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Most patients with acute myeloid leukaemia (AML) die from pro-
gressive disease after relapse, which is associated with clonal evolu-
tion at the cytogenetic level1,2. To determine the mutational
spectrumassociatedwith relapse,we sequenced theprimary tumour
and relapse genomes from eight AML patients, and validated
hundreds of somaticmutations using deep sequencing; this allowed
us to define clonality and clonal evolution patterns precisely at
relapse. In addition to discovering novel, recurrentlymutated genes
(for example, WAC, SMC3, DIS3, DDX41 and DAXX) in AML, we
also found twomajor clonal evolutionpatterns duringAMLrelapse:
(1) the founding clone in the primary tumour gainedmutations and
evolved into the relapse clone, or (2) a subclone of the founding
clone survived initial therapy, gained additional mutations and
expanded at relapse. In all cases, chemotherapy failed to eradicate
the founding clone. The comparison of relapse-specific versus
primary tumour mutations in all eight cases revealed an increase
in transversions, probably due to DNA damage caused by cytotoxic
chemotherapy. These data demonstrate that AML relapse is asso-
ciated with the addition of new mutations and clonal evolution,
which is shaped, in part, by the chemotherapy that the patients
receive to establish and maintain remissions.
To investigate the genetic changes associated with AML relapse, and

to determine whether clonal evolution contributes to relapse, we per-
formed whole-genome sequencing of primary tumour–relapse pairs
andmatched skin samples fromeight patients, includingunique patient
identifier (UPN) 933124, whose primary tumourmutationswere previ-
ously reported3. Informed consent explicit for whole-genome sequen-
cing was obtained for all patients on a protocol approved by the
Washington University Medical School Institutional Review Board.
We obtained.253 haploid coverage and.97% diploid coverage for
each sample (SupplementaryTable 1 and Supplementary Information).
These patients were from five different French–American–British
haematological subtypes, with elapsed times of 235–961 days between
initial diagnosis and relapse (Supplementary Table 2a, b).
Candidate somatic events in theprimary tumour and relapse genomes

were identified4,5 and selected for hybridization capture-based validation
using methods described in Supplementary Information. Deep sequen-
cing of the captured targetDNAs from skin (thematchednormal tissue),
primary tumour and relapse tumour specimens6 (Supplementary
Table 3) yielded a median of 590-fold coverage per site. The average
number of mutations and structural variants was 539 (range 118–
1,292) per case (Fig. 1a).
The general approach for relapse analysis is exemplified by the first

sequenced case (UPN 933124). A total of 413 somatic events from tiers

1 to 3 were validated (see ref. 7 for tier designations; Supplementary
Fig. 1a and Supplementary Tables 4a and 5). Of these, 78 mutations
were relapse-specific (63 point mutations, 1 dinucleotide mutation, 13
indels and 1 translocation; relapse-specific criteria described in Sup-
plementary Information and shown in Supplementary Fig. 1b), 5 point
mutationswereprimary-tumour-specific, and330 (317pointmutations
and 13 indels) were shared between the primary tumour and relapse
samples (Fig. 1a, b and Supplementary Fig. 2). The skin sample was
contaminated with leukaemic cells for this case (peripheral white blood
cell count was 105,000 cellsmm23 when the skin sample was banked),
with an estimated tumour content in the skin sample of 29%
(Supplementary Information). In addition to the ten somatic non-
synonymous mutations originally reported for the primary tumour
sample3, we identified one deletion that was not detected in the original
analysis (DNMT3AL723fs (ref. 8)) and threemis-sensemutations previ-
ously misclassified as germline events (SMC3 G662C, PDXDC1 E421K
and TTN E14263K) (Fig. 1b, Table 1 and Supplementary Table 4b).
A total of 169 tier 1 coding mutations (approximately 21 per case)

were identified in the eight patients (Table 1 and Supplementary
Tables 4b and 6), of which 19 were relapse-specific. In addition to
mutations in known AML genes such as DNMT3A (ref. 8), FLT3
(ref. 9), NPM1 (ref. 10), IDH1 (ref. 7), IDH2 (ref. 11), WT1 (ref. 12),
RUNX1 (refs 13, 14), PTPRT (ref. 3), PHF6 (ref. 15) and ETV6 (ref. 16)
in these eight patients, we also discovered novel, recurring mutations
inWAC, SMC3,DIS3,DDX41 andDAXX using 200 AML cases whose
exomes were sequenced as part of the Cancer Genome Atlas AML
project (Table 1, Supplementary Table 4b and Supplementary Fig. 3;
T.J.L., R.K.W. and The Cancer GenomeAtlas working group on AML,
unpublished data). Details regarding the novel, recurrently mutated
genes are provided in Table 1, Supplementary Tables 4b and 7 and
Supplementary Figs 3 and 4. Structural and functional analyses of
structural variants are presented in the Supplementary Information
(Supplementary Figs 5–10 and Supplementary Tables 2, 8 and 9).
The generation of high-depth sequencingdata allowedus to quantify

accurately mutant allele frequencies in all cases, permitting estimation
of the size of tumour clonal populations in each AML sample. On the
basis of mutation clustering results, we inferred the identity of four
clones having distinct sets of mutations (clusters) in the primary
tumour of AML1/UPN 933124 (Supplementary Information). The
median mutant allele frequencies in the primary tumour for clusters
1 to 4were 46.86%, 24.89%, 16.00%and 2.39%, respectively (Fig. 1b and
Supplementary Table 5c). Clone 1 is the ‘founding’ clone (that is, the
other subclones are derived from it), containing the cluster 1mutations;
assuming that nearly all of thesemutations are heterozygous, theymust
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Figure 1 | Somatic mutations quantified by deep sequencing of capture
validation targets in eight acute myeloid leukaemia primary tumour and
relapse pairs. a, Summary of tier 1–3 mutations detected in eight cases (not
including translocations). All mutations shown were validated using capture
followed by deep sequencing. Shared mutations are in grey, primary tumour-
specific mutations in blue and relapse-specific mutations in red. The total
number of tier 1–3 mutations for each case is shown above the light-grey
rectangle. b, Mutant allele frequency distribution of validated mutations from
tier 1–3 in the primary tumour and relapse of case UPN 933124 (left). Mutant
allele frequencies for five primary-tumour-specific mutations were obtained
from a 454 deep read-count experiment. Fourmutation clusters were identified

in the primary tumour, and one was found at relapse. Five low-level mutations
in both the primary tumour and relapse (including four residing in known copy
number variable regions) were excluded from the clustering analysis. Non-
synonymous mutations from genes that are recurrently mutated in AML are
shown. The change of mutant allele frequencies for mutations from the five
clusters is shown (right) between the primary tumour and relapse. The orange
and red lines are superimposed. c, The mutation clusters detected in the
primary tumour and relapse samples from seven additional AML patients. The
relationship between clusters in the primary tumour and relapse samples are
indicated by lines linking them.

Table 1 | Coding mutations identified in eight primary tumour–relapse pairs
UPN Total tier 1 mutations

(primary/relapse)
Recurrently mutated genes

in primary tumour
Relapse-specific non-synonymous

somatic mutations

452198 9/9 DNMT3A, NPM1, FLT3, IDH1 None
573988 6/8 NPM1, IDH2 STOX2
804168 22/26 FLT3, WT1, PHF6, FAM5C, TTC39A SLC25A12, RIPK4, ABCD2
933124 14/17 DNMT3A, NPM1, FLT3, TTN, SMC3, PTPRT ETV6*, MYO18B*, WAC*{, STK4
400220 12/13 FLT3, RUNX1, WT1, PLEKHH1 None
426980 32/35 IDH2, MYO1F, DDX4 GBP4, DCLK1, IDH2*, DCLK1*, ZNF260
758168 15/19 DNAH9, DIS3, CNTN5, PML-RARA{ ENSG00000180144, DAGLA*
869586 51/50 RUNX1, WT1, TTN, PHF6, NF1, SUZ12, NCOA7, EED, DAXX, ACSS3, WAC, NUMA1 None

Tier 1 mutation counts exclude RNA genes.
*Recurrent mutations occurring in relapse sample.
{Translocations were not included in tier 1 mutation counts.
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be present in virtually all the tumour cells at presentation and at relapse,
as the variant frequency of these mutations is,40–50%. Clone 2 (with
cluster 2 mutations) and clone 3 (with cluster 3 mutations) must be
derived fromclone 1, because virtually all the cells in the sample contain
the cluster 1mutations (Fig. 2a). It is likely that a single cell fromclone 3
gained a set of mutations (cluster 4) to form clone 4: these survived
chemotherapy and evolved to become the dominant clone at relapse.
We do not know whether any of the cluster 4 mutations conferred
chemotherapy resistance; althoughnonehad translational consequences,
we cannot rule out a relevant regulatory mutation in this cluster.
Assuming that all the mutations detected are heterozygous in the

primary tumour sample (with a malignant cellular content at 93.72%
for the primary bone marrow sample, see Supplementary Informa-
tion), we were able to calculate the fraction of total malignant cells in
each clone. Clone 1 is the founding clone; 12.74% of the tumour cells
contain only this set ofmutations. Clones 2, 3 and 4 evolved fromclone
1. The additional mutations in clones 2 and 3 may have provided a
growth or survival advantage, as 53.12% and 29.04% of the tumour
cells belonged to these clones, respectively. Only 5.10% of the tumour
cells were from clone 4, indicating that it may have arisen last (Fig. 2a).
However, the relapse clone evolved from clone 4. A single clone

containing all of the cluster 5 mutations was detected in the relapse
sample; clone 5 evolved from clone 4, but gained 78 new somatic
alterations after sampling at day 170. As allmutations in clone 5 appear
to be present in all relapse tumour cells, we suspect that one ormore of
the mutations in this clone provided a strong selective advantage that
contributed to relapse. The ETV6 mutation, the MYO18B mutation,
and/or the WNK1-WAC fusion are the most likely candidates, as
ETV6, MYO18B and WAC are recurrently mutated in AML.
We evaluated the mutation clusters in the seven additional primary

tumour–relapse pairs by assessing peaks of allele frequency using
kernel density estimation (Supplementary Fig. 11 and Supplemen-
tary Information). We thus inferred the numbers and malignant frac-
tions of clones in each primary tumour and relapse sample. Similar to
UPN 933124, multiple mutation clusters (2–4) were present in each of
the primary tumours from four patients (UPN 869586, UPN 426980,
UPN 452198 and UPN 758168). However, only one major cluster was
detected in each of the primary tumours from the three other patients
(UPN 804168, UPN 573988 and UPN 400220) (Fig. 1c and Sup-
plementary Table 10). Importantly, all eight patients gained relapse-
specific mutations, although the number of clusters in the relapse
samples varied (Fig. 1).
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Figure 2 | Graphical representation of clonal evolution from the primary
tumour to relapse in UPN 933124, and patterns of tumour evolution
observed in eight primary tumour and relapse pairs. a, The founding clone in
the primary tumour in UPN 933124 contained somatic mutations in
DNMT3A, NPM1, PTPRT, SMC3 and FLT3 that are all recurrent in AML and
probably relevant for pathogenesis; one subclone within the founding clone
evolved to become the dominant clone at relapse by acquiring additional
mutations, including recurrent mutations in ETV6 andMYO18B, and a
WNK1-WAC fusion gene. HSC, haematopoietic stem cell. b, Examples of the

twomajor patterns of tumour evolution in AML. Model 1 shows the dominant
clone in the primary tumour evolving into the relapse clone by gaining relapse-
specific mutations; this pattern was identified in three primary tumour and
relapse pairs (UPN 804168, UPN 573988 and UPN 400220). Model 2 shows a
minor clone carrying the vast majority of the primary tumour mutations
survived and expanded at relapse. This pattern was observed in five primary
tumour and relapse pairs (UPN 933124, UPN 452198, UPN 758168, UPN
426980 and UPN 869586).
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Two major patterns of clonal evolution were detected at relapse
(Fig. 2bandSupplementaryFig. 3): in caseswithpattern 1, thedominant
clone in the primary tumour gained additional mutations and evolved
into the relapse clone (UPN 804168, UPN 573988 and UPN 400220).
These patientsmay simply be inadequately treated (for example, elderly
patients who cannot tolerate aggressive consolidation, like UPN
573988), or they may have mutations in their founding clones (or
germline variants) that make these cells more resistant to therapy
(UPN 804168 and UPN 400220). In patients with pattern 2, a minor
subclone carrying the vast majority (but not all) of the primary tumour
mutations survived, gained mutations, and expanded at relapse; a sub-
set of primary tumour mutations was often eradicated by therapy, and
were not detected at relapse (UPN 758168, UPN 933124, UPN 452198,
UPN 426980 and UPN 869586). Specific mutations in a key subclone
may contribute to chemotherapy resistance, or the mutations import-
ant for relapse may be acquired during tumour evolution, or both.
Notably, in cases 426980 and 758168, a second primary tumour clone
survived chemotherapy and was also present at relapse (Fig. 1c and
Supplementary Fig. 3). Owing to current technical limits in our ability
to detect mutations in rare cells (mostly related to currently achievable
levels of coverage with whole genome sequencing), our models repres-
ent a minimal estimate of the clonal heterogeneity in AML.
All eight patients received cytarabine and anthracycline for induc-

tion therapy, and additional cytotoxic chemotherapy for consolidation;
treatment histories are summarized in Supplementary Table 2 and
described in Supplementary Information. To investigate the potential
impact of treatment on relapse mutation types, we compared the six
classes of transition and transversionmutations in the primary tumour
with the relapse-specific mutations in all eight patients (Fig. 3a).
Although CNGRTNA transitions are the most common mutations
found in both primary and relapse AML genomes, their frequencies
are significantly different between the primary tumour mutations
(51.1%) and relapse-specific mutations (40.5%) (P5 2.993 1027).
Moreover, we observed an average of 4.5%, 5.3% and 4.2% increase
in ANTRCNG (P5 9.1331027), CNGRANT (P5 0.00312) and
CNGRGNC (P5 0.00366) transversions, respectively, in relapse-
specific mutations. Notably, an increased ANTRCNG transversion rate
has also been observed in cases of chronic lymphocytic leukaemia with
mutated immunoglobulin genes17. CNGRANT transversions are the
most common mutation in lung cancer patients who were exposed to
tobacco-borne carcinogens18 (Fig. 3b and SupplementaryTable 11).We

examined the 456 relapse-specificmutations and3,590primary tumour
point mutations from all eight cases as a group, and found that the
transversion frequency is significantly higher for relapse-specific
mutations (46%) than for primary tumour mutations (30.7%)
(P5 3.713 10211), indicating that chemotherapy has a substantial
effect on the mutational spectrum at relapse. Similar results were
obtained when we limited the analysis to the 213 mutations that had
0% variant frequency in the primary tumour samples (Supplementary
Fig. 1b); the transversion frequency for relapse-specific mutations was
50.4%, versus 31.4% for primary tumour samples (P5 3.893 1029).
Very few copy-number alterations were detected in the eight relapse
samples, suggesting that the increased transversion rate is not asso-
ciated with generalized genomic instability (Supplementary Fig. 12).
We first described the use of deep sequencing to define precisely the

variant allele frequencies of the mutations in the AML genome of case
933124 (ref. 3), and here have refined and extended this technique to
examine clonal evolution at relapse. The analysis of eight primary
AMLand relapsepairs has revealed unequivocal evidence for a common
origin of tumour subpopulations; a dominant mutation cluster repre-
senting the founding clone was discovered in the primary tumour
sample in all cases. The relationship of the founding clone (and sub-
clones thereof) to the ‘leukaemia initiating cell’ is not yet clear—
purification of clonal populations and functional testing would be
required to establish this relationship.We observed the loss of primary
tumour subclones at relapse in four of eight cases, suggesting that some
subclones are indeed eradicated by therapy (Figs 1 and 2 and Sup-
plementary Fig. 3). Some mutations gained at relapse may alter the
growth properties of AML cells, or confer resistance to additional
chemotherapy. Regardless, each tumour displayed clear evidence of
clonal evolution at relapse and a higher frequency of transversions that
were probably induced by DNA damage from chemotherapy.
Although chemotherapy is required to induce initial remissions in
AML patients, our data also raise the possibility that it contributes to
relapse by generating newmutations in the founding clone or one of its
subclones, which then can undergo selection and clonal expansion.
These data demonstrate the critical need to identify the disease-causing
mutations for AML, so that targeted therapies can be developed that
avoid the use of cytotoxic drugs, many of which are mutagens.
This study extends the findings of previous studies19–21, which

recently described patterns of clonal evolution in ALL patients using
fluorescence in situ hybridization and/or copy number alterations
detected by SNP arrays, and it enhances the understanding of genetic
changes acquired during disease progression, as previously described
for breast and pancreatic cancer metastases22–25. Our data provide
complementary information on clonal evolution in AML, using a
much larger set of mutations that were quantified with deep sequen-
cing; this provides an unprecedented number of events that can be
used to define precisely clonal size andmutational evolution at relapse.
Both ALL and AML share common features of clonal heterogeneity at
presentation followed by dynamic clonal evolution at relapse, includ-
ing the addition of new mutations that may be relevant for relapse
pathogenesis. Clonal evolution can also occur after allogeneic trans-
plantation (for example, loss of mismatched HLA alleles via a uni-
parental disomy mechanism), demonstrating that the type of therapy
itself can affect clonal evolution at relapse26,27. Taken together, these
data demonstrate that AML cells routinely acquire a small number of
additional mutations at relapse, and suggest that some of these muta-
tions may contribute to clonal selection and chemotherapy resistance.
The AML genome in an individual patient is clearly a ‘moving target’;
eradication of the founding clone and all of its subclones will be
required to achieve cures.

METHODS SUMMARY
Illumina paired-end reads were aligned to NCBI build36 using BWA 0.5.5 (http://
sourceforge.net/projects/bio-bwa/). Somatic mutations were identified using
SomaticSniper28 and a modified version of the SAMtools indel caller. Structural
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variations were identified using BreakDancer5. All predicted non-repetitive so-
matic SNVs, indels and all structural variants were included on custom sequence
capture arrays from Roche Nimblegen. Illumina 23 100-bp paired-end sequen-
cing reads were produced after elution from capture arrays. VarScan6 and a read
remapping strategy using Crossmatch (P. Green, unpublished data) and BWA
were used for determining the validation status of predicted SNVs, indels and
structural variants. A complete description of the materials and methods is pro-
vided in Supplementary Information. All sequence variants for the AML tumour
samples from eight cases have been submitted to dbGaP (accession number
phs000159.v4.p2).
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