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Targeting BTK for the treatment of 
FLT3-ITD mutated acute myeloid 
leukemia
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Approximately 20% of patients with acute myeloid leukaemia (AML) have a mutation in FMS-like-
tyrosine-kinase-3 (FLT3). FLT3 is a trans-membrane receptor with a tyrosine kinase domain which, 
when activated, initiates a cascade of phosphorylated proteins including the SRC family of kinases. 
Recently our group and others have shown that pharmacologic inhibition and genetic knockdown 
of Bruton’s tyrosine kinase (BTK) blocks AML blast proliferation, leukaemic cell adhesion to bone 
marrow stromal cells as well as migration of AML blasts. The anti-proliferative effects of BTK 
inhibition in human AML are mediated via inhibition of downstream NF-κB pro-survival signalling 
however the upstream drivers of BTK activation in human AML have yet to be fully characterised. 
Here we place the FLT3-ITD upstream of BTK in AML and show that the BTK inhibitor ibrutinib 
inhibits the survival and proliferation of FLT3-ITD primary AML blasts and AML cell lines. Furthermore 
ibrutinib inhibits the activation of downstream kinases including MAPK, AKT and STAT5. In addition 
we show that BTK RNAi inhibits proliferation of FLT3-ITD AML cells. Finally we report that ibrutinib 
reverses the cyto-protective role of BMSC on FLT3-ITD AML survival. These results argue for the 
evaluation of ibrutinib in patients with FLT3-ITD mutated AML.

Acute myeloid leukaemia (AML) is primarily a disease of the elderly with a median age at diagnosis of 
72 years. Many elderly patients tolerate current intensive cytotoxic chemotherapy regimens poorly and 
therefore treating the older less fit patient with AML presently remains challenging1. Accordingly despite 
considerable improvements in the outcomes for younger fitter patients with AML over the past 50 years 
we have seen little improvement in survival for the majority group of older patients with the disease. It 
is envisaged that improvements in survival for all patients with AML will eventually come from targeted 
therapies that evolve from an improved understanding of the biology of the disease.

Drug targeting of pro-tumoral tyrosine kinases has resulted in considerable progress in outcomes for 
patients with chronic myeloid leukaemia2, chronic lymphocytic leukaemia and mantle cell lymphoma3,4. 
Furthermore tyrosine kinase inhibition in these diseases is associated with a favourable side effect pro-
file, which has permitted successful use in both younger and older patients alike. A number of receptor 
and non-receptor tyrosine kinases have been identified as functionally important in the biology of acute 
myeloid leukaemia (AML)5,6,7. Protein Kinase B (AKT), phosphatidylinositol 3-kinase isoform p110delta 
(P13-K), Signal Transducer and Activator of transcription 5 (STAT5), Mitogen-Activated Protein Kinase 
(MAPK) and Bruton’s tyrosine Kinase (BTK), have all been shown to be part of pathways that regulate 
AML survival8–11.
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Various receptor tyrosine kinase mutations have been identified in AML patients10. 20% of patients 
with AML are affected by internal tandem duplication (ITD) of the juxtamembrane region of the 
FMS-like tyrosine kinase-3 receptor (FLT3)12,13,14. The activating FLT3-ITD mutations in AML regu-
late downstream pro-leukaemic pathways15 making FLT3 an attractive drugable target in this disease16. 
However to date drugs targeting FLT3 have demonstrated limited clinical efficacy suggesting that FLT3 
inhibitors alone are unlikely to be effective17, and that other downstream targets in this pathway may be 
more relevant.

Bruton’s tyrosine kinase (BTK) is a non-receptor tyrosine kinase which is functionally important 
in a spectrum of benign and malignant haematopoietic cells of both the lymphoid and myeloid com-
partments18–22. Recently the oral BTK inhibitor ibrutinib has been shown to inhibit AML blast prolif-
eration, migration and leukaemic cell adhesion to bone marrow stromal cells in approximately 80% of 
primary samples tested, leading to the initiation of early phase clinical trials of ibrutinib in AML9,23. The 
anti-proliferative effects of BTK inhibition in human AML are mediated via inhibition of downstream 
AKT, MAPK, ERK and Nuclear Factor-KappaB (NF-κ B) pro-survival signalling however the upstream 
drivers of BTK activation in human AML have yet to be fully characterised.

In this study we place BTK activation downstream of mutated FLT3 in primary AML cells and fur-
thermore show how inhibition of BTK (by ibrutinib and RNA interference) targets FLT3 mutated AML 
cells by inhibiting cell survival. We also report how ibrutinib synergises in combination with daunoru-
bicin, and how ibrutinib functions in part by reducing the cyto-protection provided to FLT3-ITD AML 
cells by bone marrow stromal cells. Here we provide a biologic rationale for the targeting of BTK in 
FLT3 mutated AML.

Materials and Methods
Materials.  Anti-phosphorylated and total FLT3, AKT, BTK, STAT5 and MAPK antibodies were 
purchased from Cell Signalling Technology (Cambridge, MA). Anti-CD34-PE, anti-CD90-FITC, anti-
CD73-PE, anti-CD105-APC antibodies were purchased from Miltenyi Biotec (Auburn, CA, USA). 
Ibrutinib was obtained from Selleck Chemicals. All other reagents were obtained from Sigma-Aldrich 
(St Louis, MO, USA), unless indicated.

Methods.  Cell lines and primary cells.  The AML-derived cell lines were obtained from the European 
Collection of Cell Cultures and DMSZ where they are authenticated by DNA-fingerprinting. In the lab-
oratory they are used at low passage number for a maximum of 6 months post-resuscitation, testing 
regularly for Mycoplasma infection. AML blasts were obtained from patients’ bone marrow or blood fol-
lowing informed consent and under approval from the UK National Research Ethics Service (LRECref07/
H0310/146). Moreover, all aspects of the study were carried out in accordance with the approved guide-
lines. For primary cell isolation, heparinized blood was collected from patients and human peripheral 
blood mononuclear cells (PBMCs) isolated by Histopaque density gradient centrifugation. AML samples 
that were less than 80% blasts were purified using the CD34 positive selection kit. FLT3-ITD analysis 
was performed by the haemato-oncology diagnostic service (Cambridge University Hospitals NHS Trust, 
Cambridge, UK) as previously described and 5 patients with FLT3-ITD and 6 with no FLT3 mutation 
were selected for this study14,24.

Human bone marrow stromal cells (BMSC) were isolated from bone marrow aspirates of AML 
patients. Mononuclear cells were collected by gradient centrifugation and plated in growth medium 
containing RPMI and 20% FBS and 1% l-glut. The non-adherent cells were removed after 2 days. When 
60%–80% confluent, adherent cells were trypsinised and expanded for 3–5 weeks. BMSCs were checked 
for positive expression of CD105, CD73, and CD90 and the lack of expression of CD45 and CD34 by 
flow cytometry as previously described9.

Western immunoblotting.  Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot 
analyses were performed as described previously. Briefly, whole cell lysates were extracted and sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis separation performed25. Protein was transferred to 
nitrocellulose and Western blot analysis performed with the indicated antisera according to their man-
ufacturer’s guidelines.

Survival and apoptosis assays.  Cells were treated with different doses of ibrutinib then viable numbers 
measured with CellTiter-Glo (Promega, Southampton, UK). Flow cytometry for measuring apoptosis 
was performed on the Accuri C6 flow cytometer (BD Biosciences, Oxford, UK). Samples were collected 
and stained with annexin- V and propidium Iodide (PI) (Abcam, Cambridge, UK), followed by detec-
tion. For the AML-BMSC co-cultures AML cell viability was measured using flow cytometry. After exclu-
sion of BMSC by electronic gating using negative for CD45 expression the extent of AML cells apoptosis 
was measured using annexin-V.

Transfections.  AML cell line transfections were carried out with 1 ×  106 cells using the Amaxa 
Nucleofactor Kit II. Control siRNA and BTK siRNA 1–3 were purchased from Invitrogen were trans-
fected in at a concentration of 50 nm. For all gene expression experiments the cells were incubated for 
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24 hours post transfection before RNA extraction. For the Western blot and cell viability assays AML cell 
were incubated for 48 hours post transfection.

RNA extraction and real time PCR (RT-PCR).  Total RNA was extracted from 1 ×  106 cells by use of the 
Nucleic acid PrepStation from Applied Biosystems, according to the manufacturer’s instructions. Reverse 
transcription was performed using the RNA PCR core kit (Life Technology, Paisley, UK). Real-time 
PCR primers for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and BTK were purchased from 
Invitrogen. Relative quantitative real-time PCR used SYBR green technology (Roche, Burges Hill, UK) 
on cDNA generated from the reverse transcription of purified RNA. After pre-amplification (95 °C for 
2 minutes), the PCRs were amplified for 45 cycles (95 °C for 15 seconds and 60 °C for 10 seconds and 
72 °C for 10 seconds) on a 384-well LightCycler 480 (Roche, Burges Hill, UK). Each mRNA expression 
was normalized against GAPDH mRNA expression via use of the standard curve method.

Statistical analyses.  Mann-Whitney test was performed to assess statistical significance from treated 
sample compared to controls. Results with P <  0.05 were considered statistically significant (*). Results 
represent the median and in some instances mean ±  SD of 3 independent experiments. For Western 
blotting, data are representative images of 3 independent experiments.

Results
Ibrutinib inhibits survival of FLT3-ITD positive AML blasts and AML cell lines.  We have pre-
viously shown that ibrutinib inhibits factor induced AML blast proliferation and downstream AKT and 
MAPK signalling pathways9. Here we looked to characterise whether FLT3-ITD mutated primary AML 
and AML cell lines, which accounts for approximately 20% of all AML14, responds to BTK inhibition by 
ibrutinib treatment. First we identified 5 AML patients with FLT3-ITD mutation and 6 AML patients 
with no FLT3 mutation. Next we treated the primary AML blast with increasing concentrations of ibru-
tinib for 48 hours followed by analysis of cell survival. AML with FLT3-ITD mutations show increased 
sensitivity to increasing doses of ibrutinib compared to non-FLT3 mutated AML (Fig.  1A), Similar 
experiments in AML cell lines shows that MV4–11 (FLT3-ITD), but not OCI-AML3 or THP-1 (non- 
FLT3-ITD), have reduced survival in response to increasing concentrations of ibrutinib up to a maxi-
mum of 5000 nM (Fig. 1B). Finally we used colony forming cell assay to determine the effect to ibrutinib 
on FLT3-ITD primary AML colony formation compared to normal CD34+  HPC and non-FLT3 mutated 
AML blasts. Fig. 1C shows that AML with FLT3-ITD showed increased sensitivity to ibrutinib compared 
to normal CD34+  HPC and non-FLT3 mutated AML. Supplementary figure 1 shows that our positive 
control AC220 can also inhibit proliferation in MV4–11 and FLT-ITD primary AML. Moreover, AC220 
in combination with ibrutinib showed no additive inhibitory effect on MV4–11 suggesting that these 
inhibitors are working through the same pathway (supplementary figure 2). To confirm the expression 
of pBTK in human FLT3-ITD AML compared to AML blasts without mutation we examined pBTK 
and total BTK in primary AML and AML cell lines. Figure 1D shows that pBTK is highly expressed in 
FLT3-ITD AML compared to no FLT3-ITD mutation. Furthermore, analysis of pBTK in AML cell lines 
confirms that FLT3-ITD mutated cells have high pBTK expression (Fig.  1E). However we did observe 
expression of pBTK in non-FLT3 mutated AML cell lines. Together these results suggest that ibrutinib is 
particularly effective at inhibiting FLT3-ITD mutated AML cell survival.

Ibrutinib inhibits downstream signalling in FLT3-ITD AML.  To determine if ibrutinib inhibits 
downstream signalling in FLT3-ITD mutated primary AML blasts, we compared AML with FLT3-ITD 
to AML without FLT3-ITD in response to increasing concentrations of ibrutinib for 3 h. Figure 2A shows 
that in primary AML associated with FLT3-ITD mutations showed decreased expression of pBTK in 
response to ibrutinib when compared to total BTK expression. Figure 2B shows that ibrutinib inhibits 
downstream phosphorylated proteins, including AKT and MAPK in primary AML cells with FLT-ITD. 
Comparing AML cell lines, MV4–11 (FLT3-ITD) but not OCI-AML3 (non-FLT3-ITD) show reduced 
activity of downstream phosphorylated AKT, MAPK and STAT5 in response to ibrutinib treatment 
(Fig. 2C). Moreover, to determine if ibrutinib can target FLT3 directly we examined the effect of ibrutinib 
on FLT3 phosphorylation and Fig. 2C shows that ibrutinib does not target FLT3 directly. Supplementary 
Figure 3 shows that AC220 can also inhibit pSTAT5 in MV4–11 cells. Together, these results confirm that 
ibrutinib inhibits FLT3 mutation associated downstream signalling in FLT3-ITD AML.

Ibrutinib enhances daunorubicin induced apoptosis.  We next examined the effect of ibrutinib 
in combination with front line AML chemotherapy daunorubicin by using increasing concentrations 
of daunorubicin, alone and then in combination with Ibrutinib at 500 nM. Figure 3A and B shows that 
ibrutinib enhances daunorubicin induced apoptosis in FLT3-ITD AML cell line but not non-FLT3-ITD 
mutated cell lines. From this observation we hypothesise that in FLT3-ITD AML ibrutinib may permit a 
dose reduction in daunorubicin treatment while maintaining anti-leukaemic cytotoxicity.

We and others have shown that BMSC provide a level of protection for AML blast cells from chemo-
therapy treatments9,14,23,26 therefore we assessed the efficacy of ibrutinib at overcoming this stroma asso-
ciated cyto-protection in combination with daunorubicin treatment. Primary AML blasts (FLT3-ITD) 
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when co-cultured on BMSC show increased apoptotic/annexin V positive cells when treated with dauno-
rubicin in combination with ibrutinib (Fig. 3C).

BTK targeted siRNA inhibits survival of MV4–11 but not OCI-AML3.  It has been reported that 
ibrutinib has other kinase targets27. Therefore to establish an anti-BTK role for ibrutinib in FLT3-ITD 
AML we evaluated the survival of AML cell lines using BTK KD siRNA experiments. Figure 4A and B 
show the BTK mRNA and protein expression of AML cell lines, after transfection with siRNA targeted 
to different parts of the BTK gene. It shows that BTK siRNA3 and 4 are the most effective at BTK 
gene knockdown in both MV4–11 (FLT3-ITD) cells and OCI-AML3 (non-FLT3-ITD) mutated cells. 
Figure  4C shows that BTK siRNA4 can inhibit downstream pAKT in MV4–11 but not OCI-AML3. 
BTK-KD with BTK siRNA3 and 4 compared to control siRNA results in decreased cell survival in MV4–11  
(FLT3-ITD) but not in OCI-AML3 (non-FLT3-ITD) mutated cells (Fig.  4D). Finally, in results simi-
lar to those observed with ibrutinib, BTK-KD with siRNA3 enhanced daunorubicin induced cell death 
(Fig. 4E). These data confirm that BTK plays a key role in the survival of MV4–11 FLT3-ITD mutated 
cells.

Figure 1.  Ibrutinib inhibits survival of FLT3-ITD positive AML. Primary AML blasts from 5 patients 
with FLT3-ITD and 6 patients with non FLT3-ITD were treated with increasing doses of ibrutinib for 1 hour 
and then washed and cultured for 72 hours and then assessed by CellTiterGlo. Data were normalised to 
DMSO treated cells. Line indicates median and *indicates statistical significance of P <  0.05 using the Mann-
Whitney test comparing ibrutinib treated samples compared to control. (B) AML cell lines which were 
FLT3-ITD (MV4–11) and non FLT3-ITD (OCI-AML3 and THP-1) were treated with increasing doses of 
ibrutinib for 1 hour and then washed and cultured for 72 hours and then assessed by CellTiterGlo. *indicates 
statistical significance of P < 0.05 using the Mann-Whitney test comparing ibrutinib treated samples 
compared to control. (C) AML blasts and CD34+  control cells were treated with 0, 500 and 1000 nM of 
ibrutinib and colony forming assays were performed to show the number of colonies In all panels line 
indicates the median and *indicates statistical significance of P <  0.05 between ibrutinib treated groups and 
control using the Mann-Whitney test. (D) Untreated primary AML blasts which were FLT3-ITD and non 
FLT3-ITD and (E) untreated AML cell lines were examined for the expression of pBTK, total BTK and 
β -actin. The presented blots were derived from multiple gels. The membranes were cut based on molecular 
weights and probed with the antibody of interest.
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Discussion
The FLT3-ITD mutation is present in circa 20% of patients with AML12–14, and furthermore its presence 
in standard risk cytogenetic AML confers an inferior prognosis in response to treatment with intensive 
cytotoxic chemotherapy28,29. FLT3 is a member of the platelet-derived growth factor receptor (PDGF-R) 
subfamily of receptor tyrosine kinases and is functionally important in haematopoietic progenitor cells30. 
Furthermore the FLT3-ITD represents a driver mutation in human AML31. Taken together the FLT3-ITD 
mutation and its downstream signalling represent a valid therapeutic target.

To date a number of FLT3 inhibitors have been assessed in vitro and in vivo. The FLT3 inhibitor 
AC220 (quizartinib) has shown good efficacy in in vitro studies32. In patients with relapsed AML initial 
response rates appear high (circa 50%) in keeping with the biologic importance of this pathway. However 
results of AC220 in relapsed AML have thus far failed to demonstrate significant long-term disease free 
survival in the absence of consolidative allogeneic transplant. CEP701 (Lestaurhas) has been assessed in 
clinical studies of relapsed AML but likewise clinical responses when seen appeared short lived and failed 
to result in long-term disease free survival33–35. Similarly PKC412 (Midostaurin) exhibits clinical activity 
in patients with FLT3 mutation but despite significant numbers of patients with a reducing blast count 
the drug has no patients which have achieved complete response36. The limited clinical success of FLT3 
inhibition to date has been attributed to a failure to achieve sufficient FLT3 inhibition in patients. This 
may be occurring through a number of mechanisms including increased plasma clearance of the drug 
and the presence of point mutations in the kinase domain or ATP binding pocket of FLT3, which confer 
drug resistance17. More potent FLT3 inhibitors are now in development and under evaluation for the 
treatment of AML to see if these results can be improved upon. However an alternative strategy would 
be to target other kinases downstream of the FLT3 mutations.

BTK is a non-receptor tyrosine kinase that belongs to the Tec kinase family and plays an important 
role in both benign and malignant cells of the haematopoietic system9,37–40. BTK is an essential medi-
ator of B-cell receptor (BCR) signalling and is therefore fundamental to the development of normal 
B-cells41,42. However other receptors including Toll-like receptors (TLRs) also appear to signal through 
BTK in some non-lymphoid cells43. In the BCR signalling pathway BTK is positioned early on along with 
three other non-receptor tyrosine kinases PI3-K, LYN and SYK44. LYN and SYK have been shown to 
activate BTK in B cells45,46. Furthermore LYN and SYK have also been identified as important in AML 
survival signalling5,47 and BTK activation via phosphorylation is evident in the blasts from the majority 
of patients with AML9. In addition, it is becoming apparent that ibrutinib inhibits kinases other than 

Figure 2.  Ibrutinib inhibits downstream FLT3 signalling. (A) Primary AML blasts which were FLT3-ITD 
and non FLT3-ITD were treated with increasing doses of ibrutinib for 3 hour and then whole cell extracts 
were prepared and Western blot analysis was conducted for pBTK, BTK. and (B) pAKT, AKT, pMAPK and 
MAPK protein levels. (C) AML cell lines which were FLT3-ITD (MV4–11) and non FLT3-ITD (OCI-AML3) 
were treated with 500 nM of ibrutinib for 3 hour and then whole cell extracts were prepared and Western 
blot analysis was conducted for pFLT3, FLT3, pAKT, AKT, pMAPK, MAPK, pSTAT and STAT protein levels. 
The presented blots were derived from multiple gels. The membranes were cut based on molecular weights 
and probed with the antibody of interest.
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BTK including mutant epidermal growth factor receptor and interleukin-2-inducible T-cell kinase48,49. 
However, we and others have shown that BTK KD using siRNA or shRNA mimics the ibrutinib effects in 
AML50. Therefore, with the advent of ibrutinib, BTK is a drugable target in AML however the upstream 
drivers of BTK activation in AML are presently not well characterised.

In this study we demonstrate BTK is activated downstream of the FLT3-ITD in AML and that BTK 
inhibition targets FLT3-ITD induced survival and proliferation pathways including AKT, STAT5 and 
MAPK. In addition when we used the FLT3 inhibitor AC220 in combination with ibrutinib there was 
no additive effect on AML survival, thus supporting the hypothesis that these two inhibitors are work-
ing on the same survival pathway/s in FLT3-ITD AML. Furthermore we have shown that treatment of 
FLT3-ITD AML with ibrutinib or BTK knockdown in combination with daunorubicin increases tumour 
apoptosis over daunorubicin alone. We show in vitro that ibrutinib permits dose reduction of daunoru-
bicin to achieve a given rate of cytotoxicity. As daunorubicin toxicity presents a clinical challenge in the 
treatment of older less fit patients with AML ibrutinib may allow protocols in the future to dose reduce 
daunorubicin while maintaining clinical efficacy but improving tolerability. This may result in effec-
tive but reduced dose daunorubicin containing treatment regimens being offered with curative intent 
to patients not currently deemed fit enough for a standard daunorubicin/cytarabine intensive schedule.

Resistance to FLT3 inhibitors can occur through mutations at the drug binding site in the target 
molecule31,51. Resistance to ibrutinib has been observed in a small number of patients with CLL through 
acquired mutations in the BTK drug binding site and gain of function mutations in the down-stream 
signalling molecule PLCgamma252. If ibrutinib shows clinical efficacy in trials in AML it seems likely 
that similar resistance mechanisms will be seen in a subset of the patients treated. Clinical studies will 
ultimately determine the efficacy and duration of response of ibrutinib containing regimens in AML and 
only thereafter will they establish the frequency of drug resistance and its mechanisms.

Figure 3.  Ibrutinib enhances daunorubicin induced apoptosis. (A) FLT3-ITD (MV4–11) and non FLT3-
ITD (OCI-AML3) cells were treated with 500 nM of ibrutinib for 1 hour and washed and daunorubicin 
was added in increasing doses and then cultured for 48 hours and then assessed by CellTiterGlo. (B) FLT3-
ITD (MV4–11) and non FLT3-ITD (OCI-AML3) cells were treated with 500 nM of ibrutinib for 1 hour 
and washed and daunorubicin added in increasing doses and then cultured for 24 hours and then assessed 
by annexin V and PI staining. (C) Primary AML (FLT3-ITD) were pre-treated with ibrutinib for 1 h and 
then treated 50 nM daunorubicin and then cultured for 48 hours on BMSC and then assessed by CD45 and 
annexin V staining. Cells expressed as percent Annexin V positive. *indicates P <  0.05 Mann Whitney test 
comparing the ibrutinib plus daunorubicin to daunorubicin alone treated samples.
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In summary this study links a common genetic mutation found in AML to a specific clinically avail-
able downstream kinase (BTK) inhibitor, ibrutinib. Furthermore we have identified the potential efficacy 
of combination therapy with daunorubicin.

References
1.	 Juliusson, G. et al. Age and acute myeloid leukemia: real world data on decision to treat and outcomes from the Swedish Acute 

Leukemia Registry. Blood 113, 4179–4187 (2009).
2.	 Druker, B. J. et al. Efficacy and Safety of a Specific Inhibitor of the BCR-ABL Tyrosine Kinase in Chronic Myeloid Leukemia. N 

Engl J Med 344, 1031–1037 (2001).
3.	 Byrd, J. C. et al. Ibrutinib versus Ofatumumab in Previously Treated Chronic Lymphoid Leukemia. N Engl J Med (2014).
4.	 Wang, M. L. et al. Targeting BTK with Ibrutinib in Relapsed or Refractory Mantle-Cell Lymphoma. N Engl J Med 369, 507–516 

(2013).
5.	 Dos Santos, C. et al. A critical role for Lyn in acute myeloid leukemia. Blood 111, 2269–2279 (2008).
6.	 Puissant, A. et al. SYK is a critical regulator of FLT3 in acute myeloid leukemia. Cancer Cell 25, 226–242 (2014).
7.	 Alvarado, Y. et al. Treatment with FLT3 inhibitor in patients with FLT3-mutated acute myeloid leukemia is associated with 

development of secondary FLT3-tyrosine kinase domain mutations. Cancer 120, 2142–2149 (2014).
8.	 Birkenkamp, K. U., Geugien, M., Lemmink, H. H., Kruijer, W. & Vellenga, E. Regulation of Constitutive Stat5 Phosphorylation 

in Acute Myeloid Leukemia Blasts. Leukemia 15, 1923–1931 (2001).
9.	 Rushworth, S. A., Murray, M. Y., Zaitseva, L., Bowles, K. M. & MacEwan, D. J. Identification of Bruton’s tyrosine kinase as a 

therapeutic target in acute myeloid leukemia. Blood 123, 1229–1238 (2014).
10.	 Meshinchi, S. et al. Activating mutations of RTK/ras signal transduction pathway in pediatric acute myeloid leukemia. Blood 102, 

1474–1479 (2003).
11.	 Xu, Q., Simpson, S.-E., Scialla, T. J., Bagg, A. & Carroll, M. Survival of acute myeloid leukemia cells requires PI3 kinase activation. 

Blood 102, 972–980 (2003).
12.	 Nakao, M. et al. Internal tandem duplication of the flt3 gene found in acute myeloid leukemia. Leukemia 10, 1911–1918 (1996).

Figure 4.  BTK targeted siRNA inhibits survival of MV4–11 but not OCI-AML3. (A) FLT3-ITD (MV4–11) 
and non FLT3-ITD (OCI-AML3) AML cell lines were transfected with control siRNA and 4 BTK siRNA and 
then cultured for 24 h before RNA extraction analysis for target gene expression using QRT-PCR. (B) Western 
blot analysis for total BTK in response to transfected control, BTK3 and BTK4 siRNA and (C) for pAKT and 
total AKT in response to transfected control and BTK4 siRNA. The presented blots were derived from multiple 
gels. The membranes were cut based on molecular weights and probed with the antibody of interest. (D) FLT3-
ITD (MV4–11) and non FLT3-ITD (OCI-AML3) cells were transfected with control siRNA and BTK siRNA3 
and 4 and then cultured for 48 h and then assessed by CellTiterGlo. (E) FLT3-ITD (MV4–11) and non FLT3-
ITD (OCI-AML3) cells were transfected with control siRNA and BTK siRNA3 and then cultured for 24 h and 
then daunorubicin was added in increasing doses and then cultured for a further 48 hours and then assessed by 
CellTiterGlo. *Indicates P <  0.05 Mann Whitney test comparing the BTK siRNA transfected samples to control 
siRNA samples.



www.nature.com/scientificreports/

8Scientific Reports | 5:12949 | DOI: 10.1038/srep12949

13.	 Gilliland, D. G., Jordan, C. T. & Felix, C. A. The molecular basis of leukemia. Hematology.Am.Soc.Hematol.Educ.Program. 80–97 
(2004).

14.	 Yamamoto, Y. et al. Activating mutation of D835 within the activation loop of FLT3 in human hematologic malignancies. Blood 
97, 2434–2439 (2001).

15.	 Gu, T.-l. et al. Survey of Activated FLT3 Signaling in Leukemia. PLoS ONE 6, e19169 (2011).
16.	 Kindler, T., Lipka, D. B. & Fischer, T. FLT3 as a therapeutic target in AML: still challenging after all these years. Blood 116, 

5089–5102 (2010).
17.	 Ma, H. S. et al. FLT3 kinase inhibitor TTT-3002 overcomes both activating and drug resistance mutations in FLT3 in acute 

myeloid leukemia. Cancer Res 74, 5206–5217 (2014).
18.	 Mohamed, A. J. et al. Bruton’s tyrosine kinase (Btk): function, regulation, and transformation with special emphasis on the PH 

domain. Immunological Reviews 228, 58–73 (2009).
19.	 Rushworth, S. A. et al. BTK inhibitor ibrutinib is cytotoxic to myeloma and potently enhances bortezomib and lenalidomide 

activities through NF-kappaB. Cell Signal 25, 106–112 (2013).
20.	 Rushworth, S. A., Macewan, D. J. & Bowles, K. M. Ibrutinib in Relapsed Chronic Lymphocytic Leukemia. New England Journal 

of Medicine 369, 1278–1279 (2013).
21.	 Woyach, J. A. et al. Bruton’s tyrosine kinase (BTK) function is important to the development and expansion of chronic lymphocytic 

leukemia (CLL). Blood 123, 1207–1213 (2014).
22.	 Fiedler, K. et al. Neutrophil development and function critically depend on Bruton tyrosine kinase in a mouse model of X-linked 

agammaglobulinemia. Blood 117, 1329–1339 (2011).
23.	 Zaitseva, L. et al. Ibrutinib inhibits SDF1/CXCR4 mediated migration in AML. Oncotarget 5, 9931–9938 (2014).
24.	 Kiyoi, H. et al. Prognostic implication of FLT3 and N-RAS gene mutations in acute myeloid leukemia. Blood 93, 3074–3080 

(1999).
25.	 Rushworth, S. A. et al. The high Nrf2 expression in human acute myeloid leukemia is driven by NF-κ B and underlies its chemo-

resistance. Blood 120, 5188–5198 (2012).
26.	 Matsunaga, T. et al. Interaction between leukemic-cell VLA-4 and stromal fibronectin is a decisive factor for minimal residual 

disease of acute myelogenous leukemia. Nat Med 9, 1158–1165 (2003).
27.	 Dubovsky, J. A. et al. Ibrutinib is an irreversible molecular inhibitor of ITK driving a Th1-selective pressure in T lymphocytes. 

Blood 122, 2539–2549 (2013).
28.	 Schlenk, R. F. et al. Mutations and treatment outcome in cytogenetically normal acute myeloid leukemia. N Engl J Med 358, 

1909–1918 (2008).
29.	 Thiede, C. et al. Analysis of FLT3-activating mutations in 979 patients with acute myelogenous leukemia: association with FAB 

subtypes and identification of subgroups with poor prognosis. Blood 99, 4326–4335 (2002).
30.	 Adolfsson, J. et al. Identification of Flt3+  lympho-myeloid stem cells lacking erythro-megakaryocytic potential a revised road 

map for adult blood lineage commitment. Cell 121, 295–306 (2005).
31.	 Smith, C. C. et al. Validation of ITD mutations in FLT3 as a therapeutic target in human acute myeloid leukaemia. Nature 485, 

260–263 (2012).
32.	 Zarrinkar, P. P. et al. AC220 is a uniquely potent and selective inhibitor of FLT3 for the treatment of acute myeloid leukemia 

(AML). Blood 114, 2984–2992 (2009).
33.	 Smith, B. D. et al. Single-agent CEP-701, a novel FLT3 inhibitor, shows biologic and clinical activity in patients with relapsed or 

refractory acute myeloid leukemia. Blood 103, 3669–3676 (2004).
34.	 Levis, M. et al. Plasma inhibitory activity (PIA): a pharmacodynamic assay reveals insights into the basis for cytotoxic response 

to FLT3 inhibitors. Blood 108, 3477–3483 (2006).
35.	 Knapper, S. et al. The effects of lestaurtinib (CEP701) and PKC412 on primary AML blasts: the induction of cytotoxicity varies 

with dependence on FLT3 signaling in both FLT3-mutated and wild-type cases. Blood 108, 3494–3503 (2006).
36.	 Stone, R. M. et al. Patients with acute myeloid leukemia and an activating mutation in FLT3 respond to a small-molecule FLT3 

tyrosine kinase inhibitor, PKC412. Blood 105, 54–60 (2005).
37.	 Ezell, S. A. et al. Synergistic induction of apoptosis by combination of BTK and dual mTORC1/2 inhibitors in diffuse large B cell 

lymphoma. Oncotarget 5, 4990–5001 (2014).
38.	 Tai, Y.-T. et al. Bruton’s tyrosine kinase inhibition is a novel therapeutic strategy targeting tumor in the bone marrow 

microenvironment in multiple myeloma. Blood 120, 1877–87 (2012).
39.	 Honda, F. et al. The kinase Btk negatively regulates the production of reactive oxygen species and stimulation-induced apoptosis 

in human neutrophils. Nat Immunol 13, 369–378 (2012).
40.	 Horwood, N. J. et al. Bruton’s Tyrosine Kinase Is Required for TLR2 and TLR4-Induced TNF, but Not IL-6, Production. J Immun 

176, 3635–3641 (2006).
41.	 Petro, J. B., Rahman, S. M. J., Ballard, D. W. & Khan, W. N. Bruton’s Tyrosine Kinase Is Required for Activation of Iκ b Kinase 

and Nuclear Factor κ b in Response to B Cell Receptor Engagement. J Exp Med 191, 1745–1754 (2000).
42.	 Feldhahn, N. et al. Deficiency of Bruton’s tyrosine kinase in B cell precursor leukemia cells. Proc Natl Acad Sci USA 102, 

13266–13271 (2005).
43.	 Vijayan, V., Baumgart-Vogt, E., Naidu, S., Qian, G. & Immenschuh, S. Bruton’s Tyrosine Kinase Is Required for TLR-Dependent 

Heme Oxygenase-1 Gene Activation via Nrf2 in Macrophages. The Journal of Immunology 187, 817–827 (2011).
44.	 Chung, C. & Lee, R. Ibrutinib, Obinutuzumab, Idelalisib, and Beyond: Review of Novel and Evolving Therapies for Chronic 

Lymphocytic Leukemia. Pharmacotherapy 34, 1298–316 (2014).
45.	 Baba, Y. et al. BLNK mediates Syk-dependent Btk activation. Proc Natl Acad Sci USA 98, 2582–2586 (2001).
46.	 Venkataraman, C., Muthusamy, N., Muthukkumar, S. & Bondada, S. Activation of Lyn, Blk, and Btk But Not Syk in CD72-

Stimulated B Lymphocytes. The Journal of Immunology 160, 3322–3329 (1998).
47.	 Hahn, C. K. et al. Proteomic and Genetic Approaches Identify Syk as an AML Target. Cancer Cell 16, 281–294 (2009).
48.	 Gao, W. et al. Selective antitumor activity of ibrutinib in EGFR-mutant non-small cell lung cancer cells. J Natl Cancer Inst 9,106 

(2014)
49.	 Dubovsky, JA. et al. Ibrutinib is an irreversible molecular inhibitor of ITK driving a Th1-selective pressure in T lymphocytes. 

Blood. 122, 2539–49 (2013).
50.	 Oellerich, T. et al. FLT3-ITD and TLR9 employ Bruton’s tyrosine kinase to activate distinct transcriptional programs mediating 

AML cell survival and proliferation. Blood, 125,1936–47 (2015).
51.	 Heidel, F. et al. Clinical resistance to the kinase inhibitor PKC412 in acute myeloid leukemia by mutation of Asn-676 in the FLT3 

tyrosine kinase domain. Blood 107, 293–300 (2006).
52.	 Woyach, J. A. et al. Resistance mechanisms for the Bruton’s tyrosine kinase inhibitor ibrutinib. N Engl J Med 370, 2286–2294 

(2014).



www.nature.com/scientificreports/

9Scientific Reports | 5:12949 | DOI: 10.1038/srep12949

Acknowledgements
The authors wish to thank the Worldwide Cancer Research, The Big C, the National Institutes for Health 
Research (UK) and the Department of Higher Education and Research of the Libyan Government for 
funding and the Norfolk and Norwich tissue bank (UK) for help with sample collection and storage. 
We thank Professor Richard Ball and Mr Iain Sheriffs, Norwich tissue bank (UK) for help with sample 
collection and storage. Funding for this work: Worldwide Cancer Research, The Big C, the National 
Institutes for Health Research (UK) and the Department of Higher Education and Research of the Libyan 
Government for funding.

Author Contributions
S.A.R. and K.M.B. designed the research. S.A.R., G.P., A.A.A. and L.Z. performed the research. M.J.L. 
and K.M.B. provided essential reagents. S.A.R., K.M.B. and D.J.M. wrote the paper. All authors reviewed 
the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Pillinger, G. et al. Targeting BTK for the treatment of FLT3-ITD mutated 
acute myeloid leukemia. Sci. Rep. 5, 12949; doi: 10.1038/srep12949 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Targeting BTK for the treatment of FLT3-ITD mutated acute myeloid leukemia

	Materials and Methods

	Materials. 

	Methods. 
	Cell lines and primary cells. 
	Western immunoblotting. 
	Survival and apoptosis assays. 
	Transfections. 
	RNA extraction and real time PCR (RT-PCR). 
	Statistical analyses. 

	Results

	Ibrutinib inhibits survival of FLT3-ITD positive AML blasts and AML cell lines. 
	Ibrutinib inhibits downstream signalling in FLT3-ITD AML. 
	Ibrutinib enhances daunorubicin induced apoptosis. 
	BTK targeted siRNA inhibits survival of MV4–11 but not OCI-AML3. 

	Discussion

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Ibrutinib inhibits survival of FLT3-ITD positive AML.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Ibrutinib inhibits downstream FLT3 signalling.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Ibrutinib enhances daunorubicin induced apoptosis.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ BTK targeted siRNA inhibits survival of MV4–11 but not OCI-AML3.



 
    
       
          application/pdf
          
             
                Targeting BTK for the treatment of FLT3-ITD mutated acute myeloid leukemia
            
         
          
             
                srep ,  (2015). doi:10.1038/srep12949
            
         
          
             
                Genevra Pillinger
                Amina Abdul-Aziz
                Lyubov Zaitseva
                Matthew Lawes
                David J. MacEwan
                Kristian M. Bowles
                Stuart A. Rushworth
            
         
          doi:10.1038/srep12949
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep12949
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep12949
            
         
      
       
          
          
          
             
                doi:10.1038/srep12949
            
         
          
             
                srep ,  (2015). doi:10.1038/srep12949
            
         
          
          
      
       
       
          True
      
   




