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Abstract. – OBJECTIVE: We aimed to gain
new insight into the molecular alterations of
Chronic Myelomonocytic Leukemia (CMML). 

PATIENTS AND METHODS: We performed
whole-genome sequencing (WGS) and subse-
quent Sanger sequencing validation analysis in
three individuals with CMML. Genomic DNA
samples from bone marrow and matching buc-
cal mucosa samples were sequenced.

RESULTS: For all six samples, a total of 806.43
Gb data were generated, achieving a minimum
mean depth of 30.76. A total of 22 somatic vari-
ants were found to be protein-altering, including
1 exonic frame shift indel, 18 missense SNVs, 2
stop gain SNVs, and 1 stop loss SNV. We fo-
cused on the five novel variants which have not
been reported in known databases and success-
fully validated three missense SNVs in AKAP4,
COL2A1, and MAML1, respectively. 

CONCLUSIONS: WGS analyzes provided us a
new insight into the molecular events governing
the pathogenesis of CMML. The somatic vari-
ants we reported here may provide new targets
for further therapeutic studies.

Key Words:
Chronic myelomonocytic leukemia, Whole-genome

sequencing, Somatic mutation, Validation.

Introduction

Chronic myelomonocytic leukemia (CMML)
is a type of leukemia characterized by overlap-
ping features of both myelodysplastic syn-
dromes (MDS) and myeloproliferative neo-
plasms (MPNs)1. The incidence of CMML was
estimated to be less than 1 per 100,000 persons
per year and CMML has a 20-30% chance of
transformation to AML2. Currently, allogeneic
stem cell transplant remains the only curative op-
tion for CMML3.

Whole genome sequencing identified 
new somatic mutations for chronic 
myelomonocytic leukemia
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Cancer is considered as a genetic disease that
arises from a single clone of cells expanding in
an unregulated fashion due to genomic instability
and somatic mutations4,5. Identification of ‘dri-
ver’ somatic mutations may provide potential
therapeutic targets in clinical practice. Next-gen-
eration sequencing (NGS) technologies provide
an efficient tool to identify the somatic mutations
in a cancer6. Several reports7-9 involving whole-
genome and/or whole-exome sequencing on
CMML were recently published, and provide a
catalog of somatic mutations in CMML, includ-
ing mutations in genes involving epigenetic regu-
lation (TET2, DNMT3A, IDH1, and IDH2), chro-
matin regulation (ASXL1 and EZH2), splicing
machinery (SF3B1, SRSF2, SF3A1, U2AF1,
ZRSR2, PRPF30B, and SF1), DNA damage re-
sponse (TP53 and PFH6), signal transduction
and cellular/receptor tyrosine kinase pathways
(JAK2, KRAS, NRAS, CBL, FLT3, and RUNX1).
However, these genetic changes occur only in a
subset of CMML cases.

To gain new insight into the molecular alter-
ations of CMML, we performed whole-genome
sequencing (WGS) and subsequent Sanger se-
quencing validation analysis in three individuals
with CMML.

Patients and Methods

Ethics Statement
This study was approved by the Ethics Com-

mittees of Guangzhou First People’s Hospital.
Written informed consent was obtained from all
subjects.  

Patients 
As shown in Table I, three patients aged from

63 to 82 were diagnosed as CMML in Guangzhou
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% BM leukemia White cells
Samples Sex Age cells at diagnosis count (×109/L) Karyotype

S1 F 63 16% 90.16 46,XY
S2 M 66 6.63% 18.05 46,XX,add (11) (q23) 

[7]/46,XX[9]
S3 F 82 8% 20.63 46,XY

Table I. Clinical characteristics of the patients in sequencing.

S1 S2 S3 

Bone Buccal Bone Buccal Bone Buccal
Samples marrow mucosa marrow mucosa marrow mucosa

Raw reads 699,175,390 1,127,183,236 764,616,300 824,574,656 994,721,416 966,777,320
Raw data (Gb) 104.88 169.08 114.69 123.69 149.13 144.96
Clean reads 695,771,260 1,098,425,638 744,869,938 805,001,056 936,487,366 962,160,522
Mapped reads 692,867,025 832,615,604 731,557,315 708,706,115 935,098,716 877,792,694
PE mapped reads 690,906,100 831,529,998 730,346,554 707,341,346 934,669,508 877,060,730
Mean depth (×) 31.10 30.76 33.14 31.97 35.73 33.72
Coverage (%) 99.73% 99.44% 99.12% 99.27% 99.53% 98.86%

Table II. Data summary of the whole genome sequencing.

aligned reads were sorted with SAMtools11 and pro-
ceeded with the Genome Analysis Toolkit12,13. So-
matic single nucleotide variations (SNVs) and in-
dels were identified using two different software
packages: muTect (v1.1.4)14 and Strelka (v1.0.13)15.
All variants were annotated with ANNOVAR16.

Validation of Somatic Variants
Selected mutations were subjected to valida-

tion using PCR and Sanger sequencing. Primers
for all variants were designed using Primer Pre-
mier 5 (PREMIER Biosoft International, Palo
Alto, CA, USA). PCR was performed with the
following procedure: 95°C for 2 min, 35 cycles
of 95°C for 15 sec, 60°C for 20 sec and 72°C for
30 sec, followed by 72°C for 2 min. Sanger se-
quencing for purified PCR products was per-
formed on an ABI 3730 DNA Analyzer (Applied
Biosystems, Foster City, CA, USA). The result-
ing sequence files were manually analyzed.

Results

To identify somatic mutations related to
CMML, we performed the WGS for the three
pairs of bone marrow and matched buccal mu-
cosa samples. As shown in Table II, for all six
samples, a total of 806.43 Gb data were generat-
ed, achieving a minimum mean depth of 30.76.

First People’s Hospital. Genomic DNA samples
for whole genome sequencing were obtained from
bone marrow samples and matching buccal mu-
cosa at primary diagnosis. DNA was extracted
through traditional phenol-chloroform method.

Sequencing 
Genomic DNA libraries were prepared follow-

ing Illumina’s (Illumina, San Diego, CA, USA)
protocol. Briefly, for each sample, DNA was
firstly sheared into fragments of about 350 bp
with the Covaris system. The fragments were
then end-repaired, A-tailed, ligated to paired-end
adaptors and PCR amplified for library construc-
tion. The resulting DNA libraries were subjected
to 150 bp pair-end sequencing on the Illumina
HiSeq X platform (Illumina, San Diego, CA,
USA). The library preparation and massively
parallel sequencing were performed in Wuxi
AppTec (Wuxi AppTec, Shanghai, China). 

Variant Calling
The reference genome was downloaded from

the UCSC (University of California, Santa Cruz,
CA, USA) database (http://genome.ucsc.edu).
Low-quality reads were discarded and the result-
ing clean data were aligned to the human refer-
ence sequence (hg19) with bwa (v0.7.8-r455)10.
Duplicate reads were removed using Picard
(http://sourceforge.net/projects/picard/). The
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Sample S1 S2 S3

CDS 10 31 8
Synonymous_SNP 4 22 2
Missense_SNP 6 7 5
Stop gain 0 1 1
Stop loss 0 1 0

intronic 664 1600 549
UTR3 8 31 5
UTR5 0 7 2
Splicing 0 3 1
ncRNA_exonic 9 14 6
ncRNA_intronic 143 353 149
ncRNA_UTR3 1 0 1
ncRNA_UTR5 0 1 0
ncRNA_splicing 0 0 0
Upstream 22 31 5
Downstream 11 25 16
Intergenic 1316 2943 1203

Total 2184 5039 1945

Table III. Summary of detected somatic SNPs in all se-
quencing samples. 

Sample S1 S2 S3

CDS 0 1 0
Frameshift_insertion 0 1 0
Intronic 4 22 2
ncRNA_intronic 0 5 0
Downstream 1 0 1
Intergenic 30 43 24

Total 35 71 27

Table IV. Summary of detected somatic INDELs in all se-
quencing samples. 

The coverage of the whole genome for each sam-
ple was all over 98%. All properly pair-end
mapped sequences were used for subsequent
variants detection.

As listed in Table III, a total of 2184, 5039, and
1945 somatic SNVs were identified for the three
samples, respectively. The number of SNVs in the
coding DNA sequence region was 10, 31 and 8,
respectively (Table IV). A total of 35, 71, and 27
somatic indels were identified for S1, S2, and S3
respectively. We focused on the variants that
might affect the translation of amino acid, and ac-
cording to the annotation results, a total of 22 vari-
ants were found to be protein-altering, including 1
exonic frame shift indel, 18 missense SNVs, 2
stop gain SNVs, and 1 stop loss SNV (Table V). 

In the validation experiments, we focused on
the mutations which have not been reported by
dbSNP (version 144) or the catalog of the somat-
ic mutations in cancer (COSMIC) database (ver-
sion 75, http://cancer.sanger.ac.uk/cosmic) be-
fore. After filtering these variants, five SNVs
were remained and subjected to PCR and Sanger
sequencing. Three SNVs in gene AKAP4,
COL2A1, and MAML1were validated successful-
ly (Figure 1).

Discussion

We performed whole genome sequencing of
bone marrow samples and corresponding buccal

mucosa from three Chinese CMML patients to
identify key somatic mutations contributing to
the progression of this disease.

We detected 10, 31 and 8 somatic SNVs or in-
dels in CDS of the three samples, respectively.
And the number of protein-altering somatic
SNVs or indels in the three samples was 6, 9, and
6, respectively. These numbers are similar to the
previous studies sequencing studies on blood
cancer, including CMML, AML and MDS8,17,18,
but less than the number of other solid tumors,
such as liver cancer18 and breast cancer19, reflect-
ing a common character of a small number of so-
matic mutations in blood cancer. 

Among the 22 somatic protein-altering point
mutations, 6 SNVs and 1 frameshift Indel have
been included in the COSMIC database. Specifi-
cally, rs121434596 in NRAS has been confirmed
as a somatic mutation related to T-cell precursor
AML20. The Indel in ASXL1 was reported to be
related to CMML21 and the progression of MDS22

while rs150637282 in DSPP was considered to
be associated with multiple myeloma23. Our re-
sults confirmed their involvement in the patho-
genesis of blood cancer.

We focused on the novel variants and success-
fully validated three missense SNVs in AKAP4,
COL2A1, and MAML1, respectively. The protein
encoded by AKAP4 is a member of the A-kinase
anchor protein (AKAP) family. Previous studies
have demonstrated the association betweenAKAP4
expression and cervical cancer24, breast cancer25. It
was also reported as a potential therapeutic target
for colorectal cancer26 and ovarian serous carcino-
ma27. In addition, it is a cancer testis antigen for
multiple myeloma28. Therefore, although the rela-
tionship between this gene and CMML has not
been reported before, it might also contribute to the
pathogenesis of this disease. The protein encoded
by COL2A1 is the alpha-1 chain of type II colla-
gen, which is mainly found in cartilage and the vit-
reous humor of the eye. The mutations of this gene
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have been associated with chondrosarcoma29, and
its expression predicts tumor recurrence in high-
grade ovarian cancer30. Our results suggested that
somatic mutation of this gene may be related to
CMML. MAML1 is one of the Notch signaling
pathway genes and mutations of this gene have
been related to myeloid progenitor differentiation
in CMML31. Here we reported a new missense mu-
tation of MAML1. This is the only protein-altering
mutation we detected in this gene. These new mis-
sense mutations we identified here may serve as a
potential target for future investigations.

Conclusions

WGS of three CMML patients and further
Sanger sequencing validation were carried out to
identify new variants which might contribute to
the CMML pathogenesis. We successfully vali-
dated three novel missense SNVs in AKAP4,
COL2A1, and MAML1, respectively. Therefore,
WGS analyzes provided us a new insight into the
molecular events governing the pathogenesis of
CMML. The somatic variants that we reported
here may provide new targets for further thera-
peutic studies.
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