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Background: Submicroscopic segmental imbalances detected by array-comparative
genomic hybridization (array-CGH) were discovered to be common in chronic myeloid
leukemia (CML) patients with t(9;22) as the sole chromosomal anomaly. To confirm the
findings of the previous study and expand the investigation, additional CML patients
with t(9;22) as the sole chromosomal anomaly were recruited and copy number variants
(CNVs) were searched for.

Methods: Karyotyping tests were performed on 106 CML patients during January
2010–September 2019 in our Genetics Laboratory. Eighty-four (79.2%) patients had
the Philadelphia (Ph) chromosome as the sole chromosomal anomaly. Only 49(58.3%)
of these 84 patients had sufficient marrow or leukemia blood materials to additionally be
included in the array-CGH analysis. Fluorescence in situ hybridization (FISH) was carried
out to confirm the genes covered by the deleted or duplicated regions of the CNVs.

Results: 11(22.4%) out of the 49 patients were found to have one to three
somatic segmental somatic segmental (CNVs), including fourteen deletions and three
duplications. The common region associated with deletions was on 9q33.3-34.12.
Identified in five (45.5%) of the 11 positive patients with segmental CNVs, the deletions
ranged from 106 kb to 4.1 Mb in size. Two (18.2%) cases had a deletion in the ABL1-
BCR fusion gene on der (9), while three (27.3%) cases had a deletion in the ASS1 gene.
The remaining CNVs were randomly distributed on different autosomes.

Conclusion: Subtle genomic CNVs are relatively common in CML patients
without cytogenetically visible additional chromosomal aberrations (ACAs). Long-
term studies investigating the potential impact on patient prognosis and treatment
outcome is underway.

Keywords: chronic myeloid leukemia, copy number variations, del(9q), ASS1 gene, additional chromosomal
aberrations
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INTRODUCTION

Chronic myeloid leukemia (CML) results from the neoplastic
transformation of hematopoietic stem cell and it is
cytogenetically characterized by the presence of the Philadelphia
(Ph) chromosome (Ren, 2005). The Ph chromosome is
the consequence of a t(9;22)(q34;q11) translocation. This
chromosomal translocation generates a fusion gene that encodes
BCR-ABL, a constitutively active protein tyrosine kinase
(Hochhaus and La Rosee, 2004). Additional chromosomal
aberrations (ACAs) in Ph+ cells, such as trisomy 8, a
second Ph chromosome, or isochromosome (17)(q10),
occur during the course of the disease and is strongly
associated with disease progression and treatment outcome
(Fabarius et al., 2011; Luatti et al., 2012; Muvarak et al., 2012).
Similarly, mutations in the BCR-ABL kinase domain and
submicroscopic chromosomal segmental imbalances have been
documented to negatively impact on treatment outcomes in
CML patients (Kolomietz et al., 2001; Soverini et al., 2009;
Nadarajan et al., 2011).

Based on a previous study (Lu et al., 2012), subtle somatic
copy number changes detected by array-comparative genomic
hybridization (array-CGH) were commonly present in CML
patients with a t(9;22)(q34;q11) as the sole chromosomal
anomaly. Leading to advanced stages of CML and resistance
to therapy, such genetic alterations may be manifestations of
underlying genomic instability resulting from a compromised
DNA damage and repair response (Muvarak et al., 2012). Current
evidence also indicates that acquired genetic instability has an
inseparable relationship with the continuous acquisition of ACAs
(Fabarius et al., 2015; Wang et al., 2016). Furthermore, some
of the cryptic genomic changes may be drivers of ACAs and
further influence disease progression and therapeutic approaches
(Lavrov et al., 2017).

In the current study, additional patient samples with
t(9;22)(q34;q11) as the sole chromosomal anomaly were
investigated. By performing high-density whole genomic
array-CGH, similar percentage with cryptic changes were
identified.

MATERIALS AND METHODS

Patients
This study was approved by the Institutional Review Board (IRB)
of the Oklahoma University (IRB number: 2250). A total of 106
CML patient samples were studied cytogenetically from 2000 to
2019 at the Genetics Laboratory of Oklahoma University Health
Sciences Center. DNA samples were obtained from forty-nine of
these 106 patients.

Conventional Cytogenetic Analysis
Short-term cultures of unstimulated bone marrow samples were
set up and harvested according to the standard laboratory
protocols. Karyotype analysis was performed using giemsa and
trypsin technique for G-banding. The cytogenetic abnormalities

were described according to the International System for Human
Cytogenetic Nomenclature (McGowan-Jordan et al., 2016).

Array-CGH
Genomic DNA was extracted from the cell pellet of each patient’s
bone marrow according to the standard operating procedure
using the phenol and chloroform method with a commercially-
available DNA extraction kit (Puregene Blood Kit, Qiagen,
Valencia, CA, United States) or Nucleic Acid Isolation System
(QuickGene-610L, FUJIFILM Corporation, Tokyo, Japan). Two
aCGH platforms including NimbleGen and Agilent were used in
this study. For the NimbleGen aCGH platform, human reference
genomic DNA was purchased from Promega Corporation
(Promega Corporation, Madison, WI, United States). The
patient’s DNA and the reference DNA were labeled with either
Cyanine 3 (Cy-3) or Cyanine 5 (Cy-5) by random priming, and
then equal quantity of both labeled products were mixed and
loaded onto a 720 K oligonucleotide chip (Roche NimbleGen Inc.,
Madison, WI, United States) to hybridize at 42◦C for 40 h in a
MAUI hybridization system (BioMicro Systems, Salt Lake City,
UT, United States) according to the manufacturer’s protocols
with minor modifications. The slides were washed with washing
buffers (Roche NimbleGen Inc., Madison, WI, United States)
after hybridization and scanned using Roche Scanner MS200
(Roche NimbleGen Inc., Madison, WI, United States). Images
were analyzed using software from NimbleScan software version
2.6 and the SignalMap software version 1.9 (Roche NimbleGen
Inc., Madison, WI, United States). The genomic positions were
determined using GRCh36/hg18, UCSC Genome Browser. For
the Agilent aCGH platform, human reference genomic DNA was
purchased from Agilent Corporation (Agilent Corporation, Santa
Clara, CA, United States). The patient’s DNA and the purchased
reference DNA were labeled with either cyanine 3 (Cy-3) or
cyanine 5 (Cy-5) by random priming (Agilent Corporation, Santa
Clara, CA, United States). Patient DNA (labeled with Cy-3) was
combined with a normal control DNA sample (labeled with Cy-
5) of the same sex and hybridized to an Agilent 2 × 400 K oligo
microarray chip (Agilent Technologies) by incubating in Agilent’s
Microarray Hybridization Ovens (Agilent Technologies). After
a 40 h of hybridization at 67◦C, the slides were washed and
scanned using the NimbleGen MS 200 Microarray Scanner
(Roche NimbleGen Inc., Madison, WI, United States). Agilent’s
CytoGenomics 2.7 software (Agilent Technologies) was applied
for data analysis. The genomic positions were determined using
GRCh37/hg19, UCSC Genome Browser.

Fluorescence in situ Hybridization
Confirmation Studies
Fluorescence in situ hybridization (FISH) analyses were
subsequently performed to confirm the copy number changes
(CNVs) detected by array-CGH. Commercially available FISH
probes (Abbott Molecular, Des Plains, IL, United States) or FISH
probes prepared in-house with BAC/PAC clones purchased from
the Children’s Hospital Oakland Research Institute (Oakland,
CA, United States) were used. All probes were validated before
being applied to the patient samples.
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RESULTS

In this study, a total of 49 CML cases with t(9;22) as sole
anomaly were evaluated by array-CGH assay to check whether
those patients who had normal karyotype, may have subtle
chromosome changes not visible by routine cytogenetic testing.
It turned out that eleven (22.4%) out of those 49 cases had a
total of 17 segmental CNVs detected, including both deletions
and duplications. Five (29.4%) of those CNVs were clustered
on the derivative chromosome 9 and the remaining 12 (70.6%)
CNVs were distributed on 2p14, 2p16.2, 4q31.21, 17p11.2,
17p12, 19q13.33, and 22q11.23-q12.1 with loss, and 1q43, 5q13.2,
22q11.23-q12.1 with gain. The size of these CNVs ranged from
74 to 4,064 kb. Five (45.5%) of these eleven cases (case 1, 3, 8, 10,
and 11) had a partial deletion of the long arm of chromosome 9,
their cryptic deletions of 9q were in variable sizes between 106-
4, 064 kb. Three of them (case 3, 8, and 10) had the deletion
of the ASS1 gene on the derivative chromosome 9. Cases 3 and
8 had extended deletion of the ABL1-BCR fusion gene on the
derivative chromosome 9, and case 10 had only deletion of the
ASS1 which were confirmed by FISH assay. The breakpoints and
molecular sizes of the deletions on both chromosomes 9 and 22
were different in these three cases (Table 1).

To confirm these CNVs, FISH assay was performed using
either commercial FISH probes or home brewed FISH probes
derived from clones purchased from Children’s Hospital Oakland
Research Institute, involving 9q33.3-q34.12, 9q34.11-q34.12,
17p11.2, 19q13.41, and 22q11.23-q12.1 (Table 1). Case 1 had a
9q deletion region at band q34.12. Case 3, 8, and 10 had an
imbalance in the genomic regions that was associated with the
breakpoints of the t(9;22) at bands q33.3–q34.1. Subsequent FISH
analysis showed ABL1-BCR fusion gene deletion on der (9) in
Case 3 and Case 8 (Figures 1A–C). All of these three cases were
found the ASS1 gene deletion on der(9) (Figures 1D,E). Case 4
had a loss in the short arm of chromosome 2 at band p16.2 and
also in the long arm of chromosome 4 at bands q31.21. Case 5 had
a duplication segment of chromosome 5q at band q13.2. Case 7
was also found a gain region in chromosome 1q43. Case 6 had a
loss in the short arm of chromosome 17 at bands p11.2, which was
confirmed by FISH with BAC clone RP11-45M22 (Figures 1F,G).
Case 9 had a loss in the short arm of chromosome 17 at bands
p12, this large region did not need to confirm. Case 11 had a
101 kb gain of chromosome 22 and two loss regions related to
9q34.12 and 22q11.23. Detail information of 11 patients who
revealed CNVs can be found in Supplementary Material. Basic
information of the 49 patients who received array-CGH tests can
be found in Supplementary Table 1.

DISCUSSION

Additional chromosomal aberrations at the cytogenetic
[+der(22), +8, i(17q), and +19] levels, along with a
Ph+ chromosome, occurs during the course of CML and is
strongly associated with disease progression and poor treatment
outcomes (Alpar et al., 2012; van der Sligte et al., 2014). Generally
speaking, patients presenting with only t(9;22)(q34;q11)

anomalies may have subtle genomic segmental alterations that
conventional cytogenetic analysis can’t detect.

In a previous pilot study using whole genomic oligonucleotide
array-CGH analysis in 19 CML patients with the Ph chromosome
as the sole aberration, it was demonstrated that subtle genomic
copy changes are relatively common (Lu et al., 2012).

Here, an additional 49 CML patient samples positive for
t(9;22), but negative for secondary chromosomal changes
according to G-banded chromosomal analysis, were collected.
Array-CGH was performed to identify subtly acquired genomic
CNVs. Regional alterations involving 2p16, 5q13, 17p12, 19q13,
9q34, and 22q11 were observed in this study. Although the
span of the aberrations were not completely identical, this
finding is similar to those reported previously (Nowak et al.,
2010; Nadarajan et al., 2011). Conversely, many alterations were
also identified showing little resemblance to other array-CGH
analyses in CML patients (Hosoya et al., 2006). The lack of
specific recurring lesions might indicate the marked genomic
heterogeneity of CML cells and its inherent genomic instability
as the disease progresses. The overlapping region of imbalance
among the five patients with 9q34 deletions was localized.
A recurrent deletion of the ABL1-BCR fusion gene and ASS1
gene, which were located in the 9q33.3-q34.12 region, could be
observed in two and three cases, respectively. Other CNVs were
randomly distributed on different autosomes.

Loss of 9q34 and 22q11 were the most common alterations
and were considered as lesions acquired during the initial
genesis of the Ph chromosome. These usually derive from
the sequence proximal to ABL1 but distal to BCR in the
derivative chromosome 9 [der(9)]. Seen in 10% of CML patients,
these variants are associated with poor prognosis (Egan and
Radich, 2016). The extent of copy number loss on der(9) varies
substantially. A study conducted by Fourouclas et al. (2006)
showed that larger deletions (>1.4 Mb) might lead to poorer
overall survival because more tumor suppressor genes might be
affected. Previous reports have indicated that adverse prognostic
effects of ABL1-BCR deletions on derivative chromosome 9
[der(9)] are present in CML patients (Loncarevic et al., 2002).
A recent study conducted by Chandran et al. (2018) performed
FISH analysis in 489 patients at different stages of CML. Their
findings suggest that CML patients in the accelerated phase or
in blast crisis (AP/BC) with der(9) deletions show poor response
to IM therapy. However, for CML patients in the chronic phase
(CP), deletion of ABL1-BCR did not result in poor response to
imatinib or lower rates of either complete cytogenetic or major
molecular responses (Quintas-Cardama et al., 2011; Svabek et al.,
2018). While it suggested that clonal copy number aberrations
remain a hallmark of disease progression (Shao et al., 2015),
the mechanism of the disease progression has not been fully
illustrated. Due to the relatively small sample size in this study,
the relationship between CML phase and CNVs cannot be further
studied. Further investigations may be needed to determine
whether specific CNVs can correctly distinguish CML-CP from
CML-AP/BC patients. While an association between deletions
in chromosome 22 and prognosis has not been established, it
was shown that copy number gain of GSTT1 in 22q11.23 was
frequently observed in patients who did not respond well to the
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TABLE 1 | Ph+ chronic myeloid leukemia (CML) patients with copy number variants (CNVs).

Case Gender Age Diagnosis Conventional cytogenetics Chr Cytoband Size (kb) Start (bp) Stop (bp)

Loss gain

1 M 80 BC 46,XX,t(9;22)(q34;q11.2)[20].nuc
ish (ABL1,BCR)x3(ABL1 con
BCRx2)[195/200]

9 q34.12 105.69 133576051 133681919

2 F 71 CP 46,XX,t(9;22)(q34;q11.2)[20] 19 q13.33 73.946 48212252 48286197

3 M 69 CP 46,XX,t(9;22)(q34;q11.2)[20] 9 q33.3–q34.12 3,368.571 130211514 133580084

22 q11.23–q12.1 3,345.445 23634972 26980416

4 M 67 CP 46,XX,t(9;22)(q34;q11.2)[17].nuc
ish (ABL1,BCR)x3(ABL1 con
BCRx2)[198/200]

2 p16.2 222.463 54564146 54786608

4 q31.21 2097.826 142143472 144241297

5 M 36 CP 46,XX,t(9;22)(q34;q11.2)[20].nuc
ish (ABL1,BCR)x3(ABL1 con
BCRx2)[196/200]

5 q13.2 2127.377 68728731 70856107

6 F – CP 46,XX,t(9;22)(q34;q11.2)[20] 17 p11.2 613 16581147 17194128

7 F 21 CP 46,XX,t(9;22)(q34;q11.2)[22] 1 q43 405 239954040 240359460

8 M – CP 46,XX,t(9;22)(q34;q11.2)[20] 2 p14 840.474 65033335 65873808

9 q33.3–q34.12 4064.166 129644449 133708614

22 q11.23 1126.469 23634972 24761440

9 M 35 CP 46,XX,t(9;22)(q34;q11.2)[19].nuc
ish (ABL1,BCR)x3(ABL1 con
BCRx2)[196/200]

17 p12 1342 14100118 15442206

10 F 26 CP 46,XX,t(9;22)(q34;q11.2)[20].nuc
ish (ABL1,BCR)x3(ABL1 con
BCRx2)[200/200]

9 q34.11–q34.12 692 132870231 133562475

11 M 65 BC 46,XX,t(9;22)(q34;q11.2)[20] 9 q34.12 119.087 133595219 133714305

22 q11.23 1073.861 23633252 24707112

22 q11.23–q12.1 101.297 25809371 25910667

escalated imatinib dose. The gain of GSTT1 was therefore found
to be an independent predictive factor for short, progression-free
survival in these patients (Banerjee, 2013).

Fluorescence in situ hybridization analysis showed that the
ASS1 gene deletion could be detected in three cases (cases
3, 8, and 10). Expressed in most body tissue, the ASS1
gene encodes argininosuccinate synthetase-1. Several studies
focused on various tumors have shown that ASS1 may have a
tumor suppressor function. Notably, ASS1 deficiency has been
associated with clinically aggressive states of nasopharyngeal
carcinoma and pancreatic ductal adenocarcinoma (Lan et al.,
2014; Liu et al., 2017). Similarly, patients with urinary bladder
high-grade neuroendocrine carcinomas (HGNECs) have shown
an absence of ASS1 expression. Such individuals may therefore
be candidates for arginine deprivation therapy using drugs
such as ADI-PEG 20 (Gupta et al., 2018). However, ASS1 also
has oncogenic potential in gastric cancer and hepatocellular
adenoma (Henriet et al., 2017; Tsai et al., 2018). Rabinovich
et al. (2015) demonstrated that the decreased activity of
ASS1 in cancer increases cytosolic aspartate levels. As a
result, this increases carbamoyl-phosphate synthase 2, aspartate
transcarbamylase, and dihydroorotase complex (CAD) activation
by upregulating the availability of its substrate and by increasing
its phosphorylation by S6K1 through the mammalian target
of rapamycin (mTOR) pathway. Therefore, by blocking citrin

and decreasing CAD activity, mTOR signaling or pyrimidine
synthesis decreases proliferation. This may serve as a therapeutic
strategy in multiple cancers where ASS1 is downregulated.
Collectively, the effect of the ASS1 deletion in CML should be
further considered.

Another related gene involved in the deletion region of the
above three cases is PRDM12 which encodes a member of a
family of transcriptional regulators that participate in the control
of vertebrate neurogenesis (Mzoughi et al., 2016). Reid and
Nacheva (2004) identified a patient with an aggressive form
of CML harboring a submicroscopic insertion of sequences
from chromosome 9q34.1 into chromosome 7q35. The PRDM12
and FUBP3 genes were included in this insertion. It was
therefore hypothesized that loss of PRDM12 expression could be
responsible for the aggressive state of the disease in this patient.

In case 9, the size of the 17p11.2 deletion was 0.61 Mb and
affected five genes (FLCN, TNFRSF13B, MPRIP, COPS3, and
PLD6). Birt-Hogg-Dube disease is caused by mutations in the
folliculin (FLCN) gene through which 30–45% of cases develop
renal cell carcinoma (RCC). While the tumor suppressor activity
of FLCN was confirmed by nude mouse xenograft assays of two
human RCC cell lines with either diminished or re-expressed
FLCN (Hudon et al., 2010), a recent report showed a 14-year-old
patient with early-onset bulky RCC harboring a deletion in
FLCN exon 5 (Schneider et al., 2018). Furthermore, somatic
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FIGURE 1 | Results of confirmatory Fluorescence in situ hybridization (FISH) analyses. From panels (A–E), the green signal represents BCR gene on 22q11.2, the
red and aqua signals on 9q34 represent ABL1 and ASS gene, respectively. The yellow signal represents BCR-ABL fusion gene. (A) FISH analysis using metaphase
of case 3 confirmed the array-CGH finding, it had only one yellow fusion signal on der(22) and deletion of ABL-BCR fusion gene on der(9). (B) FISH test using DNA
probes specific for BCR-ABL fusion gene of Case 8, indicate that one of the fusion gene ABL-BCR on der(9) was deleted. Only one ASS signal (aqua) can be seen,
indicating ASS1 gene deleted. (C) Metaphase of Case 8. (D) This result confirms the deletion of 9q34 on the ASS gene of Case 10, which is associated with the
disease. (E) Metaphase of Case 10. As for panels (F,G), the FLCN gene located at chromosome 17p11.2. In Case 6, the FISH analysis showed normal hybridization
signal patterns in the interphase (F) and one FLCN gene deletion in the interphase (G).

frameshift mutations in the FLCN exon 11 C(8) mononucleotide
tract were detected in more than 20% of colorectal cancers,
suggesting that FLCN inactivation might contribute to colorectal
tumorigenesis (Nahorski et al., 2010). However, while the
molecular functions of FLCN are poorly understood, indirect
interactions between FLCN and 5′ AMP-activated protein
kinase (AMPK) in the mTOR complex 1 (mTORC1) signaling
networks have been firmly established. These interactions are
known to be mediated by the novel FLCN -interacting proteins
1 and 2 (FNIP1 and FNIP2; Baba et al., 2006). Although, several
kinds of tyrosine kinase inhibitors are widely used in the

treatment of CML, a proportion of patients may still develop
into BCR-ABL-independent resistance. Potentially contributing
to chemotherapy resistance, constitutive activation of the
phosphatidylinositol 3-kinase/protein kinase B/mammalian
target of rapamycin (PI3K/Akt/mTOR) signaling pathway
has been observed in CML (Dinner and Platanias, 2016).
A recent study showed that combined mTOR and autophagy
inhibition may provide an attractive approach to target a
BCR-ABL-independent mechanism of resistance (Mitchell
et al., 2018). It would be an interesting point for further
investigation.
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In case 8, the loss of 9q33.3 was observed and affected
the RALFPS1 and ANGPTL2 genes. ANGPTL2 contributes
to proliferation and invasion of gastric cancer cells (Sheng
et al., 2016). Since serum ANGPTL2 levels were significantly
increased in patients with non-small cell lung cancer, it could
serve as a novel potential diagnostic and prognostic biomarker
(Chen et al., 2017). Angptl2 fosters the polarization of tumor-
associated macrophages (TAMs) through the p65 nuclear factor-
kappa B (NF-κB) pathway and functional M2 phenotype (Wei
et al., 2017). Deng et al. (2014) revealed that Angptl2 binds to
leukocyte immunoglobulin (Ig)-like receptor B2 (LILRB2) and
activates subsequent downstream signaling. This has enabled the
development of a new approach for ex vivo expansion of human
HSC and leukemia development, which might have great value
for future therapy.

CONCLUSION

In summary, the findings demonstrate that CNVs are relatively
common in CML patients with a pure Ph+ chromosome.
These cryptic genomic changes were genetically identified by
array-CGH and harbored tumor-related genes which may be
drivers of disease progression in CML for individual patients.
This, followed up with targeted gene studies, should be further
evaluated for clinical significance and influence on therapeutic
approaches which may open many avenues for research into
clinical studies and the behavior of CML.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from
the corresponding author upon reasonable request.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by the Institutional Review Board (IRB)
of the Oklahoma University (IRB number: 2250). The
patients/participants provided their written informed consent
to participate in this study.

AUTHOR CONTRIBUTIONS

SL and LZ conceived and supervised the study. XWx obtained the
financial support. HZ, XXW, ML, and YR involved in analysis
and interpretation of the data, and drafting the manuscript. YK
and XFW performed the array-CGH. XL, HP, GL, YG, MS, YS,
CZ, YZ, and JZ carried out the FISH analysis. SL, LZ, XXW, and
HZ revised the manuscript. All authors read and approved the
final manuscript.

FUNDING

This study was mainly supported by the National Natural Science
Foundation of China grant (81900153) to XXW.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2021.697009/full#supplementary-material

REFERENCES
Alpar, D., de Jong, D., Savola, S., Yigittop, H., Kajtar, B., Kereskai, L., et al. (2012).

MLPA is a powerful tool for detecting lymphoblastic transformation in chronic
myeloid leukemia and revealing the clonal origin of relapse in pediatric acute
lymphoblastic leukemia. Cancer Genet. 205, 465–469. doi: 10.1016/j.cancergen.
2012.05.007

Baba, M., Hong, S. B., Sharma, N., Warren, M. B., Nickerson, M. L., Iwamatsu,
A., et al. (2006). Folliculin encoded by the BHD gene interacts with a binding
protein, FNIP1, and AMPK, and is involved in AMPK and mTOR signaling.
Proc. Natl. Acad. Sci. U S A 103, 15552–15557. doi: 10.1073/pnas.0603781103

Banerjee, D. (2013). Array comparative genomic hybridization: an overview of
protocols, applications, and technology trends. Methods Mol. Biol. 973, 1–13.
doi: 10.1007/978-1-62703-281-0_1

Chandran, R. K., Geetha, N., Sakthivel, K. M., Aswathy, C. G., Gopinath, P., Nair,
J., et al. (2018). Prognostic Implications of Derivative Chromosome 9 Deletions
in Patients with Advanced-Stage Chronic Myelogenous Leukemia. J. Environ.
Pathol. Toxicol. Oncol. 37, 117–126. doi: 10.1615/JEnvironPatholToxicolOncol.
2018026023

Chen, Y., Jiang, H., Zhu, L., Wang, P., Liu, S., Xiao, X., et al. (2017). Diagnostic
and Prognostic Value of Serum Angiopoietin-Like Protein 2 in Patients with
Non-Small Cell Lung Cancer. Clin. Lab. 63, 59–65. doi: 10.7754/Clin.Lab.2016.
160528

Deng, M., Lu, Z., Zheng, J., Wan, X., Chen, X., Hirayasu, K., et al. (2014). A motif
in LILRB2 critical for Angptl2 binding and activation. Blood 124, 924–935.
doi: 10.1182/blood-2014-01-549162

Dinner, S., and Platanias, L. C. (2016). Targeting the mTOR Pathway in Leukemia.
J. Cell Biochem. 117, 1745–1752. doi: 10.1002/jcb.25559

Egan, D., and Radich, J. (2016). Making the diagnosis, the tools, and risk
stratification: More than just BCR-ABL. Best Pract. Res. Clin. Haematol. 29,
252–263. doi: 10.1016/j.beha.2016.10.015

Fabarius, A., Kalmanti, L., Dietz, C. T., Lauseker, M., Rinaldetti, S., Haferlach, C.,
et al. (2015). Impact of unbalanced minor route versus major route karyotypes
at diagnosis on prognosis of CML. Ann. Hematol. 94, 2015–2024. doi: 10.1007/
s00277-015-2494-9

Fabarius, A., Leitner, A., Hochhaus, A., Muller, M. C., Hanfstein, B., Haferlach,
C., et al. (2011). Impact of additional cytogenetic aberrations at diagnosis on
prognosis of CML: long-term observation of 1151 patients from the randomized
CML Study IV. Blood 118, 6760–6768. doi: 10.1182/blood-2011-08-373902

Fourouclas, N., Campbell, P. J., Bench, A. J., Swanton, S., Baxter, E. J., Huntly,
B. J., et al. (2006). Size matters: the prognostic implications of large and
small deletions of the derivative 9 chromosome in chronic myeloid leukemia.
Haematologica 91, 952–955.

Gupta, S., Sahu, D., Bomalaski, J. S., Frank, I., Boorjian, S. A., Thapa, P.,
et al. (2018). Argininosuccinate Synthetase-1 (ASS1) Loss in High-Grade
Neuroendocrine Carcinomas of the Urinary Bladder: Implications for Targeted
Therapy with ADI-PEG 20. Endocr. Pathol. 2018:9. doi: 10.1007/s12022-018-
9516-9

Henriet, E., Abou Hammoud, A., Dupuy, J. W., Dartigues, B., Ezzoukry, Z., Dugot-
Senant, N., et al. (2017). Argininosuccinate synthase 1 (ASS1): A marker of
unclassified hepatocellular adenoma and high bleeding risk. Hepatology 66,
2016–2028. doi: 10.1002/hep.29336

Frontiers in Genetics | www.frontiersin.org 6 August 2021 | Volume 12 | Article 697009

https://www.frontiersin.org/articles/10.3389/fgene.2021.697009/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2021.697009/full#supplementary-material
https://doi.org/10.1016/j.cancergen.2012.05.007
https://doi.org/10.1016/j.cancergen.2012.05.007
https://doi.org/10.1073/pnas.0603781103
https://doi.org/10.1007/978-1-62703-281-0_1
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2018026023
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2018026023
https://doi.org/10.7754/Clin.Lab.2016.160528
https://doi.org/10.7754/Clin.Lab.2016.160528
https://doi.org/10.1182/blood-2014-01-549162
https://doi.org/10.1002/jcb.25559
https://doi.org/10.1016/j.beha.2016.10.015
https://doi.org/10.1007/s00277-015-2494-9
https://doi.org/10.1007/s00277-015-2494-9
https://doi.org/10.1182/blood-2011-08-373902
https://doi.org/10.1007/s12022-018-9516-9
https://doi.org/10.1007/s12022-018-9516-9
https://doi.org/10.1002/hep.29336
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-697009 August 4, 2021 Time: 13:50 # 7

Zhang et al. Genomic CNVs in CML

Hochhaus, A., and La Rosee, P. (2004). Imatinib therapy in chronic myelogenous
leukemia: strategies to avoid and overcome resistance. Leukemia 18, 1321–1331.
doi: 10.1038/sj.leu.2403426

Hosoya, N., Sanada, M., Nannya, Y., Nakazaki, K., Wang, L., Hangaishi, A.,
et al. (2006). Genomewide screening of DNA copy number changes in chronic
myelogenous leukemia with the use of high-resolution array-based comparative
genomic hybridization. Genes Chrom. Cancer 45, 482–494. doi: 10.1002/gcc.
20303

Hudon, V., Sabourin, S., Dydensborg, A. B., Kottis, V., Ghazi, A., Paquet, M., et al.
(2010). Renal tumour suppressor function of the Birt-Hogg-Dube syndrome
gene product folliculin. J. Med. Genet. 47, 182–189. doi: 10.1136/jmg.2009.
072009

Kolomietz, E., Al-Maghrabi, J., Brennan, S., Karaskova, J., Minkin, S., Lipton, J.,
et al. (2001). Primary chromosomal rearrangements of leukemia are frequently
accompanied by extensive submicroscopic deletions and may lead to altered
prognosis. Blood 97, 3581–3588.

Lan, J., Tai, H. C., Lee, S. W., Chen, T. J., Huang, H. Y., and Li, C. F. (2014).
Deficiency in expression and epigenetic DNA Methylation of ASS1 gene
in nasopharyngeal carcinoma: negative prognostic impact and therapeutic
relevance. Tumour Biol. 35, 161–169. doi: 10.1007/s13277-013-1020-8

Lavrov, A. V., Ustaeva, O. A., Adilgereeva, E. P., Smirnikhina, S. A., Chelysheva,
E. Y., Shukhov, O. A., et al. (2017). Copy number variation analysis in
cytochromes and glutathione S-transferases may predict efficacy of tyrosine
kinase inhibitors in chronic myeloid leukemia. PLoS One 12:e0182901. doi:
10.1371/journal.pone.0182901

Liu, Q., Stewart, J., Wang, H., Rashid, A., Zhao, J., Katz, M. H., et al.
(2017). Reduced expression of argininosuccinate synthetase 1 has a negative
prognostic impact in patients with pancreatic ductal adenocarcinoma. PLoS
One 12:e0171985. doi: 10.1371/journal.pone.0171985

Loncarevic, I. F., Romer, J., Starke, H., Heller, A., Bleck, C., Ziegler, M., et al. (2002).
Heterogenic molecular basis for loss of ABL1-BCR transcription: deletions in
der(9)t(9;22) and variants of standard t(9;22) in BCR-ABL1-positive chronic
myeloid leukemia. Genes Chrom. Cancer 34, 193–200. doi: 10.1002/gcc.10056

Lu, X., Wang, X., Kim, Y., Zhang, R., Li, S., and Lee, J. Y. (2012). Acquired genomic
copy number changes in CML patients with the Philadelphia chromosome
(Ph+). Cancer Genet. 205, 513–518. doi: 10.1016/j.cancergen.2012.08.004

Luatti, S., Castagnetti, F., Marzocchi, G., Baldazzi, C., Gugliotta, G., and Iacobucci,
I. (2012). Additional chromosomal abnormalities in Philadelphia-positive
clone: adverse prognostic influence on frontline imatinib therapy: a GIMEMA
Working Party on CML analysis. Blood 120, 761–767. doi: 10.1182/blood-2011-
10-384651

McGowan-Jordan, J., Simons, A., and Schmid, M. (2016). “International
standing committee on human cytogenomic nomenclature,” in ISCN:
An International System for Human Cytogenomic Nomenclature,
(New York, NY: Karger).

Mitchell, R., Hopcroft, L. E. M., Baquero, P., Allan, E. K., Hewit, K., James,
D., et al. (2018). Targeting BCR-ABL-Independent TKI Resistance in Chronic
Myeloid Leukemia by mTOR and Autophagy Inhibition. J. Natl. Cancer Inst.
110, 467–478. doi: 10.1093/jnci/djx236

Muvarak, N., Nagaria, P., and Rassool, F. V. (2012). Genomic instability in chronic
myeloid leukemia: targets for therapy? Curr. Hematol. Malig. Rep. 7, 94–102.
doi: 10.1007/s11899-012-0119-0

Mzoughi, S., Tan, Y. X., Low, D., and Guccione, E. (2016). The role of PRDMs in
cancer: one family, two sides. Curr. Opin. Genet. Dev. 36, 83–91. doi: 10.1016/j.
gde.2016.03.009

Nadarajan, V. S., Phan, C. L., Ang, C. H., Liang, K. L., Gan, G. G., Bee, P. C.,
et al. (2011). Identification of copy number alterations by array comparative
genomic hybridization in patients with late chronic or accelerated phase chronic
myeloid leukemia treated with imatinib mesylate. Int. J. Hematol. 93, 465–473.
doi: 10.1007/s12185-011-0796-9

Nahorski, M. S., Lim, D. H., Martin, L., Gille, J. J., McKay, K., Rehal, P. K., et al.
(2010). Investigation of the Birt-Hogg-Dube tumour suppressor gene (FLCN)
in familial and sporadic colorectal cancer. J. Med. Genet. 47, 385–390. doi:
10.1136/jmg.2009.073304

Nowak, D., Ogawa, S., Muschen, M., Kato, M., Kawamata, N., Meixel, A.,
et al. (2010). SNP array analysis of tyrosine kinase inhibitor-resistant chronic
myeloid leukemia identifies heterogeneous secondary genomic alterations.
Blood 115, 1049–1053. doi: 10.1182/blood-2009-03-210377

Quintas-Cardama, A., Kantarjian, H., Shan, J., Jabbour, E., Abruzzo, L. V.,
Verstovsek, S., et al. (2011). Prognostic impact of deletions of derivative
chromosome 9 in patients with chronic myelogenous leukemia treated with
nilotinib or dasatinib. Cancer 117, 5085–5093. doi: 10.1002/cncr.26147

Rabinovich, S., Adler, L., Yizhak, K., Sarver, A., Silberman, A., Agron, S., et al.
(2015). Diversion of aspartate in ASS1-deficient tumours fosters de novo
pyrimidine synthesis. Nature 527, 379–383. doi: 10.1038/nature15529

Reid, A. G., and Nacheva, E. P. (2004). A potential role for PRDM12 in the
pathogenesis of chronic myeloid leukaemia with derivative chromosome 9
deletion. Leukemia 18, 178–180. doi: 10.1038/sj.leu.2403162

Ren, R. (2005). Mechanisms of BCR-ABL in the pathogenesis of chronic
myelogenous leukaemia. Nat. Rev. Cancer 5, 172–183. doi: 10.1038/nrc1567

Schneider, M., Dinkelborg, K., Xiao, X., Chan-Smutko, G., Hruska, K., Huang, D.,
et al. (2018). Early onset renal cell carcinoma in an adolescent girl with germline
FLCN exon 5 deletion. Fam. Cancer 17, 135–139. doi: 10.1007/s10689-017-
0008-8

Shao, L., Miller, S., Keller-Ramey, J., Zhang, Y., and Roulston, D. (2015).
Cytogenetic, fluorescence in situ hybridization, and genomic array
characterization of chronic myeloid leukemia with cryptic BCR-ABL1
fusions. Cancer Genet. 208, 396–403. doi: 10.1016/j.cancergen.2015.04.006

Sheng, W. Z., Chen, Y. S., Tu, C. T., He, J., Zhang, B., and Gao, W. D. (2016).
ANGPTL2 expression in gastric cancer tissues and cells and its biological
behavior. World J. Gastroenterol. 22, 10364–10370. doi: 10.3748/wjg.v22.i47.
10364

Soverini, S., Gnani, A., Colarossi, S., Castagnetti, F., Abruzzese, E., Paolini, S., et al.
(2009). Philadelphia-positive patients who already harbor imatinib-resistant
Bcr-Abl kinase domain mutations have a higher likelihood of developing
additional mutations associated with resistance to second- or third-line tyrosine
kinase inhibitors. Blood 114, 2168–2171. doi: 10.1182/blood-2009-01-197186

Svabek, Z. T., Josipovic, M., Horvat, I., Zadro, R., and Davidovic-Mrsic, S. (2018).
The incidence of atypical patterns of BCR-ABL1 rearrangement and molecular-
cytogenetic response to tyrosine kinase inhibitor therapy in newly diagnosed
cases with chronic myeloid leukemia (CML). Blood Res. 53, 152–159. doi: 10.
5045/br.2018.53.2.152

Tsai, C. Y., Chi, H. C., Chi, L. M., Yang, H. Y., Tsai, M. M., Lee, K. F., et al.
(2018). Argininosuccinate synthetase 1 contributes to gastric cancer invasion
and progression by modulating autophagy. FASEB J. 32, 2601–2614. doi: 10.
1096/fj.201700094R

van der Sligte, N. E., Krumbholz, M., Pastorczak, A., Scheijen, B., Tauer, J. T.,
Nowasz, C., et al. (2014). DNA copy number alterations mark disease
progression in paediatric chronic myeloid leukaemia. Br. J. Haematol. 166,
250–253. doi: 10.1111/bjh.12850

Wang, W., Cortes, J. E., Tang, G., Khoury, J. D., Wang, S., Bueso-Ramos, C. E.,
et al. (2016). Risk stratification of chromosomal abnormalities in chronic
myelogenous leukemia in the era of tyrosine kinase inhibitor therapy. Blood
127, 2742–2750. doi: 10.1182/blood-2016-01-690230

Wei, X., Nie, S., Liu, H., Sun, J., Liu, J., Li, J., et al. (2017). Angiopoietin-like
protein 2 facilitates non-small cell lung cancer progression by promoting
the polarization of M2 tumor-associated macrophages. Am. J. Cancer Res. 7,
2220–2233.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Zhang, Liu, Wang, Ren, Kim, Wang, Lu, Pang, Liu, Gu, Sun,
Shi, Zhang, Zhang, Zhang, Li and Zhang. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org 7 August 2021 | Volume 12 | Article 697009

https://doi.org/10.1038/sj.leu.2403426
https://doi.org/10.1002/gcc.20303
https://doi.org/10.1002/gcc.20303
https://doi.org/10.1136/jmg.2009.072009
https://doi.org/10.1136/jmg.2009.072009
https://doi.org/10.1007/s13277-013-1020-8
https://doi.org/10.1371/journal.pone.0182901
https://doi.org/10.1371/journal.pone.0182901
https://doi.org/10.1371/journal.pone.0171985
https://doi.org/10.1002/gcc.10056
https://doi.org/10.1016/j.cancergen.2012.08.004
https://doi.org/10.1182/blood-2011-10-384651
https://doi.org/10.1182/blood-2011-10-384651
https://doi.org/10.1093/jnci/djx236
https://doi.org/10.1007/s11899-012-0119-0
https://doi.org/10.1016/j.gde.2016.03.009
https://doi.org/10.1016/j.gde.2016.03.009
https://doi.org/10.1007/s12185-011-0796-9
https://doi.org/10.1136/jmg.2009.073304
https://doi.org/10.1136/jmg.2009.073304
https://doi.org/10.1182/blood-2009-03-210377
https://doi.org/10.1002/cncr.26147
https://doi.org/10.1038/nature15529
https://doi.org/10.1038/sj.leu.2403162
https://doi.org/10.1038/nrc1567
https://doi.org/10.1007/s10689-017-0008-8
https://doi.org/10.1007/s10689-017-0008-8
https://doi.org/10.1016/j.cancergen.2015.04.006
https://doi.org/10.3748/wjg.v22.i47.10364
https://doi.org/10.3748/wjg.v22.i47.10364
https://doi.org/10.1182/blood-2009-01-197186
https://doi.org/10.5045/br.2018.53.2.152
https://doi.org/10.5045/br.2018.53.2.152
https://doi.org/10.1096/fj.201700094R
https://doi.org/10.1096/fj.201700094R
https://doi.org/10.1111/bjh.12850
https://doi.org/10.1182/blood-2016-01-690230
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

	Genomic Copy Number Variants in CML Patients With the Philadelphia Chromosome (Ph+): An Update
	Introduction
	Materials and Methods
	Patients
	Conventional Cytogenetic Analysis
	Array-CGH
	Fluorescence in situ Hybridization Confirmation Studies

	Results
	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


