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Next-generation sequencing on maternal plasma cell-free DNA (cfDNA) has been applied to non-invasive 

prenatal screening for common aneuploidy in the fetuses. It has been proposed that cfDNA could be a 

useful biomarker for early cancer detection, residual disease discovery, and chemotherapy monitoring. In 

patients with hematological malignancies, the cancerous cells undergoing apoptosis could release leukemic 

cfDNA into the blood plasma or bone marrow fluid, and the chromosomal profiling from those cfDNA 

could be used to detect clonal chromosome abnormalities. To evaluate the technical and clinical feasibility 

of next-generation sequencing on cfDNA for detecting leukemic clonal abnormalities, a pilot study was 

performed on ten residual samples to compare results from cfDNA sequencing analysis (cfDSA) with 

diagnostic findings from karyotyping, fluorescence in situ hybridization (FISH) and array comparative 

genomic hybridization (aCGH). Six of the ten samples had normal karyotypes, and consistently, both 

cfDSA and aCGH showed normal results. In three samples with different clonal chromosome 

abnormalities, aCGH and cfDSA detected comparable copy number aberrations and further defined the 

chromosomal abnormalities. In one case with FISH-detected deletions of 7q and 20q in 11-12% of cells, 

neither cfDSA nor aCGH detected any copy number aberrations. The result from this pilot study 

demonstrated that leukemic cfDNA in the blood plasma, and possibly bone marrow fluid, could be used to 

detect clonal chromosome abnormalities. However, the analytic and clinical validities need to be established 

using a large sample series and user-friendly designed bioinformatic tools need to be developed for robust 

sequencing data analysis in a clinical setting.  

 [N A J Med Sci. 2014;7(4):180-185.   DOI:  10.7156/najms.2014.0704180] 
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INTRODUCTION 

Leukemia is a disease with clonal proliferation of cancer 
hematopoietic stem cells in the bone marrow. Overall, over 
50% of leukemic cases contain chromosomal abnormalities.1-

3 Current cell-based cytogenetic analysis includes 
karyotyping for detecting clonal chromosome abnormalities 
and fluorescence in situ hybridization (FISH) for identifying 
recurrent gene rearrangements in different types of 
leukemia.4 DNA-based array comparative genomic 
hybridization (aCGH) has been introduced as a supplemental 
test to define chromosomal and submicroscopic imbalances 
for chronic lymphocytic leukemia (CLL), acute lymphocytic  
leukemia (ALL), myelodysplastic syndrome (MDS), and 
acute myeloid leukemia (AML).1,2,5 

 
Next-generation sequencing on maternal plasma cell-free 
DNA (cfDNA) has been applied to non-invasive prenatal 
screening for fetal aneuploidy since 2008.6-8 The cfDNA in 
the blood plasma or serum was considered as an ideal 
biomarker for detecting various types of cancers or 
monitoring cancer treatment,9-13 as it provides the possibility 
of avoiding tumor tissue biopsies and tracing the changes in 
cfDNA during the natural course of the disease or following 
cancer treatment. For different types of cancer, analyzing 
cfDNA could serve as a “non-invasive biopsy” for numerous 

diagnostic applications, such as early cancer detection,10,12-13 
residual disease discovery,9 or chemotherapy monitoring.11 
However, cfDNA-based analysis for cancer is still in the 
stage of basic research and few attempts have been made to 
translate it into a clinical diagnosis. In leukemia patients, a 
portion of cfDNA in the blood plasma or bone marrow fluid 
is originated from the apoptosis of cancer cells. Apoptotic 
cells are usually phagocytosed by macrophages, which can 
release digested DNA into the tissue environment.9 It has 
been noted that cfDNA from leukemic cells has higher 
integrity than that from healthy cells. Therefore, the genomic 
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information from leukemic cfDNA could reflect the clonal 
abnormalities of cancer cells.14 A pilot study was performed 
to evaluate the technical and clinical feasibility through a 
parallel comparison between cytogenetic and cfDNA 
sequencing findings. The results prompt further analytic and 
clinical validation and better bioinformatics tools for cfDNA 
sequencing analysis (cfDSA).  
 

MATERIALS AND METHODS  
Diagnostic Cytogenomic Analyses 

Yale Molecular Cytogenetics and Genomics Laboratory 
routinely performs cytogenomic analyses for various types of 
leukemia. Chromosome analysis was performed following 

laboratory's standardized procedures; FISH tests were 
conducted using probes for leukemia-specific panels of 
recurrent gene rearrangements (Rainbow Scientific, Inc., 
Windsor, CT). The FISH probes include DLEU1 at 13q14.1, 
D13S1825 at 13q34, D12Z3 at 12q15, RELN at 7q22.1, TES 
at 7q31.2, MYC at 8q24.21, and PTPRT at 20q12. Genomic 
DNA was extracted from blood leukocytes or bone marrow 
cells using the Puregene kit (Gentra systems, Inc. 
Minneapolis, MN). The aCGH using 8x60K CGH array 
(Agilent Technologies, Inc., Santa Clara, CA) was performed 
following manufacturer’s manual, and the copy number 

aberrations were described using NCBI36/hg18 assembly of 
Human Genome Browser (http://genome.ucsc.edu/). 

 

 

 
 

 

Figure 1. Workflow showing the four-step procedure for cfDSA: 1) cfDNA extraction. The plasma cfDNA is a 
mixture of normal cfDNA (black curve lines) from healthy cells and leukemic cfDNA(red curve lines) from cancerous 
cells. 2) Library construction. Each cfDNA sample is ligated with adapters and then amplified with one universal 
primer and one indexed primer. 3) Illumina sequencing. 8-12 indexed samples are pooled together then sequenced in a 
HiSeq platform. 4) Data analysis. Copy number callings are made through chromosome profiling.  

 

 

Application of cfDSA on Ten Residual Samples 

As illustrated in Figure 1, the workflow of cfDSA includes 
four steps, cfDNA extraction, library construction, Illumina 
platform HiSeq sequencing, and data analysis. For cfDNA 
extraction, residual leukemic blood (BL) and bone marrow 
(BM) samples were collected from ten cases (case #1, T-
ALL-BL; #2, AML-BL; #3, CLL-BL; #4, MDS-BM; #5~6, 
MDS-BM, #7, myelofibrosis-BM; #8, hypereosinophilic 
syndrome-BL; #9, CLL-BL; and #10 AML-BL) following 
the recommended de-identification procedure.15 The 
collected samples were centrifuged at 1,600 g for 10 min, and 
0.5-5 ml blood plasma or bone marrow fluid was moved into 
a new tube to re-centrifuge at 16,000 g for 10 min. The 
cfDNA was extracted using the circulating nucleic acid kit 
(Qiagen  Inc.,  Valencia,  CA)  and  further  purified   through  

 
electrophoresis with 2% agarose gel followed by recovery 
using a gel purification kit (Qiagen Inc., Valencia, CA). The 
purified cfDNA was subject to library construction using 
DNA library preparation kit for Illumina (New England 
Biolabs, Inc, Ipswich, MA). Briefly, end repairing of cfDNA 
fragments was performed using T4 DNA polymerase and 
Klenow DNA polymerase. Then an adenine residue was 
added to the 3’-end of both strands by T4 polynucleotide 
kinase to form an overhang, which facilitated the ligation of 
adapters to the DNA fragments. The adapter-ligated DNA 
fragments were then enriched using a 15-cycle PCR with 
standard primers in the kit. For multiplexing purpose, a six-
nucleotide index sequence was included in one primer. Each 
case had its own indexed primer. The resulted PCR product 
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was purified using Magnet beads (Beckman Coulter Inc., 
Pasadena, CA). The size distribution was determined using 
Bioanalyzer and quantified with real time qPCR (Qiagen 
Inc., Valencia, CA). The adapter-ligated DNA libraries were 
hybridized to the surface of sequencing flow cells. To 
multiplex, 8-12 samples in this study were mixed with other 
differently indexed samples. DNA clusters were generated 
using an Illumina cluster station, followed by 75 cycles of 
sequencing on an Illumina HiSeq 2500. The sequencing 
image processing and base calling were conducted following 
to Illumina’s protocol by the Yale Center for Genome 

Analysis (YCGA).  
 
The preprocessing, alignment, and chromosomal profiling 
were performed following Seqwise NGS Consulting 
Company’s pipeline. Briefly, to obtain unique reads, the 

sequence data were aligned to NCBI36/hg18 assembly of 
Human Genome Browser. Standard post-sequencing 
alignment analysis was done using bowtie software to map 
the chromosomal locations of the sequenced cfDNA.16 If a 

sequence read could be mapped to a unique location with two 
or less mismatches, it was determined to be a “unique” read. 

To translate the reads to a chromosomal profile, the reference 
genome excluding the repetitive regions was divided into 
about 125,000 20-kb-long bins. For each bin, the number of 
unique reads was determined. Because the GC content could 
affect the number of reads in each bin,6 the 125,000 bin reads 
were plotted against the GC content in each bin. The plot 
enables the calculation of the deviations from the GC 
content, and then the read numbers in each bin was 
normalized. The 125,000 normalized bin reads were plotted 
to a whole genome according to the bin location. For display 
purposes, the median of the 125,000 bin reads was set as 1 
and all other bin read numbers were normalized to the 
median using robust Z score.17,18 The normalized bin reads 
were processed to generate a genome-wide chromosomal 
profile with normal two-copy regions in the median and 
abnormal copy number aberrations deviating from the 
median. Then the comparison of chromosome/FISH, aCGH, 
and the cfDSA results was conducted accordingly. 

 
 

Table 1. The comparison of results from karyotyping/FISH, aCGH, and cfDSA on four abnormal cases.  
 

Case Indication Karyotype/FISH aCGH (NCBI36/hg18, Mb) cfDSA (NCBI36/hg18, Mb) 

1 T-cell ALL 

46,XY,dup(5)(p14.1p15.33), 
idic(6)(q12),idic(8)(p12), 
del(11)(q13.5q25), 
der(14)t(14;14)(q11;q32.1), 
add(19)(p13.2)[12/15] 

deletions:                                            
6p12p25.1(chr6:69.0-152.1), 
8p23.3p12(chr8:0.2-34.1),  
11q13.5q23.3(chr7:76.1-134.3).  
duplications:                                            
5p15.33p14.1(chr5:2.0-26.9), 
6p25.3q12(chr6:0.1-68.5),   
8p12q24.3(chr8:34.2-146.2). 

deletions:                                            
6p12p25.1(chr6:68.9-152.1), 
8p23.3p12(chr8:0.2-34.2),  
11q13.5q23.3(chr7:76.3-134.4).  
duplications:                                            
5p15.33p14.1(chr5:2.0-26.9), 
6p25.3q12(chr6:0.1-68.9),    
8p12q24.3(chr8:34.2-146.3). 

2 AML 
46,XX,der(3)t(3;7)(q29;p14.1), 
del(5)(q23.1),-6,-7, 
+idic(8)(p21.1),+mar[14/15] 

deletions:                                            
5q23.1q35.3(chr5:119.0-180.6), 
6p25.3p22.3(chr6:0.1-21.4), 
6p12.3q27(chr6:46.1-170.7),  
7p14.1q36.3(chr7:37.5-158.6).  
duplications:                                             
6p22.2p21.1(chr6:24.9-44.5), 
8p21.1q24.3(chr8:29.1-146.1). 

deletions:                                            
5q23.1q35.3(chr5:118.9-180.7), 
6p25.3p22.3(chr6:0.2-24.5), 
6p12.3q27(chr6:45.5-170.8),  
7p14.1q36.3(chr7:37.5-158.8).  
duplications:                                             
6p22.2p21.1(chr6:24.5-44.5), 
8p21.1q24.3(chr8:28.0-146.3). 

3 CLL nuc ish(DLEU1x1,D13S1825x2, 
D12Z3x2)[52/200] 

deletion:                                 
13q14.2q21.1(chr13:47.4-53.9). 

deletion:                                    
13q14.2q21.1(chr13:46.2-54.1). 

4 MDS nuc ish(RELN,TES)x1[22/200], 
(MYCx2,PTPRTx1)[24/200] Normal Normal 

 
 
RESULTS 

On average, two million raw reads were produced by 
Illumina HiSeq platform per sample, of which 1.5 million 
unique reads were sorted out by the bioinformatics 
processing. Parallel comparison of the results from 
karyotyping/FISH, aCGH, and cfDSA revealed that cfDSA 
results matched with diagnostic cytogenetic findings. Of the 
six samples (case #5-10) that have normal chromosome and 
FISH findings, no genomic aberrations were found in aCGH 
or cfDSA. The chromosome/FISH, aCGH and cfDSA results 
for four abnormal cases (#1-4) were summarized in Table 1. 
In two cases (#1 and 2) with clonal abnormalities featuring 
large chromosome deletions and duplications and in one case 
(#3) with a smaller chromosome deletion, aCGH and cfDSA 
detected similar genomic imbalances.    For another case (#4) 
with a low percentage of abnormal cells, both aCGH and 
cfDSA failed to detect the abnormality.  

 
The case 1 was a T-cell ALL patient, and its karyotype 
showed complex rearrangements of multiple chromosomes. 
Briefly, a stemline abnormal clone with additional materials 
onto a 5p and a 19p, a possible 6q/9p translocation, an 
isochromosome for the long arm of chromosome 8, an extra 
chromosome 11 with a deletion in its long arm, a loss of one 
chromosome 14, and a derivative chromosome 14 from a 
14q11 and 14q32.1 translocation was noted in twelve cells 
and a sideline clone (subclone) with an additional aberration 
of an extra copy of chromosome 7 was seen in three cells. 
The aCGH revealed an abnormal pattern with a 26.7 Mb 
duplication of 5p15.33-5p14.1 (chr5:204,536-26,883,977), a 
68.4 Mb duplication of 6p25.3-q12 (chr6:115,226-
68,473,914), a 83.1 Mb deletion of 6q12-q25.1 
(chr6:68,969,695-152,106,645), a 33.8 Mb deletion of 
8p23.3-p12 (chr8:211,411-34,072,615), a 112.0 Mb 
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duplication of 8p12-q24.3 (chr8:34,289,110-146,250,965), 
and a 43.4 Mb deletion of 11q13.5-q25 (chr11:76,128,214-
119,576,440). The karyotype was revised per aCGH findings: 
the additional material onto a 5p is most likely a complex 
segmental duplication and amplification of 5p14.1-p15.33; 
the possible 6q/9p translocation is likely an isodicentric 

chromosome 6 with breakage and fusion at 6q12; the 
isochromosome 8 is an isodicentric chromosome 8 with 
breakage and fusion at 8p12; and the other chromosome 
aberrations may be balanced. All copy number aberrations 
detected by aCGH were also found in the cfDSA results 
(Figure 2).  

 
 

Figure 2. The comparison of results from 
karyotyping, aCGH and cfDSA on case 1. 
A) Clonal chromosome abnormality is 
detected. From left to right, 5p 
duplication/amplification, idic(6)(q12), 
idic(8)(p12), del(11)(q13.5q25), ?der(14), 
and ?add(19p).  B) Comparison of the 
results between aCGH and cfDSA on the 
four abnormal chromosomes.  For each 
chromosome, the top panel is an 
ideogram, the middle is a chromosome 
view from aCGH, and the lower is the 
chromosome profile from cfDSA. 
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The case 2 was an AML patient. Its karyotype revealed an 
abnormal clone featuring a 5q deletion, a translocation 
between chromosomal bands 3q29 and 7p14.1, losses of one 
copy of chromosomes 6 and 7, an extra copy of an 
isodicentric chromosome 8 with breakage and fusion at 
8p21.1, and a marker chromosome. The aCGH analysis 
revealed an abnormal pattern with a 61.603 Mb deletion of 
5q23.1-q35.3 (chr5:118,996,119-180,598,725), a 21.236 Mb 
deletion of 6p25.3-p22.3 (chr6:115,226-21,350,918), a 
19.583 Mb duplication of 6p22.2-p21.1 (chr6:24,912,359-
44,495,477), a 11.413 Mb deletion of 6p12.3-p11.2 
(chr6:46,087,978-57,501,299), a 107.878 Mb deletion of 
6q11.1-q27 (chr6:62,854,532-170,732,174), a 121.051 Mb 
deletion of 7p14.1-q36.3 (chr7:37,503,554-158,554,488), and 
a 116.945 Mb duplication of 8p21.1-q24.3 (chr8:29,147,311-
146,092,035). Per aCGH results, the marker chromosome 
likely contains materials from 6p21.1-p22.2. All the 
abnormal regions detected with aCGH were also found in the 
cfDSA results (Table 1).  
 
In case 3 with a FISH-detected 13q deletion present in 26% 
of blood leukocytes, aCGH detected a 6.6 Mb deletion of 
13q14.2-q21.1 (chr13:47,357,404-53,920,330) and cfDSA 
detected a similar deletion (Table 1). For case 4 in which 
10%~12% of bone marrow cells were detected by FISH to 
contain 7q and 20q deletions, both aCGH and cfDSA failed 
to detect copy number aberrations (Table 1).  
 

DISCUSSION 

The results from this pilot study demonstrated the technical 
and clinical feasibility of cfDSA. For three abnormal cases 
(#1-3), similar patterns of genomic copy number aberrations 
were detected from aCGH and cfDSA, and these genomic 
findings further confirmed and defined the clonal 
chromosome abnormalities. However, as shown in case #4, 
both aCGH on genomic DNA and cfDSA on bone marrow 
fluid cfDNA cannot detect low level of clonal abnormality.   
 
Before the clinical application of cfDSA, several technical 
and clinical hurdles need to be overcome. First of all, there is 
a strong need for more in-depth investigation on the 
relationship between leukemic clonal abnormality in cellular 
level and leukemic portion of cfDNA from apoptotic 
leukemic cells. A better understanding of this relationship 
will be the biologic basis for its clinical application. 
Secondly, the analytic procedures need to be standardized 
and validated. The analytic resolution on the size of genomic 
copy number aberrations and on the percentage of leukemic 
portion of cfDNA detectable by next-generation sequencing 
needs to be established. For example, the cutoff of fetal 
cfDNA in maternal plasma was set at 4% for non-invasive 
prenatal screening for fetal aneuploidy (e.g. > 40 Mb for 
chromosome 21) using at least 10 million reads from next-
generation sequencing.6-8 Similar to the validation of aCGH 
for clinical diagnosis,19 the analytical sensitivity and 
specificity could be defined using a receiver operating 
characteristic (ROC) statistics. Thirdly, clinical validity 
needs to be established using a large case series of each type 
of leukemia with normal and abnormal cytogenomic 
findings. As in the current cancer cytogenetic and aCGH 

analyses, there is always a challenge to interpret transient 
chromosome abnormality20 and define genomic content of 
complex chromosome findings such as bi-allelic aberrations, 
maker chromosome and double minutes.20,21 The introduction 
of cfDSA will reveal the missing part on tracking the 
disappearance or re-appearance of leukemic cells, but the 
interpretation of cfDSA results has to be based on 
cytogenomic findings. The cfDSA could be a part of an 
integrated analysis for cancer clonal evolution and disease 
progression.22 Lastly but not the least, there is no well-
developed bioinformatics tools for cfDSA. In this pilot study, 
all data analyses depend on individual coding and testing 
which limits its use in a clinical setting. The development of 
a user-friendly designed and clinically oriented software for 
cfDSA will be a critical step to accelerate the data analysis 
and facilitate diagnostic interpretation. 
 
In summary, this pilot study present a feasible method using 
next-generation sequencing on cfDNA to profiling 
chromosomal copy number aberrations for detecting 
leukemic clonal abnormalities. Albeit the caveat in the study 
due to limited number of cases and the low number of 
sequencing reads, the results have shown great potential for 
this new technology in detecting clonal abnormalities in 
neoplasm. 
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