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Post-translational modifications (PTMs) add a layer of complexity to the proteome through the addition of
biochemical moieties to specific residues of proteins, altering their structure, function and/or localization. Mass
spectrometry (MS)-based techniques are at the forefront of PTM analysis due to their ability to detect large
numbers of modified proteins with a high level of sensitivity and specificity.

post-translational modifications blood cancer phosphorylation ubiquitination
sumoylation acetylation multiple myeloma leukemia lymphoma

myeloproliferative neoplasms

| 1. Introduction

The significance of proteome-focused studies in characterizing cellular phenotypes and disease mechanisms, in
addition to discovering novel biomarkers and therapeutic targets, has been recognized in recent decades .
Proteomics involves the characterization and mapping of the proteome, a highly complex task due to temporal and
spatial fluctuations in protein expression depending on the cellular environment. The post-translational modification
(PTM) of proteins, a biochemical process that modifies the structure and function of a given protein, further
enhances the complexity of the proteome 2. Over 200 PTMs have been identified, many of which play vital roles in
the regulation of various cellular processes such as cell growth, metabolism, differentiation, and apoptosis (Figure
1). Dysregulated PTMs alter the normal functioning of these processes which can contribute to the development
and/or progression of disease, thus illustrating the need to identify and define primary PTM events associated with

specific diseases such as blood cancers El.
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Figure 1. Post-translational modifications (PTMs) within the mammalian cell. This figure illustrates some of the
most well-known PTMs and their functions within the cell. PTMs are found throughout the cell from the plasma
membrane to the nucleosomes present within the nucleus. PTMs play crucial roles in almost all cellular processes
including the cell cycle, degradation, apoptosis, cell signaling, transcription, etc. Different proteins modified by the
same PTM will not always yield the same response, demonstrating the diverse functions of PTMs within the cell.
JAK, Janus kinase; STAT, signal transducer and activator of transcription; P, phosphate group; G, glycosyl group;
Ub, ubiquitin; SUMO, small ubiquitin-like modifier; Ac, acetyl group; Me, methyl group; Val, valine; Met, methionine;

Cys, cysteine; Tyr, tyrosine; Glu, glutamic acid; Lys, lysine.

Hematological malignancies arise from blood or bone marrow cells that acquire genetic abnormalities resulting in
uncontrolled proliferation, resisting cell death, and evading the immune response 4. The incidence of
hematological malignancies, which comprises a broad range of cancers including leukemias, lymphomas, multiple
myeloma, myeloproliferative neoplasms (MPNs) and myelodysplastic syndromes (MDS), continues to rise,
although advances in treatment have led to an increase in the five-year survival rate of many of these cancers &,

In this review, we provide a comprehensive overview of current analytical techniqgues employed in the analysis of
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post-translational modifications and emphasize the contribution of these techniques to our current understanding of
disease mechanisms associated with blood cancers. We highlight the central role of PTMs in the development of
blood cancer therapeutics and consider the promising prospect of future improvements in the sensitivity and
specificity of PTM-focused techniques to expedite our understanding of hematological malignancies and offer novel
biological markers and therapeutic targets to augment the current arsenal of therapeutics available for the

treatment of blood cancers.

2. Analytical Techniques in Post-Translational Modification
Analysis

The most powerful analytical technique applied in proteomic studies is mass spectrometry (MS), which facilitates
large-scale, highly specific, quantitative profiling of proteins and post-translationally modified proteins. Other
techniques often used to study the proteome include flow cytometry, protein microarrays, Western blotting, and
enzyme-linked immunosorbent assays (ELISA) (Figure 2) . Additional experimental steps are often required to
optimize proteomic techniques for PTM analysis due to the substoichiometric, transient and labile nature of PTMs
which hinders the maintenance and detection of modifications during analysis [&. To overcome the issue of low
stoichiometry, enrichment of the PTM of interest is often performed prior to MS analysis. Modification-specific
enrichment techniques such as ion exchange chromatography, immobilized metal ion affinity chromatography and
immunoaffinity chromatography, separate modified proteins/peptides from their unmodified counterparts, reduce

the complexity of the sample and increase the efficiency and reliability of the analysis (Eigure 2) [,
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Figure 2. Schematic workflow illustrating analytical techniques used in the analysis of post-translational
modifications. Proteomic techniques used for PTM analysis can be divided into antibody-based analysis or mass
spectrometry (MS)-based analysis. Protein microarrays, immunohistochemistry and Western blot analysis
demonstrate widespread popularity as efficient tools for antibody-based PTM analysis. MS-based analysis is a
powerful technique in the study of PTMs. This figure outlines the steps involved in the preparation of crude
samples for MS and the transformation of MS data into interpretable results.

Highly sensitive mass spectrometers with a high resolution, such as the Fourier transform (FT)-based mass
spectrometers, are required for efficient PTM analysis. The “bottom-up” proteomics approach, typically used in
PTM analysis, involves the cleavage of proteins in a biological sample by a protease, usually trypsin, prior to MS
(6. sample preparation techniques, such as filter-aided sample preparation (FASP), separate peptides from
undigested material in cell lysates . Most MS-based proteomic protocols couple liquid chromatography with
tandem MS (LC-MS/MS) to separate peptides before identification and quantitation by MS/MS. Following
separation, the LC eluent is transferred to the ion source of the mass spectrometer where peptides are ionized,
often via protonation . High ionization efficiency enhances the sensitivity of the analysis; however, the efficiency

of this step can be affected by the chemical nature of peptides being studied 2. The dominant ionization
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technologies are matrix-assisted laser desorption/ionization (MALDI), electro-spray ionization (ESI) and
atmospheric pressure chemical ionization (APCI) 29, Following ionization, the peptide precursor ions are
fragmented resulting in product ions that are subsequently characterized based on their mass-to-charge (m/z)
ratios and relative abundance to produce MS/MS spectra (Eigure 2) 2. Popular fragmentation techniques include
collision-induced dissociation (CID) and high-energy collision dissociation (HCD). However, limitations, such as the
loss of labile PTMs, mean alternative fragmentation methods, including electron capture/transfer dissociation
(ECD/ETD), have been developed and incorporated into MS-based PTM analyses 1. During CID and HCD, the
collision of molecular ions results in cleavage of the amide bond in peptides whereas ETD involves the transfer of
an electron to multiply protonated peptides resulting in the cleavage of the peptide backbone 2. The more
recently developed fragmentation methods, EThcD, which combines ETD and HCD, and activated ion ETD (Al-
ETD) demonstrate great progress in combatting the challenges presented by conventional fragmentation
techniques in PTMomics, such as uncertain site localizations 18IM4I15] The MS/MS spectra obtained during LC—
MS/MS are matched to theoretical MS/MS spectra available on databases for peptide and PTM identification.
Bioinformatic analysis, using algorithms that predict the probability of a PTM being present such as Ascore,
PTMScore, PhosphoRS and Mascot Delta Score, are used to determine the validity of modification sites detected
during LC-MS/MS 18],

MS-based quantitation of proteins is typically divided into label-based and label-free techniques. Labeling peptides
using differential mass tags, such as tandem mass tag (TMT) or isobaric tag for relative and absolute quantification
(iTRAQ), allows for the comparison and multiplexing of multiple samples in a single MS run &2, These isobaric
labeling technologies involve the labelling of target proteins/peptides in different biological samples with tags made
up of a reactive group, a mass normalization group, and a reporter group that have an identical overall mass but
differ in the mass of the reporter group and mass normalization group. The reactive group facilitates the mass
labeling of peptides. Fragmentation during tandem MS cleaves the reporter group, revealing reporter ions of
variable molecular weights corresponding to the peptides present in the individual biological samples 8. The in
vitro labeling technique, stable-isotope labeling of amino acids in cell culture (SILAC), involves the labeling of
peptides by growing an organism in cultures containing light or heavy stable isotope-containing amino acids
(13c, BN), typically lysine and arginine, which are subsequently metabolically incorporated into proteins. During
MS analysis, source samples can be easily differentiated by the isotopic mass shifts between the different
isotopically labeled samples [12l. Subsequently, this technique has been adapted to facilitate the labelling of specific
PTMs. For example, 13C-glucose and Ds-acetate, 3CDs-methionine; and y-80,-labeled ATP are added to cell
culture media to label acetylation, methylation, and phosphorylation, respectively [22[2122] | gahel-free quantitation
(LFQ) is a commonly used method of quantitation which refers to the use of peak intensity analysis and spectral
counting for quantitation 23, The results of qualitative or quantitative studies can undergo downstream statistical
analysis to draw conclusions from the data through statistical tests, such as t-tests or ANOVAs, and/or visualize the
data by creating networks, plots, and graphs [24],

A substantial effort has been made in recent years to develop specific antibodies for PTM analysis. However, low
binding affinity is common among available antibodies due to the minuteness of PTM motifs, similarities in the

chemical structure of certain PTMs, poor antigenicity and other difficulties in antibody generation &, Pan-PTM-
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specific antibodies are often applied for immunoaffinity enrichment prior to LC—MS/MS as well as Western blotting,
protein microarrays, immunohistochemistry, and flow cytometry. Antibodies against specific modification sites
known to play an important biological role are also available for certain modifications including phosphorylation,
methylation, and acetylation 2228127 Other PTMs face difficulties in site-specific antibody generation due to the
size or transience of the PTM (e.g., ubiquitination); or lack sufficient evidence of site occupancy to invest in

antibody generation [28],

Flow cytometry (FCM) is a scientific technique used to measure the physical and biochemical characteristics of
cells, including size, internal complexity, and cellular components such as DNA, RNA, and specific proteins on the
cell surface or intracellularly. FCM has gained prominence in recent years and is now routinely used in basic
research and clinical practice, particularly in the oncology and immunology settings. FCM is an extremely sensitive
technique, capable of detecting an extremely small number of cancer cells within a dense cellular network. This
technique also provides a quick turnaround time, with the ability to measure a significant number of parameters in
thousands of cells in a matter of seconds. The detection of surface antigens by FCM can be used in real time to
physically sort cells into specific populations, a process known as cell sorting or fluorescence-activated cell sorting
(FACS). This is particularly useful for the analysis of hematological malignancies with immunophenotyping by FCM
often used in the clinical diagnosis and subclassification of leukemias and lymphomas. Once the cells of interest
are selected, qualitative information may be obtained by measuring fluorescence intensity for specific antigens, for
example acute leukemia (CDA45), chronic lymphocytic leukemia (CD19/CD5), and Non-Hodgkin's lymphoma
(CD20) (2239, FCM-based minimal residual disease (MRD) assays are powerful diagnostic and disease monitoring
tools in multiple types of blood cancers. By detecting low-frequency malignant cells (ratio as low as 1:10000
compared to normal cells), this approach is critical in the clinical management of patients 1. As MRD status
appears to correlate with patient outcomes in some hematological malignancies, increasing the sensitivity and
robustness of MRD assays analyzed by FCM is currently an active area of research. Ongoing improvements in the
guality of PTM site-specific antibodies will strengthen FCM as a promising method for characterization of cellular

activities and signal transduction pathways in hematological malignancies in research and clinical settings.

When designing a PTM-focused experiment, researchers must consider additional sample preparation steps that
may be required to analyze modifications on proteins from specific cellular components, such as the cell surface,
extracellular vesicles, and the nucleus. Histone proteins represent a well-known target for PTM-focused analyses
as they are extensively modified by various PTMs to facilitate dynamic genomic organization and transcriptional
regulation. PTMs found on histones include methylation, acetylation and ubiquitination on lysine residues,
phosphorylation on serine, threonine, and tyrosine residues and/or citrullination on arginine residues 2. Histone
PTMs are routinely detected through site-specific antibodies, as demonstrated recently by Xu and co-workers 32
investigating histone H3 lysine 36 dimethylation (H3K36me2) levels in myeloma cells under normoxia or hypoxia
conditions using Western blotting 23], By detecting both the protein and site-specific modification abundance levels
using precise antibodies, the degree of histone modification can be quantified. However, in the past, some
problems with respect to anti-PTM histone antibody quality surfaced, facilitating the need to develop alternative
platforms (24, Mass spectrometry has proven to be an invaluable research platform in identifying and quantifying

histone PTMs. Several histone enrichment methods are available prior to analysis, including chromatin affinity
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purification with MS (ChAP-MS), an approach that facilitates the isolation of targeted chromatin sections for the
identification of histone PTMs 2!, Another isolation method involves the use of acidic or high-salt conditions to
extract histones from cell lysates 2. Due to the high ratio of the basic amino acids, arginine and lysine, in
histones, tryptic digestion generates short peptides (2-4 amino acids) that are incompatible with LC-MS/MS
analysis. Thus, chemical derivatization, often via propionylation, of lysine residues has been implemented to inhibit
cleavage after lysine, resulting in peptides with lengths compatible with LC-MS/MS B8], Detection of histone PTMs
from MS/MS spectra is accomplished by detecting mass shifts corresponding to the PTM of interest, as described
in the sections below, to confirm the presence of the modification. Determining the function of histone PTMs often
involves investigating interacting partners, in particular the suite of associated enzymes responsible for the
regulation of site-specific modifications. Crosslinking mass spectrometry (XL-MS) has emerged as a powerful
approach to elucidate protein—protein complexes by mass spectrometry, with applications for structural mechanism

discovery involving histone activity 71,

3. Application of PTM-Focused Techniques in Blood Cancer
Research

Several reviews have been published focusing on specific PTMs and their involvement in carcinogenesis.
However, literature surrounding the relationship between PTMs and hematological malignancies is limited 281391401,
Both the individual PTMs and associated modifying enzymes play significant roles as biomarkers and therapeutic
targets in hematological malignancies . Many signaling pathways regulated by PTMs have demonstrated
aberrant activity in blood cancers, such as the Janus Kinase (JAK)/signal transducer and activator of transcription
(STAT), phosphatidylinositol-3-kinase (PI3K)/AKT and B-cell receptor (BCR) signaling pathways (Eigure 3).
Dysregulation of these pathways cause proliferation, migration, survival, and angiogenesis which promote and/or
maintain the malignant phenotype of malignant blood cells. Several genetic abnormalities associated with
hematological malignancies have also been found to affect protein modifier genes, such as the t(9;22) translocation
which results in the oncogenic BCR-ABL fusion kinase (Figure 3) 42l Already, many FDA-approved therapies for
hematological malignancies incorporate the modulation or inhibition of oncogenic protein modifications as part of

their mode of action (Table 1, Figure 3). Therefore, the application of efficient analytical techniques in laboratories

globally for thorough PTM analysis may aid in the discovery of novel biomarkers and therapeutic targets in
hematological malignancies. MS-based techniques are typically used for large-scale systematic analysis of PTM
marks in blood cancers, generating extensive data. Bioinformatic analysis of this data can identify significant
changes in the patterns of protein modification between disease states, such as malignant versus normal samples.
Further research can then be conducted to determine the importance and implications of specific PTM changes in
blood cancers. The technique of choice for validation and small-scale analyses is Western blot analysis using

antibodies specific to the PTM being analyzed.
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Figure 3. Targeting of protein modifications by clinically used blood cancer therapeutics. Ruxolitinib, midostaurin,
gilteritinib, imatinib, dasatinib, nilotinib, bosutinib, ponatinib, ibrutinib and idelalisib are kinase inhibitors that inhibit
the phosphorylation and activation of key proteins of oncogenic signaling pathways, promoting growth arrest and
apoptosis in cancer cells. ATRA therapy for the treatment of APL induces SUMOylation-dependent
polyubiquitination and proteasomal degradation of the fusion oncoprotein PML-RARA. The immunomodulatory
drugs, lenalidomide, thalidomide and pomalidomide bind Cereblon, the substrate adaptor of the CRL4CREN E3
ubiquitin ligase, modulating its substrate specificity. Bortezomib, carfilzomib and ixazomib target the 26S
proteasome, blocking the degradation of polyubiquitinated regulatory proteins and inducing the unfolded protein
response resulting in apoptosis. Panobinostat, vorinostat, belinostat and romidepsin are HDAC inhibitors that block
the deacetylation activity of HDACs and exert their anti-tumor activity through modulating the acetylation status of a

variety of histone and non-histone proteins. JAK2V617F Janus kinase 2 V617F; STAT, signal transducer and
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activator of transcription; SHC, Src homology and Collagen; GRB2, growth factor receptor-bound protein 2; SOS,
Son of sevenless; RAF, RAF proto-oncogene serine/threonine-protein kinase; MEK, Mitogen-activated protein
kinase kinase; ERK, extracellular signal-regulated kinase; FLT3-ITD, fms like tyrosine kinase 3 — internal tandem
duplications; PI3K, phosphatidylinositol 3-kinase; MDM2, mouse double minute 2 homolog; IKK, IkB kinase; Bad,
BCL2 associated agonist of cell death; NF-kB, Nuclear factor kappa B; Bcl-xL, B-cell ymphoma-extra large; GAB2,
GRB2 associated binding protein 2; BCR-ABL, breakpoint cluster region-proto-oncogene tyrosine-protein kinase;
CBL, E3 ubiquitin-protein ligase CBL; CRK, Proto-oncogene c-Crk; CRKL, Crk-like protein; CAS, Crk-associated
substrate; FAK, focal adhesion kinase; BCR, B-cell receptor; Lyn, tyrosine-protein kinase Lyn; SYK, tyrosine-
protein kinase SYK; BTK, Bruton’s tyrosine kinase; BLNK, B-cell linker protein; PLC, phospholipase C; DAG, diacyl
glycerol; IP3, inositol 1,4,5-trisphosphate; NFAT, nuclear factor of activated T-cells; PML-RARA, promyelocytic
leukemia/retinoic acid receptor alpha; ATRA, all-trans retinoic acid; Ubc9, SUMO-conjugating enzyme UBCY9;
RNF4, ring finger protein 4; CUL4A, cullin 4A; DDB1, DNA damage binding protein 1; CRBN, cereblon; ROC1,
regulator of cullins-1; Len, lenalidomide; JNK, c-Jun N-terminal kinase (JNK); IkB, inhibitor of nuclear factor kappa
B; HIF-1a, hypoxia-inducible factor 1-alpha; HSP90, heat shock protein 90; P, phosphorylation; S, sumoylation; Ub,
ubiquitination; Ac, acetylation.

Table 1. Current FDA-approved therapeutics for the treatment of various blood cancers that influence protein
modifications.

Type of
Therapeutic

Type of Blood Mechanism of

Drug PTM Affected Cancer Action

References
Kinase Inhibitors Ruxolitinib . Myelofibrosis o [43]44]
(Kls) (JAKAFI®) Phosphorylation Polycythemia Vera JAK2 inhibitor

SLOGHIARS e e
Advanced

Midostaurin AML. [45][46]

RYDAPT®)  -nosphorylation systemic. KIT inhibitor in
mastocytosis
y AdVSM.

(AdvSM)

Gilteritinib _ FLT3-mutant - o
(XOSPATA®) Phosphorylation Acute myeloid FLT3, ALK inhibitor

leukemia (AML)

Imatinib Phosphorylation Ph* Chronic BCR-ABL inhibitor (48]
(GLEEVEC®) myeloid leukemia
(CML), Ph* Acute
lymphoblastic
leukemia (ALL),
Myelodysplastic/
myeloproliferative
diseases
(MDS/MPD),
Aggressive
systemic
mastocytosis
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Type of

Therapeutic Drug

Dasatinib
(SPRYCEL®)

Nilotinib
(TASIGNA®)

Bosutinib
(BOSULIF®)

Ponatinib
(ICLUSIG®)

Ibrutinib
(IMBRUVICA®)

Idelalisib
(ZYDELIG®)

Bortezomib
(VELCADE®)

Proteasome

filzomi
Inhibitors (PIs) Carfilzomib

(KYPROLIS®)

Ixazomib
(NINLARO®)

Differentiation
Therapy

All-trans
retinoic acid
(ATRA)
(VESANOID®)
and arsenic

PTM Affected

Phosphorylation

Phosphorylation

Phosphorylation

Phosphorylation

Phosphorylation

Phosphorylation

Ubiquitination

Ubiquitination

Ubiquitination

Sumoylation
Ubiquitination

Type of Blood
Cancer
(ASM), Chronic
eosinophilic
leukemia (CEL)

Ph* CML, Ph* ALL

Ph* CML

Ph*™ CML

CML, Ph* ALL

Mantle cell
lymphoma (MCL),
Chronic
lymphocytic
leukaemia (CLL)
Small lymphocytic
lymphoma (SLL)
Waldenstrom’s
macroglobulinemia
(WM)
Marginal zone
lymphoma (MZL)

CLL, SLL
Follicular
lymphoma (FL)

MCL, Multiple

myeloma
(MM)

MM

MM

Acute
promyelocytic
leukemia (APL)

Mechanism of

Action References
BCR-ABL, SRC [49]
inhibitor
BCR-ABL inhibitor [=01
BCR-ABL and SRC [51]
inhibitor
BCR-ABL inhibitor (52]
BTK inhibitor (53]

Phosphatidylinositol
3-kinase delta 4]
(PI3Kd) inhibitor

26S proteasome [55]
inhibitor
26S proteasome [56]
inhibitor
26S proteasome [57]
inhibitor
Sumoylation- (58]
dependent

degradation of the
fusion oncoprotein
PML-RARQ.

https://encyclopedia.pub/entry/9194



Post-Translational Modification | Encyclopedia.pub

Type of Type of Blood Mechanism of

Therapeutic Drug PTM Affected Cancer Action References
trioxide
(TRISENOX®)
Modulation of
. ) CRBN
Lenalldom%e Ubiquitination MM, MDS, MCL, CRLL}. . E3 59]
(REVLIMID™) FL, MZL ubiquitin ligase
activity.
Modulation of
Immunomodulatory  Thalidomide o CRL4CREN E3 60
. Ubiquitination MM (60]
Drugs (IMiDs) (THALOMID®) a ubiquitin ligase
activity.
Modulation of
Pomalidomide o CRLA4CREN E3
Ubiquitination MM [69]
(POMALYST®) a ubiquitin ligase e seen
act|V|ty. | Of hlgh-
' in blood
PFTé’ng?gt Acetylation MM Pan-HDAC inhibitor [61]
( ) 1 into the
Vorinostat ) Cutaneous T cell Class I, Il HDAC 62] es have
. ® Acetylation AR
Histone (ZOLINZA™) lymphoma (CTCL) inhibitor
n PTMs,
Deacetylase oical
Inhibitors (HDACI) Belinostat . Peripheral T cell L [63] itologica
Acetylation Pan-HDAC inhibitor
(BELEODAQ®) vy lymphoma (PTCL) ltaneous
. : idies will
Romidepsin Acetylation CTCL, PTCL Class | HDAC (64

processes occurring in the cellular environment. Future applications of the proteomic techniques described in this
review will enhance our overall understanding of hematological malignancies, leading to improvements in therapies

and, thus, patient survival.

Abbreviations: JAK2, Janus kinase 2; KIT, proto-oncogene c-Kit; ALK, anaplastic lymphoma kinase; Ph™,
Philadelphia chromosome positive; BCR-ABL, breakpoint cluster region-proto-oncogene tyrosine-protein kinase;
ﬁfgfetirérﬁ-e@cggene c-Src; BTK, Bruton’s tyrosine kinase; PML-RARa, promyelocytic leukemia/retinoic acid

receptor alpha; CRL4“REBN CRL4/Cereblon E3 ubiquitin ligase complex; HDAC, histone deacetylase.
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