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An overview of the role of platelets 
in angiogenesis, apoptosis and autophagy 
in chronic myeloid leukaemia
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Abstract 

Amongst males, leukaemia is the most common cause of cancer-related death in individuals younger than 40 years 
of age whereas in female children and adolescents, leukaemia is the most common cause of cancer-related death. 
Chronic myeloid leukaemia (CML) is a chronic leukaemia of the haematopoietic stem cells affecting mostly adults. 
The disease results from a translocation of the Philadelphia chromosome in stem cells of the bone marrow. CML 
patients usually present with mild to moderate anaemia and with decreased, normal, or increased platelet counts. 
CML represents 0.5% of all new cancer cases in the United States (2016). In 2016, an estimated 1070 people would die 
of this disease in the United States. Platelets serve as a means for tumours to increase growth and to provide physi-
cal- and mechanical support to elude the immune system and to metastasize. Currently there is no literature available 
on the role that platelets play in CML progression, despite literature reporting the fact that platelet count and size are 
affected. Resistance to CML treatment with tyrosine kinase inhibitors can be as a result of acquired resistance ensuing 
from mutations in the tyrosine kinase domains, loss of response or poor tolerance. In CML this resistance has recently 
become linked to bone marrow (BM) angiogenesis which aids in the growth and survival of leukaemia cells. The dis-
covery of the lungs as a site of haematopoietic progenitors, suggests that CML resistance is not localized to the bone 
marrow and that the mutations leading to the disease and resistance to treatment may also occur in the haematopoi-
etic progenitors in the lungs. In conclusion, platelets are significantly affected during CML progression and treatment. 
Investigation into the role that platelets play in CML progression is vital including how treatment affects the cell death 
mechanisms of platelets.
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Background
Amongst males, leukaemia is the most common cause of 
cancer-related death in individuals younger than 40 years 
of age whereas leukaemia is the most common cause of 
cancer-related death in female children and adolescents 
[1–3]. One-third of all types of cancer identified in chil-
dren (1 month to 14 years) are attributed to leukaemia of 
which 78% are acute lymphoblastic leukaemia (Table  1 
and 2) [3].

Leukaemia results from the abnormal formation of 
white blood cells during the process of haematopoiesis 
[4]. Leukaemia can be divided into acute- or chronic leu-
kaemia and is further subdivided as either myeloid (from 
myeloid cells) or lymphoid (from lymphocytes) leukae-
mia [4].

The most common types of leukaemia are acute mye-
loid leukaemia (AML), acute lymphoblastic leukaemia 
(ALL), chronic myeloid leukaemia (CML) and chronic 
lymphocytic leukaemia (CLL) [4, 5]. Acute leukaemia 
refers to the rate at which the disease progresses which 
is in acute cases is rapid development; without treatment 
the disease would be fatal within a few months of disease 
onset. The time of disease progression varies according to 
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the type of leukaemia, with accumulation of blood cells 
that do not mature during haematopoiesis, referred to as 
blasts [4, 5].

Chronic leukaemia is characterised by a long subclini-
cal period ranging from 3 to 5  years, where there is a 
delayed build-up of abnormal lymphocytes or myeloid 
cells. The abnormality differs for each type of leukaemia 
depending on the genetic mutation present, and results 
in the lymphocytes or myeloid cells not being able to per-
form their functions. The latter may not be symptomatic 
for a prolonged period ranging from months to years [4, 
5]. Leukaemia can also arise from erythrocytes or plate-
lets resulting in myeloid leukaemia or from the bone 
marrow, lymph nodes and spleen [4, 5].

As previously mentioned, the development of the dis-
ease is a result of genetic mutation [7]. Genes involved in 
the regulation of haematopoiesis are commonly mutated 
in leukaemia, resulting in differentiation defects of hae-
matopoietic cells. Distinctive mutations are implicated 
in each type of leukaemia [6–8]. Recurrent cytogenetic 
abnormalities occur in 50% of AML patients and 80% of 
ALL patients [8]. The rat sarcoma mitogen-activated pro-
tein kinase (RAS-MAPK) signalling or phosphatidylino-
sitol 3-kinase (PI3k)/protein kinase B (AKT) signalling 
allow for proliferation and survival of mutated cells of a 
haematopoietic origin [7, 8].

Treatment and survival rates of leukaemia depend 
on the type of genetic mutation responsible and stage 

at time of diagnosis (which varies per leukaemia type). 
These include radiation therapy, chemotherapy, tar-
geted therapy and combinations of the three treatments 
(Table 3) [7].

Stem cell transplantation may also be used as treat-
ment in cases of leukaemia and lymphoma [7]. Stem 
cell transplantation consists of patients receiving initial 
high dosages of chemotherapy and/or radiation therapy 
eliminating the bulk of the patient’s stem cells, the dosage 
hereof depends on the type of drug administered. Follow-
ing this therapy, patients receive a transplant of compat-
ible donor stem cells by infusion, replacing the lost stem 
cells and producing new, unmutated stem cells [7].

Development of innovative targeted-molecular therapy 
which comprises of drugs that target molecules including 
those involved in cell growth signalling, tumour blood 
vessel development and general markers of apoptosis 
has transformed treatment of leukaemia and specifically 
CML through the development of tyrosine kinase inhibi-
tors [9–12].

Chronic myeloid leukaemia
CML is a chronic leukaemia of the haematopoietic stem 
cells affecting mostly adults. In 2016 it was estimated that 
there would be 8220 new cases of chronic myeloid leukae-
mia and an estimated 1070 people would die of this dis-
ease in the United States (Figs. 1, 2) [13]. Chronic myeloid 
leukaemia represents 0.5% of all new cancer cases in the 
United States [13]. CML results from a translocation of the 
Philadelphia (Ph) chromosome in stem cells of the bone 
marrow. This, in turn, leads to the collocation of the Abel-
son murine leukaemia viral oncogene homolog 1 (ABL1) 
gene from chromosome 9 and the breakpoint cluster 
region protein (BCR) gene from chromosome 22 [6, 9–12]. 
The latter causes the fusion of a BCR-ABL gene encoding 
for the aforementioned transcripts and fusion proteins of 
the BCR-ABL protein including tyrosine-kinase activity 
involving the phosphorylation of several substrates activat-
ing multiple signal-transduction cascades involved in cell 
proliferation and differentiation [6, 9–12].

Additional genetic events include mutations or dele-
tions of genes namely p53 and the retinoblastoma protein 
(Rb) following the translocation of the Ph chromosome 
resulting in the fusion of the BCR and ABL1 genes which 
allow for the progression of disease [6, 9–12]. The BCR-
ABL1 gene may function by hindering apoptosis in 
targeted stem cells [6]. Inhibition of apoptosis in hemat-
opoietic progenitor cells expressing the fused BCR-ABL 
gene is thought to occur through the phosphotyrosine 
kinase activity of the BCR-ABL gene. This results in these 
cells being able to evade dependency on growth factors 
and resistance to harmful effects of drugs and irradiation 
[6, 9–12].

Table 1  Total estimated number of  new leukaemia cases 
in the United States for 2014 [6]

Type Total Male Female

Acute lymphoblastic leukaemia 6020 3140 2880

Chronic lymphocytic leukaemia 15,720 9100 6620

Acute myeloid leukaemia 18,860 11,530 7330

Chronic myeloid leukaemia 5980 3130 2850

Other leukaemia 5800 3200 2600

Total estimated new cases 52,380 30,100 22,280

Table 2  Estimated deaths (all age groups) from  all types 
of leukaemia in 2014 in the United States [6]

Type Total Male Female

Acute lymphoblastic leukaemia 1440 810 630

Chronic lymphocytic leukaemia 4600 2800 1800

Acute myeloid leukaemia 10,460 6010 4450

Chronic myeloid leukaemia 810 550 260

Other leukaemia 6780 3870 2910

Total 24,090 14,040 10,050



Page 3 of 12Repsold et al. Cancer Cell Int  (2017) 17:89 

Ta
bl

e 
3 

Su
m

m
ar

y 
of

 th
e 

ty
pe

s 
of

 le
uk

ae
m

ia
 in

cl
ud

in
g 

ae
ti

ol
og

y,
 g

en
et

ic
 m

ar
ke

rs
 in

vo
lv

ed
, c

lin
ic

al
 p

re
se

nt
at

io
n 

an
d 

tr
ea

tm
en

t [
9–

11
]

Ty
pe

A
et

io
lo

gy
Sp

ec
ifi

c 
m

ar
ke

rs
Cl

in
ic

al
 p

re
se

nt
at

io
n

Tr
ea

tm
en

t

A
cu

te
 ly

m
ph

oc
yt

ic
 le

uk
ae

m
ia

C
hr

om
os

om
al

 a
be

rr
at

io
n 

re
su

lti
ng

 in
 

ab
no

rm
al

 tr
an

sc
rip

tio
n 

fa
ct

or
s 

th
at

 
aff

ec
t d

ev
el

op
m

en
t o

f B
- a

nd
 T

 c
el

ls

H
yp

er
di

pl
oi

dy
, T

er
m

in
al

 d
eo

xy
nu

cl
eo

ti-
dy

l t
ra

ns
fe

ra
se

 p
os

iti
ve

, t
(9

;2
2)

Sy
m

pt
om

s 
re

la
te

d 
to

 d
ep

re
ss

ed
 m

ar
-

ro
w

 fu
nc

tio
n 

in
cl

ud
in

g 
an

ae
m

ia
, 

bo
ne

 p
ai

n 
an

d 
ce

nt
ra

l n
er

vo
us

 
sy

st
em

 m
an

ife
st

at
io

ns

C
he

m
ot

he
ra

py
, i

nt
ra

th
ec

al
 th

er
ap

y,
 s

te
m

 
ce

ll 
tr

an
sp

la
nt

at
io

n

C
hr

on
ic

 ly
m

ph
oc

yt
ic

 le
uk

ae
m

ia
C

hr
om

os
om

al
 d

el
et

io
n 

or
 p

os
si

bl
e 

so
m

at
ic

 h
yp

er
m

ut
at

io
n 

of
 p

os
tg

er
-

m
in

al
 B

 c
el

ls

Tr
is

om
y 

12
, T

er
m

in
al

 d
eo

xy
nu

cl
eo

tid
yl

 
tr

an
sf

er
as

e 
ne

ga
tiv

e,
 t(

15
;1

7)
W

ei
gh

t l
os

s, 
su

pe
rfi

ci
al

 ly
m

ph
 n

od
e 

en
la

rg
em

en
t a

nd
 m

od
er

at
e 

sp
le

no
-

m
eg

al
y

D
ru

g 
th

er
ap

y 
in

cl
ud

in
g 

ch
em

ot
he

ra
py

, 
pu

rin
e 

an
al

og
ue

s 
an

d 
m

on
oc

lo
na

l 
an

tib
od

y 
th

er
ap

y,
 n

eu
tr

op
hi

l g
ro

w
th

 
fa

ct
or

s, 
ra

di
at

io
n 

th
er

ap
y

A
cu

te
 m

ye
lo

ge
no

us
 le

uk
ae

m
ia

O
nc

og
en

ic
 m

ut
at

io
ns

 im
pe

de
 d

if-
fe

re
nt

ia
tio

n,
 a

cc
um

ul
at

in
g 

im
m

at
ur

e 
m

ye
lo

id
 b

la
st

s 
in

 b
on

e 
m

ar
ro

w

t(
8;

21
)

A
na

em
ia

 a
nd

 b
ac

te
ria

l i
nf

ec
tio

ns
C

he
m

ot
he

ra
py

, s
te

m
 c

el
l t

ra
ns

pl
an

ta
tio

n

C
hr

on
ic

 m
ye

lo
id

 le
uk

ae
m

ia
Ty

ro
si

ne
 k

in
as

e 
pa

th
w

ay
 re

la
te

d 
to

 
ch

ro
m

os
om

al
 tr

an
sl

oc
at

io
n 

of
 th

e 
Ph

ila
de

lp
hi

a 
ch

ro
m

os
om

e

Ph
ila

de
lp

hi
a 

ch
ro

m
os

om
e,

 t(
9;

22
)

Sp
le

no
m

eg
al

y,
 h

ep
at

om
eg

al
y,

 ly
m

-
ph

ad
en

op
at

hy
 a

nd
 w

ei
gh

t l
os

s
D

ru
g 

th
er

ap
y 

in
cl

ud
in

g 
ty

ro
si

ne
 k

in
as

e 
in

hi
bi

to
rs

, l
eu

ka
ph

er
es

is
, s

te
m

 c
el

l 
tr

an
sp

la
nt

at
io

n



Page 4 of 12Repsold et al. Cancer Cell Int  (2017) 17:89 

CML can be divided into various phases of disease 
progression; these are the initial chronic stable phase 
and advanced phase which are partitioned into the ear-
lier accelerated phase and later acute- or blastic phase [6, 
9–12]. The chronic phase is usually the phase in which 
most patients are diagnosed and is characterized by an 
increased spleen size, while also being able to maintain a 
normal range of blood counts as established by compar-
ing to reference levels, on therapy with tyrosine kinase 
inhibitors [6].

Diagnosis of CML includes the presence of spleno-
megaly, leukocytosis and the incidence of the BCR-
ABL1 fusion gene present in leukaemia cells [6, 9–12]. 
Diagnostic tests include cytogenetic analysis to detect 
the Ph chromosome, fluorescence in  situ hybridization 
detecting the presence of the mutated BCR-ABL gene by 
using fluorescent dyes and the polymerase chain reaction 
which detects and measures these mutated BCR-ABL 
oncogenes [6, 9–12].

Progression of CML from the initial, chronic stable 
phase to the advanced, accelerated and blastic phases is 
not well understood. Pathways implicated include the 
atypical phosphorylation of intracellular proteins such as 
Crk-like protein (Crkl), mitogen-activated protein kinase 
1/2 (Mek 1/2), Rac and c-Jun N-terminal kinase (Jnk) [6, 
9–12]. The activation of signal transduction pathways rat 

sarcoma (RAS) or signal transducer and activator of tran-
scription (STAT) may occur [6, 9–12]. The potential acti-
vation of the phosphatidylinositol 3-kinase/AKT pathway 
that enables apoptosis is also implicated [6, 9–12].

Research conducted to determine the cause of 
increased bleeding in patients on TKI treatment showed 
that Dasatinib and, to a lesser degree Imatinib, inhibit 
platelet function by impairing arachidonic acid- and epi-
nephrine-induced aggregation. The exact mechanism by 
which this platelet dysfunction is caused is not known; it 
was shown not to be related to thrombocytopenia or the 
presence of clonal haematopoiesis [14, 15].

The most widely used treatment for CML is Imatinib, 
an inhibitor of BCR-ABL tyrosine kinase, a specific 
inhibitor of the BCR-ABL fusion protein, commonly 
referred to as a tyrosine kinase inhibitor (TKI) [6, 9–12]. 
If patients are receptive and responsive to TKI treat-
ment they are likely to survive in excess of 20 years after 
diagnosis and patients may have an average lifespan 
of 67 years of age [6, 9–12]. In the case of patients who 
don’t respond to TKI’s (which is usually about 20% of 
patients) the disease progresses rapidly in 50% of these 
patients into the more aggressive acute or blastic phase. 
In these cases second, third and fourth generation TKI’s 
are used for treatment as well as haematopoietic stem 
cell transplants [6, 9–12]. In the other 50% of patients, 
CML progressively advances to the accelerated phase 
which may last for months or even years before progress-
ing to the blastic phase [5]. Once the blastic transforma-
tion has occurred in patients their survival may only be 
3–9 months [6, 9–12].

Platelets
Platelets are known to serve as a means for tumours to 
increase growth and provide physical- and mechanical 
support to elude the immune system and metastasize 
[16, 17]. There is, however, no literature available on the 
role that platelets play in CML progression. Due to the 
fact that platelets fulfil an important role in cancer- and 
tumour development, their role in CML and potential 
influence in CML progression are of clinical significance.

Cancer metastasis is directly linked to platelet activity 
and, in particular, the ability of cancer cells to elude the 
immune system by formation of platelet-tumour aggre-
gates [18–22]. The latter takes place through the bind-
ing of cancer cells (lung-, bone- and breast cancer) to 
P-selectin and integrins expressed on the membrane of 
platelets, thus activating the platelets [22].

Binding of cancer cells to platelets via P-selectin con-
sequently results in attraction of platelets to areas of 
neovascularization and tumour growth by the release of 
serotonin and thromboxane from platelets [23]. Seroto-
nin is known to have a tumour-stimulatory role and also 

Fig. 2  Percent of chronic myeloid leukaemia deaths in 2016 by age 
group in the United States [13]

Fig. 1  Percent of new chronic myeloid leukaemia cases in 2016 by 
age group in the United States [13]
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contributes to cancer-related fatigue, while thromboxane 
stimulates proliferation and prevents apoptosis of can-
cer cells [23]. Mitogens including vascular endothelial 
growth factor (VEGF), platelet derived growth factor 
(PDGF) and transforming growth factor (TGF) are sub-
sequently released thereby increasing vascularization and 
growth of the tumour [22–29].

Further activation of platelets ensues from the original 
tumour; triggering enhanced growth of the tumour as a 
result of the release of platelets granules [19]. Release of 
the contents of the granules from platelets hinders the 
ability of the immune surveillance system against malig-
nancy through cloaking tumour cells and protecting the 
tumour cells from natural killer (NK) cells by providing a 
physical barrier and also placing major histocompatibil-
ity complex (MHC) class I antigen into the vicinity of the 
tumour cell surface [8, 30]. This process is referred to as 
the platelet–cancer loop (Fig. 3) [31].

In a recent publication it was shown that platelets are 
not solely produced in the bone marrow as convention-
ally thought, but that platelet biogenesis is predominantly 
located in the lungs, producing approximately 50% of the 
total platelets in the circulation [32]. Furthermore, sub-
stantial populations of haematopoietic progenitors were 
found to be produced in the lungs. These progenitors 
could repopulate the bone marrow in cases of thrombo-
cytopenia and stem cell deficiency [32]. These significant 
findings demonstrate that there are uncertainties con-
cerning the process of haematopoiesis and specifically 

how this new source of haematopoiesis may affect our 
understanding of the aetiology of leukaemia [32].

Platelets play an important role in cancer and tumour 
development, in particular their direct involvement in 
the process of angiogenesis in tumours. Therapy directed 
at specifically targeting angiogenesis is a recognized 
method of treatment, however, it is not well researched 
in haematological malignancies [33]. The importance 
of angiogenesis-targeted therapies in CML has recently 
become clear as the occurrence of TKI resistance and 
specifically Imatinib resistance increases (Fig. 4).

Failure of patients to respond to Imatinib treatment 
can be a result of acquired resistance ensuing from muta-
tions in the BCR-ABL 1 tyrosine kinase domain, loss of 
response and poor tolerance [33]. In CML, this resistance 
has recently become linked to bone marrow (BM) angio-
genesis which aids in the growth and survival of leukae-
mia cells [33]. However, with the discovery of the lungs 
as a site of haematopoietic progenitors, this may indicate 
that CML resistance is not localized to the bone marrow 
and that the mutations leading to the disease and resist-
ance to treatment may also occur in the haematopoietic 
progenitors in the lungs [32].

Angiogenesis
Angiogenesis is a well-known contributor to cancer pro-
gression and is defined as a closely-controlled biological 
process which takes place during foetal development of 
blood vessels and wound healing [34]. Angiogenesis is a 
process associated with the formation of new vascular 
sections onto a pre-existing vascular system [35, 36].

Tumour angiogenesis, the process leading to the for-
mation of new blood vessels within the tumour mass, 
provides cancer cells with oxygen and nutrition and plays 
a central role in cancer cell survival [35, 36]. It also pro-
motes tumour growth and possible development of dis-
tant metastases [34–36].

The angiogenesis-related proteins released during 
angiogenesis can be differentiated into the angiogenic 
activators and the angiogenic inhibitors [30, 37]. Angi-
ogenesis-activating proteins include VEGF, PDGF and 
matrix metallopeptidase-9 (MMP-9), while the angio-
genic inhibitors include transforming growth factor β 
(TGFβ) [30, 37, 38]. These angiogenesis-regulatory fac-
tors are released from activated platelets in circulat-
ing blood of patients with cancer or the development of 
tumours [38–40].

VEGF is a dimeric glycoprotein and a member of the 
PDGF family which contributes to angiogenesis by pro-
moting endothelial cell growth, maturation and survival, 
enhancing vascular permeability and inhibiting apopto-
sis [41–44]. A wide variety of human tissues express low 
levels of VEGF (around 108 pg/ml) [41–44]. High levels 

Fig. 3  The amplification of tumour growth by binding and subse-
quent activation of platelets. Cancer cells activate and bind to acti-
vated platelets via P-selectin expressed on the platelet membranes. 
This results in the release of mitogens including VEGF, PDGF and TGFβ 
that increase growth and vascularization of the tumour mass. These 
factors further activate platelets following the release of constituents, 
amplifying the platelet–cancer loop (produced with Microsoft® 
PowerPoint®) [31]
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(around 238 pg/ml) are produced where angiogenesis is 
required such as in foetal tissue, the placenta, the corpus 
luteum, as well as in the vast majority of human tumours 
including breast, colorectal, bladder and ovarian cancers 
[45]. Studies have shown that prostate- and colorectal 
cancer patients have increased serum VEGF levels when 
compared to healthy individuals [36, 46, 47].

It was reported that TGFβ, another angiogenic-regu-
lating factor released by platelets, also plays a role in the 
inhibition of the antitumour activity of T-cells, NK cells, 
neutrophils, monocytes and macrophages involved in 
regulating cancer progression [48].

PDGF is present in a number of cells including plate-
lets, fibroblasts, keratinocytes, myoblasts, astrocytes, epi-
thelial cells and macrophages [45]. Expression of PDGF 
and platelet derived growth factor receptors (PDGFRs) 
are dynamic and characterized by a constant change in 
levels; their biosynthesis and processing are controlled 
at various levels where increased expression or levels are 
indicative of several diseases and pathological conditions 

which are categorized into three causative disease groups 
namely tumours, vascular diseases and fibrosis [49].

Levels of PDGF, however, can be upregulated by a vari-
ety of stimuli including hypoxia, thrombin, cytokines and 
growth factors such as TGFβ [49]. Studies have shown 
increased PDGF signalling in epithelial types of can-
cer which affected tumour growth, angiogenesis, inva-
sion and metastasis [49]. This may be explained by the 
fact that both PDGFR-α and PDGFR-β engage in sign-
aling pathways namely RAS-MAPK and PI3K known 
to be involved in cellular- and developmental responses 
including stimulation of cell growth, differentiation and 
migration [49].

The process of angiogenesis (Fig.  5) is thought to be 
primarily caused by hypoxia in tumours which activate 
hypoxia-inducible factor-1 (HIF-1) [35]. HIF-1 is respon-
sible for increased expression of pro-angiogenic genes 
including VEGF [34]. VEGF mediates the process of angi-
ogenesis through vasodilation of pre-existing blood ves-
sels via generation of nitric oxide [34]. VEGF is a main 

Fig. 4  Signal transduction pathway of the BCR-ABL fusion gene and Imatinib action. Imatinib selectively inhibits the tyrosine kinase activity that is 
responsible for the signaling pathway illustrated through tyrosine kinase phosphorylation of these interactions. Main signaling pathways associ-
ated with the oncogenic activity of the BCR-ABL gene is MYC, RAS, MAPK, STAT and PI3K. These pathways result in the inhibition of gene transcrip-
tion, mitochondrial processing of apoptotic reactions and cytoskeletal organization culminating in an increase in abnormal cell activities including 
unimpeded proliferation, angiogenesis and enhanced cell survival. When Imatinib binds to the tyrosine kinase receptor it in turn deactivates these 
pathways resulting in cell death of the mutated leukemic cell (produced with Microsoft® PowerPoint®) [9–11, 33]
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contributor to angiogenesis by promoting endothelial cell 
growth, maturation and survival, enhances vascular per-
meability and inhibits apoptosis [36, 43, 44].

Nutrient deprivation within a tumour mass also signals 
the release of various angiogenic molecules [16, 17, 45–
50]. The release of VEGF, epidermal growth factor (EGF), 
angiopoietin 1 (Ang1) and basic fibroblastic growth 
factor (bFGF) stimulates proliferation, migration and 
assembly of the endothelium, while integrins αvβ3 and α5 
mediate cell migration and spread [34–36]. Formation of 
a new basement membrane is essential in maturation of 
newly formed vessels which takes place through recruit-
ment of smooth muscle cells via PDGF [41].

Most of the above-mentioned angiogenesis-regulatory 
factors are released specifically from the α-granules of 
platelets, which also play a role in vascular repair and 
cell to cell interactions [37]. Platelets contain 3 types of 
secretory granules including α-granules, dense granules 
and lysosomes. It has, however, been shown that plate-
lets can release either pro-angiogenic factors or anti-
angiogenic factors differentially in response to various 
tissue stimuli [37]. This suggests that platelets may hold 

clinical implications once the mechanism of differentiat-
ing release of pro- and anti-angiogenic factors is eluci-
dated to target specific release of antiangiogenic factors 
at tumour sites [37].

Cell death: apoptosis
Many endogenous angiogenesis inhibitors have been 
shown to induce apoptosis in vivo [51]. Apoptosis is char-
acterised by membrane blebbing, cell shrinkage, hyper-
condensation of chromatin and formation of apoptotic 
bodies, activated by either the intrinsic and/or the extrin-
sic pathways [52, 53]. Both of these pathways include the 
interaction of death receptors with death ligands and 
activation of caspases (Fig. 6). These can be divided into 
two classes namely the initiator caspases (caspase 8 or 9) 
and the executioner caspases (caspase 3, 6, and 7) [54, 
55].

In nucleated cells, the intrinsic apoptosis pathway 
is initiated by stimuli which trigger cytochrome c to be 
released from the mitochondria, and, in turn recruit’s ini-
tiator caspase 9, thereby activating executioner caspase 3 
resulting in apoptosis [56]. During the extrinsic apoptotic 

Fig. 5  Angiogenesis in cancer. Nutrient deprivation and hypoxia signal the necessity of oxygen and nutrients to the tumour mass and thus activate 
the process of angiogenesis through increased expression of proangiogenic genes including via HIF-1. This includes VEGF which results in vasodila-
tion of pre-existing blood vessels via generation of nitric oxide, EGF, Ang1 and bFGF which stimulates proliferation, migration and assembly of the 
endothelium. Integrins αvβ3 and α5 mediate cell migration and spreading and PDGF recruits smooth muscle cells for the formation of a new base-
ment membrane of forming vessels (produced with Microsoft® PowerPoint®) [34]
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pathway in nucleated cells, death receptors (DRs) includ-
ing DR5 bind to death ligands which employ the initiator 
caspases 8 and 9, forming the death-inducing signalling 
complex (DISC) and activation of the effector caspase 3, 
ensuing in apoptosis [52, 57, 58].

The removal of apoptotic cells is a result of phosphati-
dylserine (PS) collecting on the external layer of the cell 
membrane which is initiated by activation of the cal-
cium-dependent phospholipid scramblase and signals 
macrophages to stimulate the removal of the apoptotic 
cells [56]. Once the PS has been externalized, a distinct 
characteristic of apoptosis, it is possible to quantify the 
extent of the PS-flip as binding sites are revealed during 
the flip [59].

Apoptosis is closely associated with occurrences 
within the nucleus and is consequently questioned in 
platelets since they lack this cellular component [60, 

61]. Platelets display characteristic signs of nucleated 
apoptosis including membrane blebbing, loss of the 
integrity of the platelet membrane and microparti-
cle release [60, 61]. The ability of platelets to undergo 
apoptosis is a result of mitochondrial presence which 
contributes to mitochondrial deoxyribonucleic acid 
(DNA) and messenger ribonucleic acid (mRNA). Mito-
chondrial DNA and mRNA aid in the platelets’ ability 
to synthesise proteins contained within platelet gran-
ules [62–64].

Thus, even though platelets do not possess a nucleus, 
they exhibit biological apoptotic signals during stressed 
conditions including activation of caspase 3 and expo-
sure/externalisation of phosphatidylserine [65, 66]. Kile 
[67] showed that platelets do undergo apoptosis via the 
intrinsic apoptotic pathway that also regulates the plate-
lets’ lifespan.

Fig. 6  Graphical representation of the intrinsic and extrinsic apoptotic pathway. The intrinsic apoptotic pathway is represented in green, indicating 
the release of cytochrome c into the cytoplasm from the mitochondria following apoptotic signals to the cell. Following its release, cytochrome 
c binds to apoptotic protease activating factor 1 (Apaf-1) forming the apoptosome which in turn recruits procaspase 9. Procaspase 9 binds to the 
apoptosome activating caspase 9 which sequentially activates the effector caspases 3, 6 and 7 resulting in the execution phase of apoptosis. The 
extrinsic apoptotic pathway is shown in red and depicts the interaction of DRs with their corresponding death ligands following death signals to 
the cell. The binding of the death ligands to their DRs results in the release of adaptor molecules such a Fas-associated death domain (FADD) which 
employs inactive procaspases 8 and 10, forming the DISC and subsequent activation of the effector caspases resulting in apoptosis (produced with 
Microsoft® PowerPoint®) [54–58]
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The intrinsic apoptotic pathway in platelets, compa-
rable to the process in nucleated cells, is characterised 
by activation of Bak and Bax, members of the B-cell 
lymphoma 2 (Bcl-2) protein family which promote 
apoptosis, triggering damage of the mitochondria and 
releasing cytochrome c and other apoptotic proteins 
from the mitochondrial intermembrane space. The 
release of cytochrome c allows for the formation of the 
Apaf-1 apoptosome and subsequent recruitment of ini-
tiator procaspase 9. Binding to the apoptosome activates 
caspase 9 and leads to the activation of effector caspase 
3, culminating in the execution phase of apoptosis [58]. 
Upstream of caspase 3 activation and PS exposure, the 
mitochondrial inner transmembrane potential is depo-
larized in platelets, similar to the mechanism of nucleate 
cellular apoptosis (which is the programmed process of 
apoptosis in nucleated cells) [64, 68].

The resulting externalisation of PS then allows for 
removal of apoptotic platelets. In platelets, PS is also 
expressed on the cell surface, however, it can only be rec-
ognized by macrophages for phagocytosis by recognition 

via human cluster of differentiation 36 (CD36) present 
on the membrane of human platelets [65–69]. The exter-
nalisation of PS in platelets seems to also occur inde-
pendently of the intrinsic apoptotic pathway playing an 
important role in formation of thrombin by assembling 
the pro-thrombinase complex [66–68].

Cell death: autophagy
In addition to apoptosis in platelets, the role of autophagy 
and the biological markers, including autophagy-related 
proteins (Atg) and quantification of the conversion of 
light chain 3-I (LC3-I) to LC3-II have not been researched 
extensively in platelets. Since platelets do contain small 
amounts of functional mitochondria, it has been pro-
posed to share characteristics of nucleated autophagy 
mechanisms and markers (Fig. 7) [66]. Autophagy’s abil-
ity to maintain cellular homeostasis and adjustment to 
starvation is of importance in platelets as their lifespan 
is only about 10 days in humans [69, 70]. Autophagy can 
also be triggered continuously under certain stressed 
conditions such as starvation, cellular injury and contact 

Fig. 7  Overview of autophagy in cells. Autophagy is activated through starvation signals stimulating Akt and thus inactivating mammalian target 
of rapamycin (mTOR) by detaching it from the uncoordinated 51-like kinase (ULK) complex which in turn activates the ULK complex. Beclin-1 is sub-
sequently activated recruiting Atg proteins necessary for autophagosome formation. These Atg proteins aid in employing and converting LC3-I to 
LC3-II by conjugation to phosphatidylethanolamine (PE) and Atg3 and 7. Upon the formation of the autophagosome, it fuses with lysosomes form-
ing the autolysosome, wherein breakdown of the cargo takes place to recycle amino acids and fatty acid for further energy generation (produced 
with Microsoft® PowerPoint®) [69, 70]
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with certain chemicals such as lithium, which leads the 
cell to progressively degrade vital cytoplasmic compo-
nents, essentially digesting itself [69, 70].

The occurrence of autophagy in platelets is essential 
in maintaining homeostasis within platelets and in the 
number of platelet populations [71]. The incidence of 
autophagy is not well documented in platelets. Literature 
has shown that platelets do express Atg proteins and the 
process is also activated by the inhibition of mTOR [71, 
72]. A defect in platelet autophagy may result in compro-
mised platelet adhesion and aggregation impacting on 
coagulation and the resulting formation of a platelet plug 
during damage to blood vessels [71].

Conclusion
CML patients have abnormal megakaryocytes that can 
deliver unusual blast fragments to the peripheral blood 
and patients are frequently found to have large and heter-
ogeneous platelets. Additionally, TKI treatment has been 
shown to induce platelet dysfunction and may result in 
coagulation abnormalities and an increased incidence of 
bleeding [73–76]. Since platelets are significantly affected 
during CML progression and treatment, investigation 
into the role that platelets play in CML progression is 
of importance, including how treatment effects the cell 
death mechanisms of platelets. In light of new research 
implicating the lungs as an additional production site not 
only for platelets, but also haematopoietic progenitors, 
research into platelet involvement in CML is of critical 
importance.
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