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Abstract

A clonal cytogenetic abnormality was observed in Philadelphia chromosome negative bone 

marrow cells of 6/27 chronic myeloid leukemia patients (+8 in 4, −7 in 1, and 20q- in 1) with 

dasatinib-induced remissions. The X-linked human androgen receptor gene assay demonstrated 

clonality in one additional patient. Single nucleotide polymorphism array analysis revealed 

somatic uniparental disomy involving chromosome 17(p12-pter) in another patient. The TP53 

gene had a 5′ splice site deletion of exon 6 that caused alternative splicing, frame shifting and 

introduction of a premature stop codon. After three years, no patient developed myelodysplastic 

syndrome or acute myeloid leukemia.
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Introduction

The BCR-ABL kinase inhibitors have revolutionized the treatment of chronic myeloid 

leukemia (CML).1 Patients with CML have experienced dramatically improved outcomes as 

a result of imatinib therapy.2 The second generation ABL kinase inhibitor dasatinib has 

proven to be effective for the treatment of CML patients who do not respond to, or tolerate, 

imatinib.3,4 Some CML patients with prolonged remissions on tyrosine kinase inhibitors 

(TKIs) harbor clonal cytogenetic abnormalities (CCA) in the Philadelphia chromosome 

negative (Ph−) bone marrow cells.5–12 The most commonly reported CCA have included +8, 

−7, 20q-, −5, and -Y, which are among the most frequent chromosomal changes in 

myelodysplastic syndrome (MDS).13 In spite of the chromosomal abnormalities observed, 

the frequency of developing a manifest second hematologic malignancy, such as MDS or 

acute myeloid leukemia (AML), appears to be low.11,14 Neither progression-free survival 

nor overall survival appear to be negatively impacted by the presence of a Ph-CCA in CML 

patients who achieve a major cytogenetic response to imatinib therapy.11

Although Ph-CCA are identified in a small percentage of CML patients who achieve a 

cytogenetic remission on kinase inhibitor therapy, many more have peripheral blood 

abnormalities, especially cytopenias, involving one or more cell lineage. These cytopenias 

could be due to suppression of normal hematopoeisis by the kinase inhibitors, inadequate 

normal stem cell reserve, or a second clonal bone marrow disorder. Routine metaphase 

cytogenetics (MC) are a relatively insensitive method to identify clonal hematopoiesis, as 

chromosomal abnormalities are found in only about 50–60% of patients with MDS. Another 

clonality assay that can be used in females relies on a CAG trinucleotide repeat 

polymorphism adjacent to methylated restriction endonuclease sites in the human androgen 

receptor gene (HUMARA) on the X chromosome.15 This assay has demonstrated the 

presence of skewed X chromosome inactivation (XCI) in approximately half of patients with 

newly diagnosed MDS.16 High-resolution single nucleotide polymorphisms arrays (SNP-A) 

can discover chromosomal lesions that cannot be detected using MC, including 

microdeletions, microduplications, and gene copy-number neutral loss of heterozygosity 

(LOH) or uni-parental disomy (UPD).17–20 The HUMARA and SNP-A assays could 

complement routine MC in the detection of clonal hematopoietic processes. Therefore, bone 

marrow and peripheral blood samples from CML patients who achieved a major cytogenetic 

remission (MCyR) on dasatinib therapy were evaluated for evidence of clonal hematopoiesis 

using MC, HUMARA and SNP-A analysis.

Materials and Methods

Experimental Subjects

A total of 79 consecutive patients with imatinib-resistant or intolerant, Ph positive CML 

were treated with dasatinib (Sprycel) at UCLA Medical Center. There were 49 patients in 

chronic phase, 11 in accelerated phase, 11 in myeloid blast crisis, and 8 in lymphoid blast 

crisis. Of these, 27 patients experienced a sustained MCyR and had ≤15% Ph+ cells on bone 

marrow MC testing (Table 1). These patients had a median disease duration of 7 years 

(range 1–15 years) and had received a median of 3 prior therapies (range 1–4). One patient 
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(#9) had relapsed after an allogeneic bone marrow transplant and another (#21) had received 

an autologous peripheral blood stem cell transplant. Six patients had advanced disease prior 

to therapy and 21 were in chronic phase. At least one peripheral blood lineage was abnormal 

in 16 patients, of whom 4 had pancytopenia. Peripheral blood cytopenias were defined as 

hemoglobin <10 mg/dL, absolute neutrophil count <1,000/mcL, and platelet count 

<100,000/mcL. All patients signed an IRB-approved informed consent prior to donating 

samples for this study. The characteristics of the study subjects at the time of sampling for 

SNP-A analysis are provided in Table I.

Cell Processing and DNA Isolation

Mononuclear cell fractions of peripheral blood and bone marrow were isolated using Ficoll-

Hypaque and were cryopreserved until they were used. The CD3 positive (CD3+) T 

lymphocytes were separated from these samples using anti-CD3 MicroBeads and the 

MiniMACS separator. This yielded CD3+ cells with purity in excess of 90%. DNA was 

prepared from CD3+ and CD3 negative (CD3−) fractions of the peripheral blood and bone 

marrow mononuclear cells using a Puregene DNA Purification System (Gentra Systems).

HUMARA PCR Assay

DNA from bone marrow mononuclear cells was used to screen for clonality using the 

HUMARA PCR assay, as described.21 Clonal hematopoiesis was further assessed using 

CD3− peripheral blood mononuclear cells (experimental samples) and germ-line DNA from 

CD3+ T cells (control samples). Briefly, DNA (250 ng) was digested overnight with RsaI, or 

RsaI and HpaII. The restriction enzymes were heat-inactivated, then a portion of the digested 

DNA (50 mg) was PCR amplified using fluorescently-labeled primers to the HUMARA 

gene. The PCR products were diluted and loaded on a capillary electrophoresis apparatus 

(ABI 3730, Applied Biosystems). The data were analyzed using Genemapper 4.0 software. 

An allele ratio was calculated for the two peaks in each sample by dividing the area under 

the RsaI digested peaks by the area under the RsaI/HpaII digested peaks to yield an XCI 

ratio. The allele ratios of the CD3− samples were divided by the ratios of the CD3+ samples 

to generate a corrected XCI ratio. By convention, a corrected XCI ratio of >3 or <0.33 was 

considered to be non-random and indicative of a clonal cell population.22–24

SNP-A Analysis

The Gene Chip Mapping 250K Assay Kit (Affymetrix, Santa Clara, CA) was used according 

to manufacturer’s instructions, as previously described.19,20 Lesions identified by SNP-A 

were compared with the Cancer Genome Anatomy Project database (http://cgap.nci.nih.gov) 

and our own internal control series (N=713) to exclude known copy number variants 

(CNVs). In these analyses, CNVs and non-clonal areas of pseudo-UPD or germ-line 

encoded UPD were excluded using a stringent algorithm. Lesions that were seen by MC and 

confirmed by SNP-A were not further validated. For other lesions, paired germ-line DNA 

derived from corresponding CD3+ lymphocytes were analyzed to confirm the somatic nature 

of the observed defects.
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Analysis of TP53 mutations

Screening for TP53 mutations in patient #8 was performed using genomic DNA and cDNA. 

Exons 5, 6, 7, 8 and 9 of the TP53 gene were amplified from genomic DNA by PCR as three 

separate amplicons using the following primer sets:

exons 5–6 E5-6F 5′-GTTTCTTTGCTGCCGTCTTCCAGT-3′

E5-6R 5′-AGGGAGGTCAAATAAGCAGCAGG-3′

exon 7 E7F 5′-TGGGCCTGTGTTATCTCCTAGGTT-3′

E7R 5′-TGTGATGAGAGGTGGATGGGTAGT-3′

exons 8–9 E8-9F 5′-GCCTCTTGCTTCTCTTTTCC-3′

E8-9R 5′-CGGCATTTTGAGTGTTAGACTG-3′

TP53 cDNA was amplified with the following primers:

P53cF 5′-GCCGTCCCAAGCAATGGATGATTT-3′

P53cR 5′-AGTTCCAAGGCCTCATTCAGCTCT-3′.

Amplicons were electrophoresed on a 1.5 % agarose gel to confirm specificity. TP53 

mutation analysis was done by direct sequencing in both orientations. PCR products were 

prepared for direct sequencing using standard conditions and analyzed using a 3730×1 DNA 

analyzer (Applied Biosystems). In addition, PCR products of exons 5–6 and cDNA were 

cloned into pCR 2.1 vector (Invitrogen), and the products were analyzed by sequencing.

Results

Clonal Hematopoiesis Detected by Cytogenetic Analysis

Routine MC demonstrated Ph-CCA in 6 of 27 patients with a sustained MCyR to dasatinib 

therapy (Table I). The patients had a mean disease duration of 4.5 years (range 1–11) and 

had received a median of 2 therapies prior to dasatinib (range 1–4). Three patients developed 

the Ph-CCA previously, while receiving imatinib. The pre-dasatinib cytogenetics for these 

patients were: (patient #4) 47,XX,+8[10]/46,XX,t(9;22)[10], (patient #17) 46,XY[3]/45,XY,

−7[9]/46,XX,t(9;22)[8], and (patient #21) 46,XX[16]/47,XX,+8[6]/46,XX,t(9;22)[8]. In the 

remaining 3 patients, the Ph-CCA were +8, +8 and 20q-, and were first detected 6, 8 and 12 

months after starting dasatinib, respectively. All 6 patients had one or more peripheral blood 

cytopenia when the Ph-CCA were detected. All CCA persisted for at least 6 months (range 6 

to >27 months). Changes in the size of Ph− clones over time are illustrated for the patients 

with the longest follow up (Figure 1). Only the −7 clone, observed in patient #17, comprised 

>50% of the bone marrow metaphases at any time. In 2 patients (#4, #19), the +8 clones 

spontaneously disappeared after 27 and 21 months, respectively. Morphological evidence of 

MDS did not develop in any of the patients.

Clonal Hematopoiesis Detected by HUMARA PCR Assay

Samples from 15 female patients were evaluated for clonality using the HUMARA assay 

(Table I). One patient (#23) without Ph-CCA demonstrated skewing of XCI in the CD3− 
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peripheral blood mononuclear cells that was not present in the CD3+ cells (Figure 2). The 

mean XCI ratio from two separate experiments performed in duplicate was 4.3, and 3.1 after 

correction for germline XCI. Using the established criteria that the corrected XCI ratio be 

>3:1, the HUMARA assay was inadequately sensitive to detect the small clonal populations 

present in the four female patients with Ph-CCA. These patients had a Ph-clone that 

comprised 5–20% of the cells analyzed by MC at the time of sampling.

Clonal Hematopoiesis Detected by SNP-A Analysis

SNP-A analysis confirmed the presence of −7 in patient #17 and +8 in patient #19, whose Ph

− CCAs comprised 95% and 30% of the bone marrow metaphases by MC at the time of 

sampling. Clones present at a frequency lower than 30% by MC were not detectable. In 

addition, SNP-A analysis demonstrated 6 chromosomal abnormalities not present in a 

database of copy number SNP variations in normal individuals. When CD3+ T lymphocytes 

from these patients were analyzed, 5 lesions, including gain 10p15.2-p15.3, del 2q37.3, gain 

11q12.5, del 8q24.23 and del 13p14.2 were found to be germline-encoded. However, 

evidence of UPD 17(p12-pter) was found to be present in CD3− peripheral blood 

mononuclear cells but not in CD3+ lymphocytes of patient #8 (Figure 3). This patient had 

persistent thrombocytosis requiring hydroxyurea and anagrelide administration in spite of a 

sustained complete cytogenetic remission and complete molecular response (PCR negative 

for BCR-ABL translocation) to dasatinib. Therefore, he had clinical and SNP-A evidence of 

a second clonal hematologic process.

Alternative Splicing of the TP53 Gene in Patient #8

Sequencing of the TP53 gene using genomic DNA isolated from CD3− mononuclear cells of 

patient #8 revealed a deletion of 5 nucleotides from the 5′ splice site of exon 6 (Figure 4A). 

This deletion was not observed in DNA obtained from CD3+ cells of the patient. Deletion of 

TP53 exon 6 was observed upon sequencing of cDNA from CD3−, but not CD3+, 

mononuclear cells (Figure 4B). Therefore, deletion of the 5′ splice site of TP53 exon 6 

resulted in skipping of that exon. This was predicted to result in a frame shift and premature 

introduction of a stop codon, producing a non-functional p53 protein (Figure 4C).

Patient Outcomes

All 6 of the patients with Ph-CCA had peripheral blood cytopenias involving one or more 

lineage. Two patients received chronic filgrastim administration, one received an 

erythropoiesis stimulating agent (ESA), and two received both agents. The +8 clone 

observed repeatedly in two patients (#4, #19) disappeared after 21 and 27 months, 

respectively (Figure 1). In spite of this, patient #4 continued to require ESA and filgrastim 

support. Patient #17 with a −7 clone had his Ph− clone expand to comprise >50% of the 

bone marrow metaphases (Figure 1). However, morphologic evidence of MDS was absent 

on repeated bone marrow examinations over more than 24 months of follow up. One patient 

(#22) with +8 Ph-CCA experienced disease progression to blast crisis, but achieved a third 

chronic phase on the Aurora kinase inhibitor PHA-739358.25 After achieving another CCyR, 

the +8 clone recurred transiently. No patient developed MDS or AML after a follow up of 6–

36 months. The patient who was found to have marked skewing of X chromosome 

inactivation (#23) had anemia requiring ESA support. She did not experience any 
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morphologic evidence of MDS after 21 months of follow up. Patient #8 with UPD of 

chromosome 17(p12-pter) by SNP-A analysis had clinical features of a second 

myeloproliferative disorder resembling essential thrombocytosis. He had a normal karyotype 

by routine MC and did not have the V617F mutation of JAK2. Anagrelide and hydroxyurea 

were administered to control the platelet count. Nevertheless, he experienced recurrent 

strokes and died with progressive cognitive decline.

Discussion

Patients who achieved a sustained MCyR on dasatinib had a high rate of clonal 

hematopoiesis in the Ph− cells identified through complementary methodologies including 

MC, HUMARA assay and SNP-A based karyotyping. The HUMARA assay has been used 

to study clonality in MDS, with approximately half of patients demonstrating a clonal XCI 

pattern using stringent criteria.24 We identified one patient with clonal XCI who lacked Ph-

CCA. Standard criteria for clonality with the HUMARA assay require that the clonal 

population comprises approximately 75% of the sample.21–23 As a result, the oligoclonal 

populations in the female patients with Ph-CCA could not be detected using HUMARA. 

SNP-A analysis confirmed the CCA only in the 2 patients who had a Ph− clone comprising 

≥30% of the bone marrow metaphases. This level of sensitivity is consistent with previously 

reported experience using SNP-A in MDS.19 In addition, one patient without Ph-CCA was 

found to harbor a UPD of chromosome 17(p12-pter). The overall frequency of clonality in 

the Ph− cells or our patient population was 8/27 (30%) using MC, HUMARA and SNP-A 

analyses. Because the clonal populations identified by MC were predominantly small and 

below the level of detection by HUMARA and SNP-A assays, the true frequency of 

oligoclonal Ph− cells is probably higher than we could detect.

Persistent Ph-CCA were observed in 18% of our patients who had achieved at least a major 

cytogenetic response to dasatinib (10% of all patients treated in the chronic phase). Our 

findings are similar to previously reported findings of Ph-CCA in 5 of 33 (15%) patients 

who experienced a MCyR on dasatinib.26 Somewhat lower frequencies of Ph-CCA have 

been reported in imatinib-treated patients. Several large series of patients receiving imatinib 

after interferon failure reported frequencies of Ph-CCA ranging from 3.4% to 6.1% of 

treated patients.5,9,11 Assuming that 60% of patients treated with imatinib in the second-line 

achieve a MCyR, the frequency of Ph-CCA in these patients approaches that observed in 

patients responding to dasatinib. The Ph-CCA were first observed during prior imatinib 

therapy in 3 of our 6 patients, and 2 of 5 patients in the previous dasatinib series.26 The 

higher rate of Ph-CCA in dasatinib-treated patients may be due to a longer median disease 

duration or more prolonged exposure to tyrosine kinase inhibition.

The etiology of Ph-CCA remains unclear. Because a few CML patients were reported to 

develop Ph-CCA during sustained cytogenetic responses to interferon therapy27, TKIs are 

not required for the evolution of this process. It is possible that the Ph-CCA resulted from 

the DNA damage that induced the development of the CML clone. The deep remissions and 

prolonged survival conferred by TKI therapy may permit the subsequent expansion of the Ph

− clones. However, TKIs have been shown to impair DNA repair in Ph− cells through 

inhibition of c-Abl activity. Following DNA damage, c-Abl expression increases and it 
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translocates from the cytoplasm to the nucleus where it induces cell cycle arrest or 

apoptosis.28,29 Inhibition of c-Abl kinase activity by imatinib or dasatinib in Ph− cells 

exposed to radiation results in a higher frequency of DNA mutations and delayed DNA 

repair.30 Therefore, prolonged exposure to the c-Abl TKIs may contribute to the 

development of Ph-CCA in normal hematopoietic progenitor cells.

The clinical significance of the second clonal hematopoietic populations remains to be 

determined. Only 3 patients developed MDS or acute myeloid leukemia (AML) out of 1701 

CML patients treated with imatinib at MD Anderson.14 In all, approximately 17 cases of 

MDS or AML have been reported in CML patients receiving kinase inhibitor therapy, most 

of which have been associated with −7, 7q-, or complex cytogenetic abnormalities.11,14,31

Although peripheral blood cytopenias were common in our patient population, one patient 

had clinical features of a second myeloproliferative disorder resembling essential 

thrombocythemia without V617F mutation of JAK2, and with a normal karyotype by routine 

MC. SNP-A analysis demonstrated UPD17p in this patient. Recently, UPD17p or del17p 

have been observed in advanced MDS and secondary AML, especially in association with 

monosomy 7/deletion 7q and/or monosomy 5/deletion 5q.32 These patients also had multiple 

deletions and gains of other chromosomal material by SNP-A analysis. Biallelic missense 

mutations in the DNA-binding domain of p53 were identified in most patients and were 

associated with poor prognosis. However, in our patient, UPD17 occurred as a sole defect. 

Because of the association between UPD of chromosome 17p and p53 mutations, genomic 

sequencing of this gene was performed. A 5 bp deletion that destroyed the 5′ splice site of 

exon 6 was identified in bone marrow cells from this patient. Alternative splicing resulted in 

loss of exon 6, which deleted part of the DNA-binding domain and introduced a frame shift 

resulting in the introduction of a premature stop codon. This same splicing variant was 

reported to occur frequently in chronic lymphocytic leukemia.33 Mutation of the 5′ splicing 

consensus region of exon 6 was not observed in these patients however. The truncated p53 

protein encoded by the frame-shifted mRNA lacked transcriptional activity by FASAY 

analysis.33 Deletions of 17p or inactivating mutations of p53 have been described in patients 

with essential thrombocythemia, especially in the setting of disease progression to MDS or 

AML, and following prolonged exposure to hydroxyurea.34,35

In summary, patients with longstanding CML frequently have peripheral blood 

abnormalities in association with a second hematological clone. The combined use of bone 

marrow MC, HUMARA assay and SNP analysis are complementary in identifying and 

characterizing these clonal processes, but likely underestimate their frequency due to 

insensitivity for detecting oligoclonal populations. Supportive care measures for peripheral 

blood cytopenias are appropriate for most patients with Ph− clones, given their low risk of 

progression.
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Figure 1. Time course of Ph-CCA in patients with the longest follow up
The abundance of the Ph+ and Ph− clonal populations are shown over time for (A) patient 

#19, (B) patient #4, (C) patient #17, and (D) patient #21. Karyotypes: normal -x- ; 46, 

t(9;22) -○- ; 47,+8 -■- ; 45,−7 -●- .
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Figure 2. HUMARA assay results of patient #23
Skewing of the XCI pattern was demonstrated for CD3− peripheral blood mononuclear 

cells, but not for the CD3+ lymphocytes. The mean XCI ratio determined by two separate 

experiments performed in duplicate was 4.3, and after correction for germ-line XCI was 3.1.
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Figure 3. SNP-A analysis of chromosome 17 using peripheral blood mononuclear cells from 
patient #8
(A) A comparison of DNA from CD3− cells of patient #8 versus DNA from pooled controls 

demonstrates loss of heterozygosity (LOH) without copy number abnormality involving 

chromosome 17(p12-pter) is consistent with UPD. (B) SNP-A karyotyping using DNA from 

CD3− cells and CD3+ cells from patient #8 confirms that the chromosome 17(p12-pter) 

UPD is an acquired lesion in the Ph− cells.
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Figure 4. Alternative splicing of the TP53 gene in patient #8
(A) Exon 6 of the TP53 gene was sequenced using genomic DNA from CD3+ cells of 

patient #8 as germline control (upper sequence). The underlined nucleotides were absent 

when genomic DNA from CD3− peripheral blood mononuclear cells was sequenced (lower 

sequence). (B) Sequencing of TP53 using cDNA prepared from CD3− cells demonstrated 

loss of exon 6 (lower sequence) while cDNA from CD3+ cells revealed normal sequence 

(upper sequence). (C) Deletion of the 5 nucleotides (shown in red) in the 5′ splice region of 

exon 6 lead to alternative splicing and a frame shift with introduction of a premature stop 

codon.
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