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Abstract: Objectives: Acute myeloid leukemia (AML) is caused by multiple genetic alterations in hematopoietic pro-
genitors, and molecular genetic analyses have provided useful information for AML diagnosis and prognostication.
This study aimed to integratively understand the prognostic value of specific copy number variation (CNV) patterns
and CNV-modulated gene expression in AML. Methods: We conducted integrative CNV profiling and gene expres-
sion analysis using data from the Therapeutically Applicable Research To Generate Effective Treatments (TARGET)
and The Cancer Genome Atlas (TCGA) AML cohorts. CNV-related genes associated with survival were identified
using the TARGET AML cohort and validated using the TCGA AML cohort. Genes whose CNV-modulated expression
was associated with survival were also identified using the TARGET AML cohort and validated using the TCGA AML
cohort, and patient bone marrow samples were then used to further validate the effects of CNV-modulated gene
expression on survival. CNV and mRNA survival analyses were conducted using proportional hazards regression
models (Cox regression) and the “survminer” and “survival” packages of the R Project for Statistical Computing.
Genes belonging to the Kyoto Encyclopedia of Genes and Genomes (KEGG) cancer panel were extracted from KEGG
cancer-related pathways. Results: One hundred two CNV-related genes (located at 7931-34, 16024) associated
with patient survival were identified using the TARGET cohort and validated with the TCGA AML cohort. Among
these 102 validated genes, three miRNA genes (MIR29A, MIR183, and MIR335) were included in the KEGG cancer
panel. Five genes (SEMA4D, CBFB, CHAF1B, SAE1, and DNMT1) whose expression was modulated by CNVs and
significantly associated with clinical outcomes were identified, and the deletion of SEMA4D and CBFB was found
to potentially exert protective effects against AML. The results of these five genes were also validated using patient
marrow samples. Additionally, the distribution of CNVs affecting these five CNV-modulated genes was independent
of the risk group (favorable-, intermediate-, and adverse-risk groups). Conclusions: Overall, this study identified 102
CNV-related genes associated with patient survival and identified five genes whose expression was modulated by
CNVs and associated with patient survival. Our findings are crucial for the development of new modes of prognosis
evaluation and targeted therapy for AML.
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Introduction information concerning potential outcomes and

survival rates that is crucial to understanding

In 2008, whole-genome sequencing (WGS) was
first applied to a patient with acute myeloid leu-
kemia (AML) [1], and since then, molecular
analysis has provided abundant useful infor-
mation for AML diagnosis, prognosis, and treat-
ment [2]. Prognostic studies have provided

the disease and improving its treatment [3].
Copy number variation (CNV), a potential valu-
able prognostic marker, is a type of structural
variation larger than 1 kilobase pair and invol-
ves unbalanced rearrangements that result in
gains or losses in the DNA content [4]. CNVs
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drive genome evolution and alter gene expres-
sion [5, 6] and thereby influence the progres-
sion of diseases such as cancers [7]. For exam-
ple, in acute lymphoblastic leukemia (ALL), IKZF
deletion has been identified as a poor progno-
sis marker [8].

Although the prognostication and diagnosis of
AML have shifted from histological analyses to
more comprehensive analyses, such as analy-
ses of genetic alterations [9], prognostication
must be further improved because approxi-
mately 60% of patients with AML are at inter-
mediate risk and respond differently to therapy
[10], and patients with AML and rarer abnor-
malities must be evaluated even more specifi-
cally [11].

At present, cytomorphology, cytochemistry, im-
munophenotyping, cytogenetics and molecular
genetics play crucial roles in AML diagnosis,
prognostication and risk stratification [12].
Cytogenetic CNV abnormalities have been
included in the World Health Organization
(WHO) classification (2016) [13] and other risk
stratification strategies [14-16] and constitute
the single strongest prognostic factors for
complete remission (CR) and overall survival
(OS) in AML. According to their cytogenetic pro-
file, patients with AML can be stratified into
favorable, intermediate or adverse prognostic
risk groups [17]; for example, the monosomy 5
or 7, t(6:9), and inv(3) profiles are associated
with a higher prognostic risk [18]. CNV analysis
has undergone a greater revolution than cyto-
genetics analysis [19]. Although many studies
concerning CNVs in AML [10, 20-22] have been
conducted, none have performed an integra-
tive evaluation of the roles of gene expression
derived from CNV. Additionally, an understand-
ing of how CNVs can act as prognostic markers
by modulating gene expression in AML remains
elusive. Therefore, investigating the associa-
tion between CNVs and AML prognosis is cru-
cial to obtaining a better understanding of the
genetic disorders of the disease. In turn, more
novel, reliable predictions of the outcomes of
patients with AML could arise.

To thoroughly understand the association
between CNVs and AML, we collected CNV
WGS data and gene expression data from the
Therapeutically Applicable Research To Gene-
rate Effective Treatments (TARGET) AML cohort
and CNV array analysis data and gene expres-
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sion data from The Cancer Genome Atlas
(TCGA) consortium AML cohort. Through a
comprehensive analysis of CNVs and CNV-
modulated gene expression alterations, we
identified the essential CNV-related genes
needed for the outcome and survival of AML
patients.

Methods
Gene data and bone marrow samples

In the present study, the TARGET and TCGA
AML cohorts were used to analyze the prognos-
tic roles of CNVs and CNV-modulated gene
expression. TARGET CNV (WGS data) and
MmRNA (mRNA and miRNA sequencing) data
were downloaded from target-data.nci.nih.gov
(https://target-data.nci.nih.gov/Public/AML/).
The R project package “circlize” was used to
map the CNV genes to chromosomes. The clini-
cal data, including patient identification, sex,
risk group, age, overall survival time, and vital
status, were downloaded and preprocessed.
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.broadinsti-
tute.org. Overall survival time = “patient.days_
to_death” + “patient.days_to_last_followup”.

The CNV data from TCGA were divided into two
groups (samples from primary blood-derived
cancer and samples from solid normal tissue)
and analyzed separately using the computa-
tional approach Genomic Identification of
Significant Targets in Cancer (GISTIC, version
2.0.23) downloaded from ftp.broadinstitute.
org, and the parameters were set up as
suggested by TCGA (https://docs.gdc.cancer.
gov/Data/Bioinformatics_Pipelines/CNV_Pipe-
line/).

The data in “all_thresholded.by_genes.txt”
were analyzed as follows: a result greater than
or equal to 1 was defined as amplification, and
a result less than or equal to -1 was defined as
deletion.

Bone marrow samples were collected from
patients with AML (n=121; 53 female and 68
male patients; median age: 39 years) at Xin-
giao Hospital and Chongging General Hospital,
Chongqing, China, since November 2016. The
patients were followed up until death or the
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end of the study in September 2020. The pa-
tients with AML were diagnosed according to
the French-American-British (FAB) and WHO
classifications and had not received bone mar-
row transplantation. All procedures performed
in studies involving human participants were in
accordance with the ethical standards of the
institutional and/or national research commit-
tee and the Helsinki declaration. The study
was approved by the Ethics Committee of
Chongqing General Hospital.

Data analysis

KEGG cancer panel genes: Using an APl with
the Python project package “Bio. KEGG” (from
https://www.genome.jp/kegg/), we obtained
the pathways related to cancer from the Kyoto
Encyclopedia of Genes and Genomes (KEGG)
database. We identified a total of 483 genes
involved in these cancer-related pathways, and
this group of genes was considered the KEGG
cancer panel gene.

Survival analysis of CNVs and cytogenetic
changes: A multivariate proportional hazards
regression model (Cox regression) was used to
identify survival-related CNVs in patients with
AML. From the TARGET cohort, 193 patients
(96 female and 97 male; median age: 9 years)
with integrated CNV data (WGS data) and clini-
cal data were included in the survival analysis.
From the TCGA cohort, 191 patients (87 female
and 104 male; median age: 58 years) with inte-
grated CNV data and clinical data were includ-
ed to validate the survival analysis result from
the TARGET cohort.

We removed the CNVs occurring in fewer than
4 samples. Based on each gene, the patients
were divided into two groups denoted “normal”
or “CNV” and were analyzed using the Cox
regression model adjusted for sex and age.
The p-values were adjusted with “HDR”, and
P<0.05 and adjusted P<0.05 were considered
to indicate significance. Kaplan-Meier curves
were used for the visualization of survival. We
performed all analyses using the “survminer”
and “survival” packages in the R project.

A survival analysis of cytogenetic changes in
the samples from the TARGET and TCGA co-
horts was also performed using a Cox regres-
sion model adjusted for sex and age.
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Survival analysis of CNV-modulated gene ex-
pression: The mRNA expression data (RPKM)
were log2-transformed. Patients with integrat-
ed mRNA sequencing data and clinical data
were included and evaluated using multivariate
Cox proportional hazards regression models
adjusted for sex and age and univariate Cox
proportional hazards regression models adjust-
ed for sex or age. We used the R “survminer”
and “survival” packages to perform Cox pro-
portional hazards regression model analyses
and “HDR” to adjust the P values afterward. In
the statistical analysis, P<0.05 and adjusted
P<0.05 were considered to indicate signifi-
cance, and the upper and lower 95% confi-
dence intervals are reported.

An integrative analysis of gene expression and
CNVs was performed using 156 patients in the
TARGET cohort and 171 patients in the TCGA
cohort, and these patients were selected be-
cause they had integrated CNV data and RNA-
sequencing data. The correlations between
gene CNVs and expression were analyzed as
follows: The patients were divided into groups
with different CNV statuses (“Normal”, “Dupli-
cation” and “Deletion”), the Kruskal test was
used to compare more than two groups, and
the Wilcoxon test was used to compare two
groups. The P values were adjusted with
“HDR”, and P<0.05 and adjusted P<0.2 (ad-
justed with “HDR”) were considered to indicate
statistical significance.

Patient sample validation analyses: The ex-
pression of five genes (SEMA4D, CBFB,
CHAF1B, SAE1, and DNMT1) in the patient
samples was assessed. DNA and RNA from
patient bone marrow samples were extracted
using the Tiangen DNA/RNA kit (Beijing, China)
according to the manufacturer’s instructions.
The extracted DNA was used for CNV analysis
using the AccuCopy™ method developed
by Genesky Biotechnologies Inc. (Shanghai,
China) as described previously [23]. The prim-
ers used were as follows: SEMA4D, 5'-GGAT-
GAAACTTGCCACGTGAA-3’, 5-GGAAATGCCTTG-
CCCTAAACC-3’; DNMT1, 5-GATCAGGCAGCTC-
AATAATTTGTGT-3’, 5-TGACCTCAAATATGGGCAG-
CA-3’; CBFB, 5-GTCATTGCAGGCAAGAAGACA-
AC-3’, 5-GAGAACAGCGACAAACACCTA-3’; CHA-
F1B, 5-TAAATGGCTCCTGGCCCCTAT-3’, 5-TCT-
TCCACGGACGGTTACTGCT-3’; and SAE1, 5-TG-
ATTCTGCAAGCTCACTGTTCTGT-3’, 5-CTATCTGA-
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ATCGGGCCCTCCT-3'. For each gene, two prim-
ers were used to increase the accuracy of the
CNV analysis.

A ReverTra Ace-« First-Strand cDNA Synthesis
Kit (Toyobo) was used for the generation of
cDNA using the extracted RNA, and real-time
quantitative PCR with SYBR Green using a
7500 PCR System (ABl) was performed to
determine gene expression. The primers used
for real-time PCR were as follows: CBFB, for-
ward 5-ACTGGATGGTATGGGCTGTC-3, reverse
5-AAGGCCTGTTGTGCTAATGC-3’; CHAF1B, for-
ward 5-CTGGGCAACTGATGGGAATT-3’, rever-
se 5-GCAGCACCCTGTCACAGCT-3’; DNMT1, for-
ward 5-GTTCTTCCTCCTGGAGAATGTCA-3’, re-
verse 5-GGGCCACGCCGTACTG-3’; SAE1, for-
ward 5-AGGACTGACCATGCTGGATCAC-3’, re-
verse 5-CTCAGTGTCCACCTTCACATCC-3’; SE-
MA4D, forward 5-GTCTTCAAAGAAGGGCAAC-
AGG-3’, reverse 5-GAGCATTTCAGTTCCGCTG-
TG-3’; and B-actin (internal control), forward
5-AGTTGCGTTACACCCTTTC-3’, reverse 5-CCT-
TCACCGTTCCAGTTT-3. PCR was conducted in
triplicate for each sample. All gene expression
levels were normalized to that of 3-actin using
the 2-22¢t method.

The patient samples were divided into groups
based on their CNV statuses (“Normal”,
“Duplication” and “Deletion”). Using R, the
Kruskal test was used to compare more than
two groups, and the Wilcox test was used to
compare two groups. P<0.05 was considered
to indicate statistical significance.

The gene expression levels were normalized
and multivariate Cox proportional hazards
regression models adjusted for sex and age
were used for survival analysis using the R
“survminer” and “survival” packages.

VENN diagram generation

VENN diagrams were plotted using the R pack-
age “Venn Diagram”.

Results
CNV distribution

CNV data (WGS) from 193 patients in the
TARGET AML cohort (96 female and 97 male;
median age: 9 years; median follow-up time:
1652 days) and CNV data (SNP array) from 191
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patients in the TCGA cohort (87 female and
104 male; median age: 58 years; median fol-
low-up time of 304 days) were used to investi-
gate the distribution of CNVs in AML.

In the TARGET AML cohort, the distribution of
CNVs in 99.6% (17,507/17,586) of genes was
less than 6%. However, 35 CNV-affected genes
were present in more than 90% of patients. In
contrast, the prevalence of CNVs in the TCGA
cohort did not exceed 14.1% (Figure 1A).

Consistent with a previous report [10], our
study showed that CNVs were not randomly dis-
tributed across the chromosomes. Amplifica-
tions were more frequent on chromosomes 1,
8, 19, 21, and 22 in the TARGET and TCGA
cohorts, and deletions were more frequent on
chromosomes 7, 16, and X. Fewer CNVs were
found in normal tissues than in the AML sam-
ples (Figure 1B).

Distinct CNV distribution patterns in the three
risk groups were observed between the TARG-
ET and TCGA cohorts (Figure 1C, 1D). Different
patterns were found in the two cohorts: CNVs
occurred more frequently in the intermediate-
risk group of the TARGET cohort and more fre-
quently in the adverse-risk group of the TCGA
cohort. In the adverse-risk groups, more fre-
quent amplifications in chromosome 7 and
more frequent deletions in chromosome 19
occurred in the TARGET cohort, and deletions
in chromosome 7 frequently occurred in the
intermediate- and favorable-risk groups. In the
TCGA cohort, CNVs occurred less frequently in
the intermediate- and favorable-risk groups
than in the adverse-risk group. We also com-
pared the distributions of CNVs and cytogene-
tic changes in the TCGA and TARGET cohorts
and found that del(7q)/7qg- was related to dele-
tions of the genes in the TCGA cohort but not in
the TARGET cohort (Figures S1, S2).

Prognostic value of CNVs and cytogenetic
changes in AML

To explore the prognostic value of CNVs, multi-
variate Cox proportional hazards regression
model analysis adjusted for age and sex was
performed using the TARGET cohort (193 pa-
tients). Seven hundred fifty-eight CNV-related
genes were significantly associated with pa-
tient survival (P<0.05; adjusted P<0.05). We
validated these 758 CNV genes in the TCGA
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Figure 1. Genome-wide distribution of CNV-related 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 tissues (n=189). B. Frequency of
cumulative CNV counts (total CNV counts of all patients) in chromosome map locations. C, D. Frequency of cumula-
tive CNV counts (mean CNV counts of each patient) in chromosome map locations of the TARGET and TCGA cohorts.

AML cohort (191 patients), and 102 of the CNV
genes were associated with patient survival
(P<0.05) (Table S1). Therefore, these 102 CNV
genes showing the greatest association with
high risk were found in both the TARGET and
TCGA cohorts.

These 102 CNV genes were located on chromo-
somes 7 and 16 (7931, 7932, 7933, 7934, and
16q924.1) (Figure 2A) and included 7 IncRNA
and 10 miRNA genes, which implies that they
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might have gene-regulating capabilities. Addi-
tionally, 7.8% (8/102) of the CNVs modulated
gene expression in the TARGET cohort, and
52.0% (53/102) of the CNVs modulated gene
expression in the TCGA cohort (Table S1), whi-
ch suggested that the modulation of gene
expression affects patient prognosis.

We also compared these 102 genes with
the KEGG cancer panel and found that three
miRNA genes (MIR29A, MIR183, and MIR335)
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Figure 2. Distribution of CNV genes asso-
ciated with the survival of patients with
AML. A. The magnified diagram shows
the chromosome map locations of CNV-
related genes associated with the out-
comes of patients. B, C. Kaplan-Meier
curve showing the patient survival rates
according to the MIR335 gene CNV sta-
tus (n=193 in the TARGET cohort, n=191
in the TCGA cohort).
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were included in the KEGG cancer panel. A
Cox model analysis adjusted for age and sex
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% confidence interval:
0.844-0.982), and the association of MIR335
with the survival of patients with AML is shown
in Figure 2B, 2C.

We also evaluated the prognostic value of cy-
togenetic changes. In the TARGET cohort (96
female and 97 male patients; median age: 9
years), t(10;11)(p11.2;923), MLL and trisomy 8
were associated with high-risk prognosis, and
inv(16) was associated with low-risk prognosis
(Table 1). In the TCGA cohort (87 female and
104 male patients; median age: 58 years),
del(5q)/50- was associated with high-risk prog-
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nosis, and t(15;17) and variants were associat-
ed with low-risk prognosis (Table 2).

Identification of CNV-modulated gene expres-
sion associated with survival

We analyzed the relationship between CNVs
and gene expression in both the TARGET (156
patients) and TCGA cohorts (171 patients). In
the TCGA cohort, the expression of 5,022
genes was driven by CNVs (pink circle in Figure
3A), and that of 577 genes was driven by CNVs
in the TARGET cohort (purple circle in Figure
3A). Two hundred fifty-one genes whose ex-
pression was driven by CNVs in both cohorts
were identified (overlap between the pink and
purple circles in Figure 3A).

Additionally, a survival analysis of gene expres-
sion adjusted for sex and age in the TARGET
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Table 1. Prognostic value of cytogenetic changes in the TARGET cohort (n=193)

Cytogenetic Change  Pvalue Hazard ratios (HR)

HR.confint.lower (95%) HR.confint.upper (95%) Frequency

del5q 0.99 4.36E-07
del7q 0.16 2.31
del9q 0.95 1.05
inv(16) 0.025 0.434
Minus.X 0.24 1.84
Minus.Y 0.7 0.797
MLL 0.017 1.92
1(10;11)(p11.2;023) 0.0047 3.71
£(11:19)(g23:p13.1) 0.084 2.46
1(3;5)(q25;q34) 0.072 6.4
1(6;11)(q27;923) 0.57 0.56
1(6;9) 0.23 2.38
1(8;21) 0.37 0.727
1(9;11)(p22;923) 0.55 1.27
trisomy.21 0.31 1.71
trisomy.8 0.025 2.16

Not available Not available 1
0.727 7.35 4
0.254 4.31 5

0.21 0.898 30
0.659 5.13 7
0.246 2.58 8

1.12 3.27 30

1.5 9.21 5
0.887 6.85 6
0.848 48.3 1
0.0771 4.07 3
0.577 9.85 2
0.363 1.46 25
0.587 2.73 18
0.601 4.87 7

11 4.24 15

Table 2. Prognostic value of cytogenetic changes in the TCGA cohort (n=191)

Cytogenetic Change P value Hazard ratios (HR)

HR.confint.lower (95%) HR.confint.upper (95%) Frequency

+8 0.63 0.872
del(5q)/5q- 0.029 1.88
del(7q)/70- 0.11 1.53
inv(16) 0.11 0.386
1(15;17) and variants  0.027 0.359
1(9;11) 0.086 3.46

0.498 1.53 21
1.07 3.33 15
0.912 2.56 21
0.122 1.22 9
0.145 0.891 17
0.84 14.2 2

AML cohort (156 patients) was performed, and
the results showed that the expression of
2,058 genes was associated with survival. We
then validated these findings with the TCGA
cohort (171 patients) and found that 268 of
the genes were associated with survival in this
cohort (green circle in Figure 3A). Furthermore,
among these 268 genes, 5 were driven by
CNVs in both the TCGA and TARGET cohorts
(overlap of the green, pink and purple circles in
Figure 3A). In summary, the expression of the-
se 5 genes (CBFB (16022), CHAF1B (21q922),
DNMT1 (19p13), SAE1 (19q13), and SEMA4D
(9922)) was associated with survival and was
modulated by CNVs in both cohorts (Figure
3B). The upregulation of these five genes was
associated with an adverse prognosis in AML
(Figure 3B). We also showed that the deletion
of CBFB and SEMA4D downregulated gene
expression, and the amplification of CHAF1B,
SAE1, and DNMT1 upregulated gene expres-
sion (Figure 3C-L). These results implied that
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the deletion of CBFB and SEMA4D may be pro-
tective and that the amplification of CHAF1B,
SAE1, and DNMT1 has adverse effects on
prognosis.

Additionally, these CNVs were not affected by
the risk groups. In the TARGET cohort, CNVs
occurred more frequently in intermediate-risk
patients, whereas in the TCGA cohort, they oc-
curred more frequently in the patients belong-
ing to the adverse-risk group (Figure 3M).

We also validated the analysis using patient
bone marrow samples (121 patients with a
median follow-up time of 555 days). The ex-
pression of the five genes (SEMA4D, CBFB,
CHAF1B, SAE1, and DNMT1) was significantly
associated with the survival of patients with
AML (Figure 4A), and the CNVs of four genes
(SEMA4D, CBFB, CHAF1B, and DNMT1) regu-
lated the expression of the genes (Figure 4B-
E). The CNVs of SAE1 affected SAE1 expres-
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Figure 3. CNV-modulated genes associated with survival in AML. (A) Venn diagram of the relationship of genes
whose expression was associated with clinical outcomes in AML and genes whose expression was modulated by
CNVs. (B) Forest plot of the results from Cox proportional hazards regression models with the TARGET AML cohort
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(n=156) and univariate Cox proportional hazards regression models corrected for sex and age. (C-L) Gene expres-
sion changes induced by CNVs: (C, E, G, |, and K) show the results from the TARGET cohort (n=156); (D, F, H, J, and
L) show the results from the TCGA cohort (n=171). (M) Distribution of 5 CNV-related genes in the risk groups in the

two AML cohorts.
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sion, but the effect was not significant because
fewer CNVs (1 duplication and 1 deletion) were
detected in the patients (Figure 4F).

Discussion

CNVs influence the progression of diseases by
driving genome evolution and altering gene
expression [5, 6]. Therefore, the present study
aimed to explore the potential prognostic roles
of CNVs and CNV-modulated gene expression
in AML.
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ion

Duplication

Figure 4. Validation of the CNV-re-
lated genes in clinical samples. A.
Forest plot showing the results from
Cox proportional hazards regres-
sion models with the validation AML
cohort (n=121). Univariate Cox pro-
portional hazards regression mod-
els were corrected for sex and age.
B-F. Gene expression modulated by
CNV. mRNA expression was normal-
ized to that of B-actin, and the mean
of each group was subtracted.

Normal

Using many subjects from the TARGET and
TCGA AML cohorts, we identified 102 CNV-
related genes directly associated with the sur-
vival of patients with AML. We also identified
five genes modulated by CNVs that have vital
effects on the survival of subjects.

First, we investigated the distribution of CNVs
on chromosomes using both the TARGET and
TCGA cohorts. The CNVs in the TARGET cohort
showed a different distribution pattern than
those in the TCGA cohort, and these differenc-
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es are likely due to the different approaches
used in the studies. Array data have been used
in CNV analyses performed in previous AML
studies [10, 20, 24, 25]. In the present study,
we used WGS data from TARGET to identify
valuable CNV markers and validated these
markers using array data from TCGA. A previ-
ous study indicated that GWS is the most pow-
erful approach due to its high sensitivity and
ability to provide accurate breakpoint informa-
tion [26], whereas the resolution capacity of
arrays is limited [4]. Concerning the distribution
of the CNV frequencies across the chromo-
somes, our study showed more frequent ampli-
fications on chromosomes 8, 11, and 21 and
more frequent deletions on chromosome 7,
and these findings are consistent with those
reported by Nibourel et al., which showed more
frequent amplifications on chromosomes 8, 11
and 21 and more frequent deletions on chro-
mosomes 7, 12, 17 and 21 in AML samples
[10]. The comparison of the TCGA cohort data
with data from normal tissues of patients with
AML revealed that CNVs occurred more fre-
quently in AML tissues, supporting the crucial
role of CNVs in cancer [6]. The distinct distribu-
tion patterns of CNVs based on risk group sug-
gest that CNVs are potential risk stratification
markers that must be further investigated and
validated.

The present study identified 102 CNV genes
through a survival analysis using the Cox mo-
del, and these genes were associated with an
adverse survival risk. Among these 102 genes,
26 (AGBL3, AKR1B15, FAM180A, FLJ40288,
KCP, KLHDC10, LINCO0311, LOC100129148,
LOC100130705, LOC100506860, LOC1548-
72, LOC400548, LOC407835, LUZP6, MEST-
IT1, MGC27345, MIR182, MIR29A, MIR4468,
MIR96, PRRT4, TMEM213, TMEMZ229A, TPI1-
P2, UBN2, and ZDHHC7) were first identified in
the present study [10, 20, 21, 24, 25, 27].
These genes are located at 7q31, 7932, 7933,
7934, and 16924.1, and we showed that some
cytogenetic changes in chromosomes 7 or 16
were significantly associated with survival of
the patients in both the TARGET and TCGA co-
horts. Deletion in the 7q33-34 area has been
previously reported [24]. Additionally, these
102 CNV genes include 7 IncRNA and 10 mi-
RNA genes, which implies that they may have
gene-regulating capability because IncRNAs
and miRNAs function as master regulators of
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gene expression [28, 29]. Furthermore, three
miRNA genes (MIR29A, MIR183, and MIR335)
overlapped with the KEGG cancer gene panel.
miR-29a is a key epigenetic regulator and
plays crucial roles in cancers including AML
[30], and miR-335 is involved in diverse can-
cers including AML [31]. Our results indicate
that high miR-335 expression is a protective
factor.

The present study also identified 5 CNV genes
that indirectly affected the outcomes of pa-
tients by regulating gene expression; deletions
of CBFB and SEMA4D induced potentially pro-
tective downregulated expression, and DNMT1
expression had adverse effects on prognosis.
Among these 5 genes, 4 (SEMA4D, CHAF1B,
SAE1, and DNMT1) were first identified in the
present study [10, 20, 21, 24, 25, 27]. Addi-
tionally, the distribution of CNVs was indepen-
dent of the risk group, which suggested that
they may be independent prognostic markers.
In a previous study, gene expression levels
were found to be strongly correlated with CNVs
in tumor samples [32]. Furthermore, these
genes and related pathways are crucial for
leukemia cell survival, and CNV-modulated
expression occurs in genomically unstable leu-
kemia, which is the mechanism through which
CNVs modulate these five genes in AML.
Previous studies have shown that some CNVs
are associated with AML. CBFB forms the
fusion gene CBFB/MYH11, which blocks dif-
ferentiation in AML [33], but CBFB deletion is
usually accompanied by MYH11 deletion, and
MYH11/CBFB deletion has no negative effect
on prognosis [34]. Furthermore, the CBFB pro-
tein expression levels were higher in AML cells
than in corresponding normal tissues [35],
and the CBFB protein expression levels in AML
cells from relapsed cases were higher than
those in primary AML cells at diagnosis [36].
Our findings suggest that the deletion-induced
downregulation of CBFB expression has posi-
tive effects on prognosis, and the mechanism
of these effects may be associated with the
RUNX transcription factor family, which is
involved in AML pathogenesis [37]. Elevated
CHAF1B expression has been observed in leu-
kemia and is critical for leukemogenesis and
maintenance of the undifferentiated state of
leukemia cells; additionally, heterozygous dele-
tions of Chaflb in mice block leukemogenesis
[38]. We showed that in both cohorts, the CNV-
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based amplification of CHAF1B led to expres-
sion upregulation and a negative prognosis.
DNMT1, a DNA methyltransferase, is upregu-
lated and considered a potential oncogene in
AML because it downregulates pl5 expres-
sion. We found that CNV-modulated upregula-
tion of DNMT1 expression may lead to poor
outcomes in patients with AML. SAE1 is a key
molecule in the small ubiquitin (Ub)-like modifi-
er (SUMO) pathway, and the promyelocytic leu-
kemia protein (PML) and fusion protein PML-
RARa (retinoic acid receptor-a) oncoproteins
are substrates of the SUMO pathway [39].
Upregulated SAE1 expression derived from
CNV amplifications leads to enhanced activa-
tion of mature SUMO (small ubiquitinlike modi-
fier) [40]. Subsequently, through the SUMOyla-
tion of proteins (such as sSPRDM16 and Ubc9),
the proliferation of human AML cells is promot-
ed, the differentiation of AML cells is inhibited,
and the antileukemic activity of ATRA is also
inhibited [41], which likely represents the
mechanism through which upregulated SAE1
expression derived from CNV amplifications is
associated with poor outcomes. SEMA4D
expression is considered a strong predictor of
worse clinical outcomes [42], and our findings
showed that downregulated SEMA4D expres-
sion due to deletion is protective. Additionally,
it has been reported that SEMA4D, CHAF1B,
and DNMT1 are associated with tumor metas-
tasis [43-49], which may be one of the reasons
that these genes showed a prognostic signa-
ture in AML. Moreover, some drugs targeting
the genes SEMA4D and DNMT1 (5-Aza-
2’deoxycytidine (5-AzadC)), NSC-319745, and
Harmine have been used as special drugs tar-
geting DNMT1 [50, 51]; while anti-SEMA4D
monoclonal antibodies [52] and pepinemab
(anti-SEMA4D) have been used to target
SEMAAD, providing novel approaches for AML
treatment.

However, the present study has some limita-
tions. First, the median ages of the two AML
cohorts were different (9 years in TARGET vs.
58 years in TCGA), but our sample set show-
ed that age was not associated with the out-
comes of patients with AML when the survival
analysis was adjusted for age (Figures 3B, 4B).
Second, the distinct CNV distribution patterns
between the TARGET and TCGA cohorts in the
three risk groups may have resulted from the
different approaches used for CNV analysis
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and the different patient populations. There-
fore, for the potential widespread clinical use
of these prognostic signatures, more investiga-
tions of the biological roles of these CNV-
related genes in AML are needed.

In conclusion, we identified 102 CNV-related
genes (related to 7931-34 and 16qg24) associ-
ated with a higher risk of worse outcomes and
5 genes whose expression was modulated
by CNVs and associated with the prognostic
risk of patients. Additionally, the deletion of
SEMA4D and CBFB may be protective.
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Figure S1. Distributions of CNVs and cytogenetic changes in TCGA cohort.
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Figure S2. Distributions of CNVs and cytogenetic changes in TARGET cohort.
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Table S1. A total of 102 CNV genes that were significantly associated with patient survival in both the TARGET and TCGA cohorts

102 CNV genes that were significantly associated with patient survival

Hazard HR confint HR confint Pvalue for CNV  adjusted P value for P value for CNV  Pvalue for CNV P value for CNV
ratios (HR) Lower (95%) upper (95%) associating with  CNV associating with associating with modulating gene modulating gene

symbol of gene in TARGET in TARGET in TARGET  patient survival in  patient survival in patient survival expression in expression in

cohort cohort cohort TARGET cohort TARGET cohort in TCGA cohort TCGA cohort TARGET cohort

AGBL3 4.5 1.9 10 0.00048 0.00985389 0.047

AHCYL2 4.3 1.9 9.4 0.00032 0.00770642 0.044 1.9573E-05 0.00057098
AKR1B1 4.5 1.9 10 0.00048 0.00985389 0.047 0.00611843 0.04634702
AKR1B10 4.5 1.9 10 0.00048 0.00985389 0.047

AKR1B15 4.5 1.9 10 0.00048 0.00985389 0.047 0.02874165 0.12487514
AKR1D1 4.5 1.9 10 0.00048 0.00985389 0.047

ARF5 4.3 1.9 9.4 0.00032 0.00770642 0.044 1.2459E-11 1.3726E-08
ATPGVOA4 4.5 1.9 10 0.00048 0.00985389 0.047

ATPBV1F 4.3 1.9 9.4 0.00032 0.00770642 0.044 4.6522E-10 1.4644E-07
BPGM 4.5 1.9 10 0.00048 0.00985389 0.047

CALD1 4.5 1.9 10 0.00048 0.00985389 0.047

CALU 4.3 1.9 9.4 0.00032 0.00770642 0.044 1.9756E-07 1.445E-05
CCDC136 4.3 1.9 9.4 0.00032 0.00770642 0.044 0.00710411 0.05140568
CHCHD3 4.5 1.9 10 0.00048 0.00985389 0.047 3.1658E-09 5.7894E-07
CHRM2 4.5 1.9 10 0.00048 0.00985389 0.047

CLEC2L 4.5 1.9 10 0.00048 0.00985389 0.047

CNOT4 4.3 1.9 9.4 0.00032 0.00770642 0.047 5.5881E-09 8.7948E-07
COPG2 4.5 1.9 10 0.00048 0.00985389 0.047 2.9049E-09 5.5658E-07
CPAL 4.5 1.9 10 0.00048 0.00985389 0.047 0.00511289 0.04104045
CPA2 4.5 1.9 10 0.00048 0.00985389 0.047

CPA5S 4.5 1.9 10 0.00048 0.00985389 0.047

CREB3L2 4.5 1.9 10 0.00048 0.00985389 0.047 6.2642E-05 0.00136827
CRISPLD2 5.8 2.1 16 0.00071 0.01428372 0.0097

EXOC4 4.5 1.9 10 0.00048 0.00985389 0.022 6.3993E-09 9.479E-07
FAM180A 4.5 1.9 10 0.00048 0.00985389 0.047

FAM71F1 4.3 1.9 9.4 0.00032 0.00770642 0.044

FAM71F2 4.5 1.9 10 0.00048 0.00985389 0.044

FLJ40288 4.5 1.9 10 0.00048 0.00985389 0.047

FLNC 4.3 1.9 9.4 0.00032 0.00770642 0.044

FSCN3 4.3 1.9 9.4 0.00032 0.00770642 0.044 1.4609E-11 1.5148E-08



GCC1
GPR37
GRM8
HIPK2
IMPDH1
IRF5

KCP
KIAA1549
KLHDC10
KLRG2

LEP
LINCOO311
L0C100129148
LOC100130705
LOC100506860
LOC154872
LOC400548
LOC407835
LRGUK
LRRC4
LUC7L2
LUZP6
MEST
MESTIT1
MGC27345
MIR182
MIR183
MIR29A
MIR29B1
MIR335
MIR4468
MIR490
MIR592
MIR593
MIR96
MKLN1

4.3
4.5
4.5
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.5
5.8
4.3
4.3
4.3
4.5
5.8
3.6
4.5
4.5
4.3
3.6
4.5
4.5
4.5
4.3
4.3
4.3
4.3
4.5
4.5
4.5
4.5
4.5
4.3
4.3

1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
21
1.9
1.9
1.9
1.9
21
1.7
1.9
1.9
1.9
1.7
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9

CNVs and expression signatures for AML prognosis

9.4
10
10

9.4

9.4

9.4

9.4

9.4

9.4

9.4
10
16

9.4

9.4

9.4
10
16
7.4
10
10

9.4
7.4
10
10
10

9.4

9.4

9.4

9.4
10
10
10
10
10

9.4

9.4

0.00032
0.00048
0.00048
0.00032
0.00032
0.00032
0.00032
0.00032
0.00032
0.00032
0.00048
0.00071
0.00032
0.00032
0.00032
0.00048
0.00071
0.00071
0.00048
0.00048
0.00032
0.00071
0.00048
0.00048
0.00048
0.00032
0.00032
0.00032
0.00032
0.00048
0.00048
0.00048
0.00048
0.00048
0.00032
0.00032

0.00770642
0.00985389
0.00985389
0.00770642
0.00770642
0.00770642
0.00770642
0.00770642
0.00770642
0.00770642
0.00985389
0.01428372
0.00770642
0.00770642
0.00770642
0.00985389
0.01428372
0.01428372
0.00985389
0.00985389
0.00770642
0.01428372
0.00985389
0.00985389
0.00985389
0.00770642
0.00770642
0.00770642
0.00770642
0.00985389
0.00985389
0.00985389
0.00985389
0.00985389
0.00770642
0.00770642

0.044
0.044
0.044
0.047
0.044
0.044
0.044
0.047
0.044
0.047
0.044
0.0097
0.047
0.044
0.047
0.044
0.0097
0.044
0.047
0.044
0.047
0.047
0.047
0.047
0.044
0.044
0.044
0.047
0.047
0.047
0.047
0.047
0.044
0.044
0.044
0.047

2.1367E-11

0.00252367
4.2758E-05
8.3049E-09
2.0392E-06
6.9497E-09
0.02462633
1.4644E-07

0.00036067
0.00408081
2.0843E-12
8.2753E-09

1.2659E-06

1.9063E-08

0.02450953
0.00100606
1.1415E-06
9.1695E-05
1.0124E-06
0.11417369
1.1575E-05

0.00567432
0.03480037
3.674E-09
1.1415E-06

6.357E-05



MKRN1
NUP205
OPN1SW
PARP12
PAX4
PLXNA4
POT1
PRRT4
PTN
RAB19
RBM28
SLC13A4
SLC35B4
SLC37A3
SND1
STRA8
SVOPL
TBXAS1
TMEM140
TMEM209
TMEM213
TMEM229A
TNPO3
TPI1P2
TRIM24
TSGA13
TSPAN33
TTC26
UBE2H
UBN2
WDR91
ZC3HAV1
ZC3HAV1L
ZC3HC1
ZDHHC7
ZNF800

4.5
4.3
4.3
4.3
4.3
4.5
4.5
4.3
4.5
4.5
4.3
4.5
4.5
4.5
4.3
4.5
4.3
4.3
4.5
4.3
4.5
3.7
4.3
4.3
4.3
4.5
3.6
4.3
4.3
4.3
4.5
3.6
4.3
4.3
5.8
4.3

1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
1.9
15
1.9
1.9
1.9
1.9
1.7
1.9
1.9
1.9
1.9
1.7
1.9
1.9
21
1.9
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10
9.4
9.4
9.4
9.4

10

10
9.4

10

10
9.4

10

10

10
9.4

10
9.4
9.4

10
9.4

10
9.3
9.4
9.4
9.4

10
7.4
9.4
9.4
9.4

10
7.4
9.4
9.4

16
9.4

0.00048
0.00032
0.00032
0.00032
0.00032
0.00048
0.00048
0.00032
0.00048
0.00048
0.00032
0.00048
0.00048
0.00048
0.00032
0.00048
0.00032
0.00032
0.00048
0.00032
0.00048
0.005
0.00032
0.00032
0.00032
0.00048
0.00071
0.00032
0.00032
0.00032
0.00048
0.00071
0.00032
0.00032
0.00071
0.00032

0.00985389
0.00770642
0.00770642
0.00770642
0.00770642
0.00985389
0.00985389
0.00770642
0.00985389
0.00985389
0.00770642
0.00985389
0.00985389
0.00985389
0.00770642
0.00985389
0.00770642
0.00770642
0.00985389
0.00770642
0.00985389
0.04368599
0.00770642
0.00770642
0.00770642
0.00985389
0.01428372
0.00770642
0.00770642
0.00770642
0.00985389
0.01428372
0.00770642
0.00770642
0.01428372
0.00770642

0.047
0.047
0.044
0.047
0.044
0.047
0.044
0.044
0.047
0.047
0.044
0.047
0.047
0.047
0.044
0.047
0.047
0.047
0.047
0.044
0.047
0.044
0.044
0.044
0.047
0.047
0.044
0.047
0.044
0.047
0.047
0.047
0.047
0.044
0.0097
0.044

2.1629E-11
2.4036E-07
2.1281E-07

8.3608E-06

3.6686E-08
0.00012173
3.48E-10

3.0195E-11

0.00339381
1.8415E-08
0.00036392
2.17E-05

4.5869E-12
1.5589E-07
0.00011941
9.8026E-06
0.00536612
3.5588E-05
1.2889E-05
2.1181E-05
1.0928E-05
1.5091E-05
0.00431297
6.5183E-10
0.00308482
7.6367E-07

1.9063E-08
1.6746E-05
1.5273E-05

0.00029011

3.7597E-06
0.00236049
1.278E-07

2.2177E-08

0.03053508
2.1078E-06

0.00570716

0.00061694

6.5345E-09

1.2213E-05
0.00232075
0.00032912
0.04241644
0.00088853
0.00041287
0.00060809
0.00036276
0.00046668
0.03615988
1.8238E-07
0.02855581
4.2622E-05




