1.0, 1.3, 1.1, and 0.9 after 24 h stimulation). TXNDCS5, a suspected structural
protein, has been shown to be significantly up-regulated in colorectal 216 and hepatocellular
carcinoma 217 while CAPZA1, is involved in actin filament regulation, thereby exerting
effects on cell structure 218. Type Il keratin is a major constituent of intermediate filaments,
which make up the cytoskeletal structure and LASP1 is an actin-binding protein involved in
focal adhesion and cell migration 21°. LMNB1 is responsible for the integrity of the nuclear
lamina, a nuclear structural component that of which degradation is correlated with
apoptosis 220. The observed increase in LMNB1 in our experiments suggests its

involvement with, IGF-1R directed, anti-apoptotic activity.
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The levels of several scaffolding and signalling proteins, likely related to IGF-1R
signalling or part of cross-talk between pathways, were also shown be significantly
increased in our experiments: ProSAPiP1, CSRP1, CALR, ANXA6, and GDI1 (respective
mean log; ratios of 1.9, 1.5, 1.2, 1.5, and 2.2 after 24 h stimulation). ProSAPiP1 is a poorly
characterized, putative interaction partner of a major scaffolding protein ProSAP - a
protein mainly thought to be involved in linking RAP-GAP proteins to scaffolding proteins
in brain synapses 221. To our knowledge, expression of ProSAP in breast cancer cells has not
before been reported, but may serve a similar scaffolding purpose in IGF-1R related
signalling in MCF-7 cells as those involved in synaptic signalling. CSRP1, which increased
temporally with IGF-1 stimulation, is a member of the LIM domain family, and has been
shown to be a key component of Wnt signalling, controlling cell morphology and other
dynamic cell behaviours 222. CALR is involved in Ca?* homeostasis 223 and Ca?* is involved in
signalling related to such processes as apoptosis and cell death 224 - a possible link between
our observed increased CALR expression with IGF-1R signalling and apoptosis. ANXA®6,
which increased, also shows a connection to CALR since ANXA®6 activity is Ca?*-dependent.
ANXAG6 is a GTP-binding protein involved in Ras protein inactivation through recruitment
of p120 Ras GTPase activating protein to the membrane, and ANXA6 expression is
negatively correlated with cell cycle progression 225. GDI1, is involved in escorting and

cycling Rab proteins (involved in vesicular trafficking) through intracellular locations 226.

2.4.4 Verified Proteins by MRM

In a 1D-LC-MRM assay, with peptide retention times derived from an initial MRM-
triggered MS/MS experiment, we were able to verify and validate peptides from 6 out of 12
EDGE-significant proteins for further perturbation experiments (Fig. 2.6). Despite the high
specificity of MRM, some transitions exhibited multiple peaks. In these cases, MRM-
triggered MS/MS spectra were acquired in order to unambiguously assign retention times
to true peptide peaks 227. Peptides unique to specific protein isoforms (signature peptides)
were demonstrated to be very important in the selection of peptides to monitor by MRM.
This was evident by the inconsistent peptide ratios in cases where peptides used were
shared among homologous proteins. To illustrate this, BLAST searches of the peptides we

measured for HSPA1L and PKM2 revealed these peptides are shared among members of
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their respective protein families. The peptide DAGVIAGLNVLR is shared between HSPA1
and A1L, TTPSYVAFTDTER is shared among HSPA1, A2, and A6-8, and VEIIANDQGNR is
shared among HSPA1, HSPA1L, HSPA2, HSPA5, and HSPAS8. Since we were unable to
quantify unique peptides from these proteins, validation of relative expression changes
specific to members of the HSPA group was not possible. BLAST searches of the peptides
from the HSPAS8, LDHA, NACA, and CTSD revealed that the measured peptides were unique
to those proteins, perhaps explaining the more consistent measurements for their peptides.
HSPAS8, HSPA1L, and PKM2 showed differences between the mean of the peptide ratios
from the iTRAQ discovery phase analysis, and that of the verification experiments, as
shown adjacent to the peptides in Fig. 2.6. This discrepancy occurred because some of the
peptides were not detected using only one dimension of separation. Since peptide
uniqueness is an issue for these proteins, differences in the peptides measured by the two
approaches are reflected in the mean ratios.

In the case of PKM2, the peptide CCSGAIIVLTK is specific to the M2 isoform,
GDYPLEAVR and GIFPVLCK are shared between M1 and M2, and GDLGIEIPAEK is shared
among PKM1,M2,R, and L. The relative expression change after 24 h - 1.8 - of the unique
PKM?2 peptide, CCSGAIIVLTK (Fig. 2.6), showed that relative expression changes appeared
to be specific to the M2 isoform of pyruvate kinase. Recent work has shown the M2 isoform
of pyruvate kinase to be very important in tumour metabolism and growth 1°. Using an
MRM approach to target the signature peptide may be useful to monitor the M2 pyruvate
kinase isoform during perturbation experiments directly related to cancer cell metabolism.
This type of targeted analysis of signature peptides is an excellent method for measuring
relative expression of protein isoforms, and has been used to date in successful

quantification of alcohol dehydrogenase isoenzymes 228 as well as P450 isoforms 22°.

2.5 Conclusion

Our comprehensive 2D-LC-MS/MS analysis of the temporal changes in relative

protein expression is part of our broader strategy to understand the proteomic changes
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downstream of IGF-1R signalling. Through this quantitative proteomics approach, using
iTRAQ followed by two statistical analyses, we have observed major increases in vesicle
trafficking activity as well as specific proteins involved in altered metabolism and cell
stress in response to IGF-1R stimulation of MCF-7 breast adenocarcinoma cells. Using
targeted MRM, we have validated the changes of several of these proteins and, for other
proteins, we have observed differences in relative expression among peptides. We believe
these differences to be biologically relevant as they pertain to measurable abundance
changes in M2 pyruvate kinase isoform in MCF-7 cells. For future work, monitoring
glycolysis by assaying PKM2, LDHA and other glycolytic proteins, is necessary to explore
the changes in glycolysis as a whole in response to IGF-1 stimulation. Functional trends
changing over time and proteins with differential relative expression have provided insight
into mechanistic actions relating IGF-1R to cancer. Upon further verification, the proteins
in this work may also be useful as therapeutic targets for, or biomarkers indicative of,

pathogenesis where dysregulated IGF-1R is involved.
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Chapter 3: Targeted Proteomic Analysis of Glycolysis in Cancer
Cells3

Abstract

Altered expression of glycolysis proteins is an important yet poorly understood
characteristic of cancer. To better understand the glycolytic changes during
tumourigenesis, we designed a liquid chromatography multiple reaction monitoring (LC-
MRM) assay targeting the “glycolysis proteome” in MCF-7 breast cancer cells, using
isotope-coded dimethylation of peptides for relative quantification. In silico, dimethyl
labelled tryptic peptides [M+2H]?* (of length n) and their y,.: fragment ions were
determined based on UniprotKB database sequence entries for glycolysis proteins, related
branching pathways, and reference proteins. Using predicted transitions ([M+2H]%* = yn-1),
MRM-initiated detection and sequencing (MIDAS) was performed on a dimethyl-labelled,
tryptic digest from MCF-7 cells, using two-dimensional liquid chromatography mass
spectrometry analysis. Three transitions for each peptide were selected from identified
spectra, and assessed using 1D-LC-MRM-MS. Collision energy (CE) and dwell times were
optimized and matching transitions for “heavy” isotope-coded dimethylated peptides were
calculated. Resulting LC-MRM transitions were then used to measure changes in the
glycolytic proteome in insulin-like growth factor-1 (IGF-1)-stimulated MCF-7 cells and
other breast cell lines. Increases in the expression of glycolysis proteins leading to lactic
acid production were observed common to IGF-1-stimulated MCF-7 cells and the invasive
MDA-MB-231 cell line. Preliminary analysis of lung tumours with varied states of
differentiation demonstrated the clinical applicability of LC-MRM and showed increased

levels of PGK1 in well differentiated tumours.

3 Published; ]. Patrick Murphy and Devanand M. Pinto. 2010. J. Proteome Res.; 10(2) 604-613. JPM and DPM
are affiliated with Dalhousie Biology, Halifax, NS and the National Research Council Institute for Marine
Biosciences, Halifax, NS.
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3.1 Introduction

Glycolysis is highly conserved in nature and is a source of ATP and intermediates for
amino acids, lipids, and nucleotides in proliferating cells 11. Proliferative advantages
conferred by increased use of the glycolysis pathway are closely tied to cancer as first
proposed by Otto Warburg in the 1920’s 230 and referred to as “the Warburg effect”. The
increased glucose consumption in tumours is now commonly used for tumour imaging by
[18F] fluoro-2-deoxyglucose positron emission tomography (18FDG-PET) technology 128.
Several growth factor-related oncogenes and tumour suppressors such as Ras and c-Myc
can alter the expression levels of glycolysis proteins 81 126, The pathway is also regulated
through expression of alternate isoforms with different activities, such as isoform 2 of
hexokinase (HK2) 13, and the M2 splice variant of pyruvate kinase 19 198, System-wide
investigations into altered glycolysis protein expression in cancer cells have the potential
to reveal novel therapeutic targets and serve as prognostic indicators.

To quantify the changes in pre-determined sets of proteins, like those of glycolysis,
liquid chromatography multiple reaction monitoring (LC-MRM) is increasingly being used.
Optional, affinity-based, approaches such as Western blots or enzyme-linked
immunosorbent assays can be used but are time consuming and sensitive to non-specific
binding effects?31. Targeted proteomics, however, with LC-MRM enables quantification of
10’s to 100’s of peptides from sets of proteins in a single chromatographic period 129. High
specificity is achieved by monitoring multiple parent to product ion transitions for each
peptide. The glycolysis proteome is particularly amenable to LC-MRM since the proteins
are above the limit of detection by 1D-LC-MRM (~10 ng/mL complex digest) 125. Proteomic
subsets that have been targeted thus far include abundant proteins from human plasma 232,
known virulence factors 233, and lists of proteins from discovery-based proteomics studies
234 Targeted analysis by LC-MRM of a predetermined set of metabolic proteins has been
conducted in yeast 119, but an analogous approach in cultured human cells has not been
done.

Targeting predetermined proteins requires choosing optimal peptides and
transitions to monitor for each peptide, chosen either computationally or empirically.

Transition selection based on empirical data is considered the most reliable and can be
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guided by techniques such as MRM-initiated detection and sequencing (MIDAS) 123. Here,
with the premise that y,.1 ions are consistently enhanced in dimethyl-labelled peptides 183
184 we have predicted dimethyl labelled peptide transitions ([M+2H]%?* = y,.1) to sequence
tryptic peptides of the glycolysis proteome by the MIDAS approach. We then selected and
optimized transitions for an LC-MRM assay representing the stable isotope-labelled
glycolysis proteome. To investigate some key features of glycolysis in cancer, we employed
the assay to compare glycolysis proteomes of MCF-7 cells exposed to insulin-like growth
factor -1 (IGF-1) to those left untreated for 24 h. We further surveyed the glycolysis
proteomes of several cell lines, and the observed altered expression patterns suggest that

glycolysis plays a role in invasion.

3.2 Experimental Procedures

3.2.1 Cell Culture and Protein Extraction

MCF-7, T47-D, MDA-MB-231, HeLa, and MCF10A cells were from the American Type
Culture Collection and HMEC cells were from Lonza (Basel, Switzerland). MCF-7, T47-D,
MDA-MB-231, and HeLa cells were cultured in DMEM (Invitrogen) 10% fetal bovine serum
(FBS), at 5% CO2. MCF10A cells were cultured in 1:1 DMEM:F12 media (Invitrogen) with
5% horse serum (Invitrogen), 20 mM HEPES, 10 ng/mL EGF (Invitrogen), 29.2 mg/mL L-
glutamine, 10 pg/mL insulin (Invitrogen), 0.1 ug/mL Cholera toxin (Sigma-Aldrich) and
500 ng/mL hydrocortisone (Sigma-Aldrich). HMEC cells were grown using MEGM Bullet Kit
(Lonza) without the SingleQuot vial containing antibiotics.

Cells were grown to ~70% confluency, washed with PBS, detached with 0.25%
Trypsin/EDTA (Invitrogen), and pelleted by centrifugation at 2,000 x g for 5 min.
Supernatants were discarded, cell pellets were washed twice with PBS, and collected by
centrifugation at 2,000 x g for 2 min. Cells were lysed in 500 mM tri-ethyl ammonium
bicarbonate (TEAB) buffer (pH 8.5) (Sigma-Aldrich) (1 mL per ~3.0 x 10° cells) by passing
through a 21 G 1.5 needle 20 times. The cytosolic fraction was clarified by centrifugation at
110,000 x g for 1 h, and total protein concentration in this fraction was estimated using a

Bradford assay 162 with BSA as a standard.
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3.2.2 Digestion and Dimethyl Labelling

All protein samples were reduced with 5 mM DTT, alkylated with 12 mM
iodoacetamide, and digested overnight by reacting 50 pg protein/pg trypsin (Promega) at
37°C. Derivatization was carried out as described previously!8. Briefly, peptide primary
amine groups were converted to their dimethyl derivatives using either 100 pM CH20 or
100 pM CD20 per 100 pg of total protein for 5 min followed by reaction with an equimolar
amount of 6M NaCNBH3 for 2 h. The reaction adds 28 Da (M+28) or 32 Da (M+32)
respectively to each amino group. Labelled samples were acidified by adding TFA to a final
concentration of 0.1%, then desalted using C18 SepPak Light cartridges (Waters), dried in a
vacuum centrifuge, and stored in 5% acetonitrile (ACN) (0.1% formic acid) at -40°C.

Safety considerations: formaldehyde is toxic and should be handled in a fume hood.

3.2.3 Target Peptide Set Selection

The target set of proteins included the core enzymes of glycolysis and related
proteins of branching metabolic pathways taken from pertinent literature 30 235 236,
Accession numbers for all isoforms and splice variants for the chosen protein set as well as,
the common reference proteins, -actin (ACTAB), Ribosomal protein S6 (RLPLO0), Peptidyl-
prolyl cis-trans isomerase A (PPIA), B-tubulin, (TUBB) and TATA binding protein (TBP)

were retrieved from the UniprotKB human database (http://www.uniprot.org/) (Table

3.1). Selection of proteins was restricted to the cytosolic form, if so stated by the Uniprot
entry, and only “reviewed” entries were selected. The protein IPI number for each Uniprot
entry was submitted to a searchable database containing the m/z for parent ([M+2H]?%*)

and Vn-1 ions for dimethylated tryptic peptides

(http://rita.imb.nrc.ca/~spenny/mrm/mrm_predict.php). The resulting peptide list was
filtered to exclude peptides with a high propensity for missed cleavages or with an m/z

that did not fall between 450 and 1000.

3.2.4 MIDAS Product Ion Generation

An aliquot from MCF-7 cells (~1.5 x 10°), containing 600 ug of cytosolic protein, was
digested, desalted, labelled M+28 (described above), dried in a vacuum centrifuge and re-

suspended in 100 pL of 10 mM ammonium formate (25% ACN, pH 2.8). Peptides were
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separated by strong cation exchange (SCX) separation as described previously 234
Fractions (600 pL) were collected every 3 min from 12 to 48 min, dried, and re-suspended
in 75 pL of 5% ACN, 0.1% formic acid. Using the predicted target transition list (described
above), MIDAS of each SCX fraction was conducted using an Agilent 1100 capillary RP-
HPLC coupled to a 4000 QTrap mass spectrometer (AB Sciex) equipped with a nano-
electrospray source as described previously?34. Each SCX fraction was injected 8 times with
a unique batch of predicted MRM transitions in each injection (~100
transitions/acquisition), where acquisition parameters were as follows; 100 ms dwell time,
collision energy (CE) = parent m/z + 20, MRM intensity threshold of 1000 cps, 2 enhanced

product ion scans using a rolling CE, and Q1/Q3 set to unit resolution.

3.2.5 Transition Selection for Target Proteins

MS/MS from MIDAS were searched against the IPI Human database (v3.59) using
Protein Pilot (v3.0) (AB Sciex) with the following parameters: iodoacetamide cysteine
alkylation, dimethyl labelling of lysine and N-termini as fixed modifications, Rapid ID, and a
detected protein threshold of 0.05. Peptides identified from the target set were exported to
MRM Pilot (v2.0) (AB Sciex). Additional, isoform-unique, peptides matching the target
protein list, were retrieved from previously acquired two-dimensional liquid
chromatography mass spectrometry datasets from complex digests of IGF-1 stimulated,
iTRAQ labelled, MCF-7 cells 234 and manually added (in their dimethylated form) to the
MRM Pilot transition list. The 3 most intense fragment ions from MIDAS-confirmed or

additional peptides were used to represent the peptide.
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Table 3.1. Target Set of Metabolic and Reference Proteins. Members of the target set include only the accession numbers
for reviewed versions (as stated in Uniprot).

Protein Group

Isoform

Uniprot Accession Number

Core Glycolysis

Hexokinase

Glucose-6-phosphate isomerase
Phosphofructokinase

Aldolase

Triosephosphate isomerase
Glyceraldehyde-3-phosphate dehydrogenase
Phosphoglycerate kinase

Phosphoglycerate mutase

Enolase

Pyruvate kinase

Glycolysis Regulation
Fructose-1,6-bisphosphatase
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase
TP53-induced glycolysis and apoptosis regulator
Pentose Phosphate Pathways and Other Metabolism
Glucose-6-phosphate 1-dehydrogenase

Lactate dehydrogenase

ATP-citrate lyase

Fatty acid synthase

Isocitrate dehydrogenase, cytosolic

Malate dehydrogenase

Malic enzyme, cytosolic

Carbamoyl phosphate synthase aspartate-
carbamoyltransferase dihydroorotase
Reference Proteins

Beta Actin

60S Ribosomal Protein

Peptidyl-prolyl cis-trans isomerase A

Tubulin beta chain

14-3-3 protein zeta/delta

HK1(1-4), HK2, HK3, GCK, HKDC1

GPI

PFKL(1&2), PFKM(1&2), PFKP

ALDOA, ALDOB, ALDOC

TPI1(1&2)

GAPDH, GAPDHS

PGK1, PGK2

PGAM1, PGAM2, PGAM4, PGAMS5(1&2)
ENO1, ENO2, ENO3

PKM1/M2, PKLR

FBP1, FBP2
PFKFB1, PFKFB2, PFKFB3, PFKFB4
TIGAR

G6PD(1-3)

LDHA, LDHB, LDHC, LDHD, LDHAL6A, LDHAL6B
ACL

FASN

IDH1

MDH1

ME1

CAD

ACTAB
RLPLO
PPIA
TUBB
YWHAZ

P19367(1-4), P52789, P52790, P35557-1, Q2TBY0-1
P06744

P17858(1&2), P08237(1&2), Q01813

P04075, PO5062, P09972

P60174(1&2)

P04406, 014556

P00558, P07205

P18669, P15259, Q8NOY7, Q96HS1(1&2)
P06733(1&2), P09104, P13929

P14618(1&2), P30613(1&2)

P09467, 000757
P16118, 060825(1&2), Q16875(1&2), Q16877
Q9NQ88

P11413(1-3)

P00338(1&2), P07195, P07864, Q86WU2(1&2), Q6ZMR3, Q9BYZ2
P53396

P49327

075874

P40925

P14863

P27708

P60709
P05388
P62937
P07437
P63104




3.2.6 LC-MRM Evaluation and Optimization

An aliquot of protein (~200 pg) was digested, labelled, desalted, dried (as above)
and resuspended in 5% ACN (0.1% formic acid). Reversed phase chromatography was
performed as previously described 234 except a monolithic 200 um x 150 mm column
(EMD4 Biosciences) was used at a flow rate of 5 uL./min, injection volumes were 6 uL and a
shallower gradient (5-30% mobile phase B in 50 min) was employed to maximize
chromatographic resolution. The MRM Pilot transitions were divided into 5 lists and each
was used for a separate injection. Initial MRM transitions were assessed using 50 ms dwell
time, 0 ms settling time, CE = parent m/z + 20, declustering potential = 70, and Q1/Q3 set
to unit resolution. Integration of MRM chromatograms and S:N calculations were
conducted using Multiquant (v.1.2) (AB Sciex) using the following parameters; smoothing
width = 1 point, retention time half window = 30 s, min peak width = 3 points, min peak
height = 0, noise percentage = 40%, baseline subtract window = 2 min, and peak splitting
factor = 1 point. Peptides were selected for further optimization if their selected transitions
co-eluted at a single retention time with an S:N > 10:1. Peptides with an S:N < 10:1 for the
selected transitions were re-acquired using 250 ms dwell time, and re-assessed for co-
elution and an S:N > 10:1. For peptides with transitions of suitable S:N using either 50 ms
or 250 ms, dwell times were normalized to an S:N of 50:1. The minimum and maximum
dwell times were 5 ms and 100 ms respectively. Using normalized dwell times, MRM
transitions were re-acquired with CE’s over a range of +/- 10 eV from their original value in
2 eV increments in order to establish the optimal CE for each transition. An overview of the
MIDAS workflow for MRM generation is shown in Fig. 3.1. M+32 transitions were
calculated to match the optimized M+28 transitions and 5 LC-MRM acquisition methods of
approximately equal cycle times (~3.5 s) were formed (Appendix A) for quantitative
analysis of each peptide. Identical CE and dwell times (as optimized) were used for M+32-

M+28 transition pairs.
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2D-LC-MIDAS ™

/

\l/ Confirm by Mascot™
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Verification > CE Optimization
(3 transitions/peptide) (Normalized dwell)

Figure 3.1. Overview of MRM Assay Design by MIDAS. For proteins in Table I, parent -
yn-1 transitions were predicted for [M + 2H]?* dimethyl labelled tryptic peptides (450 < m/z
< 1000). Using these transitions, MIDAS was conducted on 10 SCX fractions from a complex
digest of dimethyl-labelled peptides from MCF-7 cells. Peptide identifications were
confirmed by searching MS/MS from each fraction against the [Pl Human database (v3.59)
using Protein Pilot. For each confirmed peptide, 3 transitions were selected for validation
by MRM analysis, as in Fig. 3.2. Dwell times were adjusted by normalizing each transition to
a target S:N of 50:1, then CE was optimized for each transition.

3.2.7 Relative Quantitative LC-MRM of IGF-1 Exposure

In triplicate, MCF-7 cells were serum starved for 48 h, then treated with 100 ng/mL
IGF-1 or left untreated for 24 h. Aliquots of IGF-1-treated and untreated samples (100 pg)
were digested, labelled M+32 (described above), and combined equally with a reference

sample (100 pg) composed of a pool of the untreated, M+28 labelled samples. The mixture
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was desalted (as above), and suspended in 100 pL of 5% ACN (0.1% formic acid). Each
sample was injected three times with each of the 5 optimized LC-MRM acquisition methods,
using LC conditions and peak area integration parameters stated in the previous section.
For statistical treatment, M+32:M+28 (Ctrl or IGF-1:Reference) peak area ratios were log
transformed and a two-tailed, paired t-test (a = 0.5) (paired between matching M+32:M+28
transitions) was conducted for each protein. Peptides shared between isoforms were
excluded from the analysis. T-tests were implemented through the R statistical package

(http://www.R-project.org).

3.2.8 Relative Quantitative LC-MRM of Various Cell Lines

Aliquots of cytosolic protein (60 pg) from MCF-7, MDA-MB-231, T-47D, MCF10A,
HeLa, and HMEC cells were digested, labelled M+32, and desalted (as described above).
Samples from all cell lines were combined with 60 pg of a complex digest from T-47D cells
(labelled M+28). Mixtures were desalted, dried, and suspended in 5% ACN (0.1 % formic
acid). Each cell line sample was injected with the 5 optimized LC-MRM acquisition methods
(except transitions for FASN and MDH1), using LC conditions and peak area integration
parameters stated previously for LC-MRM. Mean M+32:M+28 ratios for each protein were
logz-transformed, normalized to the ratios for the reference proteins (excluding f3-actin)

then expressed in relation to the HMEC cell line.

3.2.9 Clinical Analysis of Lung Cancer Biopsies

Lung tumour biopsies of various degrees of differentiation (5 poor, 3 medium, and 2
well) were snap frozen in liquid nitrogen and stored at -80°C until analysis. Sections of
biopsies (~20 mg per patient sample) were weighed accurately then RNA, DNA, and
protein were extracted with Trizol reagent (Invitrogen) according to the manufacturer’s
instructions. The resulting protein pellet was solubilized in 300 pL of 0.1% Rapigest by
using a probe sonicator (Fisher Scientific, Fair Lawn, NJ) using 3, 10 s pulses. Samples were
digested, labelled M+32, and desalted (as described above). An aliquot containing 50 pg of
protein was taken from each patient sample and mixed with 20 pg of a complex digest from

MCF-7 cells labelled M+28. The mixture was desalted, dried and resuspended in 50 pL of
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5% ACN (0.1% formic acid) then analyzed using the optimized LC-MRM assay (as described

above).

3.3 Results

3.3.1 Metabolic Proteome LC-MRM Assay Design

Targeted proteomics towards a set of pre-determined glycolysis proteins was
performed. Use of in silico-predicted transitions to collect product ion spectra by a MIDAS
workflow (Fig. 3.1), confirmed the identification of 109 peptides (MASCOT ion-score > 15)
from our target protein set; ~12% of those predicted. An example of product ion
acquisition (showing the intense y,.1 fragment ion, m/z = 1290.7) and subsequent
verification of peptide transitions is illustrated by our analysis of the ENO1 peptide,
YISPDQLADLYK, in Fig. 3.2. MIDAS-identified spectra have been converted using the
PRoteomics [DEentifications database (PRIDE) converter 176

(http://code.google.com/p/pride-converter) and are available in the PRIDE database 177

(www.ebi.ac.uk/pride) under the accession number 12915. For additional coverage, a

further 9 isoform-unique peptides from the targeted protein set, not identified by the
MIDAS approach, were added from previously acquired shotgun datasets 234 totalling 118
peptides (Table 3.2). Evaluating the peptide transitions using 1D-LC-MRM resulted in the
verification of 80 peptides (Table 3.2). This corresponds to a success rate of 68% of those
peptides identified using 2D-LC-MS/MS (Table 3.2).

By normalizing dwell times to an S:N of 50:1, they were tailored to the transition
intensity. This step was necessary since initial attempts to perform scheduled MRM
acquisition based on calibrated retention times failed to provide sufficient dwell time for
many low-intensity transitions co-eluting with more intense ones. Overall, from the entire
set of 27 targeted proteins, successful peptide transitions were generated for 15 of the 22
proteins of glycolysis and related pathways, and 4 of the 5 reference proteins, as
summarized in Table 3.2. The MIDAS approach was effective for targeting glycolysis
proteins since successful transitions were generated for at least one isoform of the main

glycolysis pathway except for hexokinases. For the proteins of glycolysis pathway alone, 43
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of 64 peptides identified by MIDAS were detectable by LC-MRM (67%) compared to 39 of
107 peptides (36%) identified from a previous shotgun 2D-LC-MS/MS dataset (Fig. 3.3).
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Figure 3.2. Selection of MRM Transitions for the ENO1 Peptide, YISPDQLADLYK
([M+2H]?+=741.4). A) XIC of MRM chromatogram of the transition (741.4->1290.7) used
to trigger MS/MS. B) MS/MS confirming the identification of YISPDQLADLYK and used to
select 3 fragment ions for multiple transitions (circled). C) MRM chromatograms of the 3
transitions selected in B with optimized CE and normalized dwell times. MRM transitions
for successfully confirmed peptides from the glycolysis proteome were all designed in the
illustrated manner. Note: Different retention times between A and C are the result of a
shallower gradient in C.
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Table 3.2. Summary of Targeted Peptides for Each Protein Group at Various Stages of
MRM Generation.

Protein
Protein Predicted Peptides Mascot Score  ID'd Peptides Verified
(2D-LC-

Group (m/z 450-1000, 2+)  MIDAS*) (2D-LC-MIDAS*) (1D-LC-MRM)
Metabolic Proteins

TPI 12 530 9 9
ENO 36 440 8 6
GPI 13 358 8 3
PGK 32 349 8 6
PKM 44 346 9 9
G6PD 25 291 7 5
FASN 72 258 13 5
GAPDH 15 163 4 2
ALDOA 30 132 5 5
PFK 55 128 5 4
FBP 19 109 3 3
LDH 67 106 6 6
PGAM 26 103 3 3
IDH1 17 87 3 0
HK 149 66 4 0
TKT 40 56 2 2
PFKBP 73 0 0 0
TIGAR 8 0 0 0
ACL 37 0 0 0
ME1 14 0 0 0
CAD 57 0 0 0
MDH1 9 70 2 2
Reference Proteins

ACTAB 10 769 6 5
TUBB 11 305 2 0
PPIA 6 176 6 3
RPLPO 9 116 3 1
YWHAZ 5 79 2 1
Total 891 NA 117 80

*9 additional peptides were added from previous datasets
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Besides the main glycolysis pathway, additional transitions were successfully
generated for important proteins involved in diverting glycolytic flux to biosynthetic
intermediates (G6PD, TKT, and LDHA) and 2 proteins involved in fatty acid synthesis and
cycling of acetyl CoA (FASN and MDH1). The 7 proteins from the entire target list (Table
3.1) that were not detected by our analysis are perhaps expressed below our limits of
detection or localized in sub-cellular compartments. Also, while peptides for all isoforms of
each glycolysis protein were targeted, in most cases the identified peptides belonged to a
specific isoform of the protein. Exceptions were the phosphofructokinases and enolases, of

which peptides unique to PFKL, PFKP, ENO1, and ENO3 were identified.

MIDAS™ 2D-LC MS/MS
(10 fractions x 8) (30 fractions x 3)
64 glycolytic peptides _ 107 glycolytic peptides

56 \

\h_-—’

Final LC-MRM Assay
47 glycolytic peptides

Figure 3.3. Comparison of the MIDAS Approach Versus non-targeted Shotgun
Proteomics to Select MRM Transitions for Glycolysis Proteins. Previously acquired
data from 2D-LC-MS/MS analysis (using 3 biological replicates) (inside dotted circle)
generated many peptide identifications from the glycolysis pathway (107) of which 39
were detectable by 1D-LC-MRM (shaded circle). Data from the targeted, MIDAS approach
(using 8 different injections) (solid, un-shaded circle) generated fewer peptide
identifications from the glycolysis pathway (64) but 43 were detectable by LC-MRM.
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3.3.2 Glycolytic Proteome Changes in Response to Growth Factor Exposure

Optimized LC-MRM transitions were employed to measure changes in glycolysis
proteins in response to growth factor stimulation by exposing MCF-7 cells to IGF-1. After
calculating the M+32 transitions (matching the M+28 transitions) for each peptide, the
complete MRM analysis consisted of 480 transitions. These were split into 5 LC-MRM
acquisition methods, which are downloadable (Appendix A) for direct import into Analyst
(v1.4+) software (AB Sciex). MRM transitions for 20 of the peptides from the optimization
experiment did not give sufficiently consistent S:N between the MRM optimization and
experimental samples and were discarded from peak area comparisons. Use of LC-MRM for
relative quantification of peptides is illustrated through the PKM1/M2 peptide, GIFPYLK, in
Fig. 3.4A. Comparing both 24 h IGF-1 treated and un-treated MCF-7 samples to an equal
amount of reference sample allowed for the assessment of significance using a paired t-test,
where pairs were the M+28 and M+32 versions of each transition. Of note, the reference
protein, 3-Actin, was significantly up-regulated by IGF-1 exposure with a difference in log;
ratios between stimulated and un-stimulated cells - expressed as a “mean Alogz(ratio)” - of
0.92 + 0.07. The mean Alog(ratio) for all other reference proteins was much lower (0.61 *
0.09), which better reflected overall protein content indicative of cell growth (data not
shown). Due to observed differences between treated and untreated samples, 3-Actin was
discarded as reference protein. This observation is consistent with numerous studies that
show that (-Actin levels increase in proliferating cells 237. Overall, nearly all of the
glycolytic proteome and closely associated proteins showed significant increases (a = 0.05)
in response to growth factor exposure, except for PFKL and PGAM1 (Fig. 3.4B). The
greatest increases in proteins levels were observed for proteins near the final stages of
glycolysis and lactate production - ENO1, PKM2, and LDHA (Fig. 3.4B). Using the mean
Aloga(ratio) of the reference proteins (PPIA, RLPLO, and YWHAZ) as an indicator of overall
cell growth and protein content (Fig. 3.4B), suggests ENO1, PKM2, and LDHA levels
increased greater than overall growth of cells. Alternatively, the lowest mean Alogz(ratio)
values were observed for PFKL and proteins directing carbon flux towards pentose

phosphate pathways and gluconeogenesis (G6PD, TKT, and FBP1). Mean Alog:(ratio)
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values were not significantly different (o = 0.05) for PFKL, FBP1, and TKT and therefore

did not change in response to growth factor exposure.
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Figure 3.4. Relative Quantification of the Glycolysis Proteome in Response to
Treatment of MCF-7 Cells with IGF-1. A) MRM chromatograms of the PKM2 peptide,
GIFPYLK, and either the untreated or IGF-1-treated chromatograms, for the three
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transitions representing the peptide. For each transition, Alogz(ratio) were calculated as
the difference between the log; peak area ratios for IGF-1-treated /reference (M+32:M+28)
and untreated/reference (M+32:M+28). B) Mean Alogz(ratio) (+/- SE) for detected
glycolysis proteins, associated branching proteins, and other metabolic proteins as
indicated. *IGF-1 treated and untreated samples are significantly different in a paired t-test
(a=0.05).

3.3.3 Glycolytic Proteome Differences Between Various Cell Lines

The quantitative LC-MRM assay was used to compare glycolysis among two normal
mammary epithelial cell lines (HMEC and MCF10A) and four tumour-derived cell lines;
MCF-7 (non-invasive breast), T-47D (non-invasive breast), MDA-MB-231 (invasive
breast)?38, and HeLa (cervical). Protein ratios were generated by LC-MRM, comparing each
cell line to a separately prepared T-47D complex digest. Log: ratios were adjusted to the
reference proteins (without f-actin) then expressed in comparison to the HMEC cell line
(Fig. 3.5). All cell types had higher ENO1 levels than HMEC. The three tumour-derived
breast cells, MCF-7, T-47D, and MDA-MB-231, had the highest ENO1 levels with HMEC-
adjusted log. ratios of 1.4, 1.9, and 2.0, respectively (Fig. 3.5). MCF-10A cells displayed
fewer positive HMEC-adjusted log; ratios (5 of 14 proteins) than other cell type (Fig. 3.5).
In the invasive, MDA-MB-231, cells the highest levels of glycolysis protein expression
occurred towards the latter stages of glycolysis with PGAM1, ENO1, PKM2, and LDHA
displaying HMEC-adjusted log: ratios of 0.7, 0.8, 2.0, 0.8, and 1.1, respectively (Fig. 3.5). A
similar trend was observed in HeLa cells, in which ENO1, PKM2, and LDHA, showed HMEC-
adjusted log; ratios of 0.4, 0.8, and 0.4, respectively. Alternatively, the non-invasive MCF-7
and T-47D breast cancer cells did not show this trend and expression of glycolysis proteins
was biased towards early stages of glycolysis and branching pathways (PFKP, TPI1, G6PD,
and FBP1).
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Figure 3.5. Expression of Glycolysis Proteins in Various Cell Lines. Shown from left to
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3.3.4 Preliminary Glycolytic Proteome Analysis of Lung Cancer Biopsies

To assess the clinical applicability of targeting glycolysis we obtained a set of 10
lung cancer biopsies (poor, medium, or well differentiated). Using our quantitative LC-
MRM assay, each patient sample was compared to an equal amount of complex digest from
MCF-7 cells used as a common reference. Several proteins in our LC-MRM assay did not
give sufficient S/N in all patient samples (GPI, PFK, PGAM, G6PD, FBP1 and TKT). Log>
ratios (Lung Tissue/MCF-7 cell reference) for proteins which sufficient S/N was achieved
are shown in Fig. 3.6. Variance in the protein levels between patient samples was high (Fig.
3.6) and the levels of the important cancer metabolism proteins (PKM2, ENO1, and LDHA)
showed no correlation with the degree of cell differentiation. However, poorly
differentiated tumours had significantly lower PGK1 levels than medium and well

differentiated tumour samples and well differentiated tumours had slightly lower levels of

GAPDH (Fig. 3.6).
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3.4 Discussion

3.4.1 Targeting the Glycolytic Proteome Using MIDAS of Dimethylated
Peptides

Targeted, hypothesis-driven proteomics using LC-MRM, allows for accurate
quantitative analysis of subsets of proteins 123. For targeting metabolic pathways LC-MRM
was recently conducted on central carbon metabolism in yeast (S. cerevisiae), where a
switch to glycoxylate metabolism was quantitatively monitored in a time course
experiment 119, This previous work achieved absolute quantification by the use of internal
peptide standards. Our analysis extends the use of targeted proteomics to study glycolysis
in human carcinoma cells. Here, using LC-MRM-based targeted proteomics, we quantified
at least one isoform of all of the major proteins of glycolysis, except for hexokinases. The
association of hexokinases with the outer membrane of the mitochondria 15 likely
prevented their detection by LC-MRM since our analysis was based on a cytosolic sample
preparation. Indeed since most of the glycolytic proteins reside in the cytosol, they were
detectable by LC-MRM using detergent-free sample preparation, thus alleviating ion
suppression issues encountered when using detergents 23%. Although higher sensitivity is
achieved by LC-MRM than other MS scanning methods, a number of enrichment steps are
often still employed to detect sets of proteins. For example, peptide detection by LC-MRM
usually involves affinity removal of high abundant proteins 129 or capture with anti-peptide
antibodies 139. Detection of glycolysis proteins was possible using only one dimension of
separation because of their high abundance # 240. This makes the glycolytic proteome
particularly amenable to 1D-LC-MRM analysis.

Normally, in targeted proteomics approaches, proteotypic peptides (frequently
observed peptides in MS experiments) are selected to generate the LC-MRM transitions

using databases and software tools such as Peptide Atlas (http://www.peptideatlas.org),

the Global Proteome Machine (the GPM) (http://www.thegpm.org), and the PRoteomics

IDEtifications (PRIDE) database (http://www.ebi.ac.uk/pride). It is preferred, however, to

derive LC-MRM transitions based on empirical product ion spectra because databases
contain spectra detected by specific instrument or sample preparation types, perhaps not

employed by the user 122, Here, targeting y»,.1 ions allowed highly specific targeting of
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dimethyl labelled peptides from MCF-7 cells using MIDAS. Indeed, this specificity is
supported by the general observation that the extracted ion chromatograms of the
sequenced peak for most [M+2H]?* = y,.1 transitions was usually the most intense. In
addition, the high mass of this fragment ion results in MRM transitions with very low
chemical noise. Therefore, by targeting the parent [M+2H]?* = y,.1 transitions, we were
able to efficiently determine proteotypic peptides, and generate high scoring spectra for
further transition selection. The technique was also efficient since most of the confirmed
peptide spectra (109) were collected using 2D-LC-MIDAS where only 9 peptide spectra
were successfully added from previously collected shotgun analyses (4 from glycolysis
proteins, (Fig. 3.3). This comparison may not be entirely representative, however, since the
previously data set was collected using a QTOF mass spectrometer. Still, the predictable
fragment ion enhancement by dimethylation in combination with the MIDAS workflow was
effective for targeting peptide product ion spectra collection to generate LC-MRM

transitions for the set of proteins we targeted in MCF-7 cells.

3.4.2 Growth Factor-induced Changes in Glycolysis Protein Levels

Measurement of changes in glycolysis protein levels in MCF-7 cells exposed to IGF-1
demonstrated the effect of growth factors in altering glycolysis. The influences of growth
factors over glycolysis has become apparent where, for example, in mouse FL5.12 cells,
increased GLUT1, HK2, PFK1 and glycolysis rates were observed followed by stimulation
with the growth factor, interleukin-3. 160, Shifts in protein expression for the entire
glycolysis pathway in response to growth factor exposure have not been explored. Our
observation of significant up-regulation of ENO1, PKM2, and LDHA is consistent with
previous observations using non-targeted, shotgun proteomics 234. This view was expanded
here, where proteins regulating carbon fluxes to pentose phosphate metabolism and
gluconeogenesis (G6PD, FBP1, and TKT) showed only minor changes in response to IGF-1
exposure. Taken together, these observations suggest that cellular response to IGF-1 alters
protein expression to bias glycolytic flux towards lactic acid production instead of
alternative branching pathways.

Several studies have indicated a similar shift in growth-factor-induced glycolytic

flux in a piece-wise manner. For instance, increased lactic acid flux in response to IGF-1
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exposure has been shown in RPMI 8226 myeloma cells 24l. ENO1 has also previously
shown induction by IGF-1 stimulation in mouse C2C12 cells 242. Moreover, the reaction
catalyzed by PKM2 in glycolysis, is a major regulatory step for glycolytic flux and is
important in tumourigenesis 198, where dysregulated growth factor signalling is also a
hallmark. However, the glycolytic shift towards lactic acid flux is complicated by increased
levels of the M2 splice variant of PKM2 - predominant in our analysis. The M2 variant
results in the build-up of intermediates used for high rates of fatty acid and nucleotide
synthesis needed for proliferating cells 198, potentially off-setting lactic acid flux. However,
the observed growth factor-induced increase in LDHA may facilitate the lactic acid
formation - a key feature of the Warburg effect in cancer 243. Other pathways such as
glutamine metabolism also play a role in lactate flux?l, therefore, the putative shift we

describe is complex and demands further attention at the metabolite level.

3.4.3 Cell line-specific Expression of Glycolysis Proteins

A survey of glycolysis protein levels in several cell lines by LC-MRM indicates cell-
type biases towards protein expression in specific stages of glycolysis (Fig. 3.5). The
characteristic of a general increase in glycolytic protein levels in tumour-derived cell lines
(Fig. 3.5) is consistent with the increase in glycolysis proteins commonly observed in
cancer °. Data showing increased ENO1 levels in breast tumour-derived cell lines agrees
with observations that ENO1 is commonly elevated in breast cancer 24+ 245, The bias
towards increased levels of proteins in the latter stages of glycolysis and lactate formation
in invasive MDA-MB-231 cells indicates that direction of carbon flow towards lactic acid is
an invasive characteristic. Although no direct measurements of invasion or pH were taken
in this study, the shift towards lactic acid formation has previously shown importance in
the acid-mediated tumour invasion model 246. The pattern in MDA-MB-231 cells is identical
to that which we observed in growth-factor-induced MCF-7 cells, where increased
expression of ENO1, PKM2, and LDHA was common to both. This data is also consistent
with studies demonstrating that IGF-1 induces invasiveness in tumours 247 248, The notion
of growth factor involvement in invasiveness is further promoted by constitutive activation

of the downstream effector of IGF-1 signalling, Ras, in MDA-MB-231 cells 24°. Mechanisms
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of invasiveness are, however, poorly understood and complex, therefore the involvement of

glycolysis with invasion should be further explored.

3.4.4 Glycolytic Proteome Targeting in Lung Cancer Biopsies

Targeted proteomics analysis of glycolysis in lung cancer biopsies using LC-MRM
was successfully used for relative quantification of the proteins of glycolysis which were
shown to have importance in growth-factor driven cell proliferation in cell line
experiments (ENO1, PKM2, and LDHA). Insufficient MRM signal from several other proteins
in the patient biopsy samples, as compared to the cell line experiments, likely resulted from
both the increased complexity of the tissue homogenate and a more complicated extraction
procedure involving removal of RNA for a separate study in our laboratory. A more direct
sample preparation might also have enhanced the overall completeness of the glycolytic
proteome as is currently being undertaken in our laboratory. Since the poorly
differentiated tumours are likely to be more proliferative, the lack of difference in ENO1,
PKM2, and LDHA was unexpected since our cell line experiments showed increased levels
of these proteins in growth factor stimulated cells. We suspect other tumour characteristics
besides differentiation status might correlate to ENO1, PKM2, and LDHA but more
elaborate studies are needed to explore these relationships. Also unexpected, based on our
cell line experiments, was the lower level of PGK1 in the poorly differentiated tumours.
Increased levels of PGK1 however, have been associated with poor survival in Stage I lung

cancerl3s3,

3.5 Conclusion

Despite the proposed importance of glycolysis in cancer, and the relatively high
abundance of glycolysis proteins, this work represents the first, targeted proteomic
analysis of glycolysis. By using a targeted proteomics approach employing MIDAS, an LC-
MRM assay was successfully designed based on a limited set of, in silico predicted,
[M+2H]2* = y,.1 transitions. Applying the assay in vitro revealed a similar glycolytic protein

expression profile in MCF-7 cells exposed to IGF-1 as that observed in invasive MDA-MB-
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231 cells. This finding demonstrates that increased expression of specific glycolysis
proteins may funnel carbon flux towards lactic acid production in invasive cancers,
supporting the acid-mediated invasion model. Finally, the robust LC-MRM assay for
glycolysis proteins is directly applicable across multiple laboratories and has potential for

analysis of patient biopsies.
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Chapter 4: Targeted Proteomics Reveals Changes in hnRNP A/B
Levels Associated with Cell Proliferation

Abstract

Heterogeneous nuclear ribonucleoproteins (hnRNPs) play important roles in many
cellular processes such as transcription, translation, chromatin remodelling, and signalling.
Although several hnRNPs are elevated in various cancers, the association of many family
members with cell proliferation is not well known. Here, we sought to investigate the
altered expression of hnRNP family members during cell proliferation by examining the
changes in expression of hnRNP proteins under IGF-1 stimulation, c-Myc knockdown, and
in the differentiation of C2C12 cells. Our approach employed multiple reaction monitoring
(MRM)-based mass spectrometry by which successful relative quantification was achieved
for peptides representing most of the hnRNP family. Our results showed interesting
differences in hnRNP K specific to the peptide GSDFDCELR, which was increased by IGF-1-
stimulation in Hek 293 and HeLa cells and decreased by c-Myc knockdown in Hek 293 cells.
Our more significant finding was the decreased levels of a lesser-known hnRNP (A/B)
under c-Myc knockdown in Hek 293, HeLa, and MCF-7 cells as well as in differentiated
C2C12 cells. Since other hnRNPs have been shown to influence mRNA splicing, we assessed
whether decreased hnRNP A/B levels accompany increased levels of pyruvate kinase M1
and M2 splice variant peptides using synthetic pyruvate kinase peptides as internal
standards. Increased levels of the M1 splice variant accompanied decreased levels of
hnRNP A/B in C2C12 cells but no differences in alternatively spliced peptides were
observed under c-Myc knockdown in Hek 293, HeLa, and MCF-7 cells. These findings
indicate that the lesser known hnRNP protein (A/B) may be involved in c-Myc-directed cell

proliferation and warrants further study.
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4.1 Introduction

The interface between RNA transcription and eventual protein translation in cells is
highly regulated by RNA/protein complexes. Comprising a major portion of these
complexes are heterogeneous nuclear ribonucleoproteins (hnRNPs). As a result of their
essential role in the proper expression of transcripts, alterations in hnRNP expression
could have dramatic effects on cell processes. The hnRNP family of proteins consists of
about 20 major members (A1-U), most are highly abundant in both the nucleus and the
cytosol?50 and they influence mRNA splice site selection, translation, and transport but
some also play a role in signalling?1. Many hnRNPs have been shown to be elevated in
different cancers. For example, hnRNP A1 is increased in chronic myelogenous leukemia
and in myeloid progenitor cells expressing the p210BCR/ABL goncoprotein252. hnRNP A2 has
been shown to be highly expressed in lung, 253 254 breast, 25> and pancreatic2>¢ cancers.
Additionally, hnRNPs A1, A0, and A3 in the nuclear matrix have also been associated with
colon cancer?s7.

The hnRNP proteins are thought to be crucial in bridging growth-related signals to
the regulation of mRNA transcription, transport, and degradation. Growth factor signalling
pathways and oncogenic transcription factors such as c-Myc are altered in many cancers
and, among other roles, facilitate metabolic changes necessary for cancer cell growth?258. In
growth factor stimulated Rat-1 cells, hnRNP A1 levels increase25? which correlates with
induction of several glycolysis proteins?¢0 and the c-Myc transcription factor26l. Increases
in hnRNP K levels have been shown to occur in growth factor-stimulated breast cancer
cells?62 and among the many roles proposed for hnRNP K, it may act as a key co-factor for
activation of the tumour suppressor protein p53263. Recently, hnRNP A1, hnRNP A2, and
hnRNP I (also called polypyrimidine tract binding protein 1; PTB1), under control of c-Myrc,
have been shown to alter metabolism in proliferating cells by altering splice site selection
towards the M2 splice variant of pyruvate kinase®? 61,

Since it is evident that growth signalling through c-Myc appears to affect several
hnRNPs we sought to fully characterize the expression changes in the hnRNP family under
stimulation by IGF-1 and c-Myc knockdown. The current method of choice for targeted

analysis of proteomic subsets is multiple reaction monitoring (MRM) analysis of
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representative tryptic peptides. Peptide analysis by MRM is efficiently multiplexed to
quantify pre-determined set of proteins and the advantages are outlined in Chapter 1.
Here, we used peptide MRM analysis to determine the expression of the entire hnRNP
family in both IGF-1 stimulated and c-Myc siRNA-transfected cells. We also use MRM to
quantify hnRNP expression changes accompanying levels of M1 and M2-unique peptides
between differentiated and proliferating C2C12 cells. While interesting peptide-specific
changes were observed for hnRNP K, our major finding indicates altered expression of
hnRNP A/B occurs under c-Myc knockdown and in C2C12 cells. hnRNP A/B does not
appear to be involved in pyruvate kinase splice site selection, is not well characterized, and

as a result of our findings, warrants further study.

4.2 Experimental Procedures

4.2.1 Cell Culture, IGF-1 Treatment, and C2C12 Cell Differentiation

MCF-7, HeLa, Hek 293, C2C12, and MDA-MB-231 cells were from the American Type
Culture Collection and cultured in DMEM (Invitrogen) with 10% fetal bovine serum (FBS)
at 5% COa. Several 75 cm? flasks of MCF-7, HeLa, and MDA-MB-231 were cultured for use as
a stock for MRM transition selection and optimization. For IGF-1 stimulation experiments,
MCF-7, HeLa, and Hek 293 cells were seeded at 100 000 cells per well in 6-well (9.8 cm?)
culture plates, serum starved for 48 h (in triplicate), and were either left untreated for 24 h
(non-treated control), or treated for 6, 12, or 24 h with 100 ng/mL IGF-1. C2C12 cells were
harvested at 60% confluence (proliferating) or grown to confluence then switched to
media containing 2% horse serum (differentiated). Both IGF-1 and differentiation

experiments were conducted in triplicate.

4.2.2 siRNA Transfection and Western Blotting.

Cells were seeded at 100,000 cells per well, in 6-well (9.8 cm?) culture plates, grown
for 24 h, then serum starved for 24 h. Media was then replaced with 10% FBS (non-treated;
NT), 10% FBS with 0.1% Lipofectamine 2000 (Invitrogen) and 50 nM positive control
siRNA (Ambion, Austin, TX) (mock-treated), or 10% FBS with 0.1% Lipofectamine 2000
(Invitrogen) and 50 nM c-Myc siRNA (Cell Signalling Technologies, Danver, MA) (c-Myc
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knockdown). Transfection proceeded for 48 h. Cells were harvested as below and split
prior to pelleting to reserve a sample for confirmation of c-Myc knockdown by Western
blot. The c-Myc antibody was from Cell Signalling Technologies and Actin and GAPDH
antibodies were from Santa Cruz (Santa Cruz, CA). Western blotting was performed as per

the manufacturer’s instructions.

4.2.3 Protein Extraction and Labelling of Peptides

Cells were washed with PBS, detached with 0.25% Trypsin/EDTA (Invitrogen),
immersed in 1 mL PBS and pelleted by centrifugation at 5000 x g. Lysis for hnRNP analysis
was conducted in 500 mM tri-ethyl ammonium bicarbonate (TEAB) (Sigma-Aldrich), pH
8.5, with 0.1% Rapigest (Waters) (1 mL per 75 cm? surface area of cells) using 3, 5 s, pulses
with a probe sonicator (Fisher Scientific). Lysis for analysis of PKM1/M2 peptides was
conducted in 500 mM TEAB by 20 passes through a 21 G 1 % needle and was followed by
centrifugation at 110 000 x g for 1 h. Total protein concentration was estimated using a
Bradford assay 1° with BSA as a standard. Digestion and stable isotope labelling by

reductive methylation of peptides (M+28 or M+32) was performed as described previously

264

4.2.4 hnRNP Peptide Product Ion Generation

Product ions for tryptic peptides from hnRNP proteins (accession numbers listed in
Fig. 4.1A) were acquired by a MIDAS approach towards MCF-7, MDA-MB-231 and HelLa
cells as described previously?¢4 and from an MS/MS dataset from MDA-MB-231 cells
acquired using a TripleTOF 5600 mass spectrometer (AB Sciex). MDA-MB-231 cell
preparation was as above except 4 mM methylmethane thiosulfanate (MMTS) and 2 mM
tris(2-carboxyethyl)phosphine (TCEP) were used as reducing and alkylating reagents
respectively. Online chromatography for TripleTOF MS/MS acquisition was performed
using an Eksigent nanoLC Ultra using a 200 pm x 0.5 mm trap column, a 75 pm x 15 cm
ChromXP C18-CL analytical column and a flow rate of 300 nL/min using a 60 minute
gradient of 10-30% mobile phase B (mobile phase A = 2% acetonitrile, 0.1% formic acid,
mobile phase B = 98% acetonitrile, 0.1% formic acid). TripleTOF acquisition setup was as

follows: >30000 resolution TOF MS survey scan, MS accumulation time of 250 ms, 20 IDA
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precursors selected at unit resolution, MS/MS accumulation time of 50 ms at > 15000

resolution, and a 1.3 s fixed cycle time.

4.2.5 hnRNP MRM Transition Selection

Spectra collected by MIDAS were searched against the IPI human database (v3.65)
using ProteinPilot (v3.0, AB Sciex) with iodoacetamide cysteine alkylation and dimethyl
labelling of lysine and N-termini as fixed modifications, rapid ID, and a protein detection
threshold of 0.05. Spectra collected by TripleTOF were searched against the IPI human
database (v3.65) using ProteinPilot (v.4.0, AB Sciex) with MMTS set as a fixed modification
and thorough ID. Positively identified spectra by MIDAS or TripleTOF analysis were
exported to MRM Pilot (v2.0, AB Sciex) and the four most intense fragment ions were
chosen for parent to fragment ion pairs (MRM transitions) for peptides. MRM transitions
were tested and optimized for 1D-LC-MRM (as described previously?64) using complex
digests of MCF-7, HeLa, and MDA MB-231 cells labeled M+28. Matching heavy isotope-

labeled (M+32) pairs were calculated for relative quantification.

4.2.6 Relative Quantification of hnRNPs

Aliquots (200 pL/40 pg) of complex digests from IGF-1 treatment (0 IGF, 6 IGF, 12
IGF, and 24 IGF) were labeled M+32, mixed with 50 pL (10 pg) of peptides from a stock
digest of the same cell line (labeled M+28) and desalted, all as described previously?264.
Aliquots (200 pL/40 pg) from siRNA-treated digests (mock and c-Myc) were labeled M+32
and mixed with 100 pL (20 pg) of, M+28-labeled, non-treated digest (NT). Aliquots (200
uL/40 pg) from differentiated and proliferating C2C12 cell complex digests were labelled
M+32 and M+28 respectively. Transitions selected and optimized for MRM were divided
into 3 acquisition methods (Appendix B) and hnRNP peptides were analyzed using 3
separate injections. For normalizing relative quantification, a fourth injection was made
using transitions for relative quantification of reference proteins (ACTAB, PPIA, RLPLO, and
YWHAZ) described previously?64, except peptides shared with actin isoforms other than
ACTAB were excluded. MRM analysis and generation of log; ratios was conducted using

Multiquant (v2.0) with acquisition and peak area calculation parameters described
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previously264. Log, ratios were normalized so the mean log: ratio of the reference proteins

was 0.

4.2.7 Absolute Quantification of Pyruvate Kinase Splice Variants

Peptides unique to the M1 (EAEAAMFHR) and M2 (CCSGAIIVLTK) isoforms and a
shared peptide (GDYPLEAVR) were synthesized and purified to >95% (Bio Basic Inc,,
Markam, ON, Canada). Peptides were dissolved in 50% acetonitrile, then diluted in 500 mM
TEAB (pH 8.5) to a final concentration of 10 pmol/pL, labeled M+36, and desalted and
dried as above. Labelled and desalted peptides were resuspended in 5% acetonitrile (0.1%
formic acid) and 10 pmol was injected onto a 300 pm x 10 cm C18 column (Waters) and
eluted into a Waters Quattro mass spectrometer using a gradient of 5 to 65% acetonitrile
(0.1% formic acid) over 10 minutes. Daughter scans were collected for each peptide parent
([M+2H]?*) using source voltage=3.4 eV, cone voltage=20 V, and collision energy
(V)=parent m/z + 25. Four transitions for each peptide were formed using the most intense
fragment ions (Appendix C). Further quantitative analysis was performed by MRM on a
4000 Qtrap mass spectrometer using parameters described previously?¢4. Endogenous
levels of PKM2 peptides in MCF-7 and HelLa cells were determined by using a peak area
calibration curve of a dilution series of M+36-labeled peptides (5000 fmol to 0.01 fmol per
ug of complex digest). For absolute quantification of PKM1 and M2 and shared peptides,
peak areas in M+28 labelled digests were calculated by reference to an internal standard of
100 fmol M+36 labeled peptide/ug protein (the approximate concentration of the
endogenous PKM2 peptides). Since the M1-unique peptide contains a potentially oxidized
methionine, additional transitions were included in each acquisition method to detect
possible oxidized peptides and prevent their interference with quantification. The
calculated levels of the M1-unique and M2-unique peptides were adjusted by setting the
the shared (total PKM) peptide equal to the mean of the shared peptide amount for each

cell line.
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4.3 Results

4.3.1 Targeting hnRNP Peptides Using MRM

To design an MRM assay for proteins belonging to the hnRNP family of proteins,
accession numbers for 23 hnRNP proteins selected from the UniprotKB database
(www.uniprot.org) (Fig. 4.1A) were used for peptide product ion generation by MIDAS,
based on predicted [M+2H]2*=> yn.1 dimethyl labeled peptide transitions. A total of 389
hnRNP tryptic peptides, 7-20 amino acids long, were predicted. Product ions for peptides
from hnRNP proteins were also selected from a dataset of MS/MS acquired using a 5600
TripleTOF mass spectrometer (AB Sciex) at a high sampling rate (20 MS/MS per s). The
number of hnRNP peptides identified from TripleTOF and MIDAS approaches was 159 and
49 respectively, with 29 identified by both approaches (Fig. 4.1B & 4.1C). The initial
success rate of these transitions by MRM was 26% and 55% for TripleTOF and MIDAS
respectively, to a total of 46 detectable hnRNP peptides by MRM (Fig. 4.1B). More peptides
(39) were identified for the hnRNPA group (hnRNPAO, hnRNPA1, hnRNPA2, and hnRNPA3)
and hnRNPM (24) than in other subgroups (Fig. 4.1C) suggesting that the A subgroup and
hnRNPM could be more abundant than other subgroups (D,C,H,U/R) in the cell lines used
for product ion generation (HeLa, MCF-7, and MDA MB-231).
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Figure 4.1. Summary of Peptide Identifications from the hnRNP Protein Family. A)
Targeted hnRNP proteins and their accession numbers. B) Venn diagrams illustrating the
number of peptides identified using targeted (MIDAS) and non-targeted (TripleTOF)
datasets and, of the identified peptides, those which gave successful MRM transitions for
each approach. C) Peptide identifications for each hnRNP protein from either dataset
(colored dots) depicted by their protein location in an average distance tree using
BLOSOM®62 from a ClustalW multiple sequence alignment. Shared peptides are indicated by
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4.3.2 Relative hnRNP Quantification in Growth Factor-treated Cells

Using our optimized MRM assay we measured the effects of IGF-1 stimulation on the
levels of hnRNPs. Relative quantitative MRM was used to compare protein expressed by
IGF-1 stimulated MCF-7, HeLa, and Hek 293 cells, to a control digest for each cell line.
Several peptides previously detected at the validation and optimization stages were not
successfully detected at an acceptable S/N for relative quantification under IGF-1
stimulation. Nevertheless, 26 hnRNP peptides, representing most of the family, were
measured by MRM for MCF-7, HeLa and Hek 293 cells (Fig. 4.2A). Normalized mean relative
expression (logz ratio) differences for peptides at each time point compared to the un-
stimulated digest are shown in Fig 4.2A. Differences in the levels of hnRNP peptides in
response to IGF-1 stimulation were mild and varied among cell lines. There was also
considerable variation for peptides of the same hnRNP, most likely attributable to
complexities in abundance from post-translational modifications. For example, in IGF-1
stimulated MCF-7 cells, the 24 h log; ratio differences from the un-stimulated digest for
IFVGGLSPDTPEEK and FGEVVDCTIK of hnRNP D were 0.79 and -0.42 respectively (Fig.
4.2A). The most notable differences were observed for hnRNP K, of which most of the
peptides were slightly elevated temporally in IGF-1 stimulated Hek 293 and Hela cells.
However, peptide-specific differences were observed for hnRNP K. Although
measurements were variable between biological replicates, the hnRNP K peptide,
GSDFDCELR, appeared to preferentially elevated over other peptides in Hek 293 (mean
log> ratio difference of 0.75 over 24h) and HeLa cells (mean logzratio difference of 0.56
over 12h) (Fig. 4B). The specific effect on GSDFDCELR was not observed in MCF-7 cells,
however (Fig. 4B).

81



A Log,ratio difference (from non-treated)

l 0
|

Time: 61224 61224 61224 hnRNP Peptide

A/
A/
Al
A2
|l A2
A2
A2
A2
A3
c
c
D
D
G
H1
H1

CHIREETARARAR

B EVYQQQQYGSGGR
B IFVGGLNPEATEEK
DYFEQYGK
DYFEEYGK
GGGGNFGPGPGSNFR
GGNFGFGDSR
IDTIEIITDR
TLETVPLER

+1
1

SSGSPYGGGYGSGGGSGGYGSR

SDVEAIFSK
VPPPPPIAR
FGEVVDCTIK
IFVGGLSPDTPEEK
FESPEVAER
EIAENALGK
GLPWSCSADEVQR
DLAGSIIGK
GSDFDCELR
NLPLPPPPPPR
TDYNASVSVPDSSGPER
SSSGLLEWESK
FEPYANPTK
GCAVVEFK
& Q TGYTLDVTTGQR
& Q TLIEAGLPQK
& I FIEIAAR

B —o— DLAGSIIGK
—e— GSDFDCELR
—e— NLPLPPPPPPR
—o— TDYNASVSVPDSSGPER

= Hek 293 = Hela = MCF-7
o o [$)

S 2 S 2- S 2+

o} L i}

© © ©

- o o

5 5 5

= 1 = 17 =S A7

f=d j=2) D

o o o

o | - -

= [~—1 = =

5 0 - ! 3 o 3 0

8 1 B 8

© b © o

L o o

= = =

1 ~ -1 ~ 1

o o o

o o o)

-l - -l

| | | I | | | I | | I | | I I
0 &5 10 15 20 0 5 10 15 20 0 & 10 15 20
Time (h) Time (h) Time (h)

Figure 4.2. Changes in hnRNP Expression in IGF-1-stimulated Cells. A) Relative
quantification for hnRNP peptides in IGF-1-stimulated Hek 293, HeLa, and MCF-7 cells as
determined by LC-MRM. Changes are expressed as a mean of the differences between each
time point [log: ratio (treated/control)] and non-treated cells [logz ratio (non-
treated/control)]. B) The hnRNP K peptide GSDFDCELR appears to be preferentially up-
regulated in growth factor stimulated Hek 293 and HeLa cells but not in MCF-7 cells. Error

bars are the standard error of the mean.
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4.3.3 Relative hnRNP Quantification Under c-Myc Knockdown

As a result of evidence that c-Myc influences the levels of several hnRNPs (A1 and
A2) and that c-Myc is influenced by growth signals, we measured changes in the expression
of hnRNPs under c-Myc knockdown in Hek 293, HeLa, and MCF-7 cells using relative
quantitative MRM. Mock siRNA and c-Myc siRNA transfected cell digests were both
compared to untreated cell digests (Fig. 4.3A). Similarly to the IGF-1 experiment, 28
hnRNP peptides were detected at an acceptable S/N for relative quantification by MRM
(Fig. 4.3B). Also similar to the IGF-1 experiment, c-Myc siRNA knockdown affected hnRNP
levels differently among cell lines and peptides of the same hnRNP (Fig. 4.3B). For
example, the hnRNP H1 peptide GLPWSCSADEVQR showed mean log; ratio differences
between c-Myc siRNA and mock siRNA treated digests in Hek 293 and HeLa cells of -1.47
and 0.69 respectively. Interestingly, c-Myc knockdown resulted in specifically decreased
levels of the hnRNP K peptide GSDFDCELR in Hek 293 cells (Fig 4.3C) - also increased by
IGF-1 stimulation. In all 3 cell lines, c-Myc knockdown resulted in decreased levels of
hnRNP A/B peptides (Fig. 4.3D). Unfortunately, the hnRNP A/B peptide, EVTQQQQYGSGGR
gave a poor signal in HeLa cells. These results were again mild and differences in hnRNP
A/B peptides between c-Myc siRNA and mock treated digests were not statistically
significant in a two-tailed t-test (0=0.05). Nevertheless, results were consistent between
cell lines. In Hek 293 and HelLa cells, c-Myc knockdown decreased the levels of peptides
shared between hnRNP R and hnRNP Q (Fig 4.3D), although again, results were not

statistically significant (a=0.05).
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Figure 4.3. Changes in hnRNP Expression by c-Myc Knockdown. A) Western blot
confirmation of c-Myc knockdown in HeLa, MCF-7, and Hek 293 cells. B) Changes in hnRNP
peptides under c-Myc knockdown as determined by MRM expressed as a mean log; ratio
difference [mean log; ratio (c-Myc siRNA/NT) - mean log; ratio (mock siRNA/NT)]. C)
Relative quantification showing specifically decreased levels of the hnRNP K peptide,
GSDFDCELR, in Hek 293 cells. D) Relative quantification showing decreased levels of
hnRNP A/B in Hek 293, HeLa, and MCF-7 cells and decreased levels of shared peptides of
hnRNP R and Q. Peptides are designated by the first 3 amino acids in the sequence. Error
bars are the standard error of the mean.
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4.3.4 Relative hnRNP Quantification and Absolute PKM1/M2 Quantification in
Differentiated C2C12 Cells

To further examine whether expression changes in proteins such as hnRNP K or
hnRNP A/B during cell proliferation and relate them to pyruvate kinase splice variant
expression, we conducted relative quantitative MRM of hnRNPs in mouse C2C12 cells.
These cells switch from proliferating cells to differentiated muscle-type cells upon
exposure to 2% horse serum (Fig. 4.4A), which is accompanied by increase levels of
PKM161. Western blots performed for c-Myc expression confirmed previous reports of
increased c-Myc expression in proliferating C2C12 cells (Fig. 4.4B). Relative quantification
of hnRNP peptides was performed using MRM, comparing differentiated and proliferating
C2C12 cells. Since hnRNPs from human and mouse are similar, many of the peptides (18)
could be detected in C2C12 cells as were in the IGF-1 and c-Myc experiments. Interestingly,
the greatest differences between differentiating and proliferating cells were observed for
hnRNP A/B, of which EVYQQQQYGSGGR and IFVGGLNPEATEEK show log:, ratios
(Differentiated:Proliferating) of -1.88 and -1.31 respectively (Fig 4.4C). Thus, the level of
hnRNP A/B expression is much higher in proliferating C2C12 cells and accompanies
increased c-Myc levels. Although hnRNP K showed no apparent differences, peptides of
hnRNP A1, A3, C, and D also showed decreased levels in differentiated C2C12 cells.

In addition to relative quantification of hnRNPs, we also assessed whether changes
in pyruvate kinase splicing accompanied the decreased levels of hnRNP A/B observed in
both differentiated C2C12 cells and cells under c-Myc knockdown. M1-unique
(EAEAAMFHR), M2-unique (CCSGAIIVLTK), and M1/M2-shared (GDYPLEAVR) (Fig 4.5A)
synthetic M+36-labeled peptides were used for absolute quantification by spiking
approximately endogenous levels (100 fmol/ug protein) into digests as internal standards.
Increased levels of the M1-unique peptide were observed in differentiated C2C12 cells but
surprisingly, increased levels of the M2-unique peptide were also observed. In Hek 293,
HeLa, and MCF-7 cells, we could not detect the M1-unique peptide thus levels of M1
expression in these cells were below the detection limit of EAEAAMFHR (~0.1 fmol/ug

protein). Further, we did not detect any differences in the M2-unique peptide between non-
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treated, mock siRNA-treated, or c-Myc siRNA-treated digests for any of the cell lines (Fig.
4.5C).
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Figure 4.4. Changes in hnRNP Expression in Differentiated C2C12 Cells. A) C2C12 cells
differentiated by switching to 2% horse serum for 7 days. B) Western blot showing c-Myc
expression in proliferating and differentiated C2C12 cells. C) Relative expression by LC-
MRM of hnRNP peptides showing decreased levels of hnRNP A/B, Al, A3, C, and D in
differentiated C2C12 cells. Peptides are designated by the first 3 amino acids in the
sequence. Error bars are the standard error of the mean.
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Figure 4.5. Absolute Quantification of the M2 Pyruvate Kinase Splice Variant in
C2C12 Cells and c-Myc siRNA Transfected Hek 293, HeLa and MCF-7 Cells. A) The
peptides GDYPLEAVR, EAEAAMFHR, and CCSGAIIVLTK were chosen to represent the
protein sequence encoded by exon 8 (shared by both variants), exon 9 (unique to the M1
variant), and exon 10 (unique to the M2 variant). Absolute quantification of each peptide
was achieved using M+36-labeled synthetic peptides as spiked internal standards. B)
Levels of the M2-unique and M1-unique peptides, normalized to the shared peptide (total
PKM) in proliferating and differentiated C2C12 cells. C) Levels of the M2-unique peptides,
normalized to the total PKM under c-Myc knockdown in Hek 293, HeLa, and MCF-7 cells.
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4.4 Discussion

Here, a novel targeted proteomics approach was taken to study the hnRNP family of
proteins and to determine changes in the levels of family members in response to growth
factor stimulation and c-Myc knockdown. We also determined hnRNPs accompanying
pyruvate kinase splice variants in C2C12 cells. As hnRNP proteins are involved in mRNA
splicing, transport, and translation, they are relatively abundant 250. As such, we were able
to identify many peptides from this family of proteins using both targeted and non-targeted
product ion generation approaches (Fig. 4.1C). The success rate for choosing suitable MRM
transitions from peptides from targeted (55%) and non-targeted (26%) approach was
slightly lower than our previous use of the same approaches (67% and 36% respectively)
to target glycolysis proteins?64. Incomplete overlap between the optimization and
experimental stages, where only the most robust peptide transitions were observed in all
experiments, is also consistent with our previous analysis?64. The low overlap is likely due
to variations in sample preparation including cell growth, digestion, labelling, and
desalting.

Using relative quantitative MRM to characterize hnRNP expression changes showed
mildy increased levels of a specific peptide (GSDFDCELR) of hnRNP K in IGF-1-stimulated
Hek 293 and Hela cells. Interestingly, this peptide decreased under c-Myc knockdown in
Hek 293 cells (Fig. 4.2B & 4.3C). hnRNP K is a multifunctional protein that consists of
several splice variants each existing in many post-translationally modified forms26> and has
been shown to interact with c-Src?¢6, perhaps mediating growth factor activated kinases
and regulation of mRNAZ265 processing. Although our results of growth factor stimulation on
increasing hnRNPK expression levels were mild and peptide specific, increases in hnRNPK
have been previously observed in EGF-stimulated cells?62. Also of note, hnRNP K is a
cofactor for p53 in response to DNA damage. The existence of known hnRNP K isoforms
might explain the peptide-specific differences we observed. However, GSDFDCELR does not
contain any recently reported hnRNP K splice variant or post-translational modifications in
serum stimulated cells?7. The specific differences we observed in GSDFDCELR could also
be related to RNA binding?%8 since this peptide is part of the KH2 (RNA interaction) domain

of hnRNP K, but it is unclear how this could have affected our results mechanistically.
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Further study is needed to explain whether peptide-specific differences in hnRNP K are
because of new variants, RNA-binding effects, or anomalies resulting from sample
preparation.

Our most intriguing finding from the relative quantitative MRM results showed
evidence for the control of hnRNP A/B (also call APOBEC1-binding protein 1) levels by c-
Myc in Hek 293, HeLa, and MCF-7 cells (Fig 4.3D). Although changes were small and
biological variation precluded statistical significance, this is further supported by
decreased hnRNP A/B in differentiated C2C12 cells, in which c-Myc also decreased (Fig
4.4B). In comparison to the hnRNP A, D, and K-type proteins, hnRNP A/B is poorly
characterized. hnRNP A/B, although its naming would suggest otherwise, has a greater
sequence similarity with the hnRNP D group than the hnRNP A group (Fig 4.1). It has been
proposed that hnRNP A/B, by interacting with APOBEC1, could be involved in RNA editing
of apolipoprotein B269. If shown to influence RNA editing for other proteins, hnRNP A/B
could have a profound effect on proper protein expression involved in many cellular
processes. Although the changes were again small, we also observed evidence for the
control of hnRNP R or Q expression by c-Myc in HeLa and MCF-7 cells (Fig. 4.3D). The
measurement of hnRNP R or Q could not be discerned because only peptides shared
between both isoforms were detected in this experiment. However, the lack of hnRNP Q-
unique peptides detected at the MRM-development stage (Fig. 4.1C) suggests hnRNP R was
predominant in the cells we used. The functions of hnRNP R are not well characterized but
it has recently been shown that it rapidly and strongly enhances transcription of the proto-
oncogene c-fos, which is a key response to external growth signals in cells?70. Additionally,
hnRNP R has been shown to play a role in axonal growth by interacting with -actin in
motor neurons?’1, If further shown that our data resulted from differences in hnRNP Q
levels, it is noteworthy that hnRNP Q (like hnRNP A/B) has also been implicated in RNA
editing by association with APOBEC1272.

MRM investigation of changes in PKM1/M2 splicing under c-Myc knockdown or in
C2C12 cells showed that hnRNP A/B was not correlated with PKM1/M2 splicing (Fig 4.4B
& 4.5C). Although it has previously been shown that c-Myc has been shown to influence
PKM1/M2 splicing through hnRNP A1, A2, and I (PTB) in mouse NIH 3T3 cells, our results

agree with previous work showing that the c-Myc knockdown effect on PKM1/M2 is not
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evident in HeLa cells®l. Also of interest, our observed decreases in hnRNP A1l levels in
differentiated C2C12 cells were not accompanied by decreases in hnRNP A2, previously
reported by others in the same scenario®® 1. Higher levels of PKM1 and persistent but
slightly decreased PKM2 levels were previously observed when comparing differentiated
and proliferating C2C12 cells®® 61 but our MRM results show increased levels of peptides
representing both splice variants (Fig. 4.5B). These discrepancies are not entirely
surprising since the influence of hnRNPs over PKM1/M2 splicing is a delicate balance likely
requiring recruitment of multiple hnRNP proteins into an mRNA-processing complex®? 61.
In fact, hnRNPs are typically found together in large nuclear complexes with other mRNA-
binding proteins and such interactions are required for hnRNPs to influence the processing
of pre-mRNA 273, 274 The levels of PKM2 we measured in Hek 293, HeLa, and MCF-7 cells
(Fig. 4.5), are close to those reported by LC-MRM analysis in cancerous endometrial tissues
of 85 fmol/pug protein27>. Finally, although we show that hnRNP A/B appears to be
influenced by c-Myc knockdown, no known c-Myc transcriptional promoter binding sites
are documented, evident by manual inspection of the genomic sequence, or predicted using

a promoter search tool (http://www-bimas.cit.nih.gov/molbio/proscan/) for hnRNP A/B.

Influences on hnRNP levels by c-Myc may then be indirect. Further, since differences under
c-Myc knockdown were small it is possible that hnRNP A/B changes in C2C12 and other
cell lines are regulated by proteins other than c-Myc. Nevertheless, our results show
evidence that hnRNP A/B could be influenced by proliferative growth signals and if
validated, hnRNP A/B and other hnRNPs such as hnRNP K may prove to be valuable targets

for novel cancer therapeutics.

4.5 Conclusion

The hnRNP proteins may serve as a key bridge between growth signalling pathways
and regulation of mRNA transcription and translation. Here, by targeted proteomics of the
hnRNP family using LC-MRM we revealed interesting peptide-specific differences in hnRNP
K and evidence that hnRNP A/B levels are influenced by c-Myc. We also show that hnRNP
A/B and c-Myc do not appear to be correlated with PKM1/M2 splicing in the human cell
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lines tested. Since the expression of hnRNPs has been associated with various cancers, the
roles of hnRNP A/B and perhaps hnRNP K should be addressed. If further shown to be
required for cancer cell proliferation, hnRNPs such as A/B could serve as novel therapeutic

targets for cancer.
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Chapter 5: Conclusion

Signal transduction pathways have been well studied in cancer since they harbour
many of the oncogenes and tumour suppressors that are mutated resulting in dysregulated
cell growth. As opposed to the study of immediately activated signal transduction effectors,
this study examines the changes that occur in protein expression far downstream of
growth factor signalling. Since constitutively active growth factor signalling pathways play
a significant role in cancer>?, this work enhances our understanding of the protein-
expression phenotype or “proteotype” that might be observed in cancers. Such proteotypes
might be associated with known cancer genotypes (mutated oncogenes and tumour
suppressors) and phenotypes and ultimately used to design novel therapeutics and
biomarker signatures for cancer and other growth signalling-related diseases?7¢. To study
these far downstream protein expression changes, we employed both non-targeted
shotgun proteomics using 2D-LC-MS/MS as well as targeted proteomics using MRM.

Through our proteomics experiments, we show evidence that up regulation of the
final stages of glycolysis (ENO1, PKM2, and LDHA) could be a proteotype for aberrant
growth signals. These results were initially indicated in discovery phase work and then
confirmed by more targeted approaches with MRM. Of benefit to targeted analysis of
patterns of glycolysis proteins, is their high abundance level in cells, leading to their
successful detection by LC-MRM from both cultured cells and cancerous lung tissue.
Targeted proteomics with LC-MRM has advantages over non-targeted shotgun proteomics
techniques such as increased throughput and better overlap in terms of peptides measured
between biological replicates, albeit at the expense of a global view of protein
expression?0. There are also inherent LC-MRM advantages over traditional affinity-based
detection such as Western blot or ELISA such as increased selectivity and the efficiency at
which quantification can be multiplexed?31. As a result of this success, LC-MRM of glycolysis
has immediate potential to contribute to a better understanding of the metabolism of
cancer cells, as well as its use in assessing the metabolic potential of tumours from patient

biopsies.
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The biological consequences of our LC-MRM-based results, which showed increased
ENO1, PKM2, and LDHA in growth-factor driven cells, likely center around a key regulator
of glycolysis in cancer - PKM2. The M2 pyruvate kinase variant is important for cell
proliferation which occurs as a result of its lower activity than the M1 variant?77.278 and
consequent funnelling of glycolytic intermediates to biosynthetic pathways2°8. High levels
of ENO1, PKM2, and LDHA in response to growth signals might, at first glance, serve to
alleviate the assimilation of upstream metabolites and direct the glycolytic flux to pyruvate
thus explaining how high levels of pyruvate (the immediate pyruvate kinase product) and
lactate are observed in cancer cells with a low activity pyruvate kinase variant. However, it
has recently been demonstrated that a phosphate from the substrate for pyruvate kinase,
phosphoenolpyruvate (PEP), can be transferred to PGAM1. Thus, our observed increases in
ENO1 and LDHA could be part of a continual cycle sustaining high PEP rates for PGAM1
phosphorylation and removal of pyruvate in the form of lactate. It is therefore fitting, and
perhaps necessary for cancer cell proliferation that growth factor signalling upregulates
this important metabolic control point. Key questions still remain in this system however
since the stoichiometries of the reactions are not known and pyruvate can also accumulate
through glutamine metabolism pathways?27°.

Much of the redirection of glycolysis intermediates to biosynthesis is through the
oxidative and non-oxidative pentose phosphate pathways which are respectively catalyzed
by G6PD and TKT?¢. It was therefore unexpected that we did not observe equally elevated
levels of G6PD and TKT as we did ENO1, PKM2, and LDHA in growth-factor-driven cells. It
is conceivable however, that reaction rates for biosynthesis might proceed in a
concentration-dependent manner, not requiring high increases in G6PD and TKT. Our
results, taken together with recent studies, suggest that the glycolytic proteins from PGAM1
to LDHA represent an important axis in cell proliferation, yet needs further study into its
regulation by downstream effectors of growth factors. Our findings will also need to be
correlated with metabolomic data to trace the destination of glycolysis intermediates in
proliferating cells.

Besides glycolytic proteins, our initial discovery-phase growth factor experiments
using MCF-7 cells showed evidence that IGF-1 stimulation appears to either up-regulate the

expression of Rab protein-regulated vesicle trafficking or results in their accumulation in
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the cytosol after 24 h of stimulation. Targeted proteomic analysis could not be successfully
conducted for the Rab family of proteins because most of the peptides measurable by LC-
MRM in preliminary analyses were shared between members of the family. However,
previous reports that Rab proteins are involved in endocytosis of receptors, suggest that
IGF-1 could stimulate Rab-mediated endocytosis of IGF-1R. Recent work shows that upon
activation by the IGF-1 ligand, IGF-1R translocates to the nucleus by endocytosis and
interacts with chromatin, putatively directly regulating transcription?8%. Nuclear-localized
IGF-1R was subsequently detected in renal cancer, pre-invasive breast, and non-malignant
proliferating cells?80. Since we observed IGF-1 stimulation to accompany increased levels of
several Rab proteins, we question whether Rab proteins facilitate IGF-1R endocytosis.
Moreover, perhaps endocytosis of IGF-1R directly regulates gene expression changes in
ENO1, PKM2, and LDHA - mechanisms which are currently poorly established and should
be addressed.

To attempt to explain the mechanism for consistent splice site regulation towards
the M2 variant of pyruvate kinase we based further targeted proteomic experiments on
two recent studies demonstrating that the constitutive expression of the M2 pyruvate
kinase variant is influenced by hnRNP proteins. Since hnRNP proteins are highly abundant,
we were able to successfully employ our previous techniques using MRM to study the
hnRNP family of proteins and to determine those that are increased in growth-factor
stimulated cells. Again, we propose that the MRM assay we have designed has the potential
to contribute to a better understanding of mRNA processing events in cells. Regulated by c-
Myc, the constitutive splice site selection towards the M2 splice variant of pyruvate kinase
in proliferating cells has recently been shown to be partly facilitated by hnRNPA1,
hnRNPA2, and hnRNPI (also called PTB) in NIH 3T3 cells ¢1. In the same study though, c-
Myc knockdown in HelLa cells showed no difference in hnRNPA1, hnRNPA2, hnRNP], or
PKM?2 splice site selection 1. Our LC-MRM analysis of hnRNP family peptides implicates
another lesser-known hnRNP (A/B) associated with cell proliferation. Our results show
hnRNP A/B appears to be increased in a c-Myc dependent manner. Regulation of PKM2
splice site selection by hnRNP A/B under the control of c-Myc was not evident here
however. It is possible that PKM2 splicing is influenced by other factors such as E2F and

AP1 or other means such as direct interaction of nuclear localized IGF-1R with chromatin.
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These are interesting hypotheses for tumour metabolism and should be evaluated.
Evidence we observed for peptide-specific differences in hnRNPK under c-Myc is novel and
possibly related to expression of new isoforms or post-translational modifications for
hnRNP K. Indeed, more isoforms of hnRNP K are thought to exist than those currently
known?¢’. Increased levels of hnRNPK are consistently shown in proliferating cells, to
which numerous functions have been attributed (as has been reviewed 26°). Finally, hnRNP
proteins likely function in large complexes with considerable functional redundancy among
closely related members of the family230. The necessity of formation of complexes is
evidenced by previous work showing that the M2 splice variant in cells is not completely
switched to M1 upon depletion of hnRNPA1, hnRNPA2, and hnRNPI®1.

The work described in this study has increased our understanding of some of the
fundamental far-downstream changes in the proteome of human cells in response to
growth signals. We propose that this knowledge can be used in guiding rational drug
design towards targets that might be more direct catalysts of cell proliferation than switch-
like oncogenes and tumour suppressors. It appears that metabolism proteins will play key
roles in this new direction for cancer therapeutics. Still, there are many unanswered
questions in this area of cancer. For example, how do the influences of growth signals effect
metabolic fluxes from glucose as opposed to other sources of carbon such as glutamine?
How do oncogene and tumour suppressor mutations directly result in altered metabolism?
As the population of cancer cells in a tumor evolves, do micro-environmental changes
(hypoxia, pH, etc.) select for metabolically-fit cells? If so, do proteins like ENO1, PKM2, and
LDHA provide selective advantages and can they be targeted to successfully kill cancer
cells? Finally, are poorly characterized, yet highly abundant proteins such as hnRNP A/B
required for cell proliferation? Continual efforts in this intriguing area of cell biology will

hopefully provide bring about answers to these questions.
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Appendices

Appendix A. Transitions for Glycolysis Peptides (M+28 and M+32) Uploadable to
Analyst (v1.4+) Software.

Q1 Q3 Dwell (msec) Identifier (Protein Peptide Fragment Label) CE
Method 1
502.7 701.3 5 ACTAB AGFAGDDAPR y7 M+28 28
504.7 701.3 5 ACTAB AGFAGDDAPR y7 M+32 28
502.7 848.4 5 ACTAB AGFAGDDAPR y8 M+28 28
504.7 848.4 5 ACTAB AGFAGDDAPR y8 M+32 28
502.7 905.4 5 ACTAB AGFAGDDAPR y9 M+28 30
504.7 905.4 5 ACTAB AGFAGDDAPR y9 M+32 30
609.3 1060.6 100 ACTAB EITALAPSTMK y10 M+28 32
613.3 1064.6 100 ACTAB EITALAPSTMK y10 M+32 32
609.3 846.5 100 ACTAB EITALAPSTMK y8 M+28 32
613.3 850.5 100 ACTAB EITALAPSTMK y8 M+32 32
609.3 947.5 21  ACTAB EITALAPSTMK y9 M+28 32
613.3 951.5 21  ACTAB EITALAPSTMK y9 M+32 32
580.8 825.4 15 ACTAB GYSFTTTAER y7 M+28 31
582.8 825.4 15 ACTAB GYSFTTTAER y7 M+32 31
580.8 912.4 6 ACTAB GYSFTTTAER y8 M+28 29
582.8 912.4 6 ACTAB GYSFTTTAER y8 M+32 29
580.8 1075.5 5 ACTAB GYSFTTTAER y9 M+28 33
582.8 1075.5 5 ACTAB GYSFTTTAER y9 M+32 33
614.3 1062.5 100 ACTAB HQGVMVGMGQK y10 M+28 36
618.3 1066.5 100 ACTAB HQGVMVGMGQK y10 M+32 36
614.3 877.5 96 ACTAB HQGVMVGMGQK y8 M+28 38
618.3 881.5 96 ACTAB HQGVMVGMGQK y8 M+32 38
614.3 934.5 43  ACTAB HQGVMVGMGQK y9 M+28 34
618.3 938.5 43  ACTAB HQGVMVGMGQK y9 M+32 34
772.9 1259.6 28 ACTAB QEYDESGPSIVHR y11 M+28 49
774.9 1259.6 28 ACTAB QEYDESGPSIVHR y11 M+32 49
772.9 1388.6 10 ACTAB QEYDESGPSIVHR y12 M+28 49
774.9 1388.6 10 ACTAB QEYDESGPSIVHR y12 M+32 49
772.9 852.5 9 ACTAB QEYDESGPSIVHR y8 M+28 49
774.9 852.5 9 ACTAB QEYDESGPSIVHR y8 M+32 49
594.8 791.4 12 ALDO ALANSLACQGK y7 M+28 35
598.8 795.4 12 ALDO ALANSLACQGK y7 M+32 35
594.8 905.5 11 ALDO ALANSLACQGK y8 M+28 31
598.8 909.5 11 ALDO ALANSLACQGK y8 M+32 31
594.8 976.5 5 ALDO ALANSLACQGK y9 M+28 31
598.8 980.5 5 ALDO ALANSLACQGK y9 M+32 31
536.8 690.3 8 ALDO QLLLTADDR y6 M+28 35
538.8 690.3 8 ALDO QLLLTADDR y6 M+32 35
536.8 803.4 7 ALDO QLLLTADDR y7 M+28 31
538.8 803.4 7 ALDO QLLLTADDR y7 M+32 31
536.8 916.5 5 ALDO QLLLTADDR y8 M+28 33
538.8 916.5 5 ALDO QLLLTADDR y8 M+32 33
484.8 496.3 5 ALDOA ELSDIAHR y4 M+28 36
486.8 496.3 5 ALDOA ELSDIAHR y4 M+32 36
484.8 698.4 10 ALDOA ELSDIAHR y6 M+28 24
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29
29
29
29
45
45
45
45
41
41
35
35
31
31
29
29

30
30
26
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473.3
471.3
473.3
660.9
664.9
660.9
664.9
660.9
664.9
843.5
847.5
843.5
847.5
843.5
847.5
534.3
538.3
534.3
538.3
534.3
538.3
638.8
640.8
638.8
640.8
638.8
640.8
711.4
713.4
711.4
713.4
711.4
713.4
596.8
598.8
596.8
598.8
596.8
598.8
643.4
645.4
643.4
645.4
643.4
645.4
665.9
667.9
665.9
667.9
665.9
667.9
540.3
542.3
540.3
542.3
540.3
542.3
641.3

701.4
800.5
800.5
1164.7
1168.7
837.5
841.5
1065.6
1069.6
1142.7
1146.7
958.5
962.5
1029.6
1033.6
706.4
710.4
803.5
807.5
940.5
944.5
1036.4
1036.4
1149.5
1149.5
892.4
892.4
1246.6
1246.6
848.4
848.4
1018.5
1018.5
732.4
732.4
831.5
831.5
978.5
978.5
1200.6
1200.6
830.5
830.5
1072.6
1072.6
1173.6
1173.6
900.5
900.5
987.6
987.6
704.4
704.4
803.4
803.4
950.5
950.5
719.4

100
20
20
37
37

100

100

100

100

100

100

100

100

100

100
19
19

100

100

100

100
46
46
10
10

100

100

100

100

100

100

100

100
10
10
20
20
15
15

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100
30
30

100

LDHA LVIITAGAR  y7 M+32
LDHA LVIITAGAR y8 M+28
LDHA LVIITAGAR y8 M+32

LDHA QVVESAYEVIK
LDHA QVVESAYEVIK
LDHA QVVESAYEVIK
LDHA QVVESAYEVIK
LDHA QVVESAYEVIK
LDHA QVVESAYEVIK

LDHA SLADELALVDVLEDK y10 M+28
LDHA SLADELALVDVLEDK y10 M+32

y10 M+28
y10 M+32
y7 M+28
y7 M+32
y9 M+28
y9 M+32

LDHA SLADELALVDVLEDK y8 M+28
LDHA SLADELALVDVLEDK y8 M+32
LDHA SLADELALVDVLEDK y9 M+28
LDHA SLADELALVDVLEDK y9 M+32
LDHA VHPVSTMIK y6 M+28
LDHA VHPVSTMIK y6 M+32
LDHA VHPVSTMIK y7 M+28
LDHA VHPVSTMIK y7 M+32
LDHA VHPVSTMIK y8 M+28
LDHA VHPVSTMIK y8 M+32

LDHA VIGSGCNLDSAR
LDHA VIGSGCNLDSAR
LDHA VIGSGCNLDSAR
LDHA VIGSGCNLDSAR

y10 M+28
y10 M+32
y11 M+28
y11 M+32

LDHA VIGSGCNLDSAR y8 M+28
LDHA VIGSGCNLDSAR y8 M+32

MDH1 FVEGLPINDFSR y11 M+28
MDH1 FVEGLPINDFSR y11 M+32

MDH1 FVEGLPINDFSR y7 M+28
MDH1 FVEGLPINDFSR y7 M+32
MDH1 FVEGLPINDFSR y9 M+28
MDH1 FVEGLPINDFSR y9 M+32
MDH1 GEFVTTVQQR y6 M+28
MDH1 GEFVTTVQQR y6 M+32
MDH1 GEFVTTVQQR y7 M+28
MDH1 GEFVTTVQQR y7 M+32
MDH1 GEFVTTVQQR y8 M+28
MDH1 GEFVTTVQQR y8 M+32
PFKL GQLESIVENIR y10 M+28
PFKL GQLESIVENIR y10 M+32
PFKL GQLESIVENIR y7 M+28
PFKL GQLESIVENIR y7 M+32
PFKL GQLESIVENIR y9 M+28
PFKL GQLESIVENIR y9 M+32
PFKP EWSGLLEELAR y10 M+28
PFKP EWSGLLEELAR y10 M+32
PFKP EWSGLLEELAR y8 M+28
PFKP EWSGLLEELAR y8 M+32
PFKP EWSGLLEELAR y9 M+28
PFKP EWSGLLEELAR y9 M+32
PFKP TFVLEVMGR y6 M+28
PFKP TFVLEVMGR y6 M+32
PFKP TFVLEVMGR y7 M+28
PFKP TFVLEVMGR y7 M+32
PFKP TFVLEVMGR y8 M+28
PFKP TFVLEVMGR y8 M+32
PFKP YLEEIATQMR y6 M+28

26
28
28
36
36
38
38
36
36
44
44
44
44
48
48
33
33
29
29
33
33
33
33
37
37
33
33
38
38
36
36
40
40
31
31
35
35
31
31
34
34
38
38
38
38
38
38
32
32
40
40
31
31
31
31
31
31
37
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643.3
641.3
643.3
641.3
643.3
870.5
874.5
870.5
874.5
870.5
874.5

Method 4

558.3
562.3
558.3
562.3
558.3
562.3

963

967

963

967

963

967
480.8
484.8
480.8
484.8
480.8
484.8
470.8
474.8
470.8
474.8
470.8
474.8
831.9
833.9
831.9
833.9
831.9
833.9
503.3
507.3
503.3
507.3
503.3
507.3

899

903

899

903

899

903
712.4
716.4

719.4
977.5
977.5
1090.6
1090.6
1527.8
1531.8
725.5
729.5
1097.6
1101.6

730.5
734.5
787.5
791.5
950.5
954.5
1750.8
1754.8
1204.6
1208.6
1333.6
1337.6
617.4
621.4
748.4
752.4
861.5
865.5
556.3
560.3
670.4
674.4
783.4
787.4
1250.6
1250.6
1349.7
1349.7
1521.7
1521.7
502.3
506.3
763.4
767.4
878.4
882.4
1259.7
1263.7
1346.7
1350.7
1669.9
1673.9
1187.7
1191.7

100
100
100

17

17
100
100
100
100
100
100

100
100
47
47
16
16
100
100
100
100
100
100
100
100
100
100
100
100
34
34
100
100
37
37
67
67
82
82
21
21
100
100
100
100
100
100
100
100
58
58
30
30
100
100

PFKP YLEEIATQMR
PFKP YLEEIATQMR
PFKP YLEEIATQMR
PFKP YLEEIATQMR
PFKP YLEEIATQMR

y6 M+32
y8 M+28
y8 M+32
y9 M+28
y9 M+32

PGAM
PGAM
PGAM
PGAM
PGAM
PGAM

PGAM
PGAM
PGAM
PGAM
PGAM
PGAM
PGAM
PGAM
PGAM
PGAM
PGAM
PGAM
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1
PGK1

ALPFWNEEIVPQIK y12 M+28
ALPFWNEEIVPQIK y12 M+32
ALPFWNEEIVPQIK y6 M+28
ALPFWNEEIVPQIK y6 M+32
ALPFWNEEIVPQIK y9 M+28
ALPFWNEEIVPQIK y9 M+32

HYGGLTGLNK y7 M+28
HYGGLTGLNK y7 M+32
HYGGLTGLNK y8 M+28
HYGGLTGLNK y8 M+32
HYGGLTGLNK y9 M+28
HYGGLTGLNK y9 M+32

1 YADLTEDQLPSCESLK
1 YADLTEDQLPSCESLK
1 YADLTEDQLPSCESLK
1 YADLTEDQLPSCESLK
1 YADLTEDQLPSCESLK
1 YADLTEDQLPSCESLK
ALMDEVVK y5 M+28
ALMDEVVK y5 M+32
ALMDEVVK y6 M+28
ALMDEVVK y6 M+32
ALMDEVVK y7 M+28
ALMDEVVK y7 M+32
ELNYFAK y4 M+28
ELNYFAK y4 M+32
ELNYFAK y5 M+28
ELNYFAK y5 M+32
ELNYFAK y6 M+28
ELNYFAK y6 M+32

b15 M+28
b15 M+32
y10 M+28
y10 M+32
y11 M+28
y11 M+32

LGDVYVNDAFGTAHR y11 M+28
LGDVYVNDAFGTAHR y11 M+32
LGDVYVNDAFGTAHR y12 M+28
LGDVYVNDAFGTAHR y12 M+32
LGDVYVNDAFGTAHR y14 M+28
LGDVYVNDAFGTAHR y14 M+32

VDFNVPMK  y4 M+28
VDFNVPMK  y4 M+32
VDFNVPMK y6 M+28
VDFNVPMK y6 M+32
VDFNVPMK  y7 M+28
VDFNVPMK  y7 M+32
VSHVSTGGGASLELLEGK
VSHVSTGGGASLELLEGK
VSHVSTGGGASLELLEGK
VSHVSTGGGASLELLEGK
VSHVSTGGGASLELLEGK
VSHVSTGGGASLELLEGK

y13 M+28
y13 M+32
y1l4 M+28
y14 M+32
y17 M+28
y17 M+32

PGK1 AHSSMVGVNLPQK y11 M+28
PGK1 AHSSMVGVNLPQK y11 M+32

37
33
33
37
37
39
39
45
45
45
45

26
26
34
34
34
34
43
43
49
49
53
53
30
30
30
30
30
30
34
34
28
28
28
28
42
42
48
48
42
42
35
35
29
29
25
25
45
45
45
45
49
49
36
36
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712.4
716.4
712.4
716.4
639.4
643.4
639.4
643.4
639.4
643.4
599.4
603.4
599.4
603.4
599.4
603.4
524.3
526.3
524.3
526.3
524.3
526.3
495.3
499.3
495.3
499.3
495.3
499.3
523.8
527.8
523.8
527.8
523.8
527.8
627.3
631.3
627.3
631.3
627.3
631.3
759.9
763.9
759.9
763.9
759.9
763.9

Method 5

613.3
615.3
613.3
615.3
613.3
615.3
694.4
696.4
694.4

1324.7
1328.7
783.5
787.5
1089.7
1093.7
842.6
846.6
929.6
933.6
585.4
589.4
714.4
718.4
884.5
888.5
684.4
684.4
847.5
847.5
962.5
962.5
644.4
648.4
791.5
795.5
904.5
908.5
645.4
649.4
874.5
878.5
961.5
965.5
783.4
787.4
898.4
902.4
11125
1116.5
1214.7
1218.7
1377.8
1381.8
885.6
889.6

1084.6
1084.6
741.4
741.4
969.5
969.5
1245.7
1245.7
861.4

100
100
100
100
55
55
18
18
100
100

(Vo TN T U, RO, B O B O U I U B O O B B VA I V)

v NN
w w w w

v UL L1 © O

34

34
100
100

100
100
89
89
100
100

(O B0 BV, B ) e ) O B U B U R V]

PGK1 AHSSMVGVNLPQK
PGK1 AHSSMVGVNLPQK
PGK1 AHSSMVGVNLPQK
PGK1 AHSSMVGVNLPQK

y12 M+28
y12 M+32
y7 M+28
y7 M+32

PKM2 CCSGAIIVLTK  y10 M+28
PKM2 CCSGAIIVLTK  y10 M+32

PKM2 CCSGAIIVLTK y8
PKM2 CCSGAIIVLTK y8
PKM2 CCSGAIIVLTK  y9
PKM2 CCSGAIIVLTK  y9
PKM2 GDLGIEIPAEK y5
PKM2 GDLGIEIPAEK y5
PKM2 GDLGIEIPAEK y6
PKM2 GDLGIEIPAEK y6
PKM2 GDLGIEIPAEK y8
PKM2 GDLGIEIPAEK y8

M+28
M+32
M+28
M+32
M+28
M+32
M+28
M+32
M+28
M+32

PKM2 GDYPLEAVR y6 M+28
PKM2 GDYPLEAVR y6 M+32
PKM2 GDYPLEAVR y7 M+28
PKM2 GDYPLEAVR y7 M+32
PKM2 GDYPLEAVR y8 M+28
PKM2 GDYPLEAVR y8 M+32

PKM2 GIFPVLCK y5 M+
PKM2 GIFPVLCK y5 M+
PKM2 GIFPVLCK y6 M+
PKM2 GIFPVLCK y6 M+
PKM2 GIFPVLCK y7 M+
PKM2 GIFPVLCK y7 M+
PKM2 GSGTAEVELK y5
PKM2 GSGTAEVELK y5
PKM2 GSGTAEVELK y8
PKM2 GSGTAEVELK y8
PKM2 GSGTAEVELK y9
PKM2 GSGTAEVELK y9
PKM2 ITLDNAYMEK y6
PKM2 ITLDNAYMEK y6
PKM2 ITLDNAYMEK y7
PKM2 ITLDNAYMEK y7
PKM2 ITLDNAYMEK y9
PKM2 ITLDNAYMEK y9
PKM2 IYVDDGLISLQVK

PKM2 IYVDDGLISLQVK

PKM2 IYVDDGLISLQVK

PKM2 IYVDDGLISLQVK

PKM2 IYVDDGLISLQVK

PKM2 IYVDDGLISLQVK

28

32

28

32

28

32

M+28
M+32
M+28
M+32
M+28
M+32
M+28
M+32
M+28
M+32
M+28
M+32
y11 M+28
y11 M+32
y12 M+28
y12 M+32
y8 M+28
y8 M+32

PKM2 LDIDSPPITAR y10 M+28
PKM2 LDIDSPPITAR y10 M+32

PKM2 LDIDSPPITAR y7
PKM2 LDIDSPPITAR y7
PKM2 LDIDSPPITAR y9
PKM2 LDIDSPPITAR y9

M+28
M+32
M+28
M+32

PKM2 NTGIICTIGPASR  y12 M+28
PKM2 NTGIICTIGPASR  y12 M+32
PKM2 NTGIICTIGPASR y8 M+28

36
36
36
36
35
35
39
39
35
35
35
35
31
31
31
31
32
32
32
32
32
32
31
31
31
31
27
27
36
36
32
32
32
32
39
39
37
37
31
31
38
38
38
38
42
42

34
34
42
42
34
34
40
40
40
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696.4
694.4
696.4
653.8
655.8
653.8
655.8
653.8
655.8
605.8
609.8
605.8
609.8
605.8
609.8
813.9
815.9
813.9
815.9
813.9
815.9
637.4
641.4
637.4
641.4
637.4
641.4
517.8
521.8
517.8
521.8
517.8
521.8
564.8
568.8
564.8
568.8
564.8
568.8
757.9
761.9
757.9
761.9
757.9
761.9
691.9
695.9
691.9
695.9
691.9
695.9

830

834

830

834

830

834
505.8

861.4
974.5
974.5
1149.5
1149.5
734.35
734.35
961.5
961.5
791.5
795.5
906.5
910.5
1035.5
1039.5
1372.6
1372.6
1485.7
1485.7
940.4
940.4
891.5
895.5
1019.5
1023.5
1132.6
1136.6
644.4
648.4
741.5
745.5
869.5
873.5
651.4
655.4
798.4
802.4
986.5
990.5
1250.6
1254.6
1349.7
1353.7
917.5
921.5
965.5
969.5
1128.5
11325
1241.6
1245.6
1248.7
1252.7
1531.9
1535.9
956.6
960.6
589.3

73
73
73
73
64
64
100
100
32
32

40
40
94
94

100

100

100

100
95
95
14
14

100

100
22
22
40
40

100

100
40
40
52
52
26
26
15
15
57
57

(S B B U N

100
100
89
89
61
61
23

PKM2 NTGIICTIGPASR  y8 M+32
PKM2 NTGIICTIGPASR  y9 M+28
PKM2 NTGIICTIGPASR  y9 M+32
PPIA EGMNIVEAMER y10 M+28
PPIA EGMNIVEAMER y10 M+32
PPIA EGMNIVEAMER y6 M+28
PPIA EGMNIVEAMER y6 M+32
PPIA EGMNIVEAMER y8 M+28
PPIA EGMNIVEAMER y8 M+32

PPIA FEDENFILK y6 M+28
PPIA FEDENFILK y6 M+32
PPIA FEDENFILK y7 M+28
PPIA FEDENFILK y7 M+32
PPIA FEDENFILK y8 M+28
PPIA FEDENFILK y8 M+32

PPIA IPGFMCQGGDFTR y12 M+28
PPIA IPGFMCQGGDFTR y12 M+32
PPIA IPGFMCQGGDFTR y13 M+28
PPIA IPGFMCQGGDFTR y13 M+32
PPIA IPGFMCQGGDFTR y8 M+28
PPIA IPGFMCQGGDFTR y8 M+32
RLPLO IIQLLDDYPK y7 M+28

RLPLO IIQLLDDYPK y7 M+32

RLPLO IIQLLDDYPK y8 M+28

RLPLO IIQLLDDYPK y8 M+32

RLPLO IIQLLDDYPK y9 M+28

RLPLO IIQLLDDYPK y9 M+32

TKT HQPTAIIAK y6 M+28
TKT HQPTAIIAK y6 M+32
TKT HQPTAIIAK y7 M+28
TKT HQPTAIIAK y7 M+32
TKT HQPTAIIAK y8 M+28
TKT HQPTAIIAK y8 M+32
TKT NSTFSEIFK y5 M+28
TKT NSTFSEIFK y5 M+32
TKT NSTFSEIFK y6 M+28
TKT NSTFSEIFK y6 M+32
TKT NSTFSEIFK y8 M+28
TKT NSTFSEIFK y8 M+32

TP1 HVFGESDELIGQK y11 M+28
TP1 HVFGESDELIGQK y11 M+32
TP1 HVFGESDELIGQK y12 M+28
TP1 HVFGESDELIGQK y12 M+32
TP1 HVFGESDELIGQK y8 M+28

TP1 HVFGESDELIGQK y8 M+32

TP1IIYGGSVTGATCK y10 M+28
TP1IIYGGSVTGATCK y10 M+32
TP1IIYGGSVTGATCK y11 M+28
TP1IIYGGSVTGATCK y11 M+32
TP1IIYGGSVTGATCK y12 M+28
TP1IIYGGSVTGATCK y12 M+32

TP1 VVLAYEPVWAIGTGK
TP1 VVLAYEPVWAIGTGK
TP1 VVLAYEPVWAIGTGK
TP1 VVLAYEPVWAIGTGK
TP1 VVLAYEPVWAIGTGK
TP1 VVLAYEPVWAIGTGK

y1l M+28
y1ll M+32
yl4 M+28
y1l4 M+32
y9 M+28
y9 M+32

TPI FFVGGNWK y5 M+28

40
40
40
33
33
33
33
33
33
30
30
30
30
30
30
41
41
41
41
41
41
32
32
32
32
32
32
35
35
31
31
31
31
40
40
30
30
30
30
40
40
40
40
40
40
41
41
39
39
31
31
42
42
42
42
34
34
35
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509.8
505.8
509.8
505.8
509.8
597.4
601.4
597.4
601.4
597.4
601.4
735.9
739.9
735.9
739.9
735.9
739.9
631.8
633.8
631.8
633.8
631.8
633.8
761.9
765.9
761.9
765.9
761.9
765.9
453.8
457.8
453.8
457.8
453.8
457.8
680.5
680.5
684.5
684.5
680.5
684.5

593.3
688.4
692.4
835.5
839.5
882.4
886.4
981.5
985.5
1052.5
1056.5
1314.8
1318.8
815.5
819.5
928.6
932.6
1147.6
1147.6
732.4
732.4
934.5
934.5
1221.6
1225.6
1393.7
1397.7
868.5
872.5
533.3
537.3
680.4
684.4
779.4
783.4
1072.6
1185.6
1076.6
1189.6
959.5
963.5

23
34
34
12
12
13
13
12
12

100
100
100
100
100
100

N NN N w;

B R NN R R
NN UL D

LS 2 BV B U B O B O U B U BV U R O B VA BV )

P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P

VVFEQTK
VVFEQTK
VVFEQTK
VVFEQTK
VVFEQTK
VVFEQTK

FFVGGNWK  y5 M+32
FFVGGNWK y6 M+28
FFVGGNWK y6 M+32
FFVGGNWK y7 M+28
FFVGGNWK  y7 M+32
IAVAAQNCYK y7 M+28
IAVAAQNCYK y7 M+32
IAVAAQNCYK y8 M+28
IAVAAQNCYK y8 M+32
IAVAAQNCYK y9 M+28
IAVAAQNCYK y9 M+32
QSLGELIGTLNAAK y13 M+28
QSLGELIGTLNAAK y13 M+32
QSLGELIGTLNAAK y8 M+28
QSLGELIGTLNAAK y8 M+32
QSLGELIGTLNAAK y9 M+28
QSLGELIGTLNAAK y9 M+32
SNVSDAVAQSTR y11 M+28
SNVSDAVAQSTR y11 M+32
SNVSDAVAQSTR y7 M+28
SNVSDAVAQSTR y7 M+32
SNVSDAVAQSTR y9 M+28
SNVSDAVAQSTR y9 M+32
TATPQQAQEVHEK y10 M+28
TATPQQAQEVHEK y10 M+32
TATPQQAQEVHEK y12 M+28
TATPQQAQEVHEK y12 M+32
TATPQQAQEVHEK y7 M+28
TATPQQAQEVHEK y7 M+32

v4 M+28
v4 M+32
y5 M+28
y5 M+32
y6 M+28
y6 M+32

YWHAZ FLIPNASQAESK y10 M+28
YWHAZ FLIPNASQAESK y11 M+28
YWHAZ FLIPNASQAESK y10 M+32
YWHAZ FLIPNASQAESK y11 M+32
YWHAZ FLIPNASQAESK y9 M+28
YWHAZ FLIPNASQAESK y9 M+32

35
29
29
29
29
35
35
35
35
33
33
39
39
39
39
39
39
37
37
39
39
35
35
43
43
39
39
45
45
33
33
27
27
27
27
34
34
34
34
34
34
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Appendix B. Transitions for hnRNP Peptides (M+28 and M+32) Uploadable to
Analyst (v1.4+) Software.

Ql

Q3

Dwell (msec)

Identifier (hnRNP Peptide Fragment Label) CE

Method 1

660.9
664.9
660.9
664.9
660.9
664.9
660.9
664.9
702.8
704.8
702.8
704.8
702.8
704.8
702.8
704.8
553.7
557.7
553.7
557.7
553.7
557.7
553.7
557.7
553.2
557.2
553.2
557.2
553.2
557.2
553.2
557.2
561.8
565.8
561.8
565.8
561.8
565.8
561.8
565.8
546.3
548.3
546.3
548.3
546.3

746.4
750.4
860.5
864.5
961.5
965.5
1074.6
1078.6
1105.5
1105.5
748.3
748.3
847.4
847.4
976.5
976.5
583.2
587.2
653.3
657.3
800.4
804.4
963.4
967.4
875.4
879.4
652.3
656.3
799.4
803.4
962.4
966.4
855.5
859.5
558.3
562.3
721.4
725.4
818.4
822.4
603.3
603.3
700.4
700.4
787.4

32
32
38
38
32
32
10
10
56
56
100
100
10
10
10
10
11
11
10
10
10
10
10
10
10
10
10
10
10
10
10
10
100
100
100
100
93
93
100
100
100
100
10
10
10

M AFITNIPFDVK y6 M+28

M AFITNIPFDVK y6 M+32

M AFITNIPFDVK y7 M+28

M AFITNIPFDVK y7 M+32

M AFITNIPFDVK y8 M+28

M AFITNIPFDVK y8 M+32

M AFITNIPFDVK y9 M+28

M AFITNIPFDVK y9 M+32

Al ATVEEVDAAMNAR y10 M+28
Al ATVEEVDAAMNAR y10 M+32
Al ATVEEVDAAMNAR y7 M+28
Al ATVEEVDAAMNAR y7 M+32
Al ATVEEVDAAMNAR y8 M+28
Al ATVEEVDAAMNAR y8 M+32
Al ATVEEVDAAMNAR y9 M+28
Al ATVEEVDAAMNAR y9 M+32
A2 DYFEEYGK b4 M+28

A2 DYFEEYGK b4 M+32

A2 DYFEEYGK y5 M+28

A2 DYFEEYGK y5 M+32

A2 DYFEEYGK y6 M+28

A2 DYFEEYGK y6 M+32

A2 DYFEEYGK y7 M+28

A2 DYFEEYGK y7 M+32

Al DYFEQYGK b6 M+28

Al DYFEQYGK b6 M+32

Al DYFEQYGK y5 M+28

Al DYFEQYGK y5 M+32

Al DYFEQYGK y6 M+28

Al DYFEQYGK y6 M+32

A1l DYFEQYGKy7 M+28

Al DYFEQYGK y7 M+32

M FEPYANPTK y8 M+28

M FEPYANPTK y8 M+32

M FEPYANPTK y5 M+28

M FEPYANPTK y5 M+32

M FEPYANPTK y6 M+28

M FEPYANPTK y6 M+32

M FEPYANPTK y7 M+28

M FEPYANPTK y7 M+32

M FESPEVAER y5 M+28

M FESPEVAER y5 M+32

M FESPEVAER y6 M+28

M FESPEVAER y6 M+32

M FESPEVAER y7 M+28

33
33
33
33
33
33
33
33
35
35
35
35
35
35
35
35
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
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548.3
546.3
548.3
424.2
426.2
424.2
426.2
424.2
426.2
424.2
426.2
698.9
702.9
698.9
702.9
698.9
702.9
698.9
702.9

860

862

860

862

860

862

860

862
552.8
556.8
552.8
556.8
552.8
556.8
552.8
556.8
612.3
616.3
612.3
616.3
612.3
616.3
612.3
616.3
572.2
576.2
572.2
576.2
572.2
576.2
572.2
576.2
883.4
887.4
883.4

787.4
916.4
916.4
317.2
317.2
430.3
430.3
559.3
559.3
672.4
672.4
1142.6
1146.6
801.4
805.4
914.5
918.5
1029.6
1033.6
1090.6
1090.6
1317.7
1317.7
1430.8
1430.8
877.4
877.4
662.4
666.4
777.4
781.4
905.5
909.5
962.5
966.5
1049.5
1053.5
724.3
728.3
871.4
875.4
968.5
972.5
546.3
550.3
675.3
679.3
838.4
842.4
1001.4
1005.4
1118.5
11225
1265.6

10
10
10
10
10
10
10
10
10
10
10
10
10
58
58
10
10
100
100
10
10
10
10
100
100
61
61
10
10
10
10
27
27
10
10
10
10
45
45
19
19
10
10
20
20
11
11
10
10
10
10
41
41
10

M FESPEVAER y7 M+32

M FESPEVAER y8 M+28

M FESPEVAER y8 M+32

U FIEIAAR y3 M+28

U FIEIAAR y3 M+32

U FIEIAAR y4 M+28

U FIEIAAR y4 M+32

U FIEIAAR y5 M+28

U FIEIAAR y5 M+32

U FIEIAAR y6 M+28

U FIEIAAR y6 M+32

K IILDLISESPIK y10 M+28

K IILDLISESPIK y10 M+32

K IILDLISESPIK y7 M+28

K IILDLISESPIK y7 M+32

K IILDLISESPIK y8 M+28

K IILDLISESPIK y8 M+32

K IILDLISESPIK y9 M+28

K IILDLISESPIK y9 M+32

AO LFIGGLNVQTSESGLR y10 M+28
AO LFIGGLNVQTSESGLR y10 M+32
AO LFIGGLNVQTSESGLR y13 M+28
AO LFIGGLNVQTSESGLR y13 M+32
AO LFIGGLNVQTSESGLR y14 M+28
AO LFIGGLNVQTSESGLR y14 M+32
AO LFIGGLNVQTSESGLR y8 M+28
AO LFIGGLNVQTSESGLR y8 M+32
U NGQDLGVAFK y6 M+28

U NGQDLGVAFK y6 M+32

U NGQDLGVAFK y7 M+28

U NGQDLGVAFK y7 M+32

U NGQDLGVAFK y8 M+28

U NGQDLGVAFK y8 M+32

U NGQDLGVAFK y9 M+28

U NGQDLGVAFK y9 M+32

M NLPFDFTWK b8 M+28

M NLPFDFTWK b8 M+32

M NLPFDFTWK y5 M+28

M NLPFDFTWK y5 M+32

M NLPFDFTWK y6 M+28

M NLPFDFTWK y6 M+32

M NLPFDFTWK y7 M+28

M NLPFDFTWK y7 M+32

A2 NYYEQWGK y4 M+28

A2 NYYEQWGK y4 M+32

A2 NYYEQWGK y5 M+28

A2 NYYEQWGK y5 M+32

A2 NYYEQWGK y6 M+28

A2 NYYEQWGK y6 M+32

A2 NYYEQWGK y7 M+28

A2 NYYEQWGK y7 M+32

F QSGEAFVELGSEDDVK y10 M+28
F QSGEAFVELGSEDDVK y10 M+32
F QSGEAFVELGSEDDVK y11 M+28

28
28
28
23
23
23
23
23
23
23
23
35
35
35
35
35
35
35
35
42
42
42
42
42
42
42
42
28
28
28
28
28
28
28
28
31
31
31
31
31
31
31
31
29
29
29
29
29
29
29
29
43
43
43
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Method 2

887.4
883.4
887.4
883.4
887.4
872.5
874.5
872.5
874.5
872.5
874.5
872.5
874.5
716.8
720.8
716.8
720.8
716.8
720.8
716.8
720.8
600.9
602.9
600.9
602.9
600.9
602.9
600.9
602.9

465.3
469.3
465.3
469.3
465.3
469.3
465.3
469.3
620.3
622.3
620.3
622.3
620.3
622.3
620.3
622.3
500.8
504.8
500.8
504.8
500.8
504.8

1269.6
890.4
894.4

1019.5

1023.5
938.5
938.5

1085.6

1085.6

1198.7

1198.7
867.5
867.5

1075.5

1079.5

11725

1176.5
855.4
859.4
912.4
916.4
603.3
603.3
766.4
766.4
929.5
929.5

1092.5

1092.5

545.4
549.4
602.4
606.4
673.4
677.4
786.5
790.5
854.4
854.4
967.5
967.5
1082.5
1082.5
691.3
691.3
585.3
589.3
659.4
663.4
730.4
734.4

10
10
10
10
10
33
33
10
10
61
61
100
100
10
10
16
16
10
10
19
19
58
58
10
10
10
10
10
10

10
10
36
36
38
38
50
50
10
10
10
10
80
80
10
10
100
100
100
100
39
39

F QSGEAFVELGSEDDVK y11 M+32

F QSGEAFVELGSEDDVK y8 M+28

F QSGEAFVELGSEDDVK y8 M+32

F QSGEAFVELGSEDDVK y9 M+28

F QSGEAFVELGSEDDVK y9 M+32

U SSGPTSLFAVTVAPPGAR y10 M+28
U SSGPTSLFAVTVAPPGAR y10 M+32
U SSGPTSLFAVTVAPPGAR y11 M+28
U SSGPTSLFAVTVAPPGAR y11 M+32
U SSGPTSLFAVTVAPPGAR y12 M+28
U SSGPTSLFAVTVAPPGAR y12 M+32
U SSGPTSLFAVTVAPPGAR y9 M+28
U SSGPTSLFAVTVAPPGAR y9 M+32
A1 SSGPYGGGGQYFAK y10 M+28
A1 SSGPYGGGGQYFAK y10 M+32
A1 SSGPYGGGGQYFAK y11 M+28
A1 SSGPYGGGGQYFAK y11 M+32
A1 SSGPYGGGGQYFAK y8 M+28

A1 SSGPYGGGGQYFAK y8 M+32

A1 SSGPYGGGGQYFAK y9 M+28

A1 SSGPYGGGGQYFAK y9 M+32

R STAYEDYYYHPPPR y5 M+28

R STAYEDYYYHPPPR y5 M+32

R STAYEDYYYHPPPR y6 M+28

R STAYEDYYYHPPPR y6 M+32

R STAYEDYYYHPPPR y7 M+28

R STAYEDYYYHPPPR y7 M+32

R STAYEDYYYHPPPR y8 M+28

R STAYEDYYYHPPPR y8 M+32

K DLAGSIIGK y5 M+28

K DLAGSIIGK y5 M+32

K DLAGSIIGK y6 M+28

K DLAGSIIGK y6 M+32

K DLAGSIIGK y7 M+28

K DLAGSIIGK y7 M+32

K DLAGSIIGK y8 M+28

K DLAGSIIGK y8 M+32

A0 EDIYSGGGGGGSR y10 M+28
A0 EDIYSGGGGGGSR y10 M+32
AO EDIYSGGGGGGSR yl11 M+28
A0 EDIYSGGGGGGSR y11 M+32
AO EDIYSGGGGGGSR y12 M+28
A0 EDIYSGGGGGGSR y12 M+32
AO EDIYSGGGGGGSR y9 M+28
AO EDIYSGGGGGGSR y9 M+32
H3 EIAENALGK b5 M+28

H3 EIAENALGK b5 M+32

H3 EIAENALGK y6 M+28

H3 EIAENALGK y6 M+32

H3 EIAENALGK y7 M+28

H3 EIAENALGK y7 M+32

43
43
43
43
43
43
43
43
43
43
43
43
43
35
35
35
35
35
35
35
35
33
33
33
33
33
33
33
33

35
35
29
29
25
25
25
25
38
38
38
38
36
36
40
40
25
25
33
33
29
29
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500.8
504.8
764.4
766.4
764.4
766.4
764.4
766.4
764.4
766.4
612.3
616.3
612.3
616.3
612.3
616.3
612.3
616.3
483.3
487.3
483.3
487.3
483.3
487.3
483.3
487.3
679.3
681.3
679.3
681.3
679.3
681.3
679.3
681.3
500.8
504.8
500.8
504.8
500.8
504.8
500.8
504.8
703.3
705.3
703.3
705.3
703.3
705.3
703.3
705.3
521.2
523.2
521.2
523.2

843.5
847.5
804.4
804.4
1370.6
1370.6
1108.9
1108.9
980.3
980.3
664.3
668.3
763.4
767.4
991.5
995.5
1048.5
1052.5
550.3
554.3
649.4
653.4
720.4
724.4
880.5
884.5
1272.6
1272.6
808.4
808.4
907.5
907.5
1125.6
1125.6
719.3
723.3
848.4
852.4
540.2
544.2
556.3
560.3
1035.5
1035.5
1206.6
1206.6
1263.6
1263.6
888.4
888.4
780.3
780.3
785.4
785.4

39
39
100
100
10
10
10
10
10
10
100
100
100
100
10
10
25
25
37
37
86
86
16
16
13
13
10
10
100
100
10
10
10
10
44
44
10
10
100
100
100
100
10
10
14
14
32
32
10
10
10
10
11
11

H3 EIAENALGK y8 M+28
H3 EIAENALGK y8 M+32

A/B EVYQQQQYGSGGR b6 M+28
A/B EVYQQQQYGSGGR b6 M+32
A/B EVYQQQQYGSGGR y12 M+28
A/B EVYQQQQYGSGGR y12 M+32
A/B EVYQQQQYGSGGR y10 M+28
A/B EVYQQQQYGSGGR y10 M+32
A/B EVYQQQQYGSGGR y9 M+28
A/B EVYQQQQYGSGGR y9 M+32

D FGEVVDCTIK y5 M+28
D FGEVVDCTIK y5 M+32
D FGEVVDCTIK y6 M+28
D FGEVVDCTIK y6 M+32
D FGEVVDCTIK y8 M+28
D FGEVVDCTIK y8 M+32
D FGEVVDCTIK y9 M+28
D FGEVVDCTIK y9 M+32
M GCAVVEFK y4 M+28
M GCAVVEFK y4 M+32
M GCAVVEFK y5 M+28
M GCAVVEFK y5 M+32
M GCAVVEFK y6 M+28
M GCAVVEFK y6 M+32
M GCAVVEFK y7 M+28
M GCAVVEFK y7 M+32

C GFAFVQYVNER y10 M+28
C GFAFVQYVNER y10 M+32
C GFAFVQYVNER y6 M+28
C GFAFVQYVNER y6 M+32
C GFAFVQYVNER y7 M+28
C GFAFVQYVNER y7 M+32
C GFAFVQYVNER y9 M+28
C GFAFVQYVNER y9 M+32

R&Q GFCFLEYEDHK y5 M+28
R&Q GFCFLEYEDHK y5 M+32
R&Q GFCFLEYEDHK y6 M+28
R&Q GFCFLEYEDHK y6 M+32
R&Q GFCFLEYEDHK b4 M+28
R&Q GFCFLEYEDHK b4 M+32
R&Q GFCFLEYEDHK y4 M+28
R&Q GFCFLEYEDHK y4 M+32

A2 GGGGNFGPGPGSNFR
A2 GGGGNFGPGPGSNFR
A2 GGGGNFGPGPGSNFR
A2 GGGGNFGPGPGSNFR
A2 GGGGNFGPGPGSNFR
A2 GGGGNFGPGPGSNFR
A2 GGGGNFGPGPGSNFR
A2 GGGGNFGPGPGSNFR

y10 M+28
y10 M+32
y12 M+28
y12 M+32
y13 M+28
y13 M+32
y9 M+28

y9 M+32

A2 GGNFGFGDSR b8 M+28
A2 GGNFGFGDSR b8 M+32
A2 GGNFGFGDSR y7 M+28
A2 GGNFGFGDSR y7 M+32

29
29
41
41
41
41
43
43
41
41
42
42
38
38
28
28
32
32
32
32
30
30
28
28
28
28
29
29
37
37
37
37
35
35
23
23
27
27
27
27
27
27
42
42
42
42
42
42
42
42
26
26
30
30
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Method 3

521.2
523.2
521.2
523.2
766.9
768.9
766.9
768.9
766.9
768.9
766.9
768.9
563.7
565.7
563.7
565.7
563.7
565.7
563.7
565.7
674.3
678.3
674.3
678.3
674.3
678.3
674.3
678.3
486.3
488.3
486.3
488.3
486.3
488.3
486.3
488.3
434.7
436.7
434.7
436.7
434.7
436.7
434.7
436.7

644.3
646.3
644.3
646.3
644.3
646.3
644.3

899.4
899.4
956.4
956.4
1334.6
1334.6
1447.7
1447.7
804.4
804.4
1051.5
1051.5
577.3
577.3
692.3
692.3
839.4
839.4
1041.4
1041.4
688.3
692.3
823.4
827.4
1099.5
1103.5
1262.6
1266.6
553.4
553.4
650.4
650.4
747.5
747.5
844.5
844.5
322.2
322.2
435.3
435.3
564.3
564.3
677.4
677.4

1146.5
1146.5
805.4
805.4
902.4
902.4
1031.5

53
53
10
10
10
10
11
11
100
100
10
10
20
20
10
10
10
10
10
10
93
93
10
10
13
13
10
10
59
59
10
10
10
10
10
10
10
10
10
10
100
100
100
100

10
10
100
100
53
53
10

A2 GGNFGFGDSR y8 M+28
A2 GGNFGFGDSR y8 M+32
A2 GGNFGFGDSR y9 M+28
A2 GGNFGFGDSR y9 M+32

H1 GLPWSCSADEVQR
H1 GLPWSCSADEVQR
H1 GLPWSCSADEVQR
H1 GLPWSCSADEVQR
H1 GLPWSCSADEVQR
H1 GLPWSCSADEVQR
H1 GLPWSCSADEVQR
H1 GLPWSCSADEVQR

y11 M+28
y11 M+32
y12 M+28
y12 M+32
y7 M+28
y7 M+32
v9 M+28
y9 M+32

K GSDFDCELR y4 M+28
K GSDFDCELR y4 M+32
K GSDFDCELR y5 M+28
K GSDFDCELR y5 M+32
K GSDFDCELR y6 M+28
K GSDFDCELR y6 M+32
K GSDFDCELR y8 M+28
K GSDFDCELR y8 M+32
U GYFEYIEENK b5 M+28
U GYFEYIEENK b5 M+32
U GYFEYIEENK y6 M+28
U GYFEYIEENK y6 M+32
U GYFEYIEENK y8 M+28
U GYFEYIEENK y8 M+32
U GYFEYIEENK y9 M+28
U GYFEYIEENK y9 M+32

C VPPPPPIAR y5 M+28
C VPPPPPIAR y5 M+32
C VPPPPPIAR y6 M+28
C VPPPPPIAR y6 M+32
C VPPPPPIAR y7 M+28
C VPPPPPIAR y7 M+32
C VPPPPPIAR y8 M+28
C VPPPPPIAR y8 M+32
H3 YIEIFR y2 M+28
H3 YIEIFR y2 M+32
H3 YIEIFR y3 M+28
H3 YIEIFR y3 M+32
H3 YIEIFR y4 M+28
H3 YIEIFR y4 M+32
H3 YIEIFR y5 M+28
H3 YIEIFR y5 M+32

K IDEPLEGSEDR y10 M+28
K IDEPLEGSEDR y10 M+32
K IDEPLEGSEDR y7 M+28
K IDEPLEGSEDR y7 M+32
K IDEPLEGSEDR y8 M+28
K IDEPLEGSEDR y8 M+32
K IDEPLEGSEDR y9 M+28

30
30
34
34
39
39
39
39
45
45
45
45
40
40
32
32
36
36
36
36
35
35
35
35
35
35
39
39
26
26
26
26
26
26
26
26
24
24
24
24
24
24
24
24

43
43
43
43
43
43
37
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646.3
608.8
610.8
608.8
610.8
608.8
610.8
608.8
610.8
780.4
784.4
780.4
784.4
780.4
784.4
780.4
784.4
772.9
776.9
772.9
776.9
772.9
776.9
772.9
776.9
838.4
840.4
838.4
840.4
838.4
840.4
838.4
840.4
611.9
613.9
611.9
613.9
611.9
613.9
611.9
613.9
861.8
863.8
861.8
863.8
861.8
863.8
861.8
863.8
526.3
530.3
526.3
530.3
526.3

1031.5
746.8
746.8
859.5
859.5
960.5
960.5

1075.6

1075.6

1172.6

1176.6

1271.7

1275.7

1418.7

1422.7
945.5
949.5

1157.6

1161.6

1403.7

1407.7
843.4
847.4
930.4
934.4

1045.5

1045.5

1273.7

1273.7

1386.7

1386.7

1533.8

1533.8
757.5
757.5

1080.7

1080.7
870.5
870.5
967.6
967.6

1118.5

1118.5

1175.5

1175.5

1452.6

1452.6
887.4
887.4
643.3
647.3
722.8
726.8
821.5

10
27
27
81
81
60
60
49
49
25
25
10
10
10
10
37
37
10
10
10
10
10
10
10
10
10
10
10
10
10
10

100

100
10
10

100

100

100

100
21
21
10
10
10
10
10
10

100

100
17
17
10
10
84

K IDEPLEGSEDR y9 M+32
A2 IDTIEIITDR y6 M+28
A2 IDTIEIITDR y6 M+32
A2 IDTIEHITDR y7 M+28
A2 IDTIEITDR y7 M+32
A2 IDTIEIITDR y8 M+28
A2 IDTIEHITDR y8 M+32
A2 IDTIEHITDR y9 M+28
A2 IDTIEHITDR y9 M+32

A/B IFVGGLNPEATEEK
A/B IFVGGLNPEATEEK
A/B IFVGGLNPEATEEK
A/B IFVGGLNPEATEEK
A/B IFVGGLNPEATEEK
A/B IFVGGLNPEATEEK
A/B IFVGGLNPEATEEK
A/B IFVGGLNPEATEEK

y11 M+28
y11 M+32
y12 M+28
y12 M+32
y13 M+28
y13 M+32
v8 M+28

v8 M+32

D IFVGGLSPDTPEEK y11 M+28
D IFVGGLSPDTPEEK y11 M+32
D IFVGGLSPDTPEEK y13 M+28
D IFVGGLSPDTPEEK y13 M+32
D IFVGGLSPDTPEEK y7 M+28
D IFVGGLSPDTPEEK y7 M+32
D IFVGGLSPDTPEEK y8 M+28
D IFVGGLSPDTPEEK y8 M+32

U NFILDQTNVSAAAQR
U NFILDQTNVSAAAQR
U NFILDQTNVSAAAQR
U NFILDQTNVSAAAQR
U NFILDQTNVSAAAQR
U NFILDQTNVSAAAQR
U NFILDQTNVSAAAQR
U NFILDQTNVSAAAQR

y10 M+28
y10 M+32
y12 M+28
y12 M+32
y13 M+28
y13 M+32
y14 M+28
y14 M+32

K NLPLPPPPPPR b7 M+28

K NLPLPPPPPPR b7 M+32

K NLPLPPPPPPR y10 M+28

K NLPLPPPPPPR y10 M+32
K'NLPLPPPPPPR y8 M+28

K NLPLPPPPPPR y8 M+32

K NLPLPPPPPPR y9 M+28
K'NLPLPPPPPPR y9 M+32

A1 NQGGYGGSSSSSSYGSGR y12 M+28
A1 NQGGYGGSSSSSSYGSGR y12 M+32
A1 NQGGYGGSSSSSSYGSGR y13 M+28
A1 NQGGYGGSSSSSSYGSGR y13 M+32
A1 NQGGYGGSSSSSSYGSGR y16 M+28
A1 NQGGYGGSSSSSSYGSGR y16 M+32
A1 NQGGYGGSSSSSSYGSGR y9 M+28
A1 NQGGYGGSSSSSSYGSGR y9 M+32

C SDVEAIFSK b6 M+28
C SDVEAIFSK b6 M+32
C SDVEAIFSK y6 M+28
C SDVEAIFSK y6 M+32
C SDVEAIFSK y7 M+28

37
34
34
36
36
36
36
32
32
45
45
43
43
39
39
39
39
39
39
39
39
43
43
37
37
42
42
42
42
40
40
42
42
34
34
36
36
36
36
36
36
49
49
53
53
47
47
53
53
32
32
34
34
32
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530.3
526.3
530.3

970

972

970

972

970

972

970

972
639.8
643.8
639.8
643.8
639.8
643.8
639.8
643.8
664.3
668.3
664.3
668.3
664.3
668.3
664.3
668.3
670.3
672.3
670.3
672.3
670.3
672.3
670.3
672.3
543.3
545.3
543.3
545.3
543.3
545.3
543.3
545.3
563.3
567.3
563.3
567.3
563.3
567.3
563.3
567.3
904.9
906.9
904.9

825.5
936.5
940.5
1218.5
1218.5
1275.5
1275.5
1332.6
1332.6
1592.7
1592.7
1017.5
1021.5
1163.6
1167.6
819.4
823.4
932.5
936.5
1212.6
1216.6
707.4
711.4
854.5
858.5
925.5
929.5
679.3
679.3
1210.6
1210.6
776.4
776.4
889.5
889.5
613.4
613.4
714.4
714.4
843.5
843.5
956.5
956.5
570.4
574.4
770.4
774.4
883.5
887.5
996.6
1000.6
1030.5
1030.5
1216.6

84
39
39
10
10
37
37
10
10
10
10

100

100
28
28
10
10
10
10
20
20
10
10
24
24

100

100
10
10
10
10
10
10
10
10

100

100
10
10
40
40
38
38
10
10
10
10
10
10
94
94
10
10
10

C SDVEAIFSK y7 M+32

C SDVEAIFSK y8 M+28

C SDVEAIFSK y8 M+32

A3 SSGSPYGGGYGSGGGSGGYGSR
A3 SSGSPYGGGYGSGGGSGGYGSR
A3 SSGSPYGGGYGSGGGSGGYGSR
A3 SSGSPYGGGYGSGGGSGGYGSR
A3 SSGSPYGGGYGSGGGSGGYGSR
A3 SSGSPYGGGYGSGGGSGGYGSR
A3 SSGSPYGGGYGSGGGSGGYGSR
A3 SSGSPYGGGYGSGGGSGGYGSR
L SSSGLLEWESK b9 M+28

L SSSGLLEWESK b9 M+32

L SSSGLLEWESK y10 M+28

L SSSGLLEWESK y10 M+32

L SSSGLLEWESK y6 M+28

L SSSGLLEWESK y6 M+32

L SSSGLLEWESK y7 M+28

L SSSGLLEWESK y7 M+32

H3 STGEAFVQFASK y11 M+28
H3 STGEAFVQFASK y11 M+32
H3 STGEAFVQFASK y6 M+28

H3 STGEAFVQFASK y6 M+32

H3 STGEAFVQFASK y7 M+28

H3 STGEAFVQFASK y7 M+32

H3 STGEAFVQFASK y8 M+28

H3 STGEAFVQFASK y8 M+32
R&Q TGYTLDVTTGQR b6 M+28
R&Q TGYTLDVTTGQR b6 M+32
R&Q TGYTLDVTTGQR y11 M+28
R&Q TGYTLDVTTGQR y11 M+32
R&Q TGYTLDVTTGQR y7 M+28
R&Q TGYTLDVTTGQR y7 M+32
R&Q TGYTLDVTTGQR y8 M+28
R&Q TGYTLDVTTGQR y8 M+32

A2 TLETVPLER
A2 TLETVPLER
A2 TLETVPLER
A2 TLETVPLER
A2 TLETVPLER
A2 TLETVPLER
A2 TLETVPLER
A2 TLETVPLER
R TLIEAGLPQK
R TLIEAGLPQK
R TLIEAGLPQK
R TLIEAGLPQK
R TLIEAGLPQK
R TLIEAGLPQK
R TLIEAGLPQK
R TLIEAGLPQK

y5 M+28
y5 M+32
v6 M+28
v6 M+32
y7 M+28
y7 M+32
v8 M+28
v8 M+32
y5 M+28
y5 M+32
y7 M+28
y7 M+32
v8 M+28
y8 M+32
v9 M+28
y9 M+32

y14 M+28
y14 M+32
y15 M+28
y15 M+32
y16 M+28
y16 M+32
y18 M+28
y18 M+32

K TDYNASVSVPDSSGPER y10 M+28
K TDYNASVSVPDSSGPER y10 M+32
K TDYNASVSVPDSSGPER y12 M+28

32
32
32
48
48
54
54
54
54
54
54
31
31
35
35
41
41
33
33
40
40
42
42
34
34
34
34
40
40
40
40
44
44
38
38
35
35
35
35
29
29
35
35
34
34
32
32
30
30
30
30
44
44
44
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906.9
904.9
906.9
904.9
906.9

1216.6
632.3
632.3
844.4
844.4

10
10
10
10
10

K TDYNASVSVPDSSGPER y12 M+32
K TDYNASVSVPDSSGPER y6 M+28
K TDYNASVSVPDSSGPER y6 M+32
K TDYNASVSVPDSSGPER y8 M+28
K TDYNASVSVPDSSGPER y8 M+32

44
44
a4
44
44
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Appendix C. Transitions for Pyruvate Kinase Splice Variant Peptides (M+28 and

M+36) Uploadable to Analyst (v1.4+) Software.

Ql Q3 Dwell (msec) Identifier (Protein Peptide Fragment Label)
645.4 1095.6 50 PKM2 CCSGAIIVLTK y10 M+36 33
645.4 791.6 50 PKM2 CCSGAIIVLTK y7 M+36 33
645.4 848.6 50 PKM2 CCSGAIIVLTK y8 M+36 33
645.4 935.6 50 PKM2 CCSGAIIVLTK y9 M+36 33
548.3 661.3 50 PKM1EAEAAMFHR y5 M+36 29
548.3 732.4 50 PKM1EAEAAMFHR y6 M+36 29
548.3 861.4 50 PKM1EAEAAMFHR y7 M+36 29
548.3 932.4 50 PKM1EAEAAMFHR y8 M+36 29
527.3 587.4 50 PKM1M2 GDYPLEAVR y5 M+36 28
527.3 684.4 50 PKM1M2 GDYPLEAVR y6 M+36 28
527.3 847.5 50 PKM1M2 GDYPLEAVR y7 M+36 28
527.3 962.5 50 PKM1M2 GDYPLEAVR y8 M+36 28
556.3 669.3 50 PKM1 OxyEAE y5 M+36 30
556.3 740.4 50 PKM1 OxyEAE y6 M+36 30
556.3 869.4 50 PKM1 OxyEAE y7 M+36 30
556.3 940.4 50 PKM1 OxyEAE y8 M+36 30
553.3 669.3 50 PKM1 OxyEAE y5 M+36 30
553.3 740.4 50 PKM1 OxyEAE y6 M+36 30
553.3 869.4 50 PKM1 OxyEAE y7 M+36 30
553.3 940.4 50 PKM1 OxyEAE y8 M+36 30
639.4 785.6 50 PKM2 CCSGAIIVLTK y7 M+28 33
639.4 842.6 50 PKM2 CCSGAIIVLTK y8 M+28 33
639.4 929.6 50 PKM2 CCSGAIIVLTK y9 M+28 33
639.4 1089.6 50 PKM2 CCSGAIIVLTK y10 M+28 33
545.3 661.3 50 PKM1EAEAAMFHR y5 M+28 29
545.3 732.4 50 PKM1EAEAAMFHR y6 M+28 29
545.3 861.4 50 PKM1EAEAAMFHR y7 M+28 29
545.3 932.4 50 PKM1EAEAAMFHR y8 M+28 29
524.3 587.4 50 PKM1M2 GDYPLEAVR y5 M+28 30
524.3 684.4 50 PKM1M2 GDYPLEAVR y6 M+28 30
524.3 847.5 50 PKM1M2 GDYPLEAVR y7 M+28 30
524.3 962.5 50 PKM1M2 GDYPLEAVR y8 M+28 30
502.7 701.3 50 ACTAB AGFAGDDAPR y7 M+28 28
502.7 848.4 50 ACTAB AGFAGDDAPR y8 M+28 28
502.7 905.4 50 ACTAB AGFAGDDAPR y9 M+28 30
609.3 1060.6 50 ACTAB EITALAPSTMK y10 M+28 32
609.3 846.5 50 ACTAB EITALAPSTMK y8 M+28 32
609.3 947.5 50 ACTAB EITALAPSTMK y9 M+28 32
580.8 825.4 50 ACTAB GYSFTTTAER y7 M+28 31
580.8 912.4 50 ACTAB GYSFTTTAER y8 M+28 29
580.8 1075.5 50 ACTAB GYSFTTTAER y9 M+28 33
614.3 1062.5 50 ACTAB HQGVMVGMGQK y10 M+28 36
614.3 877.5 50 ACTAB HQGVMVGMGQK y8 M+28 38
614.3 934.5 50 ACTAB HQGVMVGMGQK y9 M+28 34
772.9 1259.6 50 ACTAB QEYDESGPSIVHR y11 M+28 49
772.9 1388.6 50 ACTAB QEYDESGPSIVHR y12 M+28 49
772.9 852.5 50 ACTAB QEYDESGPSIVHR y8 M+28 49
653.8 672.3 50 PPIA EGMNIVEAMER b6 M+28 34
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653.8
653.8
605.8
605.8
605.8
813.9
813.9
813.9

1149.5
961.5
663.3
906.5

1035.5

1372.6

1485.7
940.4

50
50
50
50
50
50
50
50

PPIA EGMNIVEAMER y10 M+28
PPIA EGMNIVEAMER y8 M+28
PPIA FEDENFILK b5 M+28

PPIA FEDENFILK y7 M+28

PPIA FEDENFILK y8 M+28

PPIA IPGFMCQGGDFTR y12 M+28
PPIA IPGFMCQGGDFTR y13 M+28
PPIA IIPGFMCQGGDFTR y8 M+28

34
34
32
32
32
41
41
41
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