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Abstract: It has been previously shown that aldehyde dehydrogenase (ALDH) family member 
ALDH1A1 has a significant association with acute myeloid leukemia (AML) patient risk group 
classification, and that AML cells lacking ALDH1A1 expression can be readily killed by 
chemotherapy. In the past, however, a redundancy between the activities of subgroup members of 
the ALDH family has hampered conclusive evidence for addressing the role of specific ALDH genes. 
We here describe the bioinformatics evaluation of all nineteen member genes of the ALDH family 
as prospective actionable targets for the development of methods aimed to improve AML treatment. 
We implicate ALDH1A1 in the development of recurrent AML, and we show that from the nineteen 
members of the ALDH family, ALDH1A1 and ALDH2 have the strongest association with AML 
patient risk group classification. Furthermore, we discover that the sum of the expression values for 
RNA from the genes ALDH1A1 and ALDH2 has a stronger association with AML patient risk group 
classification and survival than either one gene alone. In conclusion, we identify ALDH1A1 and 
ALDH2 as prospective actionable targets for the treatment of AML in high risk patients. Substances 
that inhibit both enzymatic activities can constitute potentially effective pharmaceutics. 

Keywords: cancer bioinformatics; aldehyde dehydrogenase; biomarkers; gene expression; 
leukemia; myeloid; acute 

 

1. Introduction 

A key aim in translational research for cancer treatment is to focus on targeting mechanisms that 
allow malignant cells to resist cytotoxic chemotherapy. One general aspect of cancer cell resistance 
mechanisms to chemotherapy is the development of clones with increased capacity to respond to 
cellular stress. Chemotherapy is administered to kill cancer cells, and proves especially effective in 
killing cancer cells that operate error-prone systems of biomolecular synthesis and processing. 
However, exposure of cancer cells to chemotherapy or any other cytotoxic conditions tends to select 
for clones that operate efficient cell stress adaptation mechanisms, which often act by accelerating the 
removal of mediators of cell death, or by preventing accumulation of cytotoxic metabolites. The latter 
is particularly important for leukemia cells exposed to chemotherapy [1]. 

The clearest manifestation of cancer cell resistance mechanisms to chemotherapy should be 
found in patients who develop recurrent neoplastic disease. An example of a recurrent hematologic 
cancer is acute myeloid leukemia (AML). In AML, it was previously hypothesized that aldehyde 
dehydrogenase (ALDH) enzymatic activity marks a positive outcome, because a drop in activity was 
found in cancer patients when compared to healthy study volunteers; yet soon after, in addition to 
identifying non-malignant stem cells within some AML samples, high ALDH activity was also a 
marker of CD34+/ CD38- leukemic stem cells in some patients [2–6]. However, it was difficult to reach 
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a definitive conclusion on the role of ALDH in leukemia development, as ALDH activity assays could 
not distinguish between different members of this protein family. However, patients with leukemia 
cells lacking ALDH1A1 expression were later found to have a positive prognosis, and their leukemia 
cells could be killed by chemotherapy [7]. ALDH1A1 is a vital enzyme for AML cell detoxification 
from toxic aldehydes that arise after chemotherapy, although it has a similar role in normal 
hematopoietic cells [8]. Additionally, we found previously that favorable prognosis patients were 
generally expressing lower RNA levels from the gene that encodes ALDH1A1; furthermore, high 
expression of ALDH1A1 RNA had a significant negative association with survival for AML patients 
[9]. 

Nevertheless, a redundancy between the activities of subgroup members of the ALDH family 
has hampered research efforts to find conclusive evidence for addressing the role of specific ALDH 
genes in cancer. Herein, we analyzed publicly available data from leading AML studies with the 
objective of characterizing the relationship between ALDH gene RNA expression with patient risk 
and survival, in an effort to focus on therapeutically relevant findings and specifically on 
pharmaceutically actionable target genes. 

2. Materials and Methods 

We searched the literature for AML datasets containing RNA expression and risk or survival 
information. Datasets were obtained from the Gene Expression Omnibus (GEO) [10], the Genomic 
Data Commons [11] and cBioPortal [12], and were processed as described previously [9]. 

RNA-seq data was processed using TMM (edgeR package) [13]. Counts were converted to log 
counts per million (log CPM) and genes with < 15 read counts across all samples were removed. 
Processed microarray datasets were downloaded from GEO. One dataset (BEAT AML) was retrieved 
using the beatAML package [14]. Beat AML samples were separated into patients with bone marrow 
aspirate (BMA) samples and patients with peripheral blood (PB) samples. Patients with both BMA 
and PB samples were excluded, and each sample type was analyzed separately. In the TARGET 
cohort, when comparing expression between primary and recurrent tumors, patients with paired 
primary and recurrent tumor samples were analyzed separately from additional independent 
primary and recurrent tumor samples. Only primary tumors were included for all other TARGET 
analyses. For genes with multiple probes, the probe with the highest mean expression was used. 
Patients with risk assignments of ‘favorable or ‘low’, were considered ‘low risk’, while patients with 
‘adverse’, ‘high’, or ‘poor’ risk were considered ‘high risk’. Samples labeled ‘intermediate’, ‘normal’, 
and ‘standard’ were excluded from the risk analysis. Association with risk is measured by the area 
under the receiver operating characteristics curve (AUC), using the ROCR package [15]. P-values 
comparing groups are calculated using a paired or independent two-sample t-test. For survival 
analysis, log rank P-values were used to assess statistical significance of survival curves. Confidence 
intervals for hazard ratios were calculated using the confint package in R. The forestplot package was 
used to generate the forest plots. 

3. Results 

Our analysis is based on gene expression and clinical data from 9 independent patient cohorts, 
with 8 cohorts containing risk information (low- or high-risk, N = 860) and 7 cohorts containing 
overall survival information (N = 1170). These datasets are summarized in Table 1. In section 3.1, we 
first compare ALDH1A1 expression between primary and recurrent tumors; in section 3.2, we 
evaluate the association of all ALDH genes with risk; in section 3.3, we consider the top two genes, 
and evaluate whether their combined expression is a better marker of risk and survival than either 
gene alone. The workflows that we use and key findings are summarized in Figure 1. 
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Table 1. Summary of patient cohorts. Abbreviations: GDC, Genomic Data Commons; GEO, Gene 
Expression Omnibus. 

Cohort Description 
 

N 
(risk, survival) 

Data 
availability 

Reference 
(Pubmed ID) 

TCGA Adult patients with de novo AML 68, 161 Firehose 23634996 

TARGET 

Samples from pediatric patients from the 
NCI/COG TARGET-AML initiative, including 27 
paired primary and recurrent tumors, and an 
additional 92 primary and 13 recurrent tumors  

53, 119 GDC 26941285 

BEAT AML 
(BMA) 

Primary tumor samples from the BEAT AML 
program by bone marrow aspirate (BMA) or 
peripheral blood (PB) 

113, 148 
beatAML  
package 

30333627 
BEAT AML 
(PB) 

63, 85 

GSE37642 
(GPL570) Independent patient cohorts from the German 

AMLCG 1999 trial 

99, 136 
GEO  23382473 

GSE37642 
(GPL96) 

274, 417 

GSE6891  
(Cohort #1) 

De novo AML samples from patients under 60 
years old 
 

108, 0 
GEO 

18838472 
 GSE6891  

(Cohort #2) 
82, 0 

GSE71014 
De novo AML samples from patients with 
normal karyotypes 

0, 104 GEO  26517675 

Clinical studies of AML

Risk group classification
for 19 ALDH genes

8 datasets including >1000 AML patients

ALDH1A1 has 
the strongest 

risk group 
association

Sum of ALDH1A1 and 
ALDH2 RNA levels has a 

stronger risk group 
association than either 

one gene alone

TARGET AML Expression from
Genomic Data Commons

Processing using R

Normalization using TMM in edgeR

Analyzing of overall
survival associated genes

ALDH1A1 expression level is  
negatively associated with overall 

survival 

A B

 

Figure 1. The methodological workflows conducted in this study. (A) workflow to predict the 
implication of ALDH1A1 expression in chemotherapy resistance. (B) workflow to reveal the 
association of ALDH1A1 expression level with risk groups and survival, in AML patients. 

3.1. Implication of RNA expression from the ALDH1A1 gene in AML resistance to chemotherapy 

We first focused on ALDH1A1 expression, since we previously demonstrated that in pediatric 
AML, ALDH1A1 gene RNA had a stronger association with risk group classification than the 
established biomarker CALCRL [8]. We also focus initially on the TARGET cohort, considering the 
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27 primary-recurrent paired samples, and 105 additional independent patients with either primary 
(N = 92) or recurrent (N = 13) tumors. In the paired sample analysis, expression is higher in recurrent 
AML samples (Figure 2A, FC = 1.99, P = 0.025). Similarly, when comparing ALDH1A1 expression 
between additional primary and recurrent tumors, we also find that ALDH1A1 expression is higher 
in recurrent tumors than in primary tumors (Figure 2B, FC = 2.81, P < 0.01). We then evaluated the 
association of ALDH1A1 expression with overall survival and found that the hazard ratio is nearly 
twice as high in patients with recurrent tumors (HR = 2.38, P < 0.01) compared to patients with 
primary tumors (HR = 1.23, P = 0.44) (Figure 2C-D). Our findings are consistent with ALDH1A1 gene 
RNA expression being involved in the development of AML cell clones that are resistant to 
chemotherapy, which allows them to establish recurrent AML (Figure 3). 

 
Figure 2. ALDH1A1 RNA expression analysis in the TARGET cohort. (A) Comparison of ALDH1A1 
expression between paired primary and recurrent tumors (N = 27). (B) Comparison of ALDH1A1 
expression in an additional set of independent primary (N = 92) and recurrent (N = 13) tumors. (C)-
(D) Association of ALDH1A1 RNA expression (blue: low; red: high) with patient overall survival. P-
values comparing primary and recurrent tumors were calculated using the paired and independent 
two-sample t-tests, for (A) and (B), respectively; P-values comparing survival curves for high and low 
expressors were calculated using the log rank test. HR: hazard ratio. 
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Figure 3. Proposed model of ALDH1A1 contributing to chemoresistance in AML. The model was 
constructed on the data presented here and ref 1. 

3.2. ALDH1A1 is the ALDH gene with the strongest risk group association 

To gain an understanding of the association of ALDH1A1 gene expression with AML risk group 
classification and patient survival, we take into consideration 9 independent datasets that are derived 
from 6 clinical studies of AML, which enrolled a total of over 1000 patients. When examining the 
relationship of ALDH1A1 RNA expression level and risk group, we have previously found that 
expression consistently differs across risk groups (P < 0.01) in the 8 patient cohorts with risk 
information. In all cases, ALDH1A1 gene expression is the lowest in the “favorable” or “low” risk 
group [9]. When we now compare all nineteen ALDH genes for their association with risk group 
classification, we observe that ALDH1A1 gives the strongest diagnostic separation between patients 
with a favorable prognosis and patients with an adverse prognosis (median AUC = 0.76), while 
ALDH2 gives the second strongest separation (median AUC = 0.72) (Figure 4). In fact, ALDH1A1 had 
the 7th highest AUC value of all 20,330 genes profiled (in at least 4 datasets) in AML (Supporting 
Table S1). 
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Figure 4. Evaluation of aldehyde dehydrogenase gene expression as a marker for risk in AML. The 
area under the “Receiver Operator Characteristic” curve (AUC), is used as a performance metric for 
how well gene expression separates low- and high- risk patients in 8 independent AML datasets. A 
value of 1 indicates perfect separation, while a value of 0.5 is the amount of separation expected by 
chance. Here, the Y-axis shows the values of AUC obtained with each gene and the X-axis shows the 
ALDH genes examined. . 

3.3. Combined RNA expression levels from the genes ALDH1A1 and ALDH2 have a stronger risk group and 

survival association than either gene alone 

We next focused on the top two genes, ALDH1A1 and ALDH2. The expression of these genes is 
weakly correlated within each dataset, with a median correlation of 0.09 (Figure 5A), suggesting that 
they may be independent markers of risk. We therefore evaluated the combined expression of 
ALDH1A1 and ALDH2 for its association with risk and survival. The sum of the expression values 
for the RNA from the genes ALDH1A1 and ALDH2 shows a stronger risk group association than 
either one gene alone (Figure 5B). 

 
Figure 5. Correlation and analysis of combined ALDH1A1 and ALDH2 expression as a marker of risk 
in AML. (A). Histogram of the correlation between ALDH1A1 and ALDH2 expression in 9 
independent patient cohorts. (B) AUC values for of ALDH1A1, ALDH2, and their combined 
expression for distinguishing patients with low- and high-risk tumors. 

Similarly, the sum of the expression values shows a stronger association with survival than 
either gene alone, based on the hazard ratios (HR = 1.77 for combined expression, compared to HR = 
1.42 for ALDH1A1 and HR = 1.43 for ALDH2) (Figure 6). 
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Figure 6. Association of RNA expression and survival for ALDH1A1, ALDH2, and their combined 
expression in AML. Each hazard ratio (HR) is calculated by comparing survival curves for patients 
with high expression (≥ median) to patients with low (< median) expression. HR > 1 corresponds to 
patients with high expression having a higher risk. For each individual cohort, the HR and 95% 
confidence interval (CI) are denoted by the blue rectangle and whiskers, respectively. The size of the 
blue rectangle is proportional to the precision of the HR estimate. For the weighted average, the 
diamond represents the 95% CI. N = number of patients. 

4. Discussion 

Our analysis of the association of ALDH1A1 RNA expression levels with recurrent AML leads 
to the suggestion that ALDH1A1 is involved in AML cell resistance to chemotherapy, potentially 
through reduction of oxidative stress [16]. A model consistent with our findings is provided in Figure 

3. If true, then targeting ALDH1A1 in AML may sensitize tumor cells to chemotherapy. In fact, 
ALDH1A1 inhibition does sensitize colon, breast, pancreas, and ovarian cancer cells to chemotherapy 
[17–20] but further evidence is needed to conclusively determine whether this is also the case in AML. 
Our analysis of recurrent AML is also based on a single dataset with both primary and recurrent 
tumors, and it remains to be seen whether this result can be validated in additional prospective 
studies. 
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However, the association of ALDH1A1 and ALDH2 RNA expression levels with risk group 
classification and survival in patients with primary AML draws conclusions from a large sample size 
(>1000 patients) over 9 independent cohorts (8 cohorts with risk information and 8 cohorts with 
survival information), and therefore cannot be ignored. With up to 57% of AML patients having 
refractory AML, or experiencing relapse or death within 12 months of diagnosis [18], what is 
important is the fact that both ALDH1A1 and ALDH2 enzymes can be targeted by molecules such as 
disulfiram that inhibit both activities. Additionally, based on our survival and risk analyses, targeting 
these genes would likely provide the greatest benefit in high-risk, poor outcome patients whose RNA 
expression of these genes is up-regulated. 

Treatment for refractory and relapsed AML is a challenge, but efforts are underway to target 
genetic mutations such as FLT3-ITD and IDH1/IDH2 [19]. ALDH1A1 and ALDH2 can also be 
targeted. One molecule that targets ALDH1A1 is disulfiram, a substance approved for maintenance 
of abstinence from alcohol. Disulfiram has been shown to target AML stem cells in cell lines and in 
primary AML samples [20], and evaluation of disulfiram in combination with chemotherapy has 
shown promise in other cancers. In a phase II clinical trial for patients with metastatic non-small cell 
lung cancer, patients receiving disulfiram in addition to cisplatin and vinorelbine chemotherapy had 
a modest improvement in survival (10 months vs 7.1 months) compared to patients receiving 
chemotherapy alone [21]. Furthermore, in a phase II clinical trial for patients with recurrent 
temozolomide (TMZ)-resistant glioblastoma, 14% of patients receiving disulfiram in addition to TMZ 
had clinical benefit, though the objective response rate was 0 [22]. Importantly, neither study selected 
patients on the basis of biomarkers that might predict disulfiram efficacy. 

While disulfiram mainly inhibits ALDH1A1, in the organism it is readily metabolized to 
substances that inhibit mainly ALDH2  [23]. Therefore, patients with high ALDH1A1 or ALDH2 
activity would be expected to benefit from disulfiram treatment. The challenge would be to optimize 
delivery of disulfiram to eradicate leukemia cell clones that escaped the cytotoxic effects of 
chemotherapy. 

Additionally, other molecules exist that target more than one member of the ALDH family. 
Examples are diethylaminobenzaldehyde (DEAB), which can induce the expansion of normal human 
hematopoietic stem cells [24], and dimethyl ampal thiolester (DIMATE), which can eradicate 
leukemia stem cells while sparing normal progenitors, both in vitro as well as in mouse xenografts of 
human AML cells [25]. Additional ALDH2 inhibitors include daidzin, an isoflavone found in the 
kudzu plant [26], and CVT-10216, which is derived from daidzin [27]. However currently only 
disulfiram is approved for clinical use, even though it needs to be repurposed for AML. 

5. Conclusions 

Chemotherapy is one of the major weapons in the fight against cancer. However, in a significant 
proportion of patients, some sub-populations of cancer cells develop various molecular and/or 
cellular resistance mechanisms to these agents and thereby treatment fails. Consequently, the 
sensitive cells die depending on the chemotherapy treatment, whereas the resistant cell sub-
populations survive and proliferate, and the disease recurs.  

Our study suggests that ALDH family member ALDH1A1 is one of the likely causes of recurrent 
AML, and also that ALDH1A1 is the ALDH gene with the highest association with patient risk group 
classification during primary AML. Drugs that inhibit both the ALDH1A1 and ALDH2 enzymes are 
potential preclinical development candidates for AML, and our results suggest that simultaneous 
targeting of both ALDH1A1 and ALDH2 will be more efficacious than targeting either enzyme alone. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. Table S1: All genes evaluated as markers of risk in AML. 
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