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Abstract: Multiple myeloma (MM) is characterized by the over-production of monoclonal plasma cells that eventually 
become malignant in the bone marrow. MM remains as an incurable cancer, but it can be treated through chemotherapy. 
Nonetheless, research on novel therapies for effective treatment of MM is ongoing and in this case the involvement of 
Bruton’s tyrosine kinase (Btk) in B cell malignancies has made it one of the new therapeutic targets. In MM patients, it has 
been reported that the expression of Btk was elevated and this could potentially contribute to chemoresistance indirectly via 
enhancement of cell proliferation and survival. Ibrutinib is a highly selective irreversible Btk inhibitor commonly used as 
treatment for B cell malignancies such as Mantle Cell Lymphoma (MCL) and Chronic Lymphocytic Leukemia (CLL). With 
reference to the potential involvement of Btk in MM and current treatment of MCL and CLL using ibrutinib, researchers have 
begun to examine the effect of ibrutinib treatment on MM. This review provides information on the association of MM and 
Btk in conjunction with the treatment using ibrutinib. To date, clinical trials of ibrutinib as therapeutic alternative for MM 
have produced promising results, particularly as combination therapy with other agents such as dexamethasone and carfilzo-
mib. However, there is limited evidence on the Btk mechanisms involved in MM, hence, it is important to further investigate 
the Btk oncogenic signalling pathway(s) in MM cells in order to establish successful and improved treatment of MM.
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INTRODUCTION

Multiple myeloma (MM) or myeloma is a B cell malig-
nancy initiated from the over-production and accumula-
tion of malignant plasma cells in the bone marrow[1]. It 
is a progressive disease with increasing occurrence in el-
derly group. Among the different types of blood cancers, 
15% consisted of the disorder of bone marrow MM[2]. In 
MM, the over-proliferative malignant plasma cells out-
compete the population of other blood cells in bone mar-
row which can cause some of the disease symptoms such 
as anaemia. As antibody-producing cells, the malignant 
plasma cells produce large quantities of a monoclonal 
antibody (also called M protein) in MM[3]. Excessive M 
protein will interfere with the normal function of immune 
system. The protein could be accumulated in the kidney, 
thereby causing renal failure and patients become prone 

to infections[3]. Also, the malignant plasma cells could 
over-activate osteoclasts but not osteoblasts in the bone 
marrow[4]. Osteoclast is a type of bone cells responsible 
for bone resorption, while osteoblast directs bone for-
mation. The over-activated osteoclasts could cause ex-
cessive bone resorption, resulting in bone lesion com-
monly encountered in MM patients[3]. Hence, patients 
often suffer from back pain. Moreover, the continuous 
release of calcium from bone resorption can cause hy-
percalcemia (excess calcium level in blood) and further 
contribute to kidney damage[4]. 

Presently, treatments such as stem cell transplantation 
and chemotherapies involving drugs such as thalido-
mide, bortezomib, dexamethasone and lenalinomide 
are currently adopted for MM[5-8]. However, most of the 
drugs did not produce promising results as the complete 
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remission only last for a few months to a few years[3,4,9,10]. 
Therefore, new treatment strategies are required for ef-
fective treatment of MM. As such, the search for new cell 
surface or molecular targets has been the aim of many 
researches to explore additional therapeutic options. 

BRUTON’S TYROSINE KINASE (BTK) AS 
NOVEL TARGET

The origin, structure and functions of Btk

In recent years, a non-receptor tyrosine kinase known as 
Bruton’s tyrosine kinase (Btk) has been one of the most 
discussed promising novel targets that could play a role 
in the treatment of MM due to its involvement in many 
B cell malignancies[11,12]. Btk is a predominant cytoplas-
mic protein consisting of 659 amino acid residues, which 
mainly expressed in the B cell lineage[13-15]. It is a mem-
ber of Tec family protein kinases, a subfamily of non-
receptor tyrosine kinases. Other members of the family 
include Tec, Itk, Bmx and Txk[16]. Tec family kinases are 
structurally conserved, consisting of Plekstrin Homol-
ogy (PH) and Tec Homology (TH) domains at the N ter-
minal region, followed by Src Homology 3 (SH3), Src 
Homology 2 (SH2), and kinase domains (Figure 1)[17].

Figure 1. Illustration of Btk’s protein linear structure. The full-length protein 

consists of 659 amino acid residues, with molecular weight of about 76.3 kDa. 

The labelled boxes represent the corresponding domains of Btk. The auto-phos-

phorylation (Y223) and transphosphorylation (Y551) sites are the important acti-

vating phosphorylation sites of Btk (Image adapted from Mohamed et al. (2009)
[17]). 

The Btk has acquired its name in the honor of Dr. Bruton 
C. Ogden, a paediatrician, who described an immuno-
deficiency condition known as agammaglobulinemia in 
year 1952[18]. This condition was observed in a boy who 
was first admitted to the clinic at the age of 4.5 years 
old. Prior to admission, the boy had encountered sev-
eral infections including the development of recurrent 
pneumococcal sepsis. Several attempts have been done 
to determine the cause of the patient’s recurrent infec-
tions. Finally, Dr. Bruton had achieved a breakthrough 
in this research - he discovered a complete absence of 
gamma globulins in the patient’s blood sample and thus 
the patient seemed to be unable to produce any antibod-
ies to combat the infection[18,19]. Few years later, stud-
ies revealed that the lack of antibody-producing cells is 
the reason of this observed humoral phenotype. The X-
linked agammaglobulinemia (XLA) is the most common 
agammaglobulinemias known; lost-of-function muta-
tions had contributed to this inheritable XLA, for which 
this disorder is associated with Bruton’s name, hence, 
it is also known as Bruton’s agammaglobulinemia[19,20]. 
The defects of BTK gene (encoding Btk) located at chro-
mosome X long arm, Xq. 21.3-22 is the cause of human 
XLA (X-linked recessive disease)[15,19,21,22]. The Btk plays 
critical roles in mediating signals from cell membrane 
to transcriptional events in the nucleus, regulating B cell 
development and/or maturation[20,22]. Therefore, the mu-
tation of Btk gene will result in dysfunction of Btk or 

lack of expression of Btk which could prevent the transi-
tion of pre-B cell to mature B cell. Consequently, there 
will be insufficient number of mature B cells to respond 
and produce antibodies or immunoglobulins to fight 
against the pathogenic bacterial infections[20]. 

Biochemical studies had revealed that PH do-
main is crucial for Btk to be recruited to plasma 
membrane by binding to phosphatidylinositol-3, 4, 5- 
triphosphate (PIP3)

[23-25]. This allows Btk to be activated 
by Src family kinases (SFKs) and subsequently mediate 
transmission of signals to the downstream substrates[26]. 
Mutations at PH domain that abolished the binding ability 
of Btk to PIP3 result in development of X-linked agam-
maglobulinemia (XLA), indicating the importance of Btk 
being recruited to plasma membrane for activation[27]. 
Other than that, PH domain was shown to interact with 
other proteins like protein kinase C (PKC), heterotrimer-
ic G protein subunits, transcription factor (TFII-I, also 
known as BAP-135)[28-31]. Btk also binds Fas via its PH 
and kinase domains to prevent interaction between Fas 
and Fas-associated death domain (FADD), and inhibit 
Fas-mediated apoptosis[32].

TH domain next to PH domain is another characteristic 
structural domain of Tec family kinases. It is made up of 
a Btk motif (Zinc finger motif) and a proline-rich region 
(PRR)[33]. The Btk motif contains one histidine and three 
cysteines that are critical for the binding of zinc ions and 
stabilize the protein. Mutations of the conserved cysteine 
residues affect protein folding and stability, and hence, 
XLA is developed[34]. The PRR plays role in protein-pro-
tein interaction by binding to SH3 domain. It also binds 
to Btk itself at SH3 domain, regulating its activity either 
by preventing its interaction with other cellular proteins 
or phosphorylates Tyr223 to activate Btk kinase activ-
ity[35,36]. Besides that, the binding of Btk’s SH3 domain 
to Liar was reported to be important for its nucleocyto-
plasmic shuttling[37]. Similar to the SH2 domain of other 
protein tyrosine kinase, it binds to specific tyrosine con-
taining substrate. It was shown to preferentially bind 
phosphopeptides with the sequence of pYEEI[38]. SH2 is 
important for Btk to interact with Spleen tyrosine kinase 
(Syk) and B cell linker (BLNK; a protein adaptor), and 
these interactions were essential for activation of Phos-
pholipase C (PLCg) by Btk[39,40].

In the protein structure of Btk, there are two phosphory-
lation sites that regulate Btk’s kinase activity: Tyr223 in 
SH3 domain and Tyr551 at the catalytic loop in the kinase 
domain. Transphosphorylation at Tyr551 increases the 
kinase activity of Btk and permits further autophosphor-
ylation on Tyr223 for full activation[41-43]. Biophysical 
analysis revealed that Btk adopted an elongated confor-
mation in solution, with minimal interactions among the 
functional domains[44]. SFKs, another subfamily of non-
receptor tyrosine kinase that share the same arrangement 
of SH3, SH2 and kinase domains in their primary struc-
tures as Btk. SFKs are inhibited when their SH3 domain 
binds the linker between SH2 and kinase domains, and 
the SH2 domain binds their C-terminal tail at phospho-
tyrosine 527 to form a globular inactive conformation[45]. 
In contrast, the elongated structure adopted by Btk sug-
gests that the activity of Btk is regulated by intermolecu-
lar interactions between Btk and other cellular proteins 
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and/or another Btk molecule instead of forming a globular 
inactive conformation[17,46]. Moreover, deletion of other do-
mains did not affect Btk kinase activity, further confirming 
that intramolecular interactions among the functional do-
mains are not involved in regulating its kinase activity[47]. 
Nevertheless, the regulatory mechanism remains unclear.

Btk’s central role in B-cell receptor (BCR) signal-
ling pathways 

B cell is a type of white blood cells essential for humoral 
immune response[48]. B cell develops from pro-B cell in 
bone marrow up to mature B cell which then migrate into 
periphery tissue. Upon antigen activation, these mature B 
cells differentiate into antibody-producing plasma cells or 
memory B cells. Loss-of-function mutations in Btk block 
the transition from pro-B cell to pre-B cell which causes 
defect in XLA (Figure 2)[15,22,49]. 

Figure 2. The different stages of B cell development. 

The B cell development is governed by the pre-B cell re-
ceptor (pre-BCR) and B-cell receptor (BCR) which are 
formed by surface immunoglobulins and other cellular 
proteins. The signalling event is triggered when antigen 
binds to the membrane immunoglobulin; the receptors 

oligomerized and trigger downstream signalling path-
ways for cell growth, differentiation, adhesion and mi-
gration. This promotes SFKs such as Lyn and Lck to 
phosphorylate immunoreceptor tyrosine-based activa-
tion motive (ITAM) on both Igα and Igβ. The phos-
phorylated ITAM motifs act as a docking site for SFKs 
and Syk[50,51]. The binding activates SFKs and Syk. The 
activated SFKs and Syk then phosphorylate and activate 
phosphoinositide 3-kinase (PI3K), resulting in the con-
version of phosphatidylinositol-4,5-bisphosphate (PIP2) 
to phosphatidylinositol-3,4,5-triphosphate (PIP3)

[52]. 
The resultant PIP3 formed on the membrane recruits Btk 
to the plasma membrane via interaction between PIP3 
and PH domain of Btk[23,50,53]. Syk also phosphorylates 
BLNK to create a binding site for specific SH2-domain 
containing proteins, including Btk and PLCg[54]. The 
binding of Btk to BLNK brings Btk in close proximity 
to Syk and SFKs, allowing them to transphosphorylate 
Btk at Tyr551[38]. As discussed earlier, phosphorylation 
of Tyr551 facilitates Btk to further autophosphorylate it-
self on Tyr223. Phosphorylation at Tyr223 prevents the 
binding of inhibitory protein to Btk, enabling Btk to in-
teract with its substrates[17]. The fully activated Btk can 
then phosphorylates and activates PLCg which cleaves 
PIP2 to inositol-1,4,5-trisphosphate (IP3) and diacylg-
lycerol (DAG). IP3 and DAG are secondary messengers 
that direct calcium mobilization and activation of mito-
gen-activated protein kinase (MAPK) pathway through 
protein kinase C (PKC) and nuclear factor kappa-light-
chain-enhancer of Activated B cells (NF-κB) pathway 
(Figure 3)[55, 56].

Ever since Btk was found highly expressed in B cells 
and constitutive activation of Btk causes sustained sig-
nalling which contribute to prolonged cell survival and 
over-proliferation of malignant B cells, thus, Btk has 
become the therapeutic target for B cell malignancies. 
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THE BRUTON’S TYROSINE KINASE SPECIF-
IC INHIBITOR, IBRUTINIB

Ibrutinib - the treatment of B cell malignancies 

Ibrutinib is a specific Btk inhibitor, mainly used for the 
treatment of Mantle Cell Lymphoma (MCL) and Chronic 
Lymphocytic Leukemia (CLL) as approved in the year 
2013 and 2014 respectively by Food and Drug Adminis-
tration (FDA)[57]. This approval was driven by the promis-
ing results demonstrated in the phase 2 clinical trial that 
involved a total of 111 patients with relapsed or refractory 
MCL[57,58]. These patients, either with or without treatment 
of the therapeutic proteasome inhibitor, bortezomib (an-
other type of chemotherapy drug for B cell malignancies) 
before, were treated with oral 560 mg per day of ibrutinib 
until undesirable events had occurred. The results revealed 
68% of high response rate and 58% of estimated overall 
survival rate at 18 months. Moreover, ibrutinib was found 
to be well-tolerated without critical toxic effects[58]. This 
outcome had eventually led to the clinical trials of ibru-
tinib in relapsed CLL. The results revealed that the drug 
improved the chance of remissions in patients with 75% of 
progression-free survival rate and 83% of overall survival 
rate[59].

Development and design of ibrutinib as a highly 
selective Btk inhibitor

Ibrutinib (or Imbruvica, formerly referred as PCI-32765) 
was one of the several irreversible inhibitors designed by 
Pan, Z. et. al. (2007)[60] at Celera Genomics for the Celera’s 
small molecule Btk inhibitory discovery program. A series 
of irreversible inhibitors was generated during the pro-
gram, with the focus to target Btk and specifically inhibit 
its kinase activity. The compounds developed in the dis-
covery program were later acquired by Pharmacyclics and 
Janssen, followed by clinical trials of ibrutinib for various 
haematological malignancies[57].  

During the drug development, inhibitors were de-

signed to target the following structural 
features of Btk in order to have high selectivity against 
Btk[60]: (i) ATP binding cleft of Btk kinase domain in 
the inactive form (ii) nucleophilic amino acid residue 
unique to Btk kinase domain and (iii) the gatekeeper 
residue governing the accessibility of the active site to 
Mg2+-ATP/Mn2+-ATP. 

For inhibiting kinases, ATP binding cleft (ac-
tive site) in the kinase domain is a common 
targeted site. This is to block the binding of ATP and 
inhibits activity of the kinase[61]. The inactive kinase do-
main is preferably targeted than active kinase domain. 
This is because active kinases share similar catalytic 
structure, but the inactive kinase domains adopt distinct 
conformation [62]. Despite that, this strategy alone is not 
enough to provide high selectivity of the drug as the 
active site is still highly conserved among many kinas-
es[61,63]. Therefore, Pan et. al. (2007)[60] focused on devel-
oping inhibitor with an electrophilic functional moiety 
capable of forming a covalent bond with Btk to increase 
selectivity of the inhibitor.

In order to increase the selectivity, the authors screened 
for nucleophilic amino acid residues that are unique 
to Btk[60]. Cysteine 481 (Cys481) that resides in ATP 
binding pocket of Btk was postulated to be the suitable 
nucleophilic site that can covalently interact with the 
electrophilic inhibitors[60]. Sequence alignments of the 
sequences of 491 protein kinases had shown that only 
Btk and nine other protein kinases shared a cysteine 
residue at a homologous position in the kinase domain. 
The other nine kinases were: Blk, Bmk, EGFR, ErbB2, 
ErbB4, Itk, Jak3, Tec and Txk as shown in Figure 4[60,61]. 
Among them, Itk, Tec and Txk are members of the Tec 
family tyrosine kinase. This had provided a good strat-
egy to greatly increase the selectivity of the inhibitor. 
Thus, a small molecule inhibitor with an enamide dou-
ble bond group that could form covalent bond with the 
thiol group (-SH) of Cys481 was created. 

Figure 4. Sequence alignment of the 10 protein kinases that consisted cysteine residue at position same as Cys 481 of Btk. Protein sequences of the 10 protein kinases were 

obtained from UniprotKB and aligned using ClustalW2. Only the fragment of the multiple sequence alignment that contains the nucleophilic site (cys) and gatekeeper residue is 

shown here. Btk’s Cys 481 is highlighted as yellow and Thr 474 as green. The cysteine and gatekeeper residues of the other 9 protein kinases were also highlighted as yellow and 

green respectively. All of them contained Cys residue at the same position as Cys 481 of Btk, and Thr residue as the gatekeeper residue except Itk and Jak3. 
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Besides Cys481, the gatekeeper residue was 
also considered in the design of Btk inhibitors. 
This special residue plays an important role as selectivity 
filter of kinase inhibitors. Gatekeeper residue is the amino 
acid residue that lies behind the ATP binding site[61,63]. In 
some of the protein kinases, the gatekeeper residue con-
tains a bulky aromatic side chain restricting the accessi-
bility of the active site to compounds with bulky moiety 
- Ibrutinib is one of these compounds[63]. In Btk, the gate-
keeper residue threonine 474 (Thr474) consists of relative-
ly small hydroxyl (-OH) and methyl groups (-CH3) in its 
side chain. Only 20% of protein kinases in the kinome con-
tain threonine as the gatekeeper residue. This approach can 
potentially exclude 80% of protein kinases in the kinome 
as targets of ibrutinib and further increases the selectivity 
of ibrutinib as Btk inhibitor[63].

A series of Btk’s irreversible inhibitors had been synthe-
sized, followed by screening of selectivity and efficacy of 
the generated inhibitors in inhibiting a list of protein ki-
nases’ activity (including Btk). Ibrutinib possesses highest 
selectivity against Btk with IC50 of 0.5 nM (in vitro)[64] and 
only a few of protein kinase could be derivatized by ibruti-
nib at low concentration. For instance, it was reported that 
ibrutinib had IC50 of 1 nM for Blk, Bmk and Tec while it 
had higher value of IC50 for the other suspected protein ki-
nase (EGFR, Itk and Jak3) that is able to be bound by ibru-
tinib[63]. As a result, ibrutinib (PCI-32765) was selected and 
proceeded into clinical studies. The promising outcome of 
the clinical trials had enabled ibrutinib to be approved as 
drug for treatment of MCL and CLL.

BTK’S PATHOLOGICAL ROLE IN MULTIPLE 
MYELOMA (MM) 

Owing to the remarkable result of using ibrutinib for the 
treatment of MCL and CLL, several studies have started 
to explore its efficacy for the treatment of other types of B 
cell malignancies such as MM. As suggested earlier, Btk is 
expressed in hematopoietic cells from B cell lineage and 
repressed in the terminally differentiated plasma cell[65,66]. 
However, it has been demonstrated that Btk expression is 
elevated in MM cell lines and also in cancer cells obtained 
from MM patients[1,6,12]. 

Besides, Btk was able to amplify its gene expression by 
activating NF-κB[55,67]. The activated NF-κB then binds and 
activates transcription of Btk gene[55,67]. The activation of 
NF-κB requires active Btk and PLCg[55,56]. The signalling 
pathways are not clear but Btk was found to be involved 
in B cell activating factor (BAFF) mediated activation of 
NF-κB[56,68]. In addition, the expression of Btk was sig-
nificantly higher in dexamethasone- and also bortezomib-
resistant MM patients and cell lines, supporting the fact 
that increase in Btk expression is correlated with increasing 
activity of NF-κB[69,70]. These findings may have suggested 
that malignant plasma cells could potentially utilise the up-
regulated Btk as an alternative mechanism to promote cell 
growth and survival, contributing to chemoresistance. 

Moreover, Btk participates in maturation and differentia-
tion of osteoclast (OC) in bone marrow[71,72]. OC is a type 
of bone cell in which its bone resorption function is up-
regulated in MM and contributes to the MM-related oste-
olysis. The function of Btk in MM was also evaluated in 

a study conducted by Tai et al. (2012)[12] through Btk 
knockdown and the findings of this study have con-
firmed the pathogenic role of Btk activation in promot-
ing MM cell growth and survival, interaction with other 
bone marrow stromal components, and inducing MM-
related osteolytic bone disease. Alternatively, inhibition 
of endogenous Btk was found to negatively impact on 
myeloma cell growth, migration, and adhesion to mi-
croenvironment[1,12,73]. The inhibition was reported to 
induce caspase-dependent cell death, which overruled 
Btk’s role in inhibiting Fas-mediated apoptosis as men-
tioned earlier[6]. Overall, there is increasing evidence on 
the involvement of Btk in regulating MM cell growth, 
survival, migration and adhesion. Therefore, ibrutinib 
can potentially be use for the treatment of MM or re-
lapsed MM.

IBRUTINIB FOR MULTIPLE MYELOMA 
(MM)

Given that many studies have suggested the involve-
ment of Btk in several signalling pathways that are re-
lated to cell survival and proliferation, as well as cell 
adhesion and migration in MM, thus, researchers are 
motivated to trial the drug as a therapeutic option for 
MM. It has been demonstrated that ibrutinib is cytotoxic 
to malignant plasma cells through in vitro experiments. 
According to Cell Titer GLO assay conducted by Rush-
worth et al. (2013)[6], ibrutinib (10µM) had induced sig-
nificant plasma cell death of about 7 % – 46 % in MM 
cells. Besides, the cytotoxicity against malignant plasma 
cells in MM was significantly increased when ibrutinib 
was utilized in combination with either bortezomib or 
lenalidomide, thus, suggesting the synergistic effect of 
ibrutinib with these drugs[6].

Apart from in vitro experimentation, several clinical 
trials have been conducted to examine the efficacy of 
ibrutinib for treatment of MM, either as monotherapy or 
in combination with other drugs. For example, a phase 
2 open-label dose escalation trial conducted by Vij et al. 
(2014)[74] involving the use of ibrutinib as a single agent 
monotherapy or in combination therapy with dexameth-
asone was examined in patients with relapsed and re-
lapsed/refractory MM. The preliminary results indicated 
that both treatments: ibrutinib as single agent and ibruti-
nib in combination with dexamethasone, have produced 
anti-tumor effect in the patients. It was also reported that 
there was a trend towards enhanced efficacy in treatment 
with 840 mg ibrutinib (daily) and 40 mg dexamethasone 
(weekly) with well tolerated and manageable toxicities. 

Additionally, the treatment using ibrutinib in combina-
tion with carfilzomib ± dexamethasone was first evalu-
ated in patients with relapsed or relapsed/refractory 
MM by Chari et al. (2018)[75] in a phase 1 dose-finding 
trial. The outcomes demonstrated the combination ther-
apy of ibrutinib (840 mg) and carfilzomib (36 mg/m2) 
with dexamethasone showed the most promising result 
as it has the shortest median duration of response for 
patients who achieved above partial response which was 
7.2 months. Hence, this dosage was recommended for 
the following phase 2 trial. 

                                                                                                                                                                                                         Bong ST et al.



6

FUTURE DIRECTIONS AND CONCLUSION

In light of the recent advances in the use of ibrutinib for 
treatment of MM, it is therefore important to chart the Btk 
oncogenic signalling pathway in MM cells. Other than 
the involvement of Btk in regulating NF-κB and stromal 
cell-derived factor-1 (SDF-1) induced signalling path-
ways[1,12,76], not much is known about its actual role in MM 
cells.

In myeloma cells, ibrutinib activity seems to be mediated 
through interfering NF-κB signalling pathway which sub-
sequently promoting cell apoptosis[77]. Several studies also 
proposed that the immunomodulatory effects of Btk inhibi-
tors on macrophages in tumor microenvironment and di-
rect cytotoxic effects of Btk inhibitors on malignant B cells 
may be contributing to the therapeutic efficacy of these 
medicines[78]. Apparently, combination therapy of ibrutinib 
with other drugs is more effective than monotherapy for 
the treatment of MM. Furthermore, ibrutinib is still more 
effective in treating CLL than MM. This could be due to 
the reason that the relative protein expression of Btk in MM 
cells is significantly lower than that in CLL cells[6], hence, 
MM cells are less sensitive towards ibrutinib compared to 
CLL cells. Also, it is possible that MM cell survival and 
proliferation may be supported by other complementary 
signalling pathways which are yet to be determined in the 
future. Thus, further studies should be conducted to inves-
tigate the downstream Btk targets which can be utilized to 
improve the efficacy of ibrutinib and the overall treatment 
of MM. 
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