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Abstract: Acute myeloblastic leukemia (AML) is the most prevalent form of AML in adults. Despite the availability of
various treatment options, including radiotherapy and chemotherapy, many patients fail to respond to treatment
or relapse. Copper is a necessary cofactor for all organisms; however, it turns toxic when concentrations reach a
certain threshold maintained by homeostatic systems that have been conserved through evolution. However, the
mechanism through which excess copper triggers cell death remains unknown. In this study, data on long non-cod-
ing RNAs (IncRNAs) related to cuproptosis were retrieved from publicly available databases. LASSO and univariate
and multivariate Cox regression analyses were performed to establish an IncRNA model associated with cuproptosis
specific to AML. To investigate the risk model, the Kaplan-Meier curve, principal component analysis, functional en-
richment analysis, and nomographs were employed. The underlying clinicopathological characteristics were deter-
mined, and drug sensitivity predictions against the model were identified. Six cuproptosis-related IncRNA-based risk
models were identified as the independent prognostic factors. By regrouping patients using a model-based method,
we were able to more accurately differentiate patients according to their responses to immunotherapy. In addition,
prospective compounds targeting AML subtypes have been identified. Using qRT-PCR, we examined the expres-
sion levels of six cuproptosis-associated IncRNAs in 30 clinical specimens. The cuproptosis-associated INnCRNA risk-
scoring model developed herein has implications in monitoring AML prognosis and in the clinical prediction of the
response to immunotherapy. Furthermore, we identified and verified the ceRNA of the cuproptosis-related INcRNA
HAGLR/miR-326/CDKN2A regulatory axis using bioinformatic tools. HAGLR is highly expressed in AML and AML cell
lines. HAGLR inhibition significantly reduced the proliferation of AML cells and promoted apoptosis. Elesclomol pro-
motes the degradation of CDKN2A and inhibits the proliferation of AML cells. Elesclomol combined with si-HAGLR
inhibited the AML progression of AML both in vitro and in vivo.
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Introduction Copper is an essential cofactor for all organ-
isms, and copper homeostasis is critical for a
variety of physiological activities. Dysregulation

of the intracellular bioavailability of copper can

Acute myeloid leukemia (AML) is a type of
hematopoietic cancer that results from aber-

rant proliferation and accumulation of leuke-
mia cells (myeloid relatives) in the peripheral
blood and bone marrow [1]. AML is the most
prevalent form of adult acute leukemia and
commonly emerges as a new malignancy with a
very poor survival prognosis [2], especially in
the elderly [3, 4]. Primary resistance to initial
therapy and disease relapse remain significant
challenges in the treatment of AML [5].

cause cytotoxicity and oxidative stress. Copper
homeostasis is precisely maintained across the
animal kingdom, from prokaryotes to eukary-
otes, mostly by preventing excessive copper ion
accumulation in cells, which threatens cell sur-
vival. Several pioneering studies have exam-
ined various forms of cell death, such as apop-
tosis [6], necroptosis [7], pyroptosis [8], and
ferroptosis; however, few studies have focused
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on cytotoxicity induced by excess levels of cop-
per [9-11]. Several explanations have been pro-
posed for the precise mechanisms by which
copper ions cause cell death. These explana-
tions include the initiation of apoptosis [12,
13], caspase-independent cell death [14], gen-
eration of reactive oxygen species (ROS) [15,
16], and suppression of the ubiquitin-protea-
some system [17-19]. However, there has been
no concensus on this topic. Therefore, the
specific mechanisms underlying the effects of
copper on cell death need to be further
investigated.

The expression profiles of 19 cuproptosis genes
and 55,187 long non-coding RNAs (IncRNAs)
obtained from the dataset provided by The
Cancer Genome Atlas (TCGA) were used in this
investigation. Subsequently, Pearson’s correla-
tion analysis was used to detect cuproptosis-
associated IncRNAs. This model was designed
to examine the overall survival (0OS) of patients
with AML and was based on a novel cupropto-
sis gene prognostic model. Using a publicly
accessible database of drug sensitivity, poten-
tial drug candidates targeting this IncCRNA sig-
nature related to cuproptosis were identified.
Furthermore, connections associated with
immunotherapy responses were investigated. A
nomogram was constructed to predict the 0OS
of patients with AML. Finally, we investigated
the expression profiles of cuproptosis-related
IncRNAs and verified their potential regulatory
mechanisms in AML.

Materials and methods
Data collection of patients with AML

Using the VarScan program, we acquired RNA-
seq transcriptomic data, associated clinical
data, and variant data from TCGA databases
for patients with AML.

Selection of cuproptosis genes and cupropto-
sis-associated IncRNAs

Our team acquired IncRNAs and cuproptosis
genes from TCGA database. Based on earlier
investigations, the expression matrix of 19
cuproptosis genes, including NFE2L2, NLRP3,
ATP7B, ATP7A, SLC31A1, FDX1, LIPT4, LIAS,
LIPT2, DLAT, DLD, PDHA1, MTF1, PDHB, GLS,
DBT, CDKN2A, GCSH, and DLST, was also
retrieved from TCGA database. We selected
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cuproptosis-associated IncRNAs via Pearson’s
correlation analysis and identified 1255 cupro-
ptosis-associated IncRNAs. The criteria used
for this procedure was |Pearson R| > 0.4 and P
< 0.001.

Construction and verification of the risk signa-
ture

We first integrated the data from TCGA data-
bases, performed batch correction to reduce
variance, and obtained the joint database. The
complete TCGA dataset was divided into train-
ing and testing sets using a random process.
The training set was employed to develop the
cuproptosis-associated IncRNA model, and
TCGA full and test sets were used to verify the
constructed model. None of the datasets ex-
hibited significant differences in the perfor-
mance of patients in the clinic (P > 0.05).
Combining information on AML survival from
TCGA databases, our team selected the prog-
nostic results from 1255 cuproptosis-associat-
ed IncRNAs in TCGA datasets, and univariate
Cox regression analyses were utilized. Using
the R package glmnet for LASSO Cox regres-
sion analyses (via penalized parameters specu-
lated by 10-fold cross-verification) in TCGA
datasets, 18 IncRNAs related to cuproptosis
were found to be correlated with OS in patients
with AML. Multifactorial Cox regression analy-
ses were used to analyze these 18 cuproptosis-
associated IncRNAs, resulting in six cupropto-
sis-associated InNcRNA risk models. Subgroups
such as high- and low-risk groups were created
according to the mid-value of the risk score.

Function analysis

Our team completed Gene Ontology (GO) and
KEGG analyses to determine DEGs, which used
the R package clusterProfiler. The analytical
liminal value was identified using the P-value,
with P < 0.05, indicating significant functional
annotation enrichment.

Tumor mutation and drug susceptibility analy-
sis

The R package “maftools” was employed to
transform somatic mutation files obtained from
TCGA database into a mutation annotation for-
mat, and the mutation status of specimens
from both high-risk and low-risk cohorts was
inspected. Furthermore, tumor mutation bur-
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den (TMB) scores were computed for each risk
group, and the relationship between tumor
mutation burden (TMB) scores and the respec-
tive risk scores was examined. Compounds
associated with the clinical treatment of AML
were identified by calculating the semi-inhibito-
ry concentrations (IC50) for the AML dataset,
which was acquired from the Cancer Drug
Sensitivity Site (GDSC) in the TCGA project. The
IC50 values of these compounds were deter-
mined using the R package (pRRophetic).

Principal component analysis (PCA) and
Kaplan-Meier survival curve analysis

PCA was utilized for efficient reduction of
dimensions, recognition of models, and visual-
ization of high-dimensional data in groups,
including complete profiles of genetic expres-
sion, 19 cuproptosis genes, 1255 cuproptosis-
associated IncRNAs, and risk models based on
the expression patterns of six cuproptosis-
related IncRNAs. Our team employed KM sur-
vival analyses to evaluate OS diversity between
the low-risk and high-risk groups. The R pack-
ages survival and survMiner were used for such
analyses.

Establishing and proving a prognostic factor

The predictive power of the independent prog-
nostic factors (age, sex, grade, stage, and risk
scoring) for 1-, 3-, and 5-year OS was estab-
lished. Based on the Hosmer-Lemeshow test,
calibration curves were used to demonstrate
the concordance between the actual and antici-
pated model outcomes.

Extraction of RNA, qRT-PCR, and reverse tran-
scription

Plasma samples were collected from 30
patients with AML and healthy donors (NC).
This study was approved by the Ethics
Committee of our hospital. Total RNA from lin-
eage cells and AML and NC plasma samples
was prepared using TRIzol reagent (Invitrogen)
or the QIAGEN FFPE RNeasy kit (QIAGEN). Total
RNA was prepared using the RevertAid First-
Strand c¢cDNA Prep Tool (Thermo Fisher Sci-
entific, USA) to convert the RNA into cDNA by
reverse transcription. Gene expression was
normalized to that of GAPDH. For quantitative
real-time PCR experiments, FastStart Universal
SYBR Green Master Mix (Roche) was used with
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StepOne (Applied Biosystems, USA). The rela-
tive fold changes in expression were analyzed
via the 2%4¢T approach. The following primer
sequences were as follows: AL590705.3 for-
ward 5’-CCTTTGGTAGAAGCTCCTGTCT-3’,and re-
verse 5-TTTCCTTGGCAGAACCACAA-3’; LINCO1-
094 forward 5-CAAACCAGTTGTGCAGAGCC-3’,
and reverse 5-GCTCTTGGCAAGCAACACTC-3%;
AC147067.2 forward 5-CTTCCCTTATCACCGT-
TAGCCA-3’, and reverse 5-CACAGTTGCACAG-
ACGACA-3’; AC023511.1 forward 5-TGGCTCA-
ACACAATGCCCAA-3’, and reverse 5-TTTATGT-
GTGGCCCCAGAAGG-3’; AC016394.2 forward
5-GGTAAGACGGACGCCAGATT-3’, and reverse
5-GTAAGTAACGCCGGCATGTG-3’; HAGLR for-
ward 5-TGCTGCATGACACGTACTCC-3’, and re-
verse 5-GGAAGAGCCAAGTCAGACGA-3’; CDK-
N2A forward 5-CCGTGGACCTGGCTGAGGAG-3/,
and reverse 5-CGGGGATGTCTGAGGGACCTT-
C-3; GAPDH forward 5-GGACGCATTGGTCGT-
CTGG-3’, and reverse 5-TTTGCACTGGTACGT-
GTTGAT-3’; miR-326 mimic TATCCTCTGGGCC-
CTTCCT.

Cell culture

AML cell lines (Kasumi-1, MOLM13, HL-60, and
THP-1) and GM12878 were obtained from the
ATCC (ATCC, Manassas, VA, USA). AML cells
were cultured in RPMI-1640 medium (Hyclone;
GE Healthcare) and stored in a humidified incu-
bator at 37°C under 5% CO,,.

Cell proliferation

AML cells were cultured in 96-well plates
(2x10° cells/well). After incubation at 37°C
under 5% CO, for different time periods, 10 L
CCK-8 (Dojindo, Kumamoto, Japan) was added
to the cells, and cell were maintained for anoth-
er 4 h. A microplate reader (Potenov, Beijing,
China) was used to measure the absorbance at
450 nm.

Cell apoptosis assay

Apoptosis was measured using an Apoptosis
Detection Kit (Sigma-Aldrich). AML cells (2x10°
AML cells per well) were seeded into 12-well
plates. After 24 h of treatment, the cells were
collected and treated with Annexin V-binding
buffer, followed by labeling with Annexin V-FITC
and Pl (Sigma). The percentage of apoptotic
cells was assessed using flow cytometry.
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Dual-luciferase assay

The online tool TargetScan was used to identify
the potential binding sites. The wild-type (wt)
and mutant (mut) sites of HAGLR (HAGLR wt
and HAGLR mut) and CDKN2A (CDKN2A wt and
CDKN2A mut), including the homologous bind-
ing sites of miR-326, were amplified and uni-
formly cloned into the vector pGL3 (Promega).
The dual-luciferase reporter assay system
(Promega) was used to detect luciferase
activity.

Western blotting

RIPA lysis buffer (Beyotime, Shanghai, China)
was used to extract proteins from the AML
cells. Western blotting was used to deter-
mine the expression levels of the proteins
involved in this study as previously described.
The membrane was incubated with CDKN2A
(1:2000, Abcam, UK) and p-actin (1:3000,
Abcam, UK) overnight at 4°C. Horseradish per-
oxidase-conjugated goat anti-rabbit secondary
antibodies (1:5000; Abcam) were also used.
Finally, an ECL detection kit (Beyotime) was
used to visualize the protein signals on the
membrane.

Tumor transplantation in nude mice

Mice aged 4-6 weeks were fed in a specific
pathogen animal laboratory for 1 week. The
mice were randomly divided into four groups
containing three mice each. A cell suspension
(0.4 mL; 1x10%) was prepared from HL-60
cells of different treatments and injected sub-
cutaneously into the neck and back. When
the tumor volume reached approximately
100 mm3, the animals were randomly divided
into four groups: saline, si-HAGLR, elesclomol,
and si-HAGLR+elesclomol (n = 3 mice per
group).

Different formulations of si-HAGLR (20 mg
siRNA per mouse equivalent) and elesclomol
(30 mg/kg per mouse equivalent) were admin-
istred as a treatment via tail vein injection once
a week. On day 28, all animals were eutha-
nized, and the following formula was used to
quantify tumor volume: V (volume) = (length
width?)/2; extracted and imaged tumor tissue.
Finally, the tumors were extracted for histo-
pathological analysis.
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Hematoxylin and eosin (H&E) staining

Using a microtome, 4 upm sections were
obtained from each paraffin block. The sec-
tions were immersed in xylene for 10 min, rehy-
drated with absolute ethanol and 95%, 85%,
and 70% ethanol in turn for 5 min, immersed,
and washed with PBS solution for 3 times for 5
min each. Next, 100 uL of pre-prepared hema-
toxylin solution was added to each tissue sec-
tion and allowed to stain for 10 min. The sec-
tions were subsequently stained with an eosin
solution for 3 min, dehydrated with graded alco-
hol, and cleared in xylene. Finally, the slides
were mounted using neutral resin.

Immunohistochemistry (IHC)

The tissues from nude mice were cut into 4 um
slides. Ki-67 and CDKN2A antibody were pur-
chased from Cell Signaling Technology. The IHC
analysis was performed as described previous-
ly [20]. Images were observed under a micro-
scope (Olympus, Tokyo, Japan) at appropriate
magnification.

Statistical analysis

One-way analysis of variance (ANOVA) and
paired sample t-tests were used to assess dif-
ferences between groups. Pearson’s correla-
tion test was used to analyze the correlations.
Statistical analyses were performed using
SPSS 23.0 and GraphPad Prism 7.0.1 soft-
wares. All experiments were performed inde-
pendently and repeated thrice. Statistical sig-
nificance was set at P < 0.05.

Results

Identification of cuproptosis-associated In-
CRNAs in patients with AML

The workflow for the risk model construction
and subsequent analyses is shown in Supple-
mentary Figure 1. TCGA database was used to
extract 55,187 IncRNAs and 19 cuproptotic
genes. LncRNAs related to cuproptosis were
classified as INCRNAs connected to one or more
of the 19 cuproptosis genes (|Pearson R| > 0.3
and P < 0.001). Figure 1A depicts the co-
expression of the cuproptosis-IncRNA network
as a Sankey diagram and identifies cupropto-
sis-associated IncRNAs. Figure 1B shows the
relationship between cuproptosis genes and
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Figure 1. Determination of Cuproptosis-associated IncRNAs in AML sufferers. A. Sankey relation chart for cupropto-
sis genes and cuproptosis-associated INncRNAs. B. Heat map for the association between cuproptosis genes and the

6 prognosis cuproptosis-associated INcCRNAs.

cuproptosis-associated IncRNAs in TCGA da-
taset.

Construction and validation of a risk model for
patients with AML based on IncRNAs related
to cuproptosis

Univariate Cox regression analysis was utiliz-
ed in the training set to identify cuproptosis-
associated IncRNAs related to AML prognosis
among 1255 cuproptosis-associated INcRNAs
identified from all three databases. We found
that 16 cuproptosis-associated IncRNAs in
TCGA were correlated with OS in patients with
AML (Supplementary Figure 2A). Lasso-pe-
nalized Cox analyses are prevalent multi-
regression analyses, the use of which not only
increases the predicted interpretability and
accuracy of statistical models, but also permits
simultaneous variate selection and regulariza-
tion. This approach is widely used for the opti-
mal selection of features with low correlations
and prominent predictive values in high-dimen-
sional data to avoid overfitting. Therefore, this
approach can help to validate the most predic-
tive biomarkers and generate prognostic indi-
ces for determining clinical outcomes. LASSO
analysis was implemented to extract potential
16 cuproptosis-associated IncRNA signatures
for prognostic prediction in patients with AML.
The cvFIT output and lambda curves are shown
in Supplementary Figure 2B and 2C. The high-
and low-risk groups were classified based on
the median risk score, which showed a stronger
ability to predict patient survival than tradition-
al clinicopathological features. The risk score
for each sample was obtained using the prog-
nostic model formula. The sample was divided
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into high-risk (N = 199) and low-risk (N = 171)
groups. Figure 2A depicts the distribution of
risk scores in the high- and low-risk groups in
the entire cohort, whereas Figure 2B depicts
the survival times of patients between the
groups in the whole cohort. Heat maps illus-
trate the expression of the six cuproptosis-
related IncRNA signatures in the high- and low-
risk groups of the entire cohort (Figure 2C).
Survival analyses revealed a higher OS in the
low-risk group than in the high-risk group in the
entire cohort (P < 0.001; Figure 2D). To evalu-
ate the predictive accuracy of this well-estab-
lished model in the test and training groups,
risk scores were generated for each patient by
using a standard formula. The test group was
divided into high-risk (N = 106) and low-risk (N
= 78) groups. The training group was divided
into high-risk (N = 93) and low-risk (N = 93)
groups. Figure 3 illustrates the risk grades dis-
tribution, survival time and status patterns,
and expression of cuproptosis-associated
IncRNAs in the test group (Figure 3A-C) and
training group (Figure 3E-G). Kaplan-Meier
curves revealed that the OS ratio of the AML
samples in the low-risk group was significantly
higher than that in the high-risk group in the
test and training groups (Figure 3D and 3H).

Principal-component analysis (PCA) verified
the grouping ability of the cuproptosis-related
IncRNA model

PCA was conducted to examine the difference
between groups with low- and high-risk depend-
ing on complete gene expression, 19 cupropto-
sis genes, six cuproptosis-associated INncCRNAs,
and a model of risk classification based on the
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Figure 2. The risk patterns’ prognostic value of the 6 cuproptosis-asociated IncRNAs in the TCGA entire sets. A.
Risk score distribution based on the IncRNA model associated with cuproptosis. B. Different survival time patterns
between the groups with high- and low-risk. C. The expression levels of the six prognostic IncRNAs are shown in a
heatmap for each patient using clustering analysis. D. The KM survival curves for both high- and low-risk patients.

expression profiles of six cuproptosis-associat-
ed IncRNAs (Supplementary Figure 3A-D). As
shown in Supplementary Figure 3A-C, the distri-
bution of both risk groups was comparatively
dispersed. Conversely, based on the findings
of our model, the low- and high-risk groups
exhibited distinct distributions (Supplementary
Figure 3D). Based on these findings, it appears
that prognostic characteristics can differenti-
ate between low- and high-risk groups.

Estimation of the tumor immune microenviron-
ment and cancer immunotherapy response us-
ing the cuproptosis-associated IncRNA model

To explore the relationship between the risk
model and the immune status, we quantified
the enrichment scores of diverse immune cell

subpopulations,

associated functions,

and

pathways using ssGSEA. The contents of the

antigen presentation process,

including the

score of T cell co-stimulation, antigen present-
ing cell (APC) co-stimulation, inflammation-pro-
motion, and MHC class |, were significantly dif-

ferent between the high-risk and

low-risk

groups. Moreover, the scores for T cell co-inhi-
bition, APC co-inhibition, inflammation promo-
tion, type | IFN response, and type Il IFN
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response were higher in the high-risk group
(Figure 4A). GO analysis showed that cupro-
ptosis-related IncRNAs were enriched in skele-
tal system development, pattern specification,
and anterior/posterior pattern specification
(Figure 4B). KEGG analysis showed that these
cuproptosis-related IncRNAs may be related
to cytokine-cytokine receptor interactions,
Malaria, and PI3K-Akt signaling pathways, sug-
gesting that these IncRNAs are involved in
tumor development (Figure 4C). In addition,
differences in sensitivity to immunotherapy
between patients in the high- and low-risk
groups were investigated using the TIDE algo-
rithm (http://tide.dfci.harvard.edu/). The TIDE
algorithm develops a recently developed tool
for evaluating the effectiveness of immune
checkpoint therapies for tumors [21]. In this
study, the TIDE score in the high-risk group
was higher than that in the low-risk group
(Figure 4D). Nevertheless, further investigation
is essential to determine whether immunother-
apy is more advantageous for patients with
AML in the low-risk group than those in the
high-risk group. Next, we used the maftools
algorithm to observe mutations in the high- and
low-risk groups and showed that for most
genes, the frequency of mutations was higher

Am J Cancer Res 2023;13(9):3921-3940
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Figure 3. The risk patterns’ prognostic value of the 6 cuproptosis-asociated INcCRNAs in the TCGA testing and train-
ing set. A. The risk score distribution based on the IncRNA model associated with cuproptosis in the test set. B.
Survival status and time patterns of the high- and low-risk groups. C. Heatmap derived from the clustering analysis
depicting the expression levels of six prognostic INcCRNAs for each patient. D. KM survival curves of patients in both
groups. E. Distribution of risk scores based on the IncRNA model associated with cuproptosis in the training set. F.
Survival status and time patterns of the low- and high-risk groups. G. Heatmap derived from the clustering analysis
depicting the expression levels of six prognostic INcRNAs for each patient. H. KM survival curves for both high- and

low-risk patients.

in the low-risk group than in the
(TTN: low-risk, 57%; high-risk, 4

risk, 39%; high-risk, 45%; MUC16:

36%; high-risk, 25%) (Figure 4E

high-risk group
5%; TP53: low-
low-risk,

, 4F). The differ-

ence in TMB between the high- and low-risk

groups was significant (P = 0.00
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14; Figure 4QG).

We further investigated the probable differenc-
es in survival between patients with high and
low TMB. A significant survival advantage was
observed in the high-TMB group compared with

the low-TMB group (P =

0.020; Figure 4H),

whereas patients in the in the low-TMB and low-
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Figure 4. Evaluation of the cancer immunotherapy response and tumor immune microenvironment employing the INcRNA model related to Cuproptosis-in the TCGA
entire set. (A) The indicated criteria of the immune indicator for every sufferer. (B) GO enrichment analyses. (C) KEGG enrichment analyses. (D) The difference in
TIDE prediction between patients at high- and low-risk. (E and F) The water fall plot presents variant data of the genes with great variant frequencies in the group
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risk groups had a more remarkable survival
advantage (P < 0.001; Figure 4l). These find-
ings indicate that low- or high-risk can be used
to evaluate the clinical prognoses of patients
with AML.

Identification of novel candidate compounds
targeting the cuproptosis-associated IncCRNA
model

The pRRophetic algorithm was utilized to evalu-
ate the treatment activity, depending on the
IC50 that was present in the GDSC database,
for every sample to detect potential drugs tar-
geting the IncRNA model that could be used to
treat patients with AML. We observed that 56
compounds were evaluated for significant vari-
ation between these groups in terms of the
calculated IC50, and all of these compounds
were more sensitive to the high group.
Supplementary Figure 4 illustrates the top 19
compounds that can be used for further inves-
tigation in patients with AML.

Investigation of the cuproptosis-associated In-
CRNA prognostic risk model and clinical char-
acteristics of AML

Univariate and multivariate Cox regression
analyses were conducted to determine whether
risk modeling was an independent prognostic
factor for AML. The risk scoring hazard ratio
(HR) and 95% confidence interval (Cl) were
1.13 and 1.07-1.19 (P < 0.001; Figure 5A),
respectively, in a univariate Cox regression
analysis. The HR and 95% ClI in the univariate
Cox regression analysis were 1.14 and 1.08-
1.20, respectively (P < 0.001; Figure 5B), dem-
onstrating that risk modeling has the potential
to be an independent prognostic factor. In con-
trast to clinical variables, the risk modeling of
prognostic factors predominantly presented
predictive utility in the nomogram analysis
(Figure 5C). The consistency indicator of risk
scoring and area under the receiver operating
characteristic (ROC) curve (AUC) were investi-
gated to further assess the sensitivity and
uniqueness of risk scoring for AML prognosis.
The consistency of the risk scoring index was
consistently higher than that of other clinical
factors over time, suggesting that risk scoring
was superior for AML prognosis (Figure 5D).
The predicted one-, three-, and 5-year OS rates
showed satisfactory coherence (Figure 5E).
Subsequently, ROC curves with time depen-
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dence were employed to investigate the prog-
nostic power of the risk class, age, and sex
from TCGA database. The AUC of the risk score
was 0.703, which was better than that of age
(0.594), sex (0.522), and stage (0.561) (Figure
5F), indicating that risk modeling based on the
six cuproptosis-associated IncRNAs is more
reliable. Similarly, the AUCs for OS at one, three,
and five years were 0.703, 0.722, and 0.680,
respectively, in all groups (Figure 5G), indicat-
ing that the signature was reliable and could be
effectively applied in clinical practice.

IncRNA HAGLR mainly locate in the cytoplasm
and its knockdown inhibits AML cell prolifera-
tion and promote apoptosis

We conducted qRT-PCR to assess IncRNAs in
the peripheral blood samples of patients with
AML and NC and found that the expression of
HAGLR was significantly upregulated in patients
with AML compared to other IncRNAs (Figure
6A). Compared to the NC, the expression of
HAGLR was significantly upregulated in AML
samples (Figure 6B). In AML cell lines, the
expression of HAGLR were significantly upregu-
lated in THP-1 and HL-60 compared to that in
AML cell lines (Figure 6C). Functional interfer-
ence techniques were used to evaluate the
behavioral effects of HAGLR deletion. Figure
6D shows that transfection was successful in
the AML cell lines. siRNA#2 was selected for
further experiments because it exerted the
strongest inhibitory effect. The CCK-8 assay
suggested that HAGLR knockdown significan-
tly inhibited the proliferation of HL-60 and
THP-1 cells (Figure 6E). The results of the FISH
assay confirmed the localization of HAGLR in
the cytoplasm (Figure 6F). Flow cytometric
analysis demonstrated that HAGLR knockdown
increased the proportion of apoptotic AML cells
(Figure 6G). These findings demonstrate that
the knockdown of HAGLR inhibits AML prolifer-
ation and promotes apoptosis in vitro, demon-
strating that HAGLR plays a key role in stimulat-
ing the progression of AML.

miR-326 is sponged by IncRNA HAGLR

To further explore the specific mechanism of
HAGLR as a ceRNA in AML, we identified the
target miRNAs using the Mircode database
(Figure 7A), and top 8 candidate miRNAs were
screened to determine whether HAGLR might
have spongy miRNAs in AML cells. We designed
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Figure 7. IncRNA HAGLR acted as ceRNA for miR-326. A. Schematic diagram of target miRNA of HAGLR. B. The
pull-down efficiency of biotinylated HAGLR probe tested by qRT-PCR in HL-60 and THP-1 cells. C. The comparative
levels of 8 miRNA candidates in AML cells were detected by qRT-PCR. D. The level of miR-326 in the blood samples
from 30 AML sufferers and matched healthy control was examined with gRT-PCR analysis. E. The level of miR-326
in GM12878, Kasumi-1, MOLM13, HL-60 and THP-1 cells was determined by qRT-PCR assay. F. The relationship
between HAGLR and miR-326 in HL-60 and THP-1 cells was performed by dual-luciferase reporter assay. G. miR-326
expression following si-HAGLR transfection was assessed by qRT-PCR. H. HAGLR expression following miR-326 over-
expression was measured by qRT-PCR. I. HAGLR expression following HAGLR overexpression and miR-326 mimic
was assessed by qRT-PCR. Data are shown as the mean + standard deviation of three independent experiments.

**P < 0.01; ***P < 0.001.

a biotinylated HAGLR probe and confirmed the
pull-down efficiency in AML cells (Figure 7B).
Next, miRNAs were extracted using a pull-down
procedure, and the levels of the eight candi-
date miRNAs were detected by qRT-PCR. As
shown in Figure 7C, miR-326 was heavily pulled
down by HAGLR.

Furthermore, we noticed that the expression
level of miR-326 was low in both patients with
AML and cell lines compared to that in normal
groups (Figure 7D, 7E). The dual-luciferase
reporter gene system showed that miR-326
mimics significantly reduced the expression of
Wt HAGLR instead of Mut HAGLR in HL-60 and
THP-1 cells (Figure 7F). gRT-PCR analysis
revealed that silencing HAGLR significantly
promoted the expression of miR-326 (Figure
7G), whereas miR-326 overexpression clearly
decreased HAGLR expression (Figure 7H).
Overexpression of HAGLR reduced the inhibito-
ry effects of the miR-326 mimic (Figure 71).
These results suggest that HAGLR acts as a
ceRNA sponge and inhibits miR-326 expression
in AML cells.

IncRNA HAGLR sponges miR-326 to upregu-
late CDKN2A

We predicted the possible mRNAs involved
using three algorithms (miRDB, miRTarBase,
and TargetScan) (Figure 8A), and qRT-PCR vali-
dation was performed for the seven target
genes that were predicted to be relatively highly
expressed in AML and NC. As shown in Figure
8B, CDKN2A expression was significantly high-
er than that in matched healthy controls (Figure
8C) and was also higher in THP-1 and HL-60
cells than in other AML cell lines (Figure 8D).
The dual luciferase reporter gene system
showed that miR-326 mimics significantly
reduced the expression of CDKN2A with Wt
instead of Mut in HL-60 and THP-1 cells (Figure
8E). qRT-PCR revealed that the miR-326 mimic
inhibited the expression of CDKN2A, but these
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alterations were reversed by HAGLR overex-
pression (Figure 8F). We used the KEGG path-
way and GO to analyze the biological function of
HAGLR and signaling pathways (Figure 8G, 8H).
These findings demonstrate that HAGLR spong-
es miR-326 to upregulate CDKN2A expression.

Elesclomol inhibits growth of AML in vitro

Elesclomol is a potent inducer of oxidative
stress in cancer cells. To determine the effects
of elesclomol on AML cell growth, HL-60 and
THP-1 cells were treated with elesclomol. The
MTT assay showed that 1, 5, 10 and 20 ym of
elesclomol caused a time-dependent, decrease
in AML cell growth (Figure 9A). Further, HL-
60 and THP-1 cells were transfected with si-
HAGLR combined with Elesclomo, expression
of CDKN2A was dramatically reduced (Figure
9B). The si-HAGLR combined with elesclomo
significantly inhibited proliferation (Figure 9C)
and promoted apoptosis in vitro (Figure 9D).
In summary, our data suggested that elesclo-
mol inhibited AML cell growth and promoted
apoptosis.

Mechanistic validation of combretastatin si-
HAGLR and elesclomol for synergistic therapy
of AML in vivo

We also examined the role of combretastatin
si-HAGLR and elesclomol in combination thera-
py in vivo. Tumor volume and weight were sig-
nificantly smaller in the si-HAGLR combined
with elesclomol group, whereas they were dra-
matically increased in the saline group com-
pared to the other groups (Figure 10A-C). Ki-67
immunofluorescent staining was used to iden-
tify cellular proliferative activity. As shown in
Figure 10D, there was fewer Ki-67 in the si-
HAGLR combined with elesclomol group than in
the other groups. H&E staining showed more
necrotic areas in the si-HAGLR combined with
elesclomol group than in the other groups.
Meanwhile, there was strong fluorescence of

Am J Cancer Res 2023;13(9):3921-3940
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Figure 8. IncRNA HAGLR sponged miR-326 to upregulate CDKN2A. A. Network analysis of miRNA and their target genes by miRDB, miRTarBase and TargetScan. B.
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Figure 9. Elesclomol promotes the degradation of CDKN2A and regulates AML cell proliferation and apoptosis. A.
gRT-PCR analysis of CDKN2A expression after treated with different doses of elesclomol. B. Relative protein levels
of CDKN2A of HL-60 and THP-1 treated with si-NC, si-HAGLR, elesclomol (10 um), and si-HAGLR+Elesclomol for
24 h, respectively. The quantitation data from immunoblotting analysis were analyzed via ImageJ program. C. The
proliferation of HL-60 and THP-1 cells were detected by CCK-8 assays. D. Flow cytometry was employed to identify
cell apoptosis of HL-60 and THP-1 cells after 24 h. Data are shown as the mean * standard deviation of three inde-
pendent experiments. **P < 0.01, ***P < 0.001.
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Figure 10. Mechanistic validation of combretastatin si-HAGLR and elesclomol for synergistic therapy of AML in
vivo. A. Effects of suppression of combretastatin si-HAGLR and elesclomol on tumor volume and tumor weight. B,
C. Tumor volume and weight after the sacrifice of all mice on day 34 after treatment of the tested mice with si-NC,
si-HAGLR, elesclomol and si-HAGLR+elesclomol, respectively. D. HE and Ki-67 were detected by immunohistochem-
istry. Tunel (green) were detected by immunofluorescence. Scale bar: 50 um. E. CDNK2A (red) were detected by
immunofluorescence on mouse tumor tissue. Scale bar: 50 ym. Data are shown as the mean + standard deviation
of three independent experiments. **P < 0.01, ***P < 0.001.

TUNEL (green) (Figure 10D) and weak fluores- The therapeutic landscape of AML has under-
cence of CDKN2A (red) (Figure 10E) in tumor gone a significant transformation because of
tissues in the si-HAGLR combined with elesclo- basic and translational studies, particularly
mol group, in contrast to the other groups. through the use of large-scale genomic assess-
These findings indicated a strong suppressive ments to obtain a detailed understanding of
role of si-HAGLR combined with elesclomol in the molecular structure of AML. Despite these
the proliferation of leukemia cells in vivo. advancements, primary resistance to initial

treatment and disease relapse continue to be
Discussion significant unmet needs in the treatment of

AML. AML is often classified using an approach
AML is a heterogeneous disease characterized developed by the World Health Organization
by extensive genomic changes and mutations. (WHO), which is based on an in-depth investiga-

3936 Am J Cancer Res 2023;13(9):3921-3940



Cuproptosis-related IncRNAs AML prognosis

tion of cytochemistry, cytomorphology, genet-
ics, immunophenotypes, and clinical character-
istics [22]. The effectiveness of chemotherapy
is determined by the cytogenetic and molecular
phenotypes of various AML subtypes [23].
More than half of AML patients relapse because
their clones are diverse [24, 25]. Furthermore,
somatic heterogeneity presents a major barrier
to AML therapeutic approaches [26] and it
emphasizes the necessity of developing thera-
peutic alternatives that are both more efficient
and specifically targeted.

Programmed cell death involves apoptosis,
thermal apoptosis, necrosis, and iron-mediated
apoptosis. Cu serves as a vital cofactor for all
organisms; however, it becomes toxic if its con-
centration exceeds the threshold maintained
by evolutionarily conserved homeostatic mech-
anisms. However, the influence of Cu toxicity
on AML tumorigenesis is not fully understood.
Mechanisms of Cu-induced tumor cell death
First, oxidative stress: copper-mediated reduc-
tion of Fenton’s reaction or antioxidant mole-
cules results in increased ROS levels, subse-
quently causing mitochondrial dysfunction and
accelerated apoptosis; second, proteasome
inhibition: copper’s interaction with protea-
some subunits leads to the accumulation of
ubiquitinated proteins; and third, anti-angio-
genesis: depleting copper hampers the forma-
tion of new blood vessels, further restricting
nutrient supply to the tumor tissue [27]. These
anticancer mechanisms eventually contribute
to the suppression of tumor growth and even
cell death. Given its benefits in cancer therapy,
the potential biomedical applications of copper
warrant extensive investigation. Chemotherapy
resistance and nonspecific cytotoxicity are the
primary challenges in AML treatment. Anth-
racyclines (doxorubicin, daunorubicin, epirubi-
cin, and idarubicin) are effective drugs for treat-
ing various cancer types, including AML [28].
These well-tolerated and safe agents demon-
strate exceptional selectivity and potency
against tumor cells, and facilitate antitumor
therapy by inducing tumor cell death through
apoptosis.

Several studies have shown that modifications
in cuproptosis may play a regulatory role in
tumorigenesis. Whether cuproptosis modifiers
can modify specific IncRNAs, the relationship
between cuproptosis and IncRNAs in the main-
tenance of various cancers, whether cupropto-
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sis modifications of IncRNAs affect tumori-
genesis and progression, and whether IncRNAs,
as competing endogenous RNAs, are influ-
enced by cuproptosis regulators and thus pro-
mote cancer invasion and progression remain
to be investigated. Our study showed that sur-
face cuproptosis modifications are specific to
IncRNAs, and more attention should be paid to
the interaction and function of IncRNAs and
cuproptosis modifications to identify potential
tumor prognostic biomarkers or therapeutic
targets.

In this study, 1255 cuproptosis-associated
IncRNAs were identified from the TCGA data-
base to investigate the prognostic effect of
cuproptosis-associated IncRNAs. The TCGA
database corroborated the prognostic merits
of 18 cuproptosis-associated IncRNAs, six of
which were utilized to establish cuproptosis-
associated IncRNA models to predict OS in
patients with AML. Based on the median risk
score, patients with AML were subsequently
separated into low- and high-risk groups, with
the high-risk group experiencing considerably
poorer clinical results. Multivariate Cox regres-
sion analyses revealed that cuproptosis-associ-
ated IncRNA modeling was its own OS risk fac-
tor for OS. Receiver operating characteristic
(ROC) evaluations demonstrated that the mod-
eling approach outperformed conventional clin-
ical characteristics in predicting AML survival.
Our team created a nomograph displaying full
agreement between the identified and antici-
pated OS rates at one, three, and five years.
The predicted and observed OS rates at one,
three, and five years of age were in good agree-
ment. Risk modeling based on six cuproptosis-
associated IncRNAs related to OS in an inde-
pendent manner exhibited remarkable accura-
cy, and such predictive modeling methods can
determine novel markers for future research.

In clinical practice, pathological staging is an
independent factor affecting AML [29]. Never-
theless, patients with AML in the same phase
consistently exhibit diverse clinical results, indi-
cating that the current staging system is inac-
curate in offering reliable forecasts and in pre-
senting the inhomogeneity of AML. Therefore,
potential predictive and treatment markers
need to be investigated. The constructed
cuproptosis-associated IncRNA model offers a
novel approach for predicting the prognosis of
patients with AML. The findings offer insights
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for subsequent researches on the process-
es and mechanisms of cuproptosis-modified
IncRNAs [30, 31]. In our study, we collected
clinical samples to verify the expression of
cuproptosis-associated IncRNAs and discov-
ered that cuproptosis-associated IncRNAs were
significantly upregulated in AML with poor prog-
nosis, suggesting that cuproptosis-associated
IncRNAs might participate in AML development.
There are certain flaws in the present research.
The biological mechanisms underlying cupro-
ptosis-associated IncRNAs have not been thor-
oughly elucidated. Therefore, our team will sub-
stantiate the accuracy of our modeling method
and the biofunctions of cuproptosis-associated
IncRNAs through additional experiments in our
next work to investigate the roles of IncRNAs
and their interactions with cuproptosis-as
genes.

In this study, a novel IncRNA, HAGLR/miR-326/
CDKN2A, was identified in AML using biologi-
cal tools. We demonstrated that HAGLR and
CDKN2A were upregulated, whereas miR-326
was downregulated in human AML tissues and
cells. Moreover, functional experiments per-
formed using si-HAGLR transfection revealed
that the proliferation and apoptosis of AML
cells were inhibited following the interference
of HAGLR, which is consistent with previous
reports on the IncRNA HAGLR. In addition,
Ma et al. found that miR-326 expression was
decreased and could act as a tumor suppres-
sor in gastric cancer [32]. This report supported
our experimental results on the low expression
of miR-326 in AML. Cuproptosis-related prog-
nostic gene CDKN2A was involved in tumor cell
growth and drug resistance in human breast
cancer [33]. A previous study revealed that the
miR-125a-5p/CDKN2A regulatory axis plays a
vital role in cervical cancer prognosis [34].
Next, we also revealed the regulatory mecha-
nisms of HAGLR, miR-326 and CDKN2A in AML
cells and discovered that the overexpression of
HAGLR promoted the CDKN2A expression via
being an RNA sponge for miR-326, In short, we
concluded that HAGLR upregulated CDKN2A
through sponging miR-326, which might be the
indispensable mechanism of IncRNA HAGLR-
regulated AML progression.

Esclomol, a potential anticancer agent, exhibits
antitumor properties by disrupting the cytoskel-
eton of tumor cells [35] and has been shown to
induce oxidative stress in melanoma and leuke-
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mia cells, culminating in apoptosis. Esclomol
has also been shown to hinder the proliferation
of cisplatin-resistant lung cancer cells by aug-
menting ROS levels [36]. ROS primarily origi-
nate from intracellular redox reactions, in which
mitochondria serve a crucial function [37]. This
aligns with the connection between copper-
induced cell death and mitochondrial metabo-
lism. In research on Esclomol-induced cell
death, the consensus is that such cell death is
mediated by increased ROS levels triggered by
various mitochondria-related factors. In a 2013
study conducted in human leukemia K562
cells, copper ions were suggested to be able
to oxidize ascorbic acid and react with H,0, to
produce more damaging ROS after entering
cells via Esclomol transport [38]. Therefore, we
hypothesize that Esclomol facilitates copper
ion transport and contributes to reduced levels
of mitochondria-associated proteins, thereby
elevating ROS levels and further inhibiting
AML cell proliferation. Our study found reduced
CDKN2A expression in immunofluorescence-
stained tumor tissues after si-HAGLR binds to
elesclomol. The tumor volume and weight
decreased, confirming successful antitumor
treatment with the combination of drugs. In
addition, a significant reduction in tumor cells
and an increase in bad tissue were observed
after the combination of drugs.

In conclusion, our study offers insight into prog-
nostic forecasts in patients with AML and might
facilitate the elucidation of the causal link
between cuproptosis and the regulation of
IncRNAs. Predictive models exhibited suscepti-
bility in identifying patients with AML who might
respond well to immunotherapy. Moreover, our
study revealed a synergistic effect between si-
HAGLR and elesclomol when used as chemo-
therapeutic drugs. The apoptosis-enhancing
effect of the combined treatment, which was
not accompanied by increased killing of normal
cells, highlights the therapeutic potential of the
components of a more effective drug regimen.
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Supplementary Figure 1. Flow chart of the current investigation.
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Supplementary Figure 4. Determination of new promising compounds that target the cuproptosis-associated IncRNA model.



