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The novel tyrosine kinase inhibitor AKN-028 has significant
antileukemic activity in cell lines and primary cultures of
acute myeloid leukemia
A Eriksson1, M Hermanson2, M Wickström1,3, E Lindhagen1, C Ekholm4, A Jenmalm Jensen4,5, A Löthgren4,6, F Lehmann4,6, R Larsson1,
V Parrow4,6 and M Höglund1

Aberrantly expressed tyrosine kinases have emerged as promising targets for drug development in acute myeloid leukemia (AML).
We report that AKN-028, a novel tyrosine kinase inhibitor (TKI), is a potent FMS-like receptor tyrosine kinase 3 (FLT3) inhibitor
(IC50¼ 6 nM), causing dose-dependent inhibition of FLT3 autophosphorylation. Inhibition of KIT autophosphorylation was shown in
a human megakaryoblastic leukemia cell line overexpressing KIT. In a panel of 17 cell lines, AKN-028 showed cytotoxic activity in all
five AML cell lines included. AKN-028 triggered apoptosis in MV4-11 by activation of caspase 3. In primary AML samples (n¼ 15),
AKN-028 induced a clear dose-dependent cytotoxic response (mean IC50 1 mM). However, no correlation between antileukemic
activity and FLT3 mutation status, or to the quantitative expression of FLT3, was observed. Combination studies showed synergistic
activity when cytarabine or daunorubicin was added simultaneously or 24 h before AKN-028. In mice, AKN-028 demonstrated
high oral bioavailability and antileukemic effect in primary AML and MV4-11 cells, with no major toxicity observed in the experiment.
In conclusion, AKN-028 is a novel TKI with significant preclinical antileukemic activity in AML. Possible sequence-dependent
synergy with standard AML drugs and good oral bioavailability has made it a candidate drug for clinical trials (ongoing).
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INTRODUCTION
Despite recent progress in understanding the pathogenesis and
molecular genetics of acute myeloid leukemia (AML), the
prognosis for most patients is still dismal. Following the standard
treatment with intense combination chemotherapy, 50–80% of
adult patients obtain remission, but the majority ultimately
relapses and only 20–30% are cured.1 Patients with high age,
secondary AML or unfavorable cytogenetics, as well as those unfit
for intense chemotherapy, rarely obtain long-standing remission,2

further underscoring the need for new, improved therapies.
In hematopoietic cells, genetic changes involving protein

tyrosine kinases leading to deregulation of intracellular signaling
pathways, have been linked to leukemogenesis as well as to
progression of the leukemic disease.3 Activation of the FMS-like
receptor tyrosine kinase 3 (FLT3), expressed on early multipotent
hematopoietic cells, promotes cell survival and proliferation by
interacting with multiple downstream targets including the AKT,
STAT and MAP-kinase pathways.4,5 In the majority of patients with
AML, FLT3 is overexpressed.6,7 Activating FLT3 mutations occur
in up to 30% of patients, out of which three-fourth consists
of FLT3-internal tandem duplications (FLT3-ITD) located in the
juxtamembrane domain, and approximately one-fourth of point
mutations in the FLT3-tyrosine kinase domain (FLT3-TKD),8 the
former being associated with increased risk of relapse and poor
overall survival.9–11 Moreover, a high frequency of mutations in

the tyrosine kinase KIT has been reported in core binding factor
AML, with an adverse impact on prognosis.12,13

Thus, aberrantly expressed receptor tyrosine kinases have
emerged as promising targets for drug development in AML, as
well as in other hematological malignancies. During the last
decade, several FLT3-inhibitors, ranging from relatively FLT3-
selective to broad multikinase inhibitors, have been introduced
and subsequently tested in clinical trials in patients with AML,
either as single agents or in combination with chemotherapy.14–17

So far, only a minority of patients, mainly those with FLT3-mutated
leukemia, have shown some degree of clinical response although
most often of limited duration.18 Notably, some FLT3-ITD patients
do not respond to FLT3 inhibition treatment, despite almost
complete inhibition of FLT3 autophosphorylation.19

We have previously shown that 2-aminopyrazine tyrosine
kinase inhibitors (TKIs) can induce significant in vitro activity in
AML, seemingly irrespective of FLT3 mutation status.20 We now
present a novel compound from this group, AKN-028, which
has been investigated with respect to kinase inhibition profile,
pharmacokinetics and cytotoxic activity in cell lines, primary tumor
cells and the hollow-fiber mouse model. In addition, we have
studied the antileukemic activity of AKN-028 in combination with
cytarabine or daunorubicin, as well as the importance of FLT3
mutation-status and quantitative FLT3 expression for the cytotoxic
response.
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MATERIALS AND METHODS
Reagents
AKN-028 (N-3-(1H-indol-5-yl)-5-pyridin-4-yl-pyrazine-2,3-diamine, for mole-
cular structure, see Figure 1a), multikinase inhibitor sunitinib, kindly
provided by Biovitrum AB (Stockholm, Sweden) and Akinion Pharmaceu-
ticals (Stockholm, Sweden), and selective FLT3 inhibitor AC220 (provided
by Fredrik Lehmann) were stored at � 70 1C, dissolved as a 10-mM stock in
dimethylsulphoxide and diluted with culture medium (Sigma-Aldrich Co,
St Louis, MO, USA), as needed. Etoposide, daunorubicin and cytarabine
were purchased from Apoteket AB (Stockholm, Sweden), and stauro-
sporine was provided by ProQinase GmbH (Freiburg, Germany).

Cell lines and primary patient samples
AKN-028 was tested against a cell line panel, described in detail
previously.20 The panel was expanded to a total of 17 cell lines
(Supplementary I), whereof five AML cell lines: MV4-11 (naturally occur-
ring FLT3 ITD mutation),21 Kasumi-1 (t(8;21), activating KIT mutation),22,23

HL-60 (capability to differentiate),24 KG1a (high content of immature
CD34-expressing cells)25 (obtained from American Type Culture Collection;
ATCC, Rockville, MD, USA) and MOLM-13 (heterozygote FLT3-ITD mutation,
provided by ProQinase).26 Cells were kept in culture medium appro-
priate to cell type supplemented with fetal calf serum, glutamine and
antibiotics (Sigma-Aldrich Co). Mouse embryonal fibroblasts transfected to
overexpress FLT3 wild type (FLT3-wt), D835Y point-mutated FLT3 (FLT3-TKD)
or FLT3-ITD, as well as human acute megakaryoblastic leukemia M07
cells overexpressing KIT, were used to assess inhibition of FLT3 or KIT
autophosphorylation (cells provided by ProQinase).
The cytotoxic effect of AKN-028 was evaluated in an initial screen in

tumor cells from adult patients with different hematological malignancies:
AML (n¼ 10), acute lymphocytic leukemia (n¼ 10) and chronic lympho-
cytic leukemia (n¼ 9). Further characterization was performed in tumor
cells from adult AML patients (n¼ 26, clinical information in Table 1).
Selection of patient samples was based on sample availability and drugs
were run in parallel. Leukemic cells were isolated, as previously described;20

a proportion of at least 70% viable tumor cells after thawing was required.
The sampling was approved by the Ethics Committee of Uppsala University
(No 21/93 and 2007/237).

Kinase inhibition assessment
The inhibitory effect of AKN-028 on the FLT3 enzyme was evaluated in an
enzyme inhibition assay for the tyrosine kinase domain of FLT3 using the
immobilized metal ion affinity-based fluorescence polarization technique
(IMAP, Molecular Devices, CA, USA), as described previously.20

The kinase inhibitory profile of AKN-028 at 1 mM was evaluated over a
320-kinase panel at ProQinase. The profiling was performed by a
radiometric protein kinase assay, using FlashPlates (Perkin-Elmer, Boston,
MA, USA) in a 50-ml reaction volume, according to the protocol of
ProQinase (33PanQinase1 Activity Assay). Grade of remaining kinase
activity (%) was determined after 60min of incubation with AKN-028 or the
reference compounds AC220 and staurosporine. The inhibitory effects
were verified by full dose–response curves on the following kinases:
FLT3 (IMAP), CDC-like kinase 1, Ribosomal Protein S6 (RPS6) (ProQinase
FlashPlates), vascular endothelial growth factor receptor 2 and fibroblast
growth factor 2 (both performed at CEREP Laboratories (Celle l’Evescault,
France) according to manufacturers standards)

Phospho-ELISA, western blot and AKT and ERK protein kinase
assay
Inhibition of FLT3 and KIT autophosphorylation was assessed by phospho-
ELISA at ProQinase. Mouse embryonal fibroblasts either overexpressing
FLT-wt, FLT3-TKD or FLT3-ITD and human acute megakaryoblastic
leukemia M07 cells overexpressing KIT, were incubated for 5min with
eight concentrations of AKN-028 before cell lysis and determination of
phosphorylation levels by a sandwich ELISA according to ProQinase
standards. Sunitinib and AC220 were used for comparison.
Inhibition of FLT3 autophosphorylation in MV4-11 cells after exposure to

AKN-028 for 15 h was evaluated by western blot analysis, as described
previously.20 To further explore the potential effects on downstream
targets of FLT3, the inhibition of AKT 1, 2, 3 and ERK 1, 2 was measured by
use of the radiometric protein kinase assay, as described above. Grade of
inhibition of kinase activity (%) was determined after 60min of incubation
with 1 mM of AKN-028 or reference compounds AC220 and staurosporine.

Cytotoxicity assays
For cytotoxic evaluation, the fluorometric microculture cytotoxicity assay
(FMCA), as described previously,27 was used. Cells were seeded into drug-
prepared microplates at varying density per well, depending on cell type
and plate size. After 72 h of incubation, the living-cell density was assessed
using the FMCA; results presented as survival index (%), defined as
fluorescence in test wells in percent of control cultures, blank values
subtracted. IC50 was determined from log concentration–effect curves in
Graph Pad Prism (GraphPad software Inc., CA, USA) using nonlinear
regression analysis. Cytotoxic activity in MOLM-13 cells was analyzed by
Alamar Blue assay28 at ProQinase.

Combination studies
AKN-028 was studied in combination with cytarabine or daunorubicin
with a fixed molar ratio between the agents (cytarabine: AKN-028 2.5:1;
daunorubicin: AKN-028 1:20), intended to be equipotent. Drug addition to
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Figure 1. (a–c) Molecular structure of AKN-028 (a). Inhibition of FLT3,
CLK and RPS6 kinases in the kinase-panel screen after exposure to
1mM of AKN-028, AC220 and staurosporine (b). Figure 1c displays the
inhibitory activity on FLT3 enzyme of AKN-028 and sunitinib
outlined as dose–response curves from a typical experiment in the
FLT3 enzyme-inhibition assay.
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96-well plates containing MV4-11 cells was performed directly after cell
seeding and again after 24 h. Combinations were tested in three
sequences: (I): pretreatment with chemotherapy (24 h), followed by
AKN-028; (II): simultaneous treatment with both agents; (III): pretreatment
with AKN-028 (24 h), followed by chemotherapy. Cytotoxic activity was
assessed by the FMCA after an incubation time of 72 h.

Drug combination analysis
Possible interactions between the drugs in the combination studies was
analyzed as proposed by Chou and Talalay29 by median-effect analysis
using CalcuSyn software (Biosoft, Cambridge, UK). Each dose–response
curve was fit to a linear model using the median effect equation, allowing
calculation of a median effect value Dm (corresponding to the IC50). The
extent of drug interaction between the two drugs was presented using the
combination index (CI) for mutually exclusive drugs (assumption of mutual
exclusivity proposed as a universal standard for the analysis of synergism
and antagonism30): CI¼ d1/D1þ d2/D2, where D1 and D2 represent the
concentration of drugs 1 and 2 alone, required to produce a certain effect,
and d1 and d2 represent the concentrations of drugs 1 and 2 in
combination, required to produce the same effect. Different CI values
are obtained when solving the equation for different effect levels. A CI
close to 1 indicates additivity, a CI o0.7 indicates synergy and 41.45
indicates antagonism (arbitrary levels suggested in the software manual).

Apoptosis assay
The cell-death characteristics of AKN-028 were studied with regard to
caspase-3 activation. In all, 20 000 MV4-11 cells per well were seeded into
96-well optic plates and subjected to 10 mM of either AKN-028 or the
positive control etoposide. A probe staining cells with active caspase 3
(DEVD-NucView 488 caspase-3 substrate, Essen BioScience Ltd, Welwyn
Garden City, UK) was added to each well at a final concentration of
2–2.2mM, a caspase-3 inhibitor (N-acetyl-Asp-Glu-Val-Asp-al, Sigma-Aldrich
Co) at a concentration of 16.4mM was used as a control. The total amount
of dimethylsulphoxide in each well was 0.21%. The cells were analyzed in
the live-cell imaging instrument IncuCyte (Essen BioScience Ltd); the total
duration of the experiment was 48 h.

FLT3 mutation detection
FLT3-ITD length mutation analysis was performed, as described pre-
viously.10,31 Briefly, following PCR amplification, PCR products were run on
the ABI 3130XL genetic analyzer (Applied Biosystems, Foster City, CA, USA)
and the chromatograms analyzed using GeneMapper 4.0 software (Applied
Biosystems). The proportion of FLT3-mutated alleles (allelic burden) was
calculated as area under the curve (AUC) for FLT3-ITD divided by (AUC for
FLT3-ITDþAUC for FLT3-wt). For FLT3-TKD point mutations in codon D835,
genomic DNA was analyzed by PCR, as previously described.31

Table 1. Acute myeloid leukemia patients (n¼ 26)

Patient
(no.)

Age
(years)

Sex Subclass
(FAB)

Ratio
(FLT3/

GUS� 100)

Allelic
burden
(ITD/total
FLT3)

FLT3 status
ITD/TKD/wt

Karyotype Status IC50
AKN-028
(mM)

IC50
cytarabine

(mM)

UPN1 63 M M5 51.2 NA wt 46,XY Newly
diagnosed

1.22 2.04

UPN2 38 M M2 99.4 NA wt Complex Relapse 0.265 0.347
UPN3 64 F M1 34.1 NA wt Complex Relapse 1.82 15.5
UPN4 46 M ND 0.340 NA wt ND Relapse 3.41 7.39
UPN5 24 M ND 24.4 NA wt 46,XY, t(8;21) Newly

diagnosed
2.88 3.08

UPN6 76 M M5 75.6 NA wt 45,XY,þ 8,-
10,der(17)t(17;21)
(q;10;q10)/46,XY

Newly
diagnosed

3.47 22.6

UPN7 47 M M2 26.4 NA wt 46,XY Newly
diagnosed

0.928 0.241

UPN8 58 F M2 108 0.49 ITD 46,XX Relapse 0.890 ND
UPN9 59 M ND 23.3 0.48 ITD ND Relapse 1.06 430
UPN10 54 M ND 22.9 0.49 ITD ND Relapse 0.306 3.24
UPN11 65 M M2 42.9 0.50 ITD Complex Relapse 5.29 ND
UPN12 79 M M2 70.9 0.48 ITD 46,XY Relapse 1.36 3.19
UPN13 26 F M1 85.6 0.74 ITD 46,XX Relapse 0.0465 0.167
UPN14 68 M M1 128 0.22 ITD 46,XY Relapse 0.738–1.27 0.309–0.450
UPN15 79 M M0 94.6 NA wt 46,XY,t(11;17)

(q23?4)/46,XY
Newly
diagnosed

0.622–4.02 0.812–5.79

UPN16 21 F M5 ND NA wt 47,XXþ 8,
(t(10;11)(p11;q23)

Relapse 0.00436 1.23

UPN17 57 F M0 ND 0.48 ITD 46,XX Relapse 0.304 1.13
UPN18 51 F M2 ND 0.22 ITD 46,XX Relapse 0.140 0.777
UPN19 68 M M4 ND 0.21 ITD 46,XY Newly

diagnosed
0.420 2.43

UPN20 61 F M1 ND NA wt 46,XX Relapse 1.32 6.95
UPN21 32 F M1 ND 0.59 ITD 46,XX Relapse 0.965 1.18
UPN22 54 M M1 ND NA wt 46,XY Newly

diagnosed
1.92 0.718

UPN23 41 M M4 ND 0.48 ITD 46,XY, del (7)(q22) Relapse 2.55 1.42
UPN24 81 F M2 ND 0.03 ITD 46,XX Newly

diagnosed
11.3 9.81

UPN25 53 M M0 ND NA wt Complex Relapse 5.58 n.d
UPN26 47 M M1 ND NA wt 46XY,

inv(16)(p13q22)(25)
Newly
diagnosed

3.89 n.d

Abbreviations: FAB, French–American–British; FLT3, FMS-like receptor tyrosine kinase 3; FMCA, fluorometric microculture cytotoxicity assay; ITD, internal
tandem duplications; ND, not done; NA, not applicable; wt, wild type. Complex karyotype indicates karyotype with three or more abberations. Clinical
characteristics, FLT3 mutation status and quantitative FLT3 expression (displayed as a ratio of mean copy number FLT3/mean copy number of reference gene
GUSB � 100), allelic burden for FLT3 ITD-mutated patients (ITD/total FLT3) and corresponding IC50 values from the FMCA for AKN-028 and cytarabine.
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Quantitative FLT3 expression analysis
Total RNA was isolated from primary AML cells using Trizol reagent
(Invitrogen, Carlsbad, CA, USA). One microgram of RNA was reverse-
transcribed into complementary DNA (cDNA) using pd(N)6 random
hexamer (GE Healthcare, Little Chalfont, UK) and M-MLV enzyme
(Invitrogen). The FLT3 mRNA transcripts were quantified by quantitative
real-time reverse transcriptase-PCR, using forward primer 50-CAG GAC TTG
GAC AGA GAT TTT CAA-30 , reverse primer 50-TCC GGG TGT ATC TGA0ACT
TCT CTT-30 and probe 50-FAM-CCC ACT TTC CAA TCA CAT CCA AAT TCC
A-TAMRA-30 . The analysis measured the overall FLT3 expression. Primer
and probe sequences for FLT3 were chosen using Primer Express software
(Applied Biosystems). A standard curve for FLT3 was created using 10-fold
dilutions of the plasmid pCDHF3 containing wild-type FLT3.32 GUSB was
used as reference gene and the GUSB mRNA transcripts were quantified by
real-time reverse transcriptase-PCR, as previously described.33 The amount
of FLT3 transcripts was expressed as a ratio of FLT3 copy number relative
to 100 GUS copies (mean copy number FLT3/mean copy number GUSB
� 100). Correlations were assessed using Spearman’s correlation test.

In vivo studies
The pharmacokinetic properties of AKN-028 were evaluated in male C57
black mice (Supplementary II) and the in vivo activity of AKN-028 further
assessed in the AML cell line MV4-11 and two individual AML patients (UPN
25 and 26, Table 1) using the hollow-fiber mouse model, as described
previously.34 NMRI male mice (Scanbur), were injected subcutaneously
twice daily with 15mg/kg of AKN-028 or vehicle only, eight animals per
group, three fibers per animal. After 6 days of repeated drug adminis-
tration, the fibers were extracted and the living cell mass assessed by use
of the MTT-assay.20,35 Student’s t-test was used for comparison between
groups, Po0.05 was considered significant. The study was approved by
the Animal Ethics Committee in Uppsala (No. C243/6).

RESULTS
AKN-028 inhibits FLT3 kinase
AKN-028 was identified in a kinase-inhibition screen including
B400 analogs of AKN-032, a previously reported small molecular
2-aminopyrazine TKI.20 Using a radiometric protein kinase assay,
the inhibitory effect of AKN-028 at 1 mM was investigated in a
panel screen of 320 kinases with AC220 and staurosporine used as
reference compounds. Less than 20% remaining enzyme activity
after exposure to AKN-028 was observed only for FLT3 kinase, CLK
kinases and RPS6K (Figure 1b). AKN-028 induced a dose-dependent
inhibition of the FLT3 kinase with an IC50 value of 6 nM (n¼ 20), as
determined by a kinase inhibition assay; sunitinib was tested for
comparison (Figure 1c). Further characterization with full dose–
response experiments were made for FLT3, CDC-like kinase 1,
RPS6KA, fibroblast growth factor 2 and vascular endothelial
growth factor receptor 2; IC50 values are presented in Table 2.
Inhibition of FLT3 autophosphorylation in a cellular assay was

verified by phospho-ELISA and western blot analysis (Figures 2a–c
and Supplementary III). Surprisingly, inhibition of KIT was also
demonstrated by the phospho-ELISA (Figure 2d). To further
evaluate the effect of AKN-028 on targets downstream of FLT3,
the compound was evaluated in AKT and ERK protein kinase
assays. No direct inhibition of AKT 1, 2, 3 or ERK 1, 2 was seen at
1 mM; AC220 and staurosporine used as reference compounds
(Figure 2e).

AKN-028 is cytotoxic to AML cell lines and induces apoptosis in the
AML cell line MV4-11
The cytotoxic activity of AKN-028 was investigated in a panel of 17
cell lines, including five AML cell lines. The cytotoxic activity was
highest in MV4-11 and MOLM-13 (IC50 o50 nM), followed by the
three other AML cell lines (IC50 0.5–6 mM). Almost no effect was
observed in the solid tumor cell lines HeLa, ACHN and NCI-H69
(Figure 3a).
A probe staining activated caspase 3 was used to study the cell

death characteristics of AKN-028 in the MV4-11 cell line.
Incubation with 10mM AKN-028 induced apoptosis by activation
of caspase 3; etoposide was used as a positive control (Figure 3b).

AKN-028 is cytotoxic to primary AML cells, irrespective of FLT3
mutation status and quantitative FLT3 expression
In an initial screen, studying the cytotoxic effect of AKN-028 at
10mM in primary tumor cells from 29 patients with three
hematological malignancies (acute myeloid leukemia, n¼ 10,
acute lymphocytic leukemia, n¼ 10, chronic lymphocytic leuke-
mia, n¼ 9), AML cells tended to be the most sensitive (Figure 3c).
The cytotoxic activity of AKN-028, and of reference compound
cytarabine, was further evaluated in leukemic blast cells from
patients with newly diagnosed or relapsed AML (n¼ 15: Table 1,
Figure 3d), showing a dose-dependent response to AKN-028 in all
samples tested. No significant difference was seen between newly
diagnosed and relapse patients (P¼ 0.10: Student’s t-test). Notably,
the sensitivity to AKN-028 did not differ between samples from
FLT3-mutated and FLT3-wt patients (P¼ 0.79: Student’s t-test).
As for FLT3-mutated patients, no correlation between allelic burden
(see Table 1) and cytotoxic response to AKN-028 was observed
(Spearman’s correlation test r¼ � 0.15). As no correlation between
FLT3 mutation status and cytotoxic response was seen, the
samples were further examined regarding overall quantitative
FLT3 expression, which were plotted against corresponding IC50
values for AKN-028 (Figure 3e). No apparent correlation between
the level of FLT3 RNA expression and cytotoxic effect was
observed (Spearman’s correlation test, r¼ � 0.42).
To further explore the cytotoxic properties of AKN-028, and to

compare it with the specific FLT3-inhibitor AC220, 11 additional
AML patient samples were analyzed by the FMCA (Table 1, Figures
4a–f). Again, AKN-028 presented a dose-dependent response,
reaching IC50 in all samples tested. By contrast, the response to
AC220 varied considerably, displaying flat curves in general, with a
degree of dose-dependant response before reaching a plateau,
sometimes with a cell survival of 450%, despite the full efficacy
obtained in MV4-11 (Figures 3d and 4d–f).

Improved antileukemic activity when cytarabine or daunorubicin
is administered simultaneously or 24h before AKN-028
AKN-028 was tested in combination with antileukemic agents
cytarabine or daunorubicin in MV4-11 cells and evaluated by the
FMCA. Median-effect analysis generated 80 combination indices
when data points with drug effect between 10 and 90% were
pooled. The mean CI for each sequence regimen is presented in
Figures 5a and b, showing a sequence-dependent synergy, with
better antileukemic activity when the cells were exposed to
cytarabine or daunorubicin simultaneously or for 24 h before
adding AKN-028, whereas antagonism was observed when cells
were pre-treated with AKN-028.

AKN-028 inhibits growth of primary AML and MV4-11 cells
in mice
The cytotoxic effect of AKN-028 in vivo was examined in the
mouse hollow-fiber model. Based on the pharmacokinetic studies
(supplementary), the predicted area under the curve for this
experiment was 6 mM �h, given no strain difference and linear
pharmacokinetics. Twice daily subcutaneous administration with

Table 2. IC50 values for AKN-028 and positive-control Staurosporine
for kinases FLT3, CLK1, RPS6KA, FGFR2 and VEGFR2

FLT3 CLK1 RPS6KA FGFR2 VEGFR2

AKN-028 6 nM 140nM 220 nM 1200nM 520nM

Staurosporine o1nM 66 nM 3 nM 2 nM 4nM

Abbreviations: FLT3, FMS-like receptor tyrosine kinase 3; CLK1, CDC-like
kinase 1; RPS6K, ribosomal protein S6 kinase; FGFR2, fibroblast growth
factor 2; VEGFR2, vascular endothelial growth factor receptor 2.
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15mg/kg of AKN-028 in NMRI male mice inhibited net growth of
one of the primary AML samples (UPN26) in vivo and furthermore
reduced the tumor mass of MV4-11 cell line (Figure 6a), the total
cell growth in the other AML sample (UPN25) was very modest,
with no significant inhibition noted. No major toxicity was observed
(Figures 6b and c).

DISCUSSION
In this study, we report that AKN-028, a novel small molecular TKI
identified in an extensive kinase screen as active against FLT3,
inhibits the FLT3 enzyme in a dose-dependent manner at very low
concentrations. Inhibition of wild-type as well as FLT3-mutated
autophosphorylation was confirmed in cellular assays. In vitro
cytotoxic activity was further investigated in a cell line panel
representing different malignancies and their drug-resistant
sublines, as well as immortalized non-tumor cells. Notably, AKN-
028 had a significant activity in all the five AML cell lines tested,
whereas no or only marginal effect was observed in the other cell
lines, suggesting a specific effect in AML. Interestingly, the FLT3-
ITD-mutated cell lines, MV4-11 and MOLM-13, was by far the most
sensitive cell lines with IC50 o50 nM. Moreover, AKN-028 induced
apoptosis in AML cell line MV4-11, at least partly mediated by
activation of caspase 3.
However, cell lines may have limitations in predicting clinical

activity of cytotoxic drugs, possibly owing to their acquisition
of additional genetic changes in becoming immortalized and

adapted to continuous growth.36 As primary cultures of patient
tumor cells may be a model that is better suited for predicting
clinical activity,37 we evaluated the cytotoxic effect of AKN-028
in leukemic blasts from AML patients, among those several
cases with complex karyotype and chemotherapy-resistant disease.
Importantly, AKN-028 showed a dose-dependent cytotoxic response
in all patient samples tested, including those with no or only
minor in vitro response to AC220, a potent, selective FLT3 TKI
having recently shown clinical efficacy in phase-II trials.38 The
antileukemic effect was confirmed in vivo using the hollow-fiber
mouse model, where AKN-028 had significant effect in MV4-11,
as well as in one of the primary AML samples. The hollow-fiber
model was developed as a tool for anticancer drug screening.
The method enables studies of hematological toxicity, pharmaco-
kinetics and tumor effect in cell lines and primary patient samples
within the same immunocompetent animal, which in turn reduces
the number of animals needed. The hollow-fiber method is relatively
resistant, with a risk of underestimating drug effect owing to low
efficacy of drug delivery to the subcutaneously implanted fibers.39

Unexpectedly, we observed no difference in sensitivity to
AKN-028 between FLT3-mutated and wild-type AML cases.
As a pathogenetic role of the wild-type FLT3-receptor in
AML has been proposed, we investigated whether a variance
in quantitative FLT3 expression, regardless of mutation status,
might explain a different response to AKN-028.6,40 However, there
was no clear correlation between quantitative FLT3 expression
and cytotoxic activity of AKN-028. Although, the four patients
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Figure 2. (a–e) Inhibition of kinase autophosphorylation by AKN-028, AC220 and sunitinib shown by phospho-ELISA on cells transfected with
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(two FLT3-ITD, two FLT3-wt) with the highest FLT3/GUS� 100 ratio
had all relatively low IC50 values, several cases with relatively low
quantitative expression of FLT3 but with corresponding low IC50
values were present in our material.

Interestingly, AKN-028 showed ex vivo efficacy in primary AML
tumor cells that were resistant to treatment with the potent
FLT3- and KIT-inhibitor AC220. This finding, together with the
lack of correlation between FLT3 mutation status or quantitative
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expression of FLT3 and in vitro response to AKN-028 in AML,
indicates that the compound is also targeting other pathways
than those directly associated with FLT3 inhibition. Using a
radiometric protein kinase assay, we could exclude that AKN-028
inhibited the FLT3 downstream targets AKT 1-3 and ERK 1-2.

Aberrant expression of receptor tyrosine kinases such as KIT, PDGF
and JAK may have a role in leukemogenesis 41–43 and share in part
the same downstream targets as FLT3.44 As many FLT3-inhibitors
also target KIT, AKN-028 was tested in a human megakaryoblastic
leukemia cell line overexpressing KIT, in which the substance
induced a significant inhibition of KIT autophosphorylation. The
inhibition was higher in this cell assay than predicted by the
results from our kinase screen. A possible explanation for this
discrepancy may be that only the active form of KIT is present in
the kinase panel, whereas the cell assay might reflect effects on
both the active and the inactive form of the kinase.
Our kinase-panel screen also revealed inhibition of RPS6- and

CLK kinases. Recently, it has been shown that RPS6K, a downstream
effector in the mammalian target of rapamycin (mTOR) signaling
pathway, is activated in primary FLT3-mutated AML-cells.45 The
mTOR pathway is involved in cellular growth and survival, and
mTOR dysregulation has been implicated in several malignancies.
Furthermore, mTOR inhibitors have been developed as anticancer
treatment.46 AC220 did not inhibit RPS6K, in accordance with
the published kinase-inhibition profile of this compound. Thus,
inhibition of RPS6K could possibly be part of the differentiating
effect between AKN-028 and AC220 on the cell kill induced
in primary cells. CLK kinases have been reported to play a role
in the AKT pathway,47 but their role (if any) in leukemogenesis is
presently unknown. Further studies of AKN-028-mediated inhibition
of KIT, and of other possible targets, are underway.
AML is biologically a heterogeneous disease. Hitherto, patients

treated with FLT3 inhibitors have, with the possible exception of
AC220, shown only modest and transient clinical response.48

Indeed, inhibition of FLT3 autophosphorylation does not always
lead to cell death, and some leukemic cells may not be dependent
on FLT3 signaling.18 In addition, monotherapy with TKIs is
associated with the risk of developing resistance.49,50 Thus, a TKI
such as AKN-028, targeting other pathways apart from FLT3, may
be potentially advantageous. Nevertheless, combinations with
other agents including conventional chemotherapeutics are
probably necessary to optimize clinical efficacy. Results from our
combination study suggest a sequence-dependent synergistic
effect between AKN-028 and cytarabine or daunorubicin, with
better antileukemic activity when cells were exposed to
chemotherapy simultaneously or 24 h before adding AKN-028,
whereas antagonism was observed when cells were pre-treated
with AKN-028. The finding of possible synergy between cytotoxic
drugs and targeted therapy is in line with the results reported
from other TKIs.51,52 Sequence-dependent antagonism after pre-
treatment with TKIs has also been reported, possibly because of
the fact that (some) TKIs may cause cell cycle arrest.52 Further
studies of the cell cycle effect of AKN-028 are underway.
Pharmacokinetic studies show that anticipated effective plasma

exposure can be obtained in mice after oral administration. If the
IC90 value is divided with fraction unbound of the compound,
taking into account the plasma protein binding of 96,5%, the
plasma target concentration should be in the range of 1–3 mM.
Given no strain difference and linear pharmacokinetics, a similar
exposure in NMRI mice as in the C57 black mice would be
expected. The predicted plasma profile in the hollow-fiber
experiment corresponds to 1 h of exposure above the plasma
target concentration of 1–3 mM twice daily. Thus, continuous
exposure was not necessary to obtain an antitumoral effect,
which is in accordance with some other TKIs, for example,
dasatinib, being clinically effective despite a relatively short
plasma half-life.53

In conclusion, AKN-028 is a novel TKI with potent in vitro and
in vivo activity in AML, irrespective of FLT3 status. In vitro synergy
with the standard antileukemic agents cytarabine and daunor-
ubicin, along with good oral bioavailability, make AKN-028 a
candidate drug for clinical trials. An international two-part multi-
center phase-I study of AKN-028 in patients with AML started in
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Figure 5. (a–b) Cytotoxic response to AKN-028 in combination with
standard cytotoxic agents cytarabine (a) and daunorubicin (b) in
MV4-11 cell line in three different sequences; (I): pretreatment with
chemotherapy (24 h), followed by AKN-028; (II): simultaneous
treatment with both agents; (III): pretreatment with AKN-028
(24 h). Results are presented as mean CI, (n¼ 11–16) of all
experimental combination data points with effect levels between
10–90%, error bars representing s.e.m. CI o0.7 indicate synergy and
CI of 1 additive interactions.
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January 2012 (ClinicalTrials.gov NCT01573247). Additional studies
on its mechanism of action are underway.
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