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Background: Chronic lymphocytic leukaemia (CLL) is a neoplasm of B-cells characterized by variable
prognosis. Exploring the proteome of CLL cells may provide insights into the disease. Therefore, eleven
proteomics experiments were conducted on eleven primary CLL samples.
Results: We reported a CLL proteome consisting of 919 proteins (false discovery rate (FDR) � 1%) whose
identification was based on the sequencing of two or more distinct peptides (FDR of peptide
sequencing � 1%). Mass spectrometry-based protein identification was validated for four different pro-
teins using Western blotting and specific antibodies in different CLL samples. Small sizes of nucleolin
(~57 kDa and ~68 kDa) showed a potential association with good prognosis CLL cells (n = 8, p < 0.01).
Compared with normal B-cells, CLL cells over-expressed thyroid hormone receptor-associated protein
3 (THRAP3; n = 9; p = 0.00007), which is implicated in cell proliferation; and heterochromatin protein
1-binding protein 3 (HP1BP3; n = 10; p = 0.0002), which promotes cell survival and tumourogenesis. A
smaller form of HP1BP3, which may correspond to HP1BP3 isoform-2, was specifically identified in nor-
mal B-cells (n = 10; p = 0.0001). HP1BP3 and THRAP3 predicted poor prognosis of CLL (p � 0.05).
Consistently, THRAP3 and HP1BP3 were found to be associated with cancer-related pathways (p � 0.05).
Conclusions: Our findings add to the known proteome of CLL and confirm the prognostic importance of
two novel cancer-associated proteins in this disease.
How to cite: Alsagaby SA, Brennan P, Brewis IA, et al. Proteomics-based identification of cancer-
associated proteins in chronic lymphocytic leukaemia. Electron J Biotechnol 2021;51. https://doi.or
g/10.1016/j.ejbt.2021.04.006
� 2021 Pontificia Universidad Católica de Valparaíso. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Chronic lymphocytic leukaemia (CLL) is a malignant disease
that affects B-cells and is characterised by a lymphocytosis of
mature like B-cells that accumulate in peripheral blood, lymph
node, bone marrow and spleen [1]. CLL is predominantly a disease
affecting older people; the median age of diagnosis is 70 years of
age [2]. The cause of CLL is still unknown, yet some hereditary fac-
tors have been found to increase the risk of developing CLL [3]. Sig-
nificant advances in CLL therapy have been accomplished yet the
current treatment does not eradicate the disease but reduces the
tumour burden and helps prolong patients’ survival [4,5].

While genetic factors and chromosomal abnormalities play key
roles in CLL [6], aberrant protein expression has been shown to
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heavily impact on the biology and the clinical outcomes of the dis-
ease [7]. Signalling through the B-cell receptor is a key factor for
the progression of CLL [8]. Interestingly, BCR expression and sig-
nalling was shown to be strongly associated with the CLL cells car-
rying unmutated immunoglobulin variable heavy (IGHV) genes
(UM-CLL) compared with those harbouring mutated IGHV (M-
CLL) [9]. Consequently, UM-CLL is typically characterized by poor
prognosis, whereas M-CLL identifies patients with a generally
favourable clinical course [10,11]. Another interesting protein is
zeta chain-associated protein kinase 70 (ZAP-70) that is not
expressed in normal B-cells, but is highly produced in CLL cells
from patients with a rapid progression of the disease, where it
aberrantly participates in the signal transduction following BCR
engagement [12,13,14]. Furthermore, over-expression of CD38,
CXCR4, and CD49d is characteristic of enhanced migration of CLL
cells to the microenvironment of lymph nodes, in which they
receive proliferative and pro-survival signals, and are considered
predictors of a high-risk form of the disease [15,16,17,18,19]. In
contrast to normal B-cells, CLL cells exhibit an increased expres-
sion of the anti-apoptotic protein BCL-2, which among others, such
as MCL-1, promote the survival of CLL cells and predict an undesir-
able prognosis of the disease [20,21,22]. Collectively, these findings
highlight the heavy influence of aberrant protein expression on the
behaviour of CLL.

Proteomics studies have been conducted on CLL cells to provide
new insights into the biology of CLL by identifying new proteins
with the potential to alter the pathology [23]. For example, heat
shock protein 27, which inhibits apoptosis [24], was associated
with high-risk CLL [25]. In addition, haematopoietic lineage cell-
specific protein, which was implicated in CLL migration and tissue
infiltration [26] was shown to correlate with the rapid progression
of CLL [27]. Furthermore, the onco-protein T cell leukaemia/lym-
phoma enhances the activation of the NF-jB pathway and induces
a CLL-like disease in transgenic mice, was reported to be highly
expressed in CLL cells from patients with poor porgnonsis
[28,29]. In a comprehensive proteomics study, increased expres-
sion of adhesion proteins, such as CD44, and decreased expression
of proteins involved in the egress of CLL cells from lymph node, like
adenylate cyclase-inhibiting G alpha protein and dynamin-2, were
implicated in the retention of the malignant cells in the microenvi-
ronment of lymph nodes [30]. Therefore, proteomics holds great
promise in being able to deepen our understanding about the aber-
rant protein expression associated with malignant diseases such as
CLL.

In the present work we reported a CLL proteome consisting of
919 proteins with false discovery rate (FDR) = 1%. Our findings
identified small sizes of nucleolin specifically in CLL cells from
patients with good prognosis and detected an up-regulated expres-
sion of THRAP3 and HP1BP3 in CLL cells compared with normal B-
cells. Consistently, high expression of HP1BP3 and THRAP3 was
found to significantly predict poor prognosis in CLL patients.
Table 1
Characteristics of the CLL patient cohort.

Factor Subset Number

Median Age 70
Range 53–88 36
CD38 <20% 16

�20% 20
IGHV status <98% 12

�98% 15
ZAP-70 <20% 9

�20% 21

IGHV status � 98%, ZAP-70 � 20% and CD38 � 20% are characteristics of poor
prognosis. However, IGHV status < 98%, ZAP-70 < 20% and CD38 < 20% are predictors
of good prognosis.
2. Experimental

2.1. Isolation of CLL cells

Peripheral blood samples were drawn into EDTA tubes from CLL
patients prior to differential blood count monitoring. The reminder
of the samples (approximately 3 ml) was utilized to extract
mononuclear peripheral blood cells (PBMCs) using lymphoprep
(Stemcell Technologies) and gradient centrifugation. The project
was approved by the South East Wales Research Ethics Committee
and all clinical materials were obtained with the patients’ written
informed consent in accordance with the ethical approval
(02/4806). CD19 positive population was assessed in the isolated
2

PBMCs using an Accuri C6 cytometer and CFlow software (BD) fol-
lowing staining with anti-human CD19 antibody conjugated to
allophycocyanin (Invitrogen). Samples with less than 95% CD19
positive cells (CLL cells) were subjected to T cell depletion using
CD3-magnetic beads (Invitrogen) in order to enrich for CLL cells.
Viability of the samples was measured using an Annexin V apopto-
sis assay kit (eBiosceience) and flow cytometry. Table 1 sum-
marised the characteristics of CLL samples that were used in this
study. Detailed description of the CLL samples and the disease
prognosis are provided in Table S1.
2.2. Isolation of normal B-cells from healthy donors

Fresh buffy coat samples from healthy volunteers (n = 4) were
obtained from the Welsh Blood Service. Lymphoprep and gradient
centrifugation were used to isolate PBMCs from the buffy coat
samples. Assessment of the CD19 positive cells in the isolated
PBMCs was conducted using an Accuri C6 cytometer and CFlow
software (BD) following staining with anti-human CD19 antibody
conjugated to allophycocyanin (Invitrogen). Positive isolation
using CD19-magnetic beads (Invitrogen) was performed to enrich
for B-cells. Next, CD19-magentic beads were detached from the
isolated cells (B-cells) using DETACHaBEADS CD19 (Invitrogen).
The viability of B-cells was assessed using an Annexin V apoptosis
assay kit (eBiosceience) and an Accuri C6 cytometer with CFlow
software (BD).
2.3. Cellular fractionation

Thawed cells were treated with 0.5 ml hypotonic buffer (10 mM
triethylammonium bicarbonate, 1.5 mM MgCl2, and 10 mM KCl)
containing 1 mM phenylmethanesulfonylfuoride and 0.1% (v/v)
Nonidet P40 (NP40) detergent for 15 min on ice. Samples were
then centrifuged for 5 min (10,000 �g) at 4�C and the supernatant
from each sample was transferred into another tube and labelled
NP40 fractions. The remaining pellets were washed twice with
1 ml hypotonic buffer followed by centrifugation. Next, 0.2 ml 1%
sodium dodecyl sulphate (SDS) solution was added and the sample
was subjected to heating at 90�C for 20 min followed by sonication.
This was sufficient to solubilize the washed pellets (termed SDS
fractions). Protein concentrations were measured using the bicin-
choninic acid assay (BCA) protein assay (Sigma).

To generate complete cell lysate, cells were resuspended in
0.2 ml 1% SDS supplemented with PMSF (final concentration
1 mM) and sonicated for 5 min. To enhance the solubilization of
the cells, samples were heated at 90�C for 20 min. Following cen-
trifugation of the samples for 5 min (10,000 �g), cellular pellet
was not visible indicating complete solubilization of the cells. Pro-
tein concentration of the complete cell lysate was determined
using the bicinchoninic acid assay (BCA) protein assay (Sigma).
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2.4. Protein detection by gel electrophoresis and western blotting

Cellular proteins were separated by one dimensional (1D) gel
electrophoresis using pre-cast NuPAGE 4–12% Bis-Tris Zoom gels
(Invitrogen) under reducing conditions. For specific protein detec-
tion, proteins were transferred onto polyvinylidene fluoride mem-
branes (GE Healthcare), probed with specific antibodies and
identified using alkaline phosphatase chemiluminescent detection
protocol. Antibodies against eight different proteins were applied:
from Sigma anti-actin antibody (A-2066; used at 1/1000); from
Abcam anti-histone H4 antibody (ab31830; used at 0.5/1000),
anti-HP1BP3 antibody (ab98894; used at 1/1000) and anti-
THRAP3 antibody (ab71985; used at 1/1000); from Sant Cruz
Biotechnology anti-nucleolin antibody (sc-8031; used at 1/1000);
from Upstate Biotechnology anti-coronin-1A antibody (#07-493;
used at a 1/2000 dilution).

2.5. Protein precipitation and digestion

Protein precipitation using a 2D clean up kit (GE Healthcare)
was performed on identical amounts of protein (20 mg) from
NP40 fraction, SDS fraction and complete cell lysate that were gen-
erated from CLL samples. Following resuspension of the precipi-
tated proteins of NP40 and SDS fractions in 20 mL of 20 mM
triethylammonium bicarbonate (TEAB) they were denaturated
using 1 mL of 2% SDS and reduced with 2 mL of 50 mM tris(2-
carboxyethyl) phosphine (TCEP) at 60�C for 1 h. Protein alkylation
was performed using 1 mL of 200 mM methylmethane-
thiosulfonate in isopropanol for 10 min at room temperature.
Finally, protein digestion was conducted using 2 mL of sequencing
grade porcine trypsin (Promega) overnight at 37�C (the ration of
enzyme/substrate = 1/20).

Precipitated proteins from the complete lysate were resus-
pended in 50mMTris HCl with 0.1% SDS. DTT (final
concentration = 20 mM) was added to the protein suspension
and samples were incubated for 10 min at 95�C. Next, iodoac-
etamide (IAA) was added to the samples (final concentration
= 40 mM) which were incubated at room temperature in the dark
for 30 min. DTT (final concentration = 10 mM) was added to the
samples. For digestion, samples were incubated with 2 mL of
sequencing grade porcine trypsin (Promega) overnight at 37�C
(the ration of enzyme/substrate = 1/20).

2.6. Separation of peptides by liquid chromatography

Peptides (13.3 mg) from NP40 and SDS fractions of CLL samples
were dried using a vacuume centrifuge and then resuspended in
15 mL LC loading solution (2% (v/v) acetonitrile in water with
0.05% (v/v) trifluoroacetic acid (TFA)). Next, from the 13.3 mg pep-
tides 9 mg was injected in a 2D nano LC system (UltiMate 30000,
Dionex). Peptides from the NP40 fractions and SDS fractions were
independently separated on a strong cation-exchange (SCX) col-
umn (Bio-SCX, 500 mm, 15 mm, 5 mm, Dionex) using increasing
concentrations of NaCl (flow-through, 100 mM, 200 mM,
400 mM, 800 mM, and 1 M). Then, the peptide fractions were
cleaned using a reverse-phase desalting column. Next the peptides
were subjected to additional separation using a reverse-phase (RP)
column (PepMap 75 mm i.d., 30 cm, 3 mm, 100 Å, Dionex) at a flow
rate equal to 300nL/min. We used two buffers for separation on the
RP column; A = 2% (v/v) ACN in water with 0.05% (v/v) TFA and
B = 90% (v/v) ACN in water with 0.01% (v/v) TFA. The separation
on the RP column was conducted using an increasing concentra-
tion of solvent B; from 5% to 20% for 25 min and then from 20%
to 50% for 25 min. To monitor the separation profile, a chro-
matogram was recorded at 214 nm. A robot micro-fraction collec-
tor (Dionex) was used to spot the separated peptides (1 spot/8
3

seconds) onto an LC/MALDI plate. MALDI matrix a-cyano-4-
hydroxycinnamic acid (CHCA) (2 mg/ml CHCA in 70% (v/v) in
0.1% (v/v) TFA containing 10 fmol/ml Glu-Fib) was constantly
added to the column effluent via an m-tee mixing piece at a flow
rate of 1.4 ml/min.

Peptides (10 mg) from the complete cell lysate of CLL samples
were dried using a vacuume centrifuge and then resuspended in
15 mL LC loading solution (2% (v/v) acetonitrile in water with
0.05% (v/v) fluoroacetic acid (FA)). Of the 10 mg peptides, 2 mg were
injected into HPLC (1268 Infinity; Agilent Technologies) coupled
with Chrip-Cube (Agilent Technologies). The separation was con-
ducted on a Polaris-HR-Chip-3C18 with a 360 nl enrichment col-
umn and a 75 mm � 150 mm analytical column, which both are
packed with Polaris C18-A, 180 Å, 3 mm stationary phase (Agilent
Technologies). Mobile phase consisted of two puffers: A = 5%
(v/v) ACN in water with 0.1% (v/v) FA and B = 95% (v/v) ACN in
water with 0.1% (v/v) FA. The peptides were injected into the
enrichment column using the mobile phase A at flow rate = 3 ml/
min. Next, the separation of the peptide on the analytical column
was performed using an increasing concentration of solvent B:
3% to 55% for 46 min and from 55% to 75% for 15 min at flow
rate = 0.4 ml.

2.7. Mass spectrometry analysis

Resolved peptides from the NP40 fractions and SDS fractions
were analysed using an Applied Biosystems 4800 MALDI TOF/TOF
mass spectrometer with a 200 Hz solid-state laser operating at a
wavelength of 355 nm. The precursor masses in all LC-MALDI sam-
ple positions were measured in an MS positive reflector mode
using 800 laser shots (mass range 700–3000 Da; focus mass
1400). Glu-Fib that was added to the MALDI matrix was used as
an internal standard in each spot for the MS analysis. For peptide
sequencing, precursor fragmentation was conducted for the most
abundant six precursors with signal to noise higher than 30 in each
spot position. Common trypsin autolysis peaks and matrix ion sig-
nals and precursors within 300 resolution of each other were
excluded from the selection. In MS/MS positive ion mode 4000
spectra were averaged with 1 kV collision energy (collision gas
was air at a pressure of 1.661026 Torr) and default calibration.

The resolved peptides from the complete cell lysate were eluted
into Agilent 6540 UHD Accurate-Mass quadrupole time-of-flight
(Q-TOF) mass spectrometer through electro-spray ionization (ESI)
source using Agilent HPLC Chrip-Cube. The ESI was performed with
a drying gas (nitrogen) at temperature of 355�C and flow rate
4 L/min. The mass spectrometry analysis was conducted at positive
ion mode with a mass/charge (m/z) range of 250–3000 and five
spectra/sec. Auto MS/MS of precursor ions was done with the fol-
lowing settings: maximum precursor per cycle was five, absolute
threshold was 2000 counts and relative threshold percentage
was 0.01. Active exclusion was enabled at 2 spectra and released
after 1 min. Precursor charge state selection and preference were
set to 2+ and then 3+.

2.8. Data analysis

To perform protein identification based on peptide sequencing,
the MS and MS/MS spectra from the NP40 fractions and SDS frac-
tions were loaded into ProteinPilot 2.0.1 software (Applied Biosys-
tems) with the Paragon and ProGroup algorithms and searched
against the Human SwissProt database (release 2018(04)) that
had 20,385 entries. The search was performed only against human
proteins with trypsin as an enzyme used for digestion and cysteine
alkylation with methyl methane-thiosulfonate. One missed cleav-
age was allowed. Two different scores are reported by ProteinPilot
for each protein identification. First, the total protein score, which
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gives a measurement of all peptides that contribute to an identifi-
cation of a protein. Second, the unused protein score, which pro-
vides an assessment of only peptides that are specifically used to
identify a protein but not other proteins with a higher rank. To
determine the rate of incorrect protein identification, ProteinPilot
2.0.1 software was also used to run false discovery rate (FDR) anal-
ysis on the MS and MS/MS spectra. Protein identification was
restricted to those that were reported with an unused protein
score � 2 with confidence threshold � 99% and FDR = 1%.

The MS and MS/MS spectra generated from the complete cell
lysate were loaded into Spectrum Mill Protein Identification soft-
ware (Agilent Technologies) and searched against the Human Swis-
sProt database (release 2018(04)) that had 20,385 entries. The
search parameters were set as follows: protein digestion was by
Fig. 1. Schematic illustration of the proteomics workflow that was used in the present stu
The protein extract in the NP40 fraction, SDS fraction and complete cell lysate was in
separately resolved by two-dimensional liquid chromatography (2D-LC; NP40 and SDS f
Next, peptides were subjected to mass spectrometry analysis to determine the peptide ma
and SDS fractions and ESI Q/TOF MS for complete cell lysate. The MS and MS/MS data we
Protein Identification software with the Human SwissProt (protein) database in order to

4

trypsin, the maximum number of missed cleavages was two as rec-
ommended by the user manual provided by Agilent Technologies.
Carbamidomethylation of cysteine was selected for fixed modifica-
tion, and for variable modifications (oxidized methionine, pyroglu-
tamic acid (N-termQ), phosphorylated serine, phosphorylated
threonine and phosphorylated tyrosine) were selected. The precur-
sor mass tolerance was set at +/� 20 ppm and the product mass
tolerance was +/� 50 ppm. To ensure reporting high quality data
set of CLL proteome, auto-validation of peptide sequencing and
protein identification was set at FDR � 1%. Only protein identifica-
tions (with protein score > 20; FDR � 1%) based on two or more
district peptides (with peptide score > 6; FDR � 1%) were reported
in this study.
dy. Following the isolation of CLL cells, they were subjected to cellular fractionation.
dependently precipitated and digested using trypsin. The resultant peptides were
ractions) or one-dimensional liquid chromatography (1D-LC; complete cell lysate).
sses (MS) and the mass of peptide fragments (MS/MS); MLADI TOF/TOF MS for NP40
re used to perform peptide sequencing using ProteinPilot software or Spectrum Mill
identify proteins.
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2.9. Transcriptomics data sets

Two independent transcriptomics data sets of CLL (accession
number: GSE22762 [31] and GSE39671 [32]) from GEO http://
www.ncbi.nlm.nih.gov/geo/ were used for the analysis that aimed
to investigate the prognostic potential of THRAP3, HP1BP3 in CLL
patients. Three reasons led to the selection of these two data sets.
First, they included information about the clinical outcomes of the
disease; GSE22762 contained data about overall survival (OS) and
GSE39671 included information about time to first treatment
(TTFT). Second, the two data sets were based on independent
cohorts containing more than 100 patients each. Third, both data
sets were generated using the same oligonucleotide microarray
platform (Affymetrix Human Genome U133 Plus 2.0 Array). The
DataSet SOFT files of the transcriptomics data sets were down-
loaded from GEO and used.
Table 2
Summary of the protein identifications in the three types of protein extract using
different proteomic instruments.

Type of protein extract Instruments Size of
identified
proteome

NP40 fraction 2D nano-LC with MALDI
TOF/TOF MS

359
proteins

SDS fraction 2D nano-LC with MALDI
TOF/TOF MS

142
proteins

Complete cell lysate 1D nano-LC with ESI Q/
TOF MS

718
proteins

All the three types of protein
extract (NP40 fraction, SDS
fraction and complete cell
lysate)

2D nano-LC with MALDI
TOF/TOF MS and 1D
nano-LC with ESI Q/TOF
MS

919
proteins
2.10. Statistical analysis

Protein scores (total and unused), FDR and confidence threshold
of protein identification (in NP40 and SDS fractions) were calcu-
lated using ProteinPilot 2.0.1 software (Applied Biosystems) with
the Paragon and ProGroup algorithms. Spectrum Mill Protein Iden-
tification software (Agilent Technologies) was used to calculate the
score and FDR of peptides and proteins identified in the complete
cell lysate. Prism software (graphpad) was also employed to con-
struct Kaplan-Meier curves and to calculate p-values with hazard
ratios (HRs) based on the long-rank test. Column graphs were pre-
pared using Excel software and the associated p-values were calcu-
lated using the unpaired Student’s t-test. Heatmap was
constructed using the heatmapper tool (http://heatmapper.ca/)
[33]. Pathway enrichment analysis and the associated p values
were calculated using ‘‘Reactome Pathway Database” (https://reac-
tome.org/) [34].
Fig. 2. Venn diagram and protein localization analyses of the reported proteins.
Venn diagram shows common and specific proteins in the NP40 fractions and SDS
fractions (A). Gene Ontology, coupled with Quick GO tool, was used to determine
the type of protein enrichment in the NP40 fractions and SDS fractions (B).
3. Results

3.1. Proteomics analysis

In the current study, we performed 11 proteomics experiments
on 11 CLL samples with variable prognosis. Information about the
prognostic markers of the 11 CLL samples is shown in Table S1. Six
proteomics experiments (2D nano-LC with MALDI TOF/TOF MS)
were conducted on the NP40 and SDS fractions from six CLL sam-
ples. Next, five proteomics experiments (1D nano-LC with ESI
Q/TOF MS) were done on complete cell lysate generated from 5
CLL samples. The utilized proteomics workflow is illustrated and
summarised in Fig. 1. We identified 359 proteins in the NP40 frac-
tions and 142 proteins in the SDS fractions (73 proteins were com-
mon in both fractions; total number of proteins = 428). Table S2,
Table S3, Table S4, Table S5 and Table S6 show the full list of the
reported proteins and the peptides used for protein identifications.
The 428 proteins were identified using two or more distinct pep-
tides with a minimum unused protein score = 2 (confidence
threshold � 99% and FDR = 1%). From the complete cell lysate of
five CLL samples we reported 718 proteins (Table S6 and
Table S7). The protein identification was based on two or more dis-
tinct peptide with peptide score > 6 (FDR � 1%) and protein
score > 20 (FDR � 1%). Collectively, our study reported a CLL pro-
teome consisting of 919 proteins with FDR � 1% (Table 2).

Our study identified 359 proteins in the NP40 fractions and 142
proteins in the SDS fractions; 73 proteins were common in the two
fractions (Fig. 2A). To explore the type of protein enrichment in the
NP40 fractions and in the SDS fractions, we used Gene Ontology
(GO) data coupled with Quick GO tool (https://www.ebi.ac.uk/
5

QuickGO/) [35]. Proteins specific to the NP40 fractions and to the
SDS fractions were annotated to one or more of the following GO
terms ‘‘cytosol, membrane, mitochondrion or nucleus”. The analy-
sis revealed that cytosolic proteins were more predominant in the
NP40 fractions, while nuclear proteins dominated the SDS fractions
(Fig. 2B).
3.2. Validation of the proteomics findings

Our proteomics work reported a CLL proteome consisting of 919
proteins (FDR � 1%). To confirm the mass spectrometry-based pro-
tein identification, the detection of four proteins was validated in
CLL samples using Western blotting and specific antibodies. The
proteomics data showed that HP1BP3, histone H4, coronin-1A
and nucleolin were identified in CLL cells with multiple peptides
(n � 3), unused protein score � 5.8 and sequence coverage � 9.4%.

http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://heatmapper.ca/
https://reactome.org/
https://reactome.org/
https://www.ebi.ac.uk/QuickGO/
https://www.ebi.ac.uk/QuickGO/


Fig. 3. Validation of the proteomics findings. Western blotting with specific antibodies was used to confirm the mass spectrometry-based protein identification. HP1BP3 (A)
and Histone H4 (B) were investigated in SDS fractions of CLL samples. Coronin-1A (C) and nucleolin (D-G) were analysed in NP40 fractions of CLL samples. N: NP40 fraction; S:
SDS fraction; Pep. #: peptide count that was used for protein identification by mass spectrometry; score: unused protein score; %Seq.: percentage of protein sequence
coverage; Frac: fraction in which a protein was identified by mass spectrometry; GP: good prognosis (for the patients: P26, P28 and P29); PP: poor prognosis (for the patients:
P1, P3, P27, P25 and P30).
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The validation analyses of these proteins in CLL samples (n = 8 for
each protein) using specific antibodies agreed with the mass spec-
trometry findings (Figs. 3A-4D). Lower molecular weight bands of
nucleolin (two bands: ~57 kDa and ~ 68 kDa) were predominantly
detected in CLL samples from patients at the early stage of the
disease (stage A) and with good prognostic markers (M-CLL and
ZAP-70 negative; n = 8, p� 0.008, Fig. 3D, Fig. 3E and Fig. 3F respec-
tively). These data may propose a potential association of the small
size nucluleolin with good prognosis of CLL. This finding was also
associated with a decreased ratio of the full-length nucleolin
(110 kDa) to actin in CLL cells from patients with good prognosis
(n = 8, p = 0.05, Fig. 3D and 3G).

3.3. CLL-associated proteins

CLL cells were previously shown to upregulate the expression of
RNA processing proteins. Therefore, we studied the expression of
6

the RNA processing proteins (THRAP3 and HP1BP3) in CLL cells
versus normal B-cells. Our proteomics data set showed that
THRAP3 was detected specifically in SDS fractions with 3 different
peptides, unused protein score = 6 and sequence coverage = 6.8.
The identification details of HP1BP3 by mass spectrometry were
mentioned earlier.

It has been controversial what defines the best normal counter-
part to CLL cells, with B-cells expressing CD19, CD5, CD23 and
TLR9 being suggested as good normal match of CLL cells [36]. CD5+
normalB-cellswithorwithoutCD23andTLR9 representa small pro-
portion of normal B-cells population (approximately 15%) [37], thus
larger volume of samples and extensive cell sorting are required to
isolatesufficientnumberofCD5B-cells forwesternblottinganalysis.
As a result, this restricted us to the use of CD19+ B-cells from the
peripheral blood of healthy donors as a normal control of CLL cells.

The isolation of normal B-cells from four healthy donors began
with the isolation of peripheral blood mononuclear cells (PBMCs)



Fig. 4. CLL-associated proteins. Four normal B-cells samples were isolated from buffy coat of four healthy donors (A and B). Western blotting and specific antibodies were
used to investigate the expression of THRAP3 and HP1BP3 in CLL samples (P31, P32, P33, P34, P35 and P36) and normal B-cells (N1-N4; C-G). Alternative splicing is known to
produce four isoforms of HP1BP3; the amino acid sequence (71******120) is the region of the protein that the anti-HP1BP3 antibody (ab98894) identifies (H). SSC: side-
scattered light; FSC: forward-scattered light; LP: lymphocyte population.
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from buffy coat samples. Subsequent flow cytometric analysis
showed that further enrichment of B-cells was required (average
CD19+ cells = 5%; standard deviation = 2%; Fig. 4A). Next, positive
purification of B-cells was conducted using CD19-magentic beads
followed by DETACHaBEADS CD19 reagents to remove the beads
from the isolated B-cells. This step resulted in an enrichment of
the CD19+ population (CD19+ cells � 85%; Fig. 4B).
7

The expression of THRAP3 and HP1BP3 was evaluated in CLL
cells and normal B-cells using Western blotting and specific anti-
bodies. The analyses showed that these two proteins were over-
expressed in CLL cells compared with normal B-cells. The average
of THRAP3/actin was 1.10 in CLL cells compared with 0.10 in
normal B-cells (n = 9; p = 0.00007; Fig. 4C and Fig. 4E). Similarly,
the average of HP1BP3/actin was 1.38 in CLL cells compared with



Fig. 5. Investigations of the prognostic potential of THRAP3 and HP1BP3 in CLL. Two
data sets of CLL from GEO were used (GSE22762 and GSE39671). Low expression
was defined as patients with expression of THRAP3 or HP1BP3 < a z-score; high
expression of THRAP3 or HP1BP3 was defined as > a z-score. The z-scores 0.41, 0.20,
0.57 were used for the analyses of HP1BP3 with TTFT (A), THRAP3 with TTFT (B) and
THRAP3 with OS (C), respectively. UD: undefined; HR: hazard ratio of high
expression versus low expression.
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0.22 in normal B-cells (n = 10; p = 0.0002; Fig. 4D and Fig. 4F).
Interestingly, the anti-HP1BP3 antibody (ab98894) detected a
smaller size of HP1BP3 (~57 kDa) specifically in the normal B-
cells, but not in the CLL cells (n = 10, p = 0.0001; Fig. 4D and
Fig. 4G). Alternative splicing was reported to produce 4 different
isoforms of HP1BP3, which are documented at the level of protein
in the UniProt knowledgebase (https://www.uniprot.org/). Fig. 4H
shows a representation of these isoforms and the region that is tar-
geted by the anti-HP1BP3 antibody (ab98894) that was used in this
study. Therefore, the small size of HP1BP3 (~57 kDa) detected
spcifically in normal B-cells is lieky to be the isoform 2 of the
protein.

Public repositories like GEO represent rich sources of omics data
sets that can be used to investigate the relation between a gene of
interest and a disease [38,39]. Therefore, two independent tran-
scriptomics data sets of CLL (GSE22762 and GSE39671) from GEO
with clinical details about overall survival (OS) or time-to-first-
treatment (TTFT) were used to investigate whether the transcript
expression of THRAP3 and HP1BP3 could be relevant to CLL prog-
nosis. Initially the median expression of the transcripts corre-
sponding to HP1BP3 and THRAP3 in each data set was used to
divide the patients into two groups: a low expression group, where
the expression of THRAP3 and HP1BP3was below the median, and a
high expression group, where the expression of HP1BP3 and
THRAP3 was above the median. Next, the OS and TTFT data were
compared in the low and high expression groups of the two data
sets using Kaplan-Meier curve. The analysis showed that the med-
ian expression of THRAP3 and HP1BP3 did not significantly segre-
gate CLL patients into two groups with different prognosis.
Therefore, an effort was made using the ‘‘Cutoff Finder” tool
(http://molpath.charite.de/cutoff/) [40] to search for a cutoff value
(z-score) of the expression of THRAP3 and HP1BP3 that significantly
predicts the prognosis of CLL patients. As a result, an increased
expression of HP1BP3 (above a cutoff value: z-score = 0.41) was
found to predict early need of therapy (n = 121, p = 0.008,
HR = 2.10, Fig. 5A). Likewise, high expression of THRAP3 identified
patients with early treatment (z-score = 0.21, n = 121, p = 0.05,
HR = 1.70, Fig. 5B) and short overall survival (z-score = 0.57,
n = 107, p = 0.005, HR = 3.80, Fig. 5C).

Next, we attempted to explain the association of THRAP3 with
poor prognosis of CLL by employing Pearson score (PS) to identify
genes that correlated with the expression of THRAP3 in CLL cells
from 130 patients (data set GSE39671). Correlation with the
expression of THRAP3 was detected for 210 genes (PS � 0.40;
p < 0.00001). Interestingly, some of these genes play roles in cell
division and tumor growth, such as cell division cycle 14A
(CDC14A), cell division cycle 40 (CDC40), cell cycle associated pro-
tein 1 (CAPRIN1), microtubule-associated protein 9 (MAP9), fibrob-
last growth factor receptor 1 (FGFR1), SRC proto-oncogene tyrosine
kinase (SRC) and Src homology 2 domain containing adaptor pro-
tein B (SHB) and Kirsten rat sarcoma viral oncogene homolog
(KRAS) (Fig. 6A). To gain insights into the functional roles of the
210 genes, we performed pathway enrichment analysis using
‘‘Reactome Pathway Database”. The analysis found a significant
enrichment by the 210 genes for cancer-related pathways like
FGFR1 signalling, RAS signalling and VEGFR2 mediated cell prolif-
eration (Table 3). Following the same concept, we employed PS
to identify genes that exhibited correlation with the expression
of HP1BP3 in CLL cells using the data set GSE39671. The analysis
found 2223 genes to be correlated with the expression of HP1BP3
in 130 CLL patients (PS � 0.40; p < 0.00001). Fig. 6B shows the cor-
relation between HP1BP3 and known CLL-related genes, such as
CD79B, B-cell linker (BLNK), bruton tyrosine kinase (BTK), T-cell
leukemia/lymphoma 1A (TCL1A) and CD40. Utilizing ‘‘Reactome
Pathway Database” we conducted pathway enrichment analysis
of the 2223 genes (Table 3).
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Fig. 6. Heatmap presentation of the correlation of THRAP3 and HP1BP3with other genes in CLL cells from 130 patients. The analysis was conducted on the data set GSE39671;
the Pearson score (PS) ranged from 0.40 to 0.58 for THRAP3 (A) and 0.51 to 0.76 for HP1BP3 (B) with p value less than 0.00001. Green is high expression and red is low
expression.
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4. Discussion

Proteomics is a useful approach to study aberrant protein
expression in CLL in order to provide novel insights into the pathol-
ogy of the disease [23]. The dynamic range of cellular proteins was
reported to reach six-fold [41]. Therefore, cellular fractionation
was previously described as an effective method to increase the
9

chance of identifying larger number of proteins using gel-free
based proteomic approaches [42,43,44,45]. Following the same
concept, we performed cellular fractionation on CLL cells (NP40
fractions and SDS fractions). The NP40 fractions appeared to be
enriched with cytosolic proteins, whereas the SDS fractions were
enriched with nuclear proteins. For example, only one histone
protein (nuclear protein) was detected in the NP40 fraction. In



Table 3
Pathway enrichment analysis of genes that correlated with THRAP3 or HP1BP3.

Pathway name No of genes found No of genes in total p value Analysis

SHC-mediated cascade:FGFR1 4 30 0.002 THRAP3
FRS-mediated FGFR1 signaling 4 31 0.002 THRAP3
Signaling by FGFR1 in disease 5 58 0.003 THRAP3
Signaling by FGFR1 5 62 0.004 THRAP3
Signalling to RAS 3 26 0.010 THRAP3
Signaling by RAS mutants 4 54 0.014 THRAP3
Signaling by moderate kinase activity BRAF mutants 4 54 0.014 THRAP3
Signaling downstream of RAS mutants 4 54 0.014 THRAP3
Activation of RAS in B cells 2 11 0.015 THRAP3
VEGFR2 mediated cell proliferation 3 31 0.016 THRAP3
Signaling by EGFR 4 61 0.020 THRAP3
Signaling by Insulin receptor 5 97 0.025 THRAP3
RAF activation 3 37 0.025 THRAP3
Signalling to ERKs 3 42 0.035 THRAP3
Synthesis of DNA 54 132 0.000002 HP1BP3
DNA Replication 55 141 0.000006 HP1BP3
S Phase 64 179 0.00002 HP1BP3
mRNA Splicing 64 196 0.0002 HP1BP3
Oxygen-dependent proline hydroxylation of Hypoxia-inducible Factor Alpha 26 72 0.004 HP1BP3
Downstream signaling events of B Cell Receptor (BCR) 31 93 0.006 HP1BP3
Extension of Telomeres 21 62 0.02 HP1BP3
Activation of NF-kappaB in B cells 23 72 0.02 HP1BP3
Cell Cycle 167 715 0.03 HP1BP3

‘‘Reactome Pathway Database” was employed to perform pathway enrichment analysis. ‘‘No of genes found” indicates the number of genes that correlated with THRAP3 or
HP1BP3 and were assigned to a pathway. ‘‘No of genes in total” is the number of all known genes that function in a pathway.
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contrast, 13 different histone proteins were identified in the SDS
fractions. In the complete cells lysate preparation, only 4 histone
proteins were identified, although the proteomics experiments
were conducted using Agilent 6540 UHD Accurate-Mass Q-TOF
mass spectrometer, which yielded larger proteome identifications
compared with Applied Biosystems 4800 MALDI TOF/TOF mass
spectrometer. Although the size of the proteome detected in the
SDS fractions was small (142 proteins), working on SDS fractions
seemed justifiable when DNA-associated proteins are of interest.

The good quality of our CLL proteome was evident at the valida-
tion analyses. The specific antibody-based protein identification of
all examined proteins (n = 4) in CLL samples was consistent with
the proteomics findings, adding more validity to the reported CLL
proteome.

Nucleolin (110 kDa) is a pro-survival protein that stabilizes the
transcript of BCL-2 in CLL cells and inhibits FAS-induced apoptosis
in B-cell lymphomas [46,47]. In CLL cells, the expression of nucle-
olin positively correlates with the level of BCL-2, supporting the
conception that nucleolin is a stabilizing protein of BCL-2 mRNA
[47]. The same study also showed that in contrast to normal B-
cells, CLL cells over-express both nucleolin and BCL-2. As an anti-
apoptotic protein BCL-2 is one of the main drivers of the survival
of CLL cells and is considered a marker of poor prognosis in CLL
patients [20]. Our preliminary data (n = 8) showed lower abun-
dance of the intact nucleolin (110 kDa) that was associated with
the detection of small sizes of the protein (~68 kDa
and ~ 57 kDa) in CLL cells from patients with good prognosis. These
findings might indicate an active degradation of nucleolin
(110 kDa) in CLL cells from patients with good prognosis compared
with those from patients with poor prognosis. The stability of
nucleolin (110 kDa) has been shown to be proliferation-
dependent [48]. In proliferating peripheral blood lymphocytes
(PBLs) nucleolin (110 kDa) was the main detected band, whereas
smaller sizes of nucleolin (68 kDa, ~57 kDa and 43 kDa) were pre-
dominantly found in less proliferative or non-dividing PBLs [48].
Given the roles of nucleolin (110 kDa) in the survival and prolifer-
ation, our findings are in consistence with the phenotype of good
prognosis of CLL. Furthermore, our data may provide an explana-
tion, at least partially, for the lower capacity of good prognosis
CLL cells to undergo proliferation and resist apoptosis compared
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with poor prognosis CLL cells [49]. The sample size we used to
study nucleolin was small (n = 8). Therefore, studying the expres-
sion of nucleolin in a larger number of CLL samples is required to
confirm our finding.

In the present study, THRAP3, which is an RNA processing pro-
tein, was found with high expression in CLL cells compared with
normal B-cells. This finding supports a recently published work,
where CLL cells were shown to over-express proteins implicated
in mRNA processing [50]. THRAP3 plays role in the cell cycle pro-
gression, where it is required for the production of mature tran-
script of cyclin D1 [51]. CLL cells that express cyclin D1 were
shown to reside in the proliferation centre in lymph nodes, indicat-
ing a role of cyclin D1 in the proliferation of CLL cells [52]. In con-
trast to the historical view, that described CLL as a dysfunctional
apoptosis-driven disease, CLL is currently viewed as a dynamic
cancer composed of malignant cells with variable rates of prolifer-
ation and apoptosis [49]. In fact, CLL cells have a prolonged prolif-
eration history compared with normal B-cells as evidenced by the
shorter telomeres of the malignant cells [53]. Given the role of
THRAP3 on the progression of cell cycle, its increased expression
in CLL cells may support their expansion. Interestingly, CLL cells
harboring unmutated IGHV (poor prognostic marker) were found
to up-regulate the expression of THRAP3 compared with those car-
rying mutated IGHV (good prognostic marker) [30]. In line with this
view, using data sets of CLL transcriptomics from GEO, we showed
that high expression of THRAP3 mRNA is predictive of early treat-
ment and short overall survival in CLL patients in two independent
transcriptomics data sets (total number of CLL patients = 228). In
agreement with this finding, we also found genes that have been
implicated in cell division and tumour growth, such as CDC14A
[54], CDC40 [55], CAPRIN1 [56], MAP9 (also known as ASAP) [57],
FGFR1 [58], SRC [59], KRAS [60], and SHB [61] to significantly corre-
late with the expression of THRAP3 in CLL cells. These results may
provide rationale for the prediction of poor prognosis of CLL by the
high expression of THARP3.

Our study identified a specific expression of a smaller form
(~57 kDa) of HP1BP3 in normal B-cells compared with CLL cells.
HP1BP3 has four isoforms that result from alternative splicing that
were documented at the level of protein in UniProt knowledge
base (https://www.uniprot.org/). The anti-HP1BP3 antibody
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(ab98894) used in this study targets a peptide sequence within the
N terminal (amino acids: 71–120) of the protein. This sequence is
present in HP1BP3 isoform 1 (size = 67 kDa), isoform 2 (size = 57
kDa) and isoform 4 (size = 15 kDa). It is possible that the HP1BP3
(~57 kDa), specifically detected in normal B-cells, corresponds to
isoform 2. Therefore, this finding proposes HP1BP3 (~57 kDa) as
a marker to aid in the differentiation between normal B-cells and
CLL cells. Examining HP1BP3 (~57 kDa) in a larger number of CLL
and normal B-cell samples would seem worthwhile in order to
draw a definitive conclusion about its possible utility as a diagnos-
tic marker.

The expression of the intact form of HP1BP3 (67 kDa) was
higher in CLL cells compared with normal B-cells. HP1BP3 is impli-
cated in cellular proliferation, where it maintains heterochromatin
integrity during G1 to S phase of the cell cycle affecting the dura-
tion of G1 phase [62]. In addition, HP1BP3 is a pro-survival protein;
it mediates chromatin condensation that protects cells from
hypoxia-induced apoptosis [63]. Furthermore, HP1BP3 increases
the tumourogenesis of malignant cells. For example, HP1BP3-
deficient cancer cells (A341) produced tumours in 50% of injected
mice, whereas A341 cells expressing HP1BP3 induced tumor
growth in all tested mice and the tumor was bigger and more resis-
tant to chemotherapy in mice that received HP1BP3 expressing
A341 cells [63]. Consistent with the known roles of HP1BP3, our
data showed that high expression of HP1BP3 transcript was predic-
tive of shorter time to first treatment in CLL patients. In line with
this finding, our correlation analysis identified an association
between the expression of HP1BP3 and others genes that enriched
for CLL-related pathways such as cell cycling [49], BCR signaling
[9], activation of NF-jB [64] and extension of telomeres [53]. Taken
together, these findings suggest a role of HP1BP3 in the growth and
survival of CLL cells.

5. Conclusions

Overall, our study adds to the known proteome of CLL. Nucle-
olin, THRAP3 and HP1BP3 are proteins that were implicated in cel-
lular proliferation and survival; and appeared in our study to be
CLL-associated proteins and/or predict the prognosis of the neo-
plasm. Therefore, our findings provide a rationale for further inves-
tigations on these proteins using a bigger number of samples to
determine their roles in CLL with the view of novel biomarkers
and targeted therapy.
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