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Chronic myeloid leukaemia (CML) is driven by the activity of 
the BCR–ABL1 fusion oncoprotein. ABL1 kinase inhibitors have 
improved the clinical outcomes for patients with CML, with over 
80% of patients treated with imatinib surviving for more than  
10 years1. Second-generation ABL1 kinase inhibitors induce more 
potent molecular responses in both previously untreated and 
imatinib-resistant patients with CML2. Studies in patients with 
chronic-phase CML have shown that around 50% of patients who 
achieve and maintain undetectable BCR–ABL1 transcript levels 
for at least 2 years remain disease-free after the withdrawal of 
treatment3,4. Here we characterize ABL001 (asciminib), a potent 
and selective allosteric ABL1 inhibitor that is undergoing clinical 
development testing in patients with CML and Philadelphia 
chromosome-positive (Ph+) acute lymphoblastic leukaemia. In 
contrast to catalytic-site ABL1 kinase inhibitors, ABL001 binds 
to the myristoyl pocket of ABL1 and induces the formation of an 
inactive kinase conformation. ABL001 and second-generation 
catalytic inhibitors have similar cellular potencies but distinct 
patterns of resistance mutations, with genetic barcoding studies 
revealing pre-existing clonal populations with no shared resistance 
between ABL001 and the catalytic inhibitor nilotinib. Consistent 
with this profile, acquired resistance was observed with single-agent 
therapy in mice; however, the combination of ABL001 and nilotinib 
led to complete disease control and eradicated CML xenograft 
tumours without recurrence after the cessation of treatment.

A series of small molecules was previously shown to bind to the 
BCR–ABL1 myristoyl pocket and inhibit kinase activity via an allosteric 
mechanism5. Unfortunately, these molecules had limited potency and 
lacked activity against the BCR–ABL1 Thr315Ile mutation5. To develop 
new small molecule scaffolds, we performed fragment-based nuclear 
magnetic resonance (NMR) screens and optimized resulting hits using 
in silico docking, crystallography and NMR studies. Myristoyl-pocket 
binders such as GNF-2 must induce a crucial ‘bend’ in the C-terminal 
helix to induce the auto-inhibited kinase conformation6. Using a confor-
mational NMR assay, molecules with this property from the new series 
were selected and optimized to improve potency, selectivity and in vivo  
pharmacokinetics, leading to the identification of ABL001 (Fig. 1a  
and Extended Data Fig. 1a). NMR and biophysical studies confirmed 
that ABL001 binds potently (dissociation constant (Kd) =​ 0.5–0.8 nM) 
and selectively to the myristoyl pocket of ABL1 and induces the 
inactive C-terminal helix conformation (Extended Data Fig. 1b–d). 
Comparisons of ABL1 co-crystal structures bound to myristate or 
ABL001 revealed almost identical binding poses (Fig. 1a). Hence, 
ABL001 binding mimics the structural consequences of myristate 
binding to the N terminus of ABL1. Consistent with this binding site, 

ABL001 exhibits the same non-ATP-competitive biochemical kinetics 
as the BCR–ABL inhibitor GNF-2 (refs 5, 7) but with approximately 
100-fold greater potency (Fig. 1b). Myristoyl-binding sites analogous 
to that of ABL1 are only found in a limited number of kinases such 
as SRC8,9. Indeed, studies revealed that ABL001 lacks activity against 
more than 60 kinases, including SRC (Extended Data Table 1a), and is 
similarly inactive against G-protein-coupled receptors, ion channels, 
nuclear receptors and transporters (Extended Data Table 1b).

In BCR–ABL1-transformed Ba/F3 cells grown without IL-3, ABL001 
had an anti-proliferative half-maximum inhibitory concentration (IC50) 
value of 0.25 nM. By contrast, the addition of IL-3 to bypass BCR–ABL1 
dependence renders these cells insensitive to ABL001 (Extended Data 
Fig. 2a). In the CML blast-phase cell line KCL-22, ABL001 inhibited 
phosphorylation of both STAT5 (Tyr694; pSTAT5) and BCR–ABL1 
(Tyr245; pBCR–ABL1) after 1 h using concentrations that correlate 
with those required for inhibition of cell proliferation (Extended Data 
Fig. 2b, c). Notably, in contrast to nilotinib and dasatinib, ABL001 did 
not affect the phosphorylation of CRKL (Tyr207) after a short-term 
1 h treatment. The cellular activities of ABL001, GNF-2 and a set of 
clinically approved catalytic-site inhibitors were determined in 450 
cancer cell lines from the Cancer Cell Line Encyclopedia10 (Fig. 1c). 
ABL001 was selectively active against all BCR–ABL1 lines (IC50 value 
of 1–20 nM), irrespective of the presence of either the p210 or the p190 
BCR–ABL1 isoform. GNF-2 was also selective for BCR–ABL1 cell 
lines but was around 100-fold less potent. Imatinib, nilotinib, dasat-
inib, bosutinib and ponatinib were active against cell lines containing 
BCR–ABL1 fusions but varied considerably in their specificity (Fig. 1c).

ABL001 has moderate oral absorption, volume of distribution and 
half-life across all species (Extended Data Fig. 3a). The pharmacoki-
netic/pharmacodynamic relationship and in vivo efficacy of ABL001 
was tested using xenografts derived from the KCL-22 cell line and from 
patients with Ph+ acute lymphoblastic leukaemia (ALL). Single doses 
of 7.5, 15 and 30 mg kg−1 ABL001, administered to mice bearing KCL-
22 xenografts, inhibited pSTAT5 (Tyr694), which returned to baseline 
at 10, 12 and 16–20 h after administration of the dose, respectively 
(Extended Data Fig. 3b). In mice implanted with KCL-22 tumours, 
the minimum dose of ABL001 required for complete regression was 
7.5 mg kg−1 twice a day (BID) or 30 mg kg−1 once a day (QD), and was 
tolerated at doses up to 250 mg kg−1 BID (Extended Data Fig. 3c, e). 
Similarly, in xenografts derived from patients with Ph+ ALL, treatment 
with 7.5 and 30 mg kg−1 ABL001 led to regressions that were main-
tained during dosing (Extended Data Fig. 3d).

ABL001 was developed to test the hypothesis that the dual inhi-
bition of BCR–ABL1 using distinct targeting mechanisms might 
improve treatment outcomes by providing enhanced target coverage 
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and preventing the emergence of resistance. Crystallography studies 
showed that ABL001 and nilotinib can co-bind a single molecule of 
BCR–ABL1 (Fig. 2a), and in vitro studies revealed additive effects of 
ABL001 in combination with imatinib, nilotinib or dasatinib (Extended 
Data Fig. 2d). Preventing the emergence of resistance probably depends 
on two molecules having mechanisms of resistance that do not overlap.  
ABL001-resistant KCL-22 cells were sequenced and identified as having  
mutations in the myristoyl pocket and at the interface between the 
SH3 and kinase domains (Fig. 2b). No inhibitor-resistant catalytic- 
site mutations were identified. These mutations were functionally  
validated using Ba/F3 cells engineered to express BCR–ABL1 containing  
individual ABL001-resistant or catalytic-site-resistant mutations11. 
ABL001 was active in the low nanomolar concentration range against 
all catalytic-site mutations, including Thr315Ile, whereas catalytic- 
site inhibitors were active against all ABL001-resistant mutations  
(Fig. 2c). Clonally derived KCL-22 cells containing either a Thr315Ile 
or an Ala337Val mutation were tested for their sensitivity to ABL001 
or nilotinib (Extended Data Fig. 4a). Nilotinib was inactive against 
KCL-22 Thr315Ile cells but retained full activity against KCL-22 

Ala337Val cells. By contrast, ABL001 was inactive against KCL-22 
Ala337Val cells but retained activity against Thr315Ile cells at low 
nanomolar concentrations readily achieved in vivo (Extended Data 
Fig. 3b). Indeed, ABL001 treatment led to tumour regression of  
KCL-22 Thr315Ile xenografts at doses of 30 mg kg−1 BID (Extended 
Data Fig. 4b), well below the 250 mg kg−1 BID maximum tolerated 
dose in mice (Extended Data Fig. 3e). A combination of myristoyl-site 
and catalytic-site inhibitors is therefore likely to create a barrier to the 
development of mutation-driven acquired resistance.

To explore this possibility further, KCL-22 cells were transduced with 
a barcode library, in which cells labelled with individual barcodes are 
tracked under drug treatment. This technique enables the determina-
tion of the frequency with which resistant clones emerge and whether 
such clones pre-exist in a cell population12. Barcoded KCL-22 cells were 
treated with DMSO, ABL001 or nilotinib. Concentration ranges were 
selected to represent the compound concentration tenfold above their 
respective KCL-22 anti-proliferative IC50 value (10 nM ABL001, 300 nM 
nilotinib) and the concentration readily achieved clinically (100 nM and 
1,000 nM ABL001 (ref. 13), 1,700 nM nilotinib14).
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Figure 1 | ABL001 is an allosteric inhibitor of BCR–ABL1 that 
selectively inhibits growth of BCR–ABL1-driven cells. a, The structure 
of ABL1 (green) in complex with myristate (cyan), with the transparent 
surface in grey (Protein Data Bank (PDB) entry 1OPK), the structure of 
ABL1 (grey) in complex with ABL001 (white) and an overlay of the two 
images. b, Biochemical ABL1 kinase assay at high (2 mM) and low (10 μ​M)  
ATP concentrations in the presence of ABL001, GNF-2, nilotinib and 

dasatinib. Duplicate measurements were taken, and data are mean ±​ s.d. 
c, Anti-proliferative activity of ABL001, GNF-2, nilotinib, imatinib, 
dasatinib, bosutinib and ponatinib across a large cancer cell line panel. 
Cell lines that contain a BCR–ABL1 oncogenic fusion gene are highlighted 
in red, and the remaining cell lines are highlighted in blue. (Note that the 
lowest concentration of dasatinib tested was 0.003 μ​M.)
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Resistance to ABL001 at 10 and 100 nM emerged at day 15, followed 
by resistance to nilotinib at 300 and 1,700 nM at day 20 (Fig. 2d). In each 
case, all four replicates for each treatment group developed resistance 
simultaneously. By contrast, resistance to 1,000 nM ABL001 was the 
slowest to develop and emerged at varying time points, with one repli-
cate developing resistance at day 20 and other replicates emerging from 
days 25 to 30. Analysis of the barcodes revealed that nilotinib-resistant 
clones were derived from cells labelled with 10–15 unique barcodes 
irrespective of the dose, whereas increasing concentrations of ABL001 
led to a dose-dependent reduction in the average number of unique 
barcodes ranging from around 40 unique barcodes with 10 nM ABL001 
to less than 15 unique barcodes with 1,000 nM ABL001 (Fig. 2e).  
We then compared the barcode profiles across all replicates and treat-
ments to establish the correlations between each resistant population 
(Fig. 2f). The 300 and 1,700 nM nilotinib-resistant barcodes were 
highly correlated with each other and did not correlate with the ABL001 

barcode profiles. Likewise, although barcode profiles were highly  
correlated between the 10 nM and 100 nM ABL001-resistant cells, 
there was no correlation with nilotinib-resistant cells. These data sug-
gest that resistant clones exist before treatment and more importantly, 
such clones display no shared resistance between the two inhibitors. 
Interestingly, cells resistant to 1,000 nM ABL001 have unique barcode 
profiles not only across all other treatment arms but also across each 
replicate. This may represent a higher selection pressure that either 
restricts the emergence of resistant cells to those that have acquired  
de novo mutations or, alternatively, allows the emergence of pre-existing 
mutations that are out-competed by other resistant cells at lower doses.

The complementary resistance profiles of ABL001 and nilotinib 
suggests that the combination might delay resistance and have a more 
durable effect than either agent alone. Treatment of KCL-22 xenografts 
with ABL001 or nilotinib as single agents led to rapid tumour regres-
sion (Fig. 3a); however, resistance emerged due to Thr315Ile mutations 
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Figure 2 | ABL001 has a resistance profile that is distinct from catalytic-
site BCR–ABL1 inhibitors. a, X-ray crystal structure of ABL001 bound 
to the myristoyl pocket (magenta) and nilotinib bound to the ATP-
pocket (red) co-crystallized in a ternary complex with ABL1 (Thr334Ile, 
Asp382Asn). Green, catalytic domain; dark blue, SH3; light blue, SH2. 
b, Location of resistance mutations overlaid on the ABL1 structure. 
ABL001-resistant mutations located at the myristoyl site are highlighted 
in magenta, and those located at the SH3/kinase domain interface are 
highlighted in yellow. Resistance mutations reported for catalytic-site 
inhibitors are highlighted in blue. c, Ba/F3 cells transformed by BCR–
ABL1 containing single point mutations were tested for their sensitivity 
to ABL001, imatinib, nilotinib, dasatinib, ponatinib and bosutinib in two 
independent 48 h proliferation assays, and the average IC50 values are 
plotted. Ba/F3 cell lines expressing BCR–ABL1 with ABL001-resistant 

mutations close to the myristoyl site are in magenta, and those located at 
the SH3/kinase domain interface are in yellow. Ba/F3 cell lines expressing 
BCR–ABL1-containing mutations reported to be resistant to catalytic-
site inhibitors are in blue. d, Approximately 60 ×​ 106 KCL-22 ClonTracer 
cells were incubated with ABL001 or nilotinib and monitored over time 
for the outgrowth of resistant cell populations. Each line represents 
individual replicates (1–4). e, The number of unique barcodes present in 
each resistant population was calculated. A unique barcode is defined as 
a barcode that is present in the cell population at a frequency higher than 
0.57%, which was the highest single barcode frequency found in untreated 
(DMSO) samples. f, The correlation of unique barcodes between different 
replicates (1–4) and treatment groups is plotted in a heatmap, with 
barcodes that have a high correlation between treatment groups coloured 
in red.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



7 3 6  |  N A T U R E  |  V O L  5 4 3  |  3 0  M a r c h  2 0 1 7

LetterRESEARCH

under treatment with nilotinib and Ala337Val or Pro223Ser muta-
tions under treatment with ABL001. Upon outgrowth of the resist-
ant tumours, dosing was switched to the other agent and the tumours 
regressed once more, suggesting non-cross-resistance. However, this 
second response was only transient and a second relapse occurred  
(Fig. 3a). In parallel, tumour-bearing mice were treated upfront with 
the combination of ABL001 and nilotinib. In contrast to sequential 
single-agent treatment, the combination led to durable complete regres-
sions in all animals (Fig. 3b). Dosing was stopped after 10 weeks and 
no evidence of tumour re-growth was observed after an additional 
3 months. These data raise the possibility that dual inhibition of BCR–
ABL1 might lead to disease eradication and treatment-free remissions.

To assess the clinical translatability of these observations, the 
probability of tumour eradication across a range of tumour burdens 
and mutational rates was estimated using mathematical modelling. 
Patient tumour burdens are several orders of magnitude higher than 
those used in mouse models and the mutational rate in patients with 
chronic-phase CML is likely to be markedly lower than the KCL-22 
blast-phase CML cell line. Although difficult to estimate, it is thought 
that the mutation rate for genetically unstable cancer cells is more 
than 10−8, whereas genetically stable cells range from 10−10 to 10−11  

(refs 12, 15). The probability of tumour eradication using a combi-
nation of two agents with non-overlapping resistance compared to 
the scenario in which only a single agent is used was estimated. The 
probability of achieving complete tumour eradication is high (Perad =​ 1 
(blue)) across a range of tumour burdens and mutational rates when a 
combination of agents with resistance mechanisms that do not overlap 
are used (Fig. 3c). By contrast, the probability of tumour eradication is 
low (Perad =​ 0 (red)) if only a single agent is used.

A phase I open-label, dose escalation trial evaluating ABL001 in 
patients with CML and Ph+ ALL who were resistant or intolerant 
to at least two previous tyrosine kinase inhibitor (TKI) treatments is 
ongoing (ClinicalTrials.gov identifier: NCT02081378). Preliminary 
data in 35 patients receiving escalating doses revealed that ABL001 is 
well tolerated with dose-proportional pharmacokinetics. Most adverse 
events are grade 1 or 2, and the most common grade 3 or 4 adverse 
events are haematological cytopenias and increased levels of asympto-
matic lipases13. Single-agent activity was noted at all dose levels tested 
(10–200 mg BID), with 11 out of 17 TKI-resistant patients achieving at 
least a 1-log reduction in BCR–ABL1 using the International Scale (IS) 
standardized baseline, and 5 achieving a major molecular response by 
6 months13. Activity was seen across multiple TKI-resistant mutations 
and most patients remain on study. In total, 34 patients enrolled with 
chronic-phase CML, and 1 patient enrolled with accelerated-phase 
CML. This patient contained a Val299Leu mutation in BCR–ABL1 
that emerged while on previous dasatinib therapy, and presented with 
a white blood cell count of 291 ×​ 109 cells l−1 and 16% bone marrow 
myeloblasts. Single-agent treatment with ABL001 led to a complete 
haematological response by mid-cycle 2 and a complete cytogenetic 
response by cycle 3 (Fig. 4). However, the durability of the response was 
limited, and during cycles 4 and 5 resistant disease-containing myris-
toyl-site mutations Val468Phe and Ile502Leu emerged. To date, this is 
the only patient on study who has relapsed owing to the emergence of 
myristoyl-site mutations. This disease response profile mirrors many of 
the pre-clinical observations for ABL001 when dosed as a single agent. 
Notably, the activity against catalytic-site resistance mutations and the 
development of myristoyl-site point mutations strongly suggest that 
the anti-tumour activity seen in this patient resulted from the unique 
mechanism of action of ABL001 relative to currently approved TKIs.

ABL001 as a single agent induces clinical anti-tumour activity and is 
well tolerated to date in a heavily pre-treated subgroup of patients with 
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and 75 mg kg−1 BID nilotinib (red) and tumour size was monitored. Each 
line represents an individual animal. Treatment was stopped on day 77 
and tumour growth was monitored for a further 100 days. c, Probability of 
tumour eradication (Perad) when ABL001 and nilotinib are given as single 
agents or as a combination of agents with mutation profiles that do not 
overlap, based on the mathematical model described previously20. Dashed 
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BCR–ABL1 kinase domain was determined via sequencing of BCR–ABL1 
transcripts, and their relative abundance to wild-type (WT) BCR–ABL1 
was calculated.
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CML. Combinations of ABL001 with nilotinib, imatinib and dasatinib are 
now being explored in the phase I study to determine the recommended 
doses for future randomized clinical trials. These trials will probably focus 
on patients with early CML and test the hypothesis that a combination of 
ABL001 plus catalytic inhibitors will lead to disease eradication in a greater 
number of patients relative to single-agent treatments owing to improved 
overall responses and reduced rates of disease relapse.

The development of catalytic-site ABL1 kinase inhibitors such as 
imatinib has led to a shift in the treatment of patients with CML, with 
overall long-term survival exceeding 80%1,16. The development of  
second-generation ABL1 inhibitors led to faster, deeper responses  
predictive of superior outcomes17–19. Building on this initial therapeutic 
success, treatment is increasingly focused on a search for combina-
tion regimens with curative potential. Such regimens probably require 
three key characteristics: potency, tolerability and a low probability  
of acquired resistance. ABL001 has a similar potency profile to  
second-generation ABL1 inhibitors and by virtue of its myristoyl pocket 
binding exhibits an improved selectivity profile. Consistent with its 
unique mode of action, ABL001 displays a resistance profile distinct 
from that of catalytic-site inhibitors. The value of non-overlapping 
resistance profiles is evident in the combination efficacy studies show-
ing durable treatment-free regressions in mouse models, and reinforced 
in simulations that model the probability of tumour eradication for 
clinically relevant tumour burdens. Once phase I testing has established 
safe combination doses of ABL001 with catalytic-site inhibitors, the 
potential for such combinations to achieve treatment-free remission 
in patients with CML can be tested.

Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references 
unique to these sections appear only in the online paper.

Data Availability The authors declare that the data supporting the findings 
of this study are either available within the paper (and its Supplementary 
Information files) or are available from the corresponding author upon 
reasonable request.
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Extended Data Figure 1 | Chemical structure of ABL001 and 
biophysical characterization of its binding. a, Chemical structure of 
ABL001. b, NMR chemical shift assay to determine the location of ABL001 
binding. c, NMR-based conformational assay using the resonance of 

Val525 to monitor the ‘bending’ of helix I in the presence and absence of 
ABL001. d, Isothermal calorimetry study to determine the binding affinity 
(Ka) of ABL001 to ABL1.
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Extended Data Figure 2 | Cellular activity of ABL001 relative to 
catalytic inhibitors of ABL1. a, BCR–ABL1 48 h proliferation assay in 
Ba/F3 cells using a Britelite luciferase detection assay in the presence or 
absence of IL-3 across a dose range of ABL001 and nilotinib. Each assay 
was performed in quadruplicate; data are mean ±​ s.d. b, The sensitivity 
of KCL-22 cells to ABL001, nilotinib and dasatinib was determined in a 
72-h growth assay. Each compound was tested in duplicate. c, KCL-22 
cells were incubated with a range of compound concentrations for 1 h 

and immunoblots run to detect total STAT5 and pSTAT5 (Tyr694), total 
BCR–ABL1 and pBCR–ABL1 (Tyr245), total CRKL and pCRKL (Tyr207), 
and GAPDH as a loading control. d, Synergy studies were performed using 
ABL001 in combination with imatinib, nilotinib or dasatinib. KCL-22 
cells were incubated with the compound combinations across a dose range 
for 72 h, and the level of cell growth relative to DMSO-treated cells was 
determined.
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Extended Data Figure 3 | Pharmacokinetics, pharmacodynamics and 
efficacy of ABL001. a, Pharmacokinetic (PK) parameters of ABL001 in 
mouse, rat and dog after a single dose of ABL001. AUC, area under the 
curve; BA, bioavailability; CL, clearance; Cmax, maximum concentration 
observed; IV, intravenous; t1/2term, terminal half-life; PO, oral dosing; 
Tmax, time at maximum concentration; Vss, volume of distribution. 
b, Total plasma concentrations and levels of pSTAT5 (Tyr694) in fine 
needle aspirate samples taken from KCL-22 xenografts were monitored 
after a single oral administration of ABL001 at doses ranging from 3 to 
30 mg kg−1. pSTAT5 (Tyr694) levels were determined using a pSTAT5 
(Tyr694) meso scale discovery (MSD) assay with each sample run in 
duplicate; data are mean ±​ s.d. Samples are expressed as a percentage of 
the levels of pSTAT5 (Tyr694) before dosing (t =​ 0). c, ABL001 efficacy in 

KCL-22 xenograft tumours was assessed by monitoring tumour volume at 
doses ranging from 3 to 30 mg kg−1 on either a twice a day (BID) or once  
a day (QD) dosing schedules. Data are mean ±​ s.e.m. d, ABL001 efficacy  
in three patient-derived ALL systemic xenograft models (ALL-7015,  
AL-7119 and AL-7155) was assessed by FACS monitoring of the 
percentage of CD45+ cells per live cell in blood samples taken at varying 
time points after dosing with either 7.5 mg kg−1 BID (group 2) or 
30 mg kg−1 BID (group 3) ABL001 for 3 weeks. A control group (group 1) 
was treated with PBS vehicle. Data are mean ±​ s.e.m. (n =​ 6 per group).  
e, The tolerability of increasing doses of ABL001 dosed on a BID schedule 
was determined by monitoring mouse body weight 2–3 times per week. 
Data are mean ±​ s.e.m. (n =​ 5 per group).
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Extended Data Figure 4 | Activity of ABL001 and nilotinib in KCL-22 
cell clones expressing Thr315Ile and Ala337Val BCR–ABL1 variants. 
a, The sensitivity of parental KCL-22 cells (WT) and KCL-22-resistant 
clones expressing BCR–ABL1 Ala337Val and Thr315Ile mutation variants 
to treatment with ABL001 (left) and nilotinib (right) was tested in 72 h 
growth assays. Samples were tested in duplicate; data are mean ±​ s.d. as a 

percentage of the vehicle-treated cells. b, KCL-22 Thr315Ile mutant cells 
were implanted as mouse xenografts and the efficacy of ABL001 across  
a dose range of 3–30 mg kg−1 BID was determined. Nilotinib was tested  
at 75 mg kg−1 BID as a control. Data are mean ±​ s.e.m. (n =​ 7 per group). 
T/C denotes ratio of tumour volume in control versus treated mice;  
‘Reg’ denotes regression.
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Extended Data Table 1 | Activity of ABL001 in biochemical assays

a, Activity of ABL001 across a panel of kinase assays. b, Activity of ABL001 across a safety pharmacology panel of assays.
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