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Abstract
Purpose

Acute myeloid leukemia (AML) is caused by multiple genetic alterations in the hematopoietic progenitors,
and molecular genetic analysis has provided useful information for AML diagnosis and prognosis.
However, an integrative understanding about the prognosis value of speci�c copy number variation (CNV)
and CNV-modulated gene expression has been limited.

Methods

We conducted an integrative analysis of CNV pro�ling and gene expression using data from the TARGET
and TCGA AML cohorts. The CNV data from TCGA were analyzed using the GISTIC. CNV survival
analysis and mRNA survival analysis were conducted with the Multivariate Cox proportional hazards
regression model using R software with “survminer” and “survival” packages. KEGG cancer panel genes
were extracted from the cancer related pathways from Kyoto Encyclopedia of Genes and Genomes
(KEGG). The R package “circlize” was used for mapping the CNV genes to chromosomes.

Results

From this investigation, we observed distinct CNV patterns in the AML risk groups as well as the
expression of 251 genes signi�cantly modulated by CNV in both cohorts. There were 102 CNV genes
(located at 7q31-34, 16q24) associated with clinical outcomes in AML, which were identi�ed in the
TARGET cohort and validated in the TCGA cohort, three of which being miRNA genes (MIR29A, MIR183,
MIR335) that overlapped with a KEGG cancer panel. Five genes were identi�ed whose expressions were
modulated by CNV and signi�cantly associated with clinical outcomes, and among them, the deletion of
SEMA4D and CBFB were found to potentially have protective effects against AML. Moreover, the
distribution of CNV in these �ve CNV-modulated genes was independent of the risk groups, which
suggests that they are independent prognosis factors.

Conclusion

Overall, this study identi�ed 102 CNV genes and �ve CNV-modulated gene expressions that are crucial for
developing new modes of prognosis evaluation and target therapy for AML. 

Introduction
In 2008, it was newly reported for the �rst time that whole genome sequencing (WGS) was applied for an
acute myeloid leukemia (AML) patient [1]. Today, the molecular analysis has provided large amounts of
useful information for AML diagnosis, prognosis, and treatment[2]. The prognosis study provided the
information of potential outcomes and survival rates, which is crucial for understanding the disease and
improving its treatment[3]. Copy number variation (CNV) is a potential valuable prognosis marker. It is a
type of structural variation that is larger than 50bp, and involves unbalanced rearrangements that result
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in gains or losses of DNA content[4]. CNV drives genome evolution and alters the expressions of genes[5],
which in�uence the progress of diseases such as cancers [6]. For example, in acute lymphoblastic
leukemia (ALL) IKZF CNV was identi�ed as a poor prognosis marker[7].

Though the prognosis and diagnosis of AML has shifted from histological analysis to a more
comprehensive analysis such as genetic alteration[8], prognosis needs to be further improved, as about
60% of intermediate risk AML patients respond to therapy variously[9], and the AML patients with rarer
abnormalities need be evaluated even more properly[10]. Moreover, the role of CNV functioning as a
prognosis marker by modulating gene expression in AML remains elusive. Therefore, it is crucial to
investigate the association between CNV and the prognosis of AML in order to better understand the
genetic disorders of the disease. In turn, more novel, reliable predictions of outcomes for AML patients
could arise.

To thoroughly understand the association between CNV and AML, we collected the CNV whole genome
sequencing (WGS) data and gene expression data from the Therapeutically Applicable Research To
Generate Effective Treatments (TARGET) AML cohort, and the CNV Array analysis data and gene
expression data from The Cancer Genome Atlas (TCGA) consortium AML cohort. Through comprehensive
analysis of CNVs and CNV-modulated gene expression-alterations, we show the essential CNV genes
needed for the outcome and survival of AML patients.

Materials And Methods

1. CNV data and gene expression data
 In this study, the TARGET and TCGA AML cohorts were used to analyze the prognostic roles of CNVs and
CNV modulated gene expression. TARGET CNV (WGS data) and mRNA (mRNA and miRNA sequencing)
data were downloaded from target-data.nci.nih.gov. The clinical data, including patient identi�cation,
gender, risk group, age, overall survival time and vital status, were downloaded and pre-processed. The
CNV data (Affymetrix Genome-Wide SNP array 6.0 data), mRNA data (mRNA and miRNA sequencing),
and clinical data of the TCGA AML cohort were downloaded from gdac.broadinstitute.org. All data used
in the study were provided by TARGET and TCGA, therefore ethics approval and written informed consent
were not required.

2. Database preparation
 To reduce the in�uence of different synonyms of genes, the gene names were transferred to “symbol”
based on the �le “gene_info.gz” downloaded from ftp.ncbi.nlm.nih.gov.

KEGG cancer panel genes were extracted from the cancer related pathways using an API from
https://www.genome.jp/kegg/, and 483 genes were included in the KEGG cancer panel.
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3. Statistical analysis

3.1. The data from the primary blood derived cancer groups and solid
normal tissue groups
In TCGA were analyzed separately, using the GISTIC (version 2.0.23) downloaded from
ftp.broadinstitute.org, and parameters were setup as TCGA suggested: the threshold for copy number
ampli�cations was 0.1, the threshold for copy number deletions was 0.1, the maximum number of
segments was 2000, and the signi�cance threshold for q-values was 0.25
(https://docs.gdc.cancer.gov/Data/Bioinformatics_Pipelines/CNV_Pipeline/).

 3.2 CNV survival analysis
The Multivariate Cox proportional hazards regression model (Cox model) were used for identifying
survival-related CNVs in AML patients.

The R package “circlize” was used for mapping the CNV genes to chromosomes.

In TARGET cohorts, 193 patients (96 females and 97 males, median age 9 years) who had integrated CNV
data (WGS data) and clinical data were included for survival analysis. 191 patients (87 females and 104
males, median age 58 years) who had integrated CNV data and clinical data were included for validating
the survival analysis result from TARGET cohorts.

We removed those CNVs occurring in less than 4 samples. For every gene, patients were divided into two
groups, named “normal” or “CNV,” and analyzed with the Cox model adjusted for gender and age. The p-
values were adjusted with “HDR” and the Kaplan-Meier curve was used for visualizing the survival. We
performed all analyses using R software with “survminer” and “survival” packages. 

3.3 mRNA survival analysis
The expressions of mRNA (RPKM) were log2-transformed. In TARGET cohorts, 294 patients (the recurring
patients were excluded) who had integrated mRNA sequencing data and clinical data were included and
analyzed with multivariate Cox proportional hazards regression models adjusted for gender and age, and
univariate Cox proportional hazards regression models for gender or age. We used R “survminer” and
“survival” packages to perform this analysis, and “HDR” to adjust the p values afterwards. The gene
expression data from the 294 TARGET AML cohort (137 females and 157 males, median age 10 years)
were used for exploring the relationship between gene expression and survival. For statistical tests, p <
0.05, and adjusted p < 0.05 were considered signi�cant. In the TCGA AML cohorts, 179 patients (84
females and 95 males, median age 58 years) who had integrated CNV data and clinical data were
included for validating the survival analysis results from the TARGET cohorts.
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3.4 Integrative analysis of gene expression and CNV data
Integrative analysis of gene expression and CNV was performed on 156 patients in the TARGET cohort
and 171 patients in the TCGA cohort. Gene expression was compared between patient groups with
different CNV statuses using the Kruskal test or Wilcox test. The p values were adjusted with “HDR,” and p
< 0.05 and adjusted p < 0.2 (“HDR”) was considered to be statistically signi�cant. 

4. VENN graphic presentations
 VENN diagrams were plotted with the R package “VennDiagram”.

Results

1. Distribution of the CNV
The CNV data (WGS) from 193 TARGET AML cohort patients (96 females and 97 males, median age 9
years), and the CNV data (SNP array) from 191 TCGA cohort patients (87 females and 104 males, median
age 58 years) were used to investigate the distribution of CNV in AML.

The results of the TARGET AML cohort showed that the distribution of CNV in 99.6% (17507/17586) of
said genes were below 6%; however, the other 35 CNV genes were above 90%. By contrast, the distribution
of CNVs in the TCGA cohort were at most 14.1% (Fig 1A).

Consistent with a previous report[9], this study showed that CNVs were not randomly distributed in the
chromosomes. Ampli�cations were more frequent in chromosomes 1,8,19, 21, and 22 of the TARGET
cohort and TCGA cohorts, and deletions were more frequent in chromosomes 7, 16, and X. There were
few CNVs in the normal tissues compared to the AML samples (Fig1 B).

The results also showed distinct CNV distribution patterns in three risk groups in the TARGET cohort.
CNVs occurred most frequently in the standard risk group; in the high risk groups, there were more
frequent ampli�cations in chromosome 7 and more frequent deletions in chromosome 19; deletions in
chromosome 7 frequently occurred in the standard and low risk groups; ampli�cation in chromosome X
mainly occurred in the standard group, and deletions in chromosome X mainly occurred in the low risk
group.

2. Integrative analysis of gene expressions in concordance
with CNV
It has been demonstrated that modulating gene expression is one of the most important ways for CNV to
play diversi�ed roles in diseases[11-14]. In this study, the results showed that 5022 gene expressions in
TCGA were signi�cantly modulated by CNV (p <0.05, adjusted p <0.2) and 577 genes in TARGET were
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signi�cantly associated with CNV (p <0.05, adjusted p <0.2). 251 genes overlapped in both cohorts
(supplementary table 1), and among them 52.5% (132/251) gene-speci�c CNVs were located in
chromosome 19 (19q13, 19p13) (Fig 2A), and four genes overlapped with the KEGG cancer panel,
including KEAP1, SIRT6, RHEB and DNMT1 (Fig 2B).

3. Prognostic value of CNV in AML
To further explore the prognostic values of CNVs, a Multivariate Cox proportional hazards regression
model analysis was performed on the TARGET cohort, adjusted with age and gender (p < 0.05, adjusted p
< 0.05). There were 758 CNV genes found to be signi�cantly associated with patient survival. Among
them, 102 CNV genes overlapped with the TCGA AML cohorts (p < 0.05) (supplementary table 2),
including 7 lncRNA and 10 miRNA genes, implicating potential gene regulating capabilities.

Moreover, the CNV genes with the largest probability of high risk were located at chromosome 7 and 16
(7q31,7q32, 7q33, 7q34, 16q24.1) (Fig 3A). In addition, it was observed that 7.8% (8/102) of these CNVs
modulated gene expression in the TARGET cohort and 52.0% (53/102) of these CNVs modulated gene
expression in the TCGA cohort respectively (Fig 3C).

We also compared these 102 genes with the KEGG cancer panel and found that three miRNA genes
(MIR29A, MIR183, MIR335) overlapped with said panel (Fig 2B). COX model analyzing adjusted for age
and gender additionally showed that MIR335 expression (miRNA sequencing data) was associated with
survival in the TARGET cohort (n = 300, p = 0.015, HR: 0.911 95%:0.844-0.982, Fig 3DE).

4. Identi�cation of CNV-modulated genes expressions
associated with survival
The results showed that 2058 gene expressions were associated with survival in the TARGET AML cohort,
268 of which were validated in the TCGA cohort. Among these 268 genes were 7 CNV-regulated genes
associated with survival in the TARGET cohort, and 87 CNV-regulated genes associated with survival in
the TCGA AML cohort (Fig 4A). Furthermore, there were 5 genes in both cohorts whose expressions were
associated with survival and also overlapped with concordant CNV directions, including CBFB (16q22),
CHAF1B (21q22), DNMT1 (19p13), SAE1 (19q13) and SEMA4D (9q22) (Fig4 B). The effects of CNV on the
expression of these �ve genes were shown in Fig4 C-L, and deletions of CBFB and SEMA4D
downregulated the gene expressions, which implicated that CNVs of CBFB and SEMA4D may be
protective, and ampli�cation of CHAF1B, SAE1, and DNMT1 upregulated the gene expression.

Additionally, these CNVs were independent from the risk groups; in the TARGET cohort, they occurred
more frequently in standard-risk patients, and in the TCGA cohort, they occurred more frequently in high-
risk patients (Fig4 M). 
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Discussion
Using a large number of subjects from the TARGET and TCGA AML cohorts, this study demonstrated not
only the association between many gene-speci�c SNVs and AML prognosis but also provided valuable
potential AML prognosis markers. Our study showed that the CNVs occurred with distinct patterns in AML
risk groups; 251 genes whose expressions were modulated by CNV were identi�ed in both cohorts, and
among them were 4 genes that overlapped with the KEGG cancer panel. Additionally, 102 CNV genes
directly associated with the survival of AML were identi�ed and located on chromosomes 7 and 16, and
among them there were three miRNA genes that overlapped with the KEGG cancer panel; we also
identi�ed the �ve gene expressions modulated by CNV that have vital effects on the survival of subjects,
and had no obvious relationship with risk groups in the two cohorts (Figure 5). The identi�cation of these
CNVs is crucial for developing new modes of prognosis evaluation and target therapy.

The array data were used on CNV analysis in previous AML studies [9, 15-17]. In this study, we used GWS
data from TARGET to discover valuable CNV markers and validated them with the array data from TCGA.
The CNV in the TARGET cohort showed a different distribution pattern than the TCGA cohort, which may
be due to different approaches. A previous study indicated that GWS is the most powerful approach
because of its high sensitivity and ability to provide accurate breakpoint information[18], whereas the
resolution capacity of Array is limited[4]. In relation to the distribution of CNV frequency in the
chromosomes, our study showed more frequent ampli�cations on chromosomes 8, 11 and 21, and more
frequent deletions on chromosome 7, which is in consistent with O Nibourel et al’s study[9]. Comparing
the TCGA cohort with the normal tissues of AML subjects, CNVs occurred in AML tissues more frequently,
supporting the crucial role of CNVs on cancer[19]. Distinct distribution patterns of CNV in risk-groups
suggests that CNV is a potential risk strati�cation marker, which needs to be further studied and
validated.

Modulating gene expression is the major approach for CNVs to play biological roles. In this study, it was
observed that a large part of gene expressions (28.5% genes (5022/17627) in the TCGA cohort, 7.4%
genes (577/7839) in TARGET cohort) were modulated by CNV. And there were 251 overlapping genes in
both cohorts, and the distribution of these genes in the chromosomes showed a similar pattern with the
distribution of CNV, suggesting that CNV modulating expression is widespread in CNV. The different
percentages of modulating in the two cohorts may be due to different CNV analysis approaches used.

Through survival analysis using the COX model, this study identi�ed the 102 CNV genes that locate at
7q31,7q32, 7q33, 7q34, and 16q24.1. Deletion in 7q33-34 has been previously reported[15]. Moreover,
these 102 CNV genes included 7 lncRNA and 10 miRNA genes, which implicated potential gene regulating
capability, as lncRNA and miRNA function as master regulators of gene expression[20, 21]. Furthermore,
three miRNA genes (MIR29A, MIR183, MIR335) overlapped with cancer (KEGG cancer). It has been
reported that miR-29a is a key epigenetic regulator and has crucial roles in cancers including AML[22],
and that miR-335 is involved in diverse cancers including AML[23], and our result indicated that the high
expression level of miR-335 is a protective factor.
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This study also identi�ed 5 CNV genes that, through regulating gene expression, indirectly affected the
outcomes of patients; among them, deletions of CBFB and SEMA4D induced down-regulating expression
that may be protective. Moreover, these CNV distributions were independent from risk groups, which
suggests that they may be independent prognostic markers. Previous studies have shown that some of
them were associated with AML. CBFB forms fusion genes CBFB/MYH11, which block differentiation in
AML[24], but the deletion of CBFB usually was accompanied with the deletion of MYH11, and the deletion
of MYH11/CBFB had no negative effect on the prognosis[25]. Our �ndings suggested deletion-induced
downregulating CBFB expression has positive effects on the prognosis. Elevated expressions of
OCHAF1B were observed in leukemia and are critical for leukemogenesis and maintaining the
undifferentiated state of leukemia cells, and heterozygous deletions of Chaf1b in mice block
leukemogenesis[26], and the results of this study showed that in both cohorts, CNV ampli�cation of
OCHAF1B led to expression upregulations and a negative prognosis. DNMT1, a member of DNA
methyltransferases, was up-regulated and considered to be a potential oncogene in AML through down-
regulating p15 expression, and our result showed that CNV-modulated upregulating DNMT1 expressions
may lead to bad outcomes in AML patients. SAE1 is a key molecule in the small ubiquitin (Ub)-like
modi�er (SUMO) pathway, and promyelocytic leukemia protein (PML) and fusion protein PML–RARα
(retinoic acid receptor-α) fusion oncoprotein are substrates of the SUMO pathway[27], but no direct
association between SAE1 and AML was reported, and our study found that upregulated SAE1 expression
derived from CNV ampli�cations were associated with poor outcomes. SEMA4D was considered a good
predictor for worse clinical outcome[28], and our �ndings showed that deletion of SEMA4D induced
downregulated expression was protective.

Conclusion
In conclusion, our study identi�ed 102 CNV genes (7q31-34, 16q24) associated with a higher risk of
worse outcomes, 5 CNV-modulating gene expressions associated with the risk of the patients’ outcomes,
and found that deletion of SEMA4D and CBFB might have protective effects.
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Figures
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Figure 1

Genome-wide distribution of CNV speci�c genes in two AML cohorts. (a) Distribution of CNV percentages
in the TARGET AML cohort (n= 193), TCGA AML cohort (n=191) and TCGA-normal tissue(n=189). (b)
Frequency of cumulative CNV counts (total CNV counts of all patients) in chromosome map locations. (c)
Frequency of cumulative CNV counts (mean CNV counts of every patient) in chromosome map locations.
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Figure 2

Distribution of genes modulated by CNV. (a) The distribution in chromosome map locations of the genes
(n=251) whose expressions were signi�cantly modulated by CNV in both cohorts. (b) Venn diagram
showed the relationship of the genes modulated by CNV and the KEGG cancer panel.
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Figure 3

The distribution of CNV genes associated with the survival of AML patients. (b) Zooming diagram
showed the chromosome map locations of CNV genes associated with the outcomes of patients. (b)
Venn diagram showed the relationship of the CNV genes associated with survival and the KEGG cancer
panel. (c) Venn diagram showed the relationship of CNV genes associated with survival and the genes
whose expressions were modulated by CNV. (d, e) Kaplan–Meier curve showed the patient survival rates
according to the MIR335 gene CNV status.
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Figure 4

The CNV-modulated genes associated with survival in AML. (a) Venn diagram showed the relationship of
genes whose expressions were associated with clinical outcomes in AML and the genes whose
expressions were modulated by CNV. (b) Forest plot showed the results of Cox proportional hazards
regression models in the TARGET AML cohort; univariate Cox proportional hazards regression models for
Gender and Age. (c-l) The gene expressions modulated by CNV; c, e, g, i, k were the results in the TARGET
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cohort; d, f, h, j, k were the results in the TCGA cohort. (m) The distribution of 5 CNV genes in the risk
groups in the two AML cohorts.

Figure 5

Pipeline for the discovery of prognostic signature based on the CNV and expression in AML.
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