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ABSTRACT

A

ldehyde dehydrogenases (ALDH) are overexpressed in various
types of cancers. One of the ALDH family genes, ALDH1A2, is
aberrantly expressed in more than 50% of cases of T-cell acute
lymphoblastic leukemia (T-ALL). However, its molecular function and
role in the pathogenesis of T-ALL are largely unknown. Chromatin
immunoprecipitation-sequencing and RNA-sequencing analyses showed
that the oncogenic transcription factor TAL1 and its regulatory partners
bind to the intronic regulatory element of the ALDH1A2 gene, directly
inducing a T-ALL-specific isoform with enzymatic activity. ALDH1A2
was preferentially expressed in the TAL1-positive T-ALL subgroup. In TALL cell lines, depletion of ALDH1A2 inhibited cell viability and induced
apoptosis. Interestingly, gene expression and metabolomic profiling
revealed that ALDH1A2 supported glycolysis and the tricarboxylic acid
cycle, accompanied by NADH production, by affecting multiple metabolic enzymes to promote ATP production. Depletion of ALDH1A2
increased the levels of reactive oxygen species, while the levels were
reduced by ALDH1A2 overexpression both in vitro and in vivo.
Overexpression of ALDH1A2 accelerated tumor onset and increased
tumor penetrance in a zebrafish model of T-ALL. Taken together, our
results indicate that ALDH1A2 protects against intracellular stress and
promotes T-ALL cell metabolism and survival. ALDH1A2 overexpression
enables leukemic clones to sustain a hyper-proliferative state driven by
oncogenes.
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Introduction
https://doi.org/10.3324/haematol.2019.245639
T-cell acute lymphoblastic leukemia (T-ALL) is a hematologic malignancy that
arises from immature T-cell precursors.1,2 This type of leukemia occurs mostly in
children but is also found in adults. A number of chromosomal and genetic abnormalities have been identified in T-ALL, many of which affect genes encoding transcription factors.3 Gene expression and mutational profiles have demonstrated that
T-ALL cases can be classified into mutually exclusive subgroups based on the
expression of several transcription factors (TAL1, TAL2, LYL1, LMO1, LMO2,
TLX1/HOX11, TLX3/HOX11L2, HOXA and NKX3-1).4-6 This suggests that each
transcription factor drives a distinct cellular program that may work in concert with
other molecular pathways in T-ALL cells.
TAL1-positive T-ALL constitutes the largest subgroup, accounting for 40-60% of
all primary cases.4,7-11 One of the known downstream targets of TAL1 in T-ALL cells
is ALDH1A2,12,13 a member of the aldehyde dehydrogenase (ALDH) family of genes
that encode oxidoreductases. ALDH proteins convert a variety of aldehydes into
carboxylic acids.14,15 They detoxify endogenous aldehydes, generated during the
haematologica | 2021; 106(6)
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metabolism of membrane lipids, amino acids, carbohydrates and steroids.16 The reaction is NAD(P)+-dependent
and generates an important component of the cellular
antioxidant system, NAD(P)H, which also acts as an
essential coenzyme in several metabolic pathways, such
as glycolysis and the tricarboxylic acid (TCA) cycle.14
Retinaldehyde dehydrogenases, a subfamily of ALDH
genes, including ALDH1A2, are also capable of converting
retinaldehyde into retinoic acid. ALDH activity has also
been implicated as a cancer stem cell marker in various
solid tumors.17,18 The Aldefluor assay is commonly used to
isolate an ALDH-positive population to refine the cancer
stem cell population.17,19 Overexpression of ALDH genes
confers drug resistance to cancer cells.20 These findings
suggest that high levels of ALDH activity may be advantageous and, even required, for cancer cell maintenance.
In this study, we elucidated the molecular function and
role of ALDH1A2 in the pathogenesis of T-ALL. We demonstrated that ALDH1A2 is directly activated by TAL1 and
protects against intracellular stress, supporting leukemia cell
metabolism and promoting leukemia cell survival.

Methods
Cell samples
Human leukemia cell lines were cultured in RPMI-1640 medium (BioWest) supplemented with 10% fetal bovine serum
(BioWest). A T-ALL patient-derived xenograft sample was provided by Alejandro Gutierrez (Boston Children’s Hospital) and
expanded in NSG mice. Mouse protocols were approved by the
Institutional Animal Care and Use Committee.

Knockdown and overexpression experiments

microscope (C4). Colocalization of signals was analyzed using
IMARIS 9.5 software after staining with Mito Tracker Red
CMXRos (Thermo) and Hoechst.

Intracellular reactive oxygen species assay
The cells were treated with freshly prepared CellROX Deep
Red reagent (Thermo Fisher Scientific). Fluorescence signals were
analyzed with a BD SR II flow cytometer using BD FACSDiva™
software and FlowJo software.

Metabolomic profiling
The extracted metabolites were used for a capillary electrophoresis time-of-flight mass spectrometry basic scan, conducted by Human Metabolome Technologies (see details in the Online
Supplementary Information). The number of metabolites was normalized to cell volume detected by a Scepter 2.0 cell counter
(Millipore).

Extracellular flux analysis
The cells were resuspended in Seahorse assay medium (Agilent)
and seeded into XF24 plates. Extracellular acidification rate and
the oxygen consumption rate were measured by Seahorse XF24
(Agilent). The details are provided in the Online Supplementary
Information.

Chromatin immunoprecipitation sequencing
and RNA-sequencing
Chromatin immunoprecipitation (ChIP)-sequencing analysis
was done in our previous study.21 For RNA-sequencing, RNA was
extracted using an miRNeasy kit (Qiagen) followed by DNase
treatment (Ambion). Construction of the strand-specific library
and sequencing of the single-end 100-bp-long reads by a BGISEQ
sequencer were conducted at BGI Biotech (Hong Kong). The
details are described in the Online Supplementary Information.

For knockdown experiments, short-hairpin RNA (shRNA) was
inserted into a pLKO.1-puro lentivirus vector. For overexpression
experiments, ALDH1A2 cDNA cloned from Jurkat cells was inserted into a MSCV-IRES-GFP retrovirus vector. For inhibition of the
regulatory element, single-guide RNA (sgRNA) was inserted into a
FgH1tUTG lentivirus vector (Addgene plasmid #70183). Virus was
produced by co-transfecting the construct with the packaging and
envelope plasmids into 293T cells using FuGENE6 (Roche).

Zebrafish protocols were approved by the Institutional Animal
Care and Use Committee. The human ALDH1A2 or mCherry gene
was cloned under the zebrafish rag2 promoter and injected into
zebrafish embryos to create Tg(rag2: ALDH1A2) or a control
Tg(rag2: mCherry) line. The rag2-myr-mAKT2 construct was kindly
provided by Alejandro Gutierrez.22

Quantitative reverse transcription polymerase
chain reaction

Results

Total RNA was extracted from cells using a NucleoSpin RNA kit
(Macherey-Nagel) and reverse-transcribed using a QuantiTect kit
(Qiagen). Quantitative reverse transcription polymerase chain
reaction (qRT-PCR) was performed on a QuantStudio3 real-time
PCR system (Thermo Fisher Scientific) using Power SYBR Green
PCR Master Mix (Roche). The primer sequences are described in
the Online Supplementary Information.

Western blot analysis
Equivalent amounts of protein were resolved on a sodium
dodecylsulfate polyacrylamide gel electrophoresis gel, transferred
onto polyvinylidene difluoride membranes (Bio-Rad), and subjected to immunoblot analysis with specific antibodies against
ALDH1A2 (Abcam), TAL1 (Millipore), PARP, caspase-3, α-tubulin,
and b-actin (Cell Signaling Technology). The proteins were detected using an enhanced chemiluminescence reagent (Thermo).

Confocal microscopic imaging
Images of EGFP-fused ALDH1A2 protein localization in live
cells were captured using an Olympus FV1000 TIRF confocal
1546

Zebrafish transgenesis

The ALDH1A2 gene is directly activated by the TAL1
complex in T-cell acute lymphoblastic leukemia
To identify the targets directly regulated by TAL1 in TALL cells, we referred to a previously performed ChIPsequencing dataset for TAL1 and other members of the
transcriptional complex in a T-ALL cell line (Jurkat).13 We
integrated this result with the RNA-sequencing dataset
after knocking down each factor in the same cell line,
which was generated in our recent study,21 to select genes
that were positively regulated by the TAL1 complex. We
further filtered genes that were associated with a high
level of an active histone mark (H3K27ac) in T-ALL cells
but not in normal thymus cells (Online Supplementary
Figures S1A and B), representing high-confidence TAL1 targets that were aberrantly activated in T-ALL cells.
ALDH1A2 was among the top hits. An early study
showed that the TAL1/GATA3/LMO complex binds at the
intronic region of the ALDH1A2 gene and induces its
expression in T-ALL cells.12 Consistently, our ChIPhaematologica | 2021; 106(6)
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sequencing analysis demonstrated that TAL1 and its binding partners (HEB, GATA3, RUNX1 and MYB) bind within
the intron with the co-activator CBP and RNA polymerase
II in Jurkat cells (Figure 1A). Knocking down each of these
factors resulted in downregulation of ALDH1A2 mRNA
expression in the same cell line, as determined by RNAsequencing (Figure 1B, Online Supplementary Figure S1B).
The result was validated at the protein level (Figure 1C).
Importantly, the TAL1-bound region was associated with
a high level of H3K27ac signals in multiple TAL1-positive

A

C

T-ALL cell lines but not in TAL1-negative cell lines (Figure
1A). This status corresponded to an ALDH1A2 mRNA
expression pattern that was detected only in TAL1-positive T-ALL cell lines (Figure 1D). Similarly, in the primary
T-ALL cells from three independent cohorts,4,23,24
ALDH1A2 expression was significantly higher in the
TAL1/2- and LMO1/2-subgroups than in the TLX,
LYL/LMO and HOXA-positive subgroups (Figure 1E,
Online Supplementary Figure S1C, Online Supplementary
Table S1). Furthermore, the results from the analysis of the

B

D

Figure 1. The ALDH1A2 gene is directly activated by the TAL1 complex in T-cell acute lymphoblastic leukemia cells.
(A) Chromatin immunoprecipitation-sequencing gene tracks showing the binding of the TAL1 complex members, the
co-activator CBP and RNA polymerase II (Pol II) in a TAL1-positive T-cell acute lymphoblastic leukemia (T-ALL) cell line
(Jurkat), and H3K27ac marks in five TAL1-positive T-ALL cell lines, two TAL1-negative T-ALL cell lines, and normal Tcell samples at the ALDH1A2 gene locus. (B) ALDH1A2 mRNA expression levels in Jurkat cells after the knockdown
of each TAL1 complex member were measured by RNA-sequencing using a dataset that we previously reported.21
Expression changes are shown as log2 fold-changes that are compared to the control samples (shGFP). (C) Western
blot analysis showing the protein expression of the short isoform of ALDH1A2 upon TAL1, MYB, GATA3, HEB, RUNX1
and LMO1 knockdown in Jurkat cells. α-tubulin was used as the loading control. To evaluate the knockdown efficiency of each TAL1 complex member, mRNA expression level of each factor was measured by quantitative reverse transcription polymerase chain reaction and was normalized to ACTINB expression. Normalized mRNA level compared to
control (shGFP) is shown. Error bars represent the standard deviation (SD) for technical replicates. *P<0.05,
**P<0.01 using a two-tailed Student t test. (D) The mRNA expression levels of ALDH1A2 and TAL1 in four TAL1-positive T-ALL cell lines, four TAL1-negative T-ALL cell lines and cells from one normal thymus sample were analyzed by
RNA-sequencing. Expression values are shown as fragments per kilobase million (FPKM).
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Cancer Cell Line Encyclopedia dataset showed the highest
expression of ALDH1A2 mRNA in T-ALL samples among
40 cancer types25 (Online Supplementary Figure S1D).
Notably, RNA-sequencing analysis demonstrated that
only the short isoform, which lacks the first three exons,
but not the full-length (long) isoform of ALDH1A2, was
expressed in the TAL1-positive T-ALL cells, including primary samples and cell lines (Figure 1F). This result was
consistent with that from an earlier study.12 In contrast,
K562 cells, a chronic myeloid leukemia cell line, expressed
the long isoform of ALDH1A2 but not the short isoform
(Figure 1F, bottom). The difference in protein size was
confirmed by western blot (Figure 1G).
It is noteworthy that the H3K27ac marks were not
observed in normal T cells (Figure 1A). Consistent with this
finding, in an analysis of a public dataset of normal human
1548

Figure 1. (continued from the previous page) (E) mRNA expression of ALDH1A2
in cells from three different cohorts (TARGET, Singapore, and Children’s
Oncology Group/Dana-Farber Cancer Institute [COG/DFCI] cohorts) of primary TALL samples analyzed by RNA-sequencing. Expression values in different subgroups are shown as transcripts per million (TPM). Bars represent the median
and SD. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 using the two-tailed
Student t test. ns: not statistically significant. (F) The RNA-sequencing gene
tracks represent mRNA expression of each exon of the ALDH1A2 gene in six
TAL1-positive primary T-ALL cell samples (TARGET 1 and 2; COG/DFCI 1 and 2;
Singapore 1 and 2), four TAL1-positive cell lines, four TAL1-negative T-ALL cell
lines and a chronic myeloid leukemia cell line (K562). Red dashed lines represent the short or long transcripts of ALDH1A2. (G) Western blot analysis showing
the expression of the full-length and short isoforms of the ALDH1A2 protein in
various cell lines. CML: chronic myeloid leukemia.

hematopoietic cells,26 ALDH1A2 expression was not detected in T cells (Online Supplementary Figure S1E). Similarly, the
mouse Aldh1a2 gene was not expressed in hematopoietic
cells, while it was detected in bone marrow stroma cells
(Online Supplementary Figure S1F). Furthermore, recent single-cell RNA-sequencing studies confirmed that ALDH1A2
is expressed in thymic stroma cells but not in any T-cell subpopulations both in mice and human cells.27,28 These results
further indicated that ALDH1A2 is aberrantly activated in
cases of TAL1-positive T-ALL.

The short isoform of ALDH1A2 possesses enzymatic
activity and is localized in the cytoplasm
We next investigated the function of the short isoform
of the ALDH1A2 protein. The analysis of the amino acid
sequence indicated that the short isoform retains functionhaematologica | 2021; 106(6)
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ally critical residues, such as the NAD binding site and the
enzymatic catalytic residues, but lacks 96 amino acids in
the N-terminus (Figure 2A) that are a part of the homotetrameric interface (Figure 2B). Hence, we postulated that
the short isoform might have attenuated enzymatic activity or a different subcellular localization compared to the
long isoform.
To investigate this, we first produced each isoform of
ALDH1A2 as a purified recombinant His-tagged protein
(Online Supplementary Figure S2A) and performed an in vitro
enzymatic assay. We incubated each isoform with a substrate (retinaldehyde) and a coenzyme (NAD+) and measured the amount of NADH produced over 20 min (Figure
2C). This analysis revealed that the short isoform had
enzymatic ability, although slightly lower than that of the
long isoform (Figure 2C, Online Supplementary Figure S2B).
Next, we analyzed the effect of ALDH1A2 on the production of retinoic acid using a reporter system. We cloned a
trimerized retinoic acid responsive element, which can be
activated by the retinoic acid receptor complex, into the
luciferase plasmid and then established Jurkat cells that
stably express this construct29 (Online Supplementary Figure
S2C). In this setting, the luciferase activity is dependent on
the amount of retinoic acid produced internally in the
Jurkat cells. We then knocked down the endogenous
ALDH1A2 by lentiviral shRNA transduction. The
luciferase activity was significantly downregulated after
ALDH1A2 had been depleted (Online Supplementary Figure
S2C), indicating that the short isoform of ALDH1A2 can
mediate the production of retinoic acid in T-ALL cells.
We next analyzed the subcellular localization of the
short isoform of the endogenous ALDH1A2 protein. We
used the CRISPR/Cas9-mediated method to introduce an
EGFP gene fused to the 3’ end of the endogenous
ALDH1A2 gene into both Jurkat and K562 cells (Online
Supplementary Figures S2D and E). We then analyzed the
localization of the EGFP signal in the nucleus (with
Hoechst staining), mitochondoria (with Mitotracker staining) or cytoplasm (without staining). The results demonstrated that the short isoform of ALDH1A2 in Jurkat cells
was localized in the cytoplasm with no co-localization in
mitochondria or the nucleus (Figure 2D, Online
Supplementary Figure S2F), which was similar to the pattern observed for the K562 cells that expressed the long
isoform. These results indicate that the short isoform of
ALDH1A2 possesses intact enzymatic functions and the
same localization pattern as observed for the long isoform.

ALDH1A2 supports T-cell acute lymphoblastic leukemia
cell survival and viability
We next analyzed whether ALDH1A2 expression confers any functional advantage to T-ALL cells. We first evaluated the phenotype after depletion of ALDH1A2 by
blocking the regulatory element. We designed two independent sgRNA (#1 and #2), which targeted the TAL1bound region (Figure 3A). We transduced each of them
under a doxycycline-inducible system together with a catalytically inactive Cas9 (dCas9) protein fused with the
KRAB repressor, thereby epigenetically silencing the transcriptional activity at the TAL1-bound region. We
observed successful downregulation of ALDH1A2 protein
after the induction of each sgRNA (Figure 3B).
Importantly, apoptotic cell death was induced after 72 h of
induction, as evidenced by the cleavage of caspase-3 and
PARP (markers of apoptosis) (Figure 3B).
haematologica | 2021; 106(6)

To independently validate this result, we utilized a
lentiviral shRNA system to knock down ALDH1A2 and
analyzed the number of annexin-V-positive cells, which is
another means to detect apoptosis. The result confirmed
that depletion of ALDH1A2 induced apoptosis in multiple
TAL1/ALDH1A2-positive T-ALL cell lines but not in the
negative cell lines (Figure 3C). Consistently, cell viability
was reduced after the shRNA knockdown of ALDH1A2 in
an ALDH1A2-positive cell line (Jurkat) (Figure 3D).
Conversely, forced expression of ALDH1A2 in an
ALDH1A2-negative T-ALL cell line (DND-41) increased
cell viability (Figure 3E).
WIN 18,446 is reported to be a pan-ALDH1A inhibitor.30
It has been shown to strongly inhibit the enzymatic activity of ALDH1A2 both in vitro and in vivo.31,32 Since
ALDH1A2 is the only member of the ALDH1A family of
genes expressed in T-ALL (Online Supplementary Figure
S3A), we tested the effect of WIN 18,446 on cell viability
of several T-ALL cell lines. Strikingly, two
TAL1/ALDH1A2-positive cell lines (Jurkat and RPMI-8402)
were more sensitive to this small-molecule inhibitor than
two TAL1/ALDH1A2-negative cell lines (KOPT-K1 and
DND-41) (Figure 3F, Online Supplementary Figure S3B).
These results indicate that the expression of ALDH1A2 is
associated with the viability and survival of T-ALL cells.
This phenotype was not rescued by the addition of alltrans retinoic acid (Online Supplementary Figure S3C), thus
suggesting that this mechanism is likely independent of
the amount of retinoic acid produced.

ALDH1A2 affects metabolic pathways in T-cell acute
lymphoblastic leukemia cells
We next investigated the molecular mechanisms by
which ALDH1A2 supports cell viability and prevents
apoptosis. We performed global gene expression profiling
by RNA-sequencing after sgRNA-mediated ALDH1A2
depletion. We selected genes that were significantly
downregulated (n=96) or upregulated (n=19) in the
ALDH1A2-depleted samples compared to the control samples (Figure 4A, Online Supplementary Figure S4A, Online
Supplementary Table S2). Interestingly, the downregulated
genes included a number of metabolic enzymes and transporters involved in the glycolysis pathway (yellow, Figure
4A and B, Online Supplementary Figure 4B and C). In contrast, several enzymes involved in amino acid metabolism,
such as ASS1 and ASNS, were upregulated after
ALDH1A2 depletion (Figure 4A, Online Supplementary
Figure S4A). The result was validated for each enzyme
individually by qRT-PCR (Online Supplementary Figure
S4D).
This finding prompted us to analyze the metabolic state
of the T-ALL cells. We performed a capillary electrophoresis time-of-flight mass spectrometry analysis to measure
the relative levels of 200 metabolites involved in the major
metabolomics pathways after depletion of ALDH1A2 in
Jurkat cells (Figure 4C). Strikingly, ALDH1A2 depletion
resulted in a reduction in the intermediate metabolites
involved in the glycolysis pathway (pink). Suppressed glucose metabolism was accompanied by a reduction in
acetyl-CoA (yellow), which is one of the key carbon
sources that drive the TCA cycle. We also observed a
reduction in citric acid, cis-aconitic acid and isocitric acid
(yellow), likely due to the deceased integration of glycolysis-derived acetyl-CoA into the TCA cycle.
It is noteworthy that the levels of metabolites derived
1549
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Figure 2. The short isoform of ALDH1A2 has enzymatic activity and is localized in the cytoplasm. (A) Protein domains of the ALDH1A2. NAD+ binding site, homotetramer interface and catalytic residues are indicated individually by blue triangles. The truncated short isoform lacks 96 amino acids at the N-terminus. The deleted
tetramer interface of the short isoform is marked with a red block. (B) The crystal structure of the homotetrameric ALDH1A2 long isoform (PDB: 4X2Q) is presented
as a cartoon model generated by PyMOL. Each monomer is colored in a different shade of green. Within a monomer, the region absent in the short isoform is colored
blue. (C) A scheme showing the in vitro enzymatic assay. The enzymatic activity of each isoform was evaluated by the velocity of the kinetics curve (see Online
Supplementary Figure S3B). Error bars represent the standard deviation for technical replicates. *P<0.05 using the two-tailed Student t test. (D) Confocal images
showing the cellular localization of the endogenous EGFP-fused ALDH1A2 proteins in Jurkat and K562 cells. Hoechst and Mitotracker staining evidence the nucleus
and mitochondria, respectively.
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F
Figure 3. ALDH1A2 supports leukemia cell survival in T-cell acute lymphoblastic leukemia cells. (A) A scheme of the doxycycline (Dox)-inducible
sgRNA-guided dCas9-KRAB system (left). Two independent sgRNA targeting
the ALDH1A2 regulatory element (sgRNA #1 and #2) were induced by Dox
treatment. Control cells were treated with the vehicle (dimethylsulfoxide,
DMSO). (B) Western blot analysis showing protein expression of ALDH1A2,
PARP, caspase 3 and α-tubulin in Jurkat cells at 48-96 hours after Dox treatment. (C) The apoptotic cell population (%) was determined based on the
number of annexin V-positive and propidium iodide-negative cells in multiple
T-cell acute lymphoblastic leukemia (T-ALL) cell lines on day 5 after the transduction of lentiviral shRNA targeting ALDH1A2 or GFP (negative control). Error
bars represent the standard deviation (SD) for technical replicates. *P<0.05,
**P<0.01 using the two-tailed Student t-test. (D) Cell viability was measured
by a CellTiter Glo assay on day 4 after shRNA knockdown of ALDH1A2 in
Jurkat cells. Error bars represent the SD for technical replicates. ***P<0.001
using the two-tailed Student t-test. (E) Cell viability was measured by a
CellTiter Glo assay on day 4 after the induction of ALDH1A2 expression by Dox
treatment in DND-41 cells. Error bars represent the SD for technical replicates. *P<0.05 using the two-tailed Student t-test. (F) Cell viability was measured by CellTiter Glo assays on day 7 after treatment with WIN 18,446 at different doses in two TAL1/ALDH1A2-positive (Jurkat and RPMI-8402) and two
TAL1/ALDH1A2-negative (KOPT-K1 and DND-41) T-ALL cell lines. Nonlinear
regression fit curves are shown. Error bars represent the standard error of the
mean for technical replicates.
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Figure 4. Legend on following page.
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Figure 4. ALDH1A2 affects metabolic pathways in T-cell acute lymphoblastic leukemia cells. (A) sgRNA #1 was introduced into Jurkat cells by doxycycline (Dox)
treatment for 72 h in duplicate (dup 1 and dup 2). Differentially expressed genes were selected based on the following criteria: P<0.05, log2 fold change < -0.4 or
>0.4, and mean transcript per million (TPM) value of the control >250. Heatmap image showing relative mRNA expression levels of the differentially expressed genes
in the control (Dox-) and ALDH1A2-depleted cells (Dox+). The genes involved in the glycolysis pathway are highlighted. (B) A scheme showing the metabolic enzymes
involved in the glycolysis pathway. The genes significantly downregulated by ALDH1A2 depletion are highlighted. (C) ALDH1A2 expression was depleted in Jurkat
cells by Dox-inducible sgRNA-mediated transcriptional repression in biological duplicates. Downregulation of ALDH1A2 mRNA expression was confirmed by quantitative reverse transcription polymerase chain reaction. ***P<0.001 using the two-tailed Student t test. Relative amounts of the metabolites in the glycolysis pathway
and the tricarboxylic acid cycle were measured by capillary electrophoresis time-of-flight mass spectrometry in the control cells (blue) and the ALDH1A2-depleted
cell samples (red). Error bars represent the standard deviation for biological replicates.

from 2-oxoglutarate in the TCA cycle were not affected
(blue). This finding suggests that the TCA cycle, suppressed by the loss of ALDH1A2, might be supplemented
by glutaminolysis through which external glutamine is
converted into 2-oxoglutarate. Glutamine has been reported to be the major carbon source for T-ALL cells with activated NOTCH1.33,34 Indeed, depletion of glutamine in culture media induced apoptosis, which was further
increased by ALDH1A2 depletion after 24 h of doxycycline treatment (Online Supplementary Figure S4E and F). In
the presence of glutamine, ALDH1A2 depletion alone did
not induce apoptosis before 48 h of induction (Figure 3B,
Online Supplementary Figure S4E and F). Thus, these results
suggest that external glutamine might be used to replenish
downstream metabolites to maintain the TCA cycle in the
absence of ALDH1A2, and that ALDH1A2 and glutaminolysis pathways may compensate each other.

ALDH1A2 supports cellular aerobic glycolysis and energy
production in T-cell acute lymphoblastic leukemia cells
Our results suggest that ALDH1A2 directly or indirectly
affects major metabolic pathways. In particular, aerobic
glycolysis is a hallmark of cancer metabolism and has also
been reported to be activated in T-ALL cells.35 Because
metabolic profiling can represent only the static state, we
then analyzed the dynamic state of these pathways after
ALDH1A2 depletion using the Seahorse XF24 platform.
We first measured the extracellular acidification rate
(ECAR), which is an indicator of lactic acid fermentation
and thus reflects the activity of glycolysis. We incubated
the cells under conditions of glucose starvation, added glucose, and then measured the ECAR in both the control and
ALDH1A2-depleted cells. Strikingly, ALDH1A2 depletion
inhibited aerobic glycolysis, as shown by the reduction of
the baseline ECAR (“glycolysis” in Figure 5A). This trend
was more significant upon the addition of oligomycin,
which is an inhibitor of complex V in the electron transport
chain and thus maximizes cellular aerobic glycolysis by
disturbing mitochondrial respiration (“glycolytic capacity”). Treatment with 2-deoxy-D-glucose, which competitively inhibits the production of glucose-6-phosphate from
glucose, completely abolished these activities in both control and ALDH1A2-depleted cells (“glycolytic reserve”),
indicating that the effect of ALDH1A2 is glucose-dependent. These results demonstrated that the expression of
ALDH1A2 promotes cellular glycolysis and contributes to
the maintenance of metabolome plasticity by increasing
cellular glycolytic capacity in T-ALL cells.
Because ALDH1A2 affects glycolysis and the TCA
cycle, which are the major sources of energy production,
we also analyzed the effect of ALDH1A2 depletion on
oxidative phosphorylation in mitochondria. We measured
the oxygen consumption rate to determine changes in the
level of oxidative phosphorylation-dependent ATP generation. As expected, the basal respiration level was
haematologica | 2021; 106(6)

decreased after ALDH1A2 depletion (Figure 5B). To further
support this finding, we analyzed the ratio of
NAD+/NADH and the amount of ATP in the same setting.
Consistently, depletion of ALDH1A2 increased the ratio of
NAD+/NADH, thus preventing NADH production (Figure
5C). ATP production normalized by the number of cells
was also decreased by ALDH1A2 depletion (Figure 5D).
Furthermore, in the cells cultured in glucose-free medium,
ALDH1A2 depletion inhibited ATP production more
strongly than it did in the control cells (Online
Supplementary Figure S5A). These results indicate that
ALDH1A2 supports energy production, which explains
the cell phenotype after ALDH1A2 depletion.

ALDH1A2 reduces the level of reactive oxygen species
in T-cell acute lymphoblastic leukemia cells
A high level of oxidative phosphorylation in mitochondria has been known to produce oxidative stress such as
reactive oxygen species (ROS). On the other hand, previous studies provided evidence that ALDH family proteins
help to alleviate intracellular ROS.36-38 The underlying
mechanism is attributable to the ability of these proteins
to clear cellular aldehydes, which are known ROS inducers.39-41 Thus, we next measured the total level of intracellular ROS after depletion of ALDH1A2 in Jurkat cells using
three different settings (sgRNA, shRNA and a small-molecule inhibitor).
Strikingly, genetic inhibition with shRNA (Figure 6A) or
sgRNA (Figure 6B) resulted in significant increases in ROS
levels. Similarly, treatment with WIN 18,446 increased
the level of ROS in Jurkat cells (Figure 6C) as well as in
primary leukemia cells that were harvested from a
patient-derived xenograft mouse model (Figure 6D), both
of which expressed only the short isoform of ALDH1A2
(Online Supplementary Figure S6A). Conversely, overexpression of the short isoform of ALDH1A2 reduced the
level of ROS (Figure 6E). Furthermore, treatment with Nacetyl cysteine, an antioxidant, was able to reduce the
ROS level after ALDH1A2 depletion in Jurkat cells (Online
Supplementary Figure S6B). Importantly, in the setting of
sgRNA knockout, ROS was increased at 48 h after doxycycline treatment (Figure 6B) before the induction of
apoptosis was observed (Figure 3B). This suggests that
accumulation of ROS could be a cause of apoptosis but
not a consequence of cell death. These results indicate
that although ALDH1A2 supports energy production,
which potentially increases oxidative stress, it more predominantly plays a role protecting against the production
of ROS and thus supports cell survival, which also
explains the phenotype after ALDH1A2 depletion. Of
note, N-acetyl cysteine treatment did not restore cell viability after ALDH1A2 depletion (data not shown), suggesting that the cell viability phenotype was mainly attributable to the maintenance of glycolysis and energy production.
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ALDH1A2 overexpression accelerates tumorigenesis in a
zebrafish model of T-cell acute lymphoblastic leukemia
Finally, we investigated the effect of ALDH1A2 overexpression on tumorigenesis in vivo using a zebrafish model.
We overexpressed the short isoform of the human
ALDH1A2 gene with a fluorescent marker (mCherry)
under the rag2 promoter in lymphocytes (Online
Supplementary Figure S7A). We confirmed that transgenes
were successfully integrated into the genome (Online
Supplementary Figure S7B) and mCherry was expressed in
the thymus (Online Supplementary Figure S7C). We then
sorted mCherry-positive cells from the ALDH1A2-transgenic and control fish and measured the ROS levels.
Strikingly, the ROS level was significantly lower in the

ALDH1A2-transgenic fish than in the control fish (Figure
7A), supporting our results in cell lines.
We next monitored tumor development using offsprings from one of the established founder lines.
However, we did not observe any spontaneous tumor
development in the ALDH1A2 single transgenic fish
(Online Supplementary Figure S7C). Hence, we then crossbred this line with a transgenic line overexpressing a
myristoylated, constitutively active mouse Akt2 gene (myrmAkt2) which can cause T-ALL22 (Online Supplementary
Figure S7B). Interestingly, overall penetrance was significantly increased up to 60% and tumor onset was slightly
accelerated in the double transgenic animals as compared
to the myr-mAkt2 single transgenic animals (Figure 7B,

A

B

C
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Figure 5. ALDH1A2 supports cellular aerobic glycolysis and energy
production in T-cell acute lymphoblastic leukemia cells. (A) Realtime curves showing the normalized extracellular acidification rate
(ECAR) readings for the control (blue) and ALDH1A2-depleted (red)
cell samples. Bar graphs with normalized ECAR showing the changes
in glycolysis, glycolytic capacity and glycolytic reserve after ALDH1A2
depletion. (B) Real-time curves showing the normalized oxygen consumption rate (OCR) readings for the control (blue) and ALDH1A2depleted (red) cell samples. Bar graphs with normalized OCR showing the changes in basal respiration and ATP production after
ALDH1A2 depletion. (C) Quantification of the NADH to NAD+ ratio
after ALDH1A2 depletion. (D) Quantification of the ATP levels after
ALDH1A2 depletion. All error bars represent the standard deviation
for technical replicates. **P<0.01, ***P<0.001, ****P<0.0001
using the two-tailed Student t test.
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Online Supplementary Figure S7D). These results indicate
that although overexpression of ALDH1A2 alone does not
have oncogenic capability, it can promote T-cell leukemogenesis induced by a driver oncogene.

Discussion
ALDH1A2 is one of the first reported downstream targets
of TAL1 in T-ALL cells. Using the subtractive PCR method,

A

B

C

D

Ono et al. isolated ALDH1A2 in T-ALL cell lines that coexpressed TAL1, LMO and GATA3.12 Our ChIP-sequencing
and RNA-sequencing experiments also demonstrated that
ALDH1A2 is directly activated by the TAL1 complex via an
intronic regulatory element in T-ALL cells. The short isoform of ALDH1A2 is specifically expressed in T-ALL cells.
Importantly, ALDH1A2 expression is highly specific to TALL cells, mostly to the TAL1-positive subgroup. Thus,
using a novel approach, our studies reconfirmed that
ALDH1A2 is a signature gene of TAL1-positive T-ALL.

E

Figure 6. ALDH1A2 reduces the levels of reactive oxygen species in T-cell acute lymphoblastic leukemia cells. (A, B) Total reactive oxygen species (ROS) levels were
measured by flow cytometry analysis using CellROX staining at 72 h after shRNA-mediated ALDH1A2 depletion (A) or at 48 h after sgRNA-mediated ALDH1A2 depletion (B) in Jurkat cells. (C, D) Total ROS levels were measured by flow cytometry analysis using CellROX staining at 72 h after treatment with WIN 18,446 of Jurkat
cells (C) or primary T-cell acute lymphoblastic leukemia cells harvested from a patient-derived xenograft model (D). (E) Jurkat cells were transduced with ALDH1A2
cDNA or an empty vector by MSCV retrovirus infection. The level of expression of the short isoform of ALDH1A2 in established Jurkat single clones was measured
by western blot. MIG-ALDH1A2 #10, #12 and #18 were selected as the overexpressing clones, and they expressed different levels of ALDH1A2. MIG-EV #14 was
selected as the control. Total ROS levels were measured by flow cytometry analysis using CellROX staining and are reported as mean fluorescence intensity (MFI).
Error bars represent the standard deviation for biological replicates. ***P<0.001 using the two-tailed Student t test.
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A

B

Figure 7. ALDH1A2 overexpression accelerates tumorigenesis in a zebrafish model. (A) Total reactive oxygen species levels in the mCherry-positive cells from the
control and ALDH1A2-transgenic zebrafish were measured by flow cytometry and shown by mean fluorescent intensity as the fold-change compared to control cell
samples. (B) Tumor development (lymphoma-like and leukemia-like phenotypes) in the single and double transgenic zebrafish was recorded according to the criteria
defined by Langenau et al.50 Tumor onset and penetrance were evaluated by Kaplan-Meier curve analysis. *P<0.05 using the Gehan-Breslow-Wilcoxon test.

Figure 8. Scheme showing the oncorequisite role of ALDH1A2 for full transformation of T-cell acute lymphoblastic leukemia.

However, the molecular functions and roles of
ALDH1A2 in the pathogenesis of T-ALL had not been
elucidated previously. Here, we first experimentally
proved that the T-ALL-specific isoform possesses an
enzymatic activity that catalyzes retinaldehyde to
retinoic acid with the production of NADH. Thus, the
main mechanism involving this protein is characterized
by ectopic expression through the activation of an alternative promoter bound by TAL1 rather than the expression of a dominant-negative protein or a loss of function.
Additionally, we showed that this protein can reduce
ROS levels and support energy production in T-ALL cells.
Although the direct mechanism by which ALDH1A2 promotes the glycolysis pathway remains unelucidated, one
possibility is that the high levels of NADH caused by
ALDH1A2 overexpression might lead to pseudo-hypoxic
1556

conditions that upregulate the expression of metabolic
enzymes. Alternatively, the reduction in ROS level might
lead to upregulation of metabolic enzymes. Further investigation is needed.
In malignant cells, regulation of ROS and metabolic
state is crucial to maintain cell proliferation and survival.
Although it has been reported that ROS can promote the
proliferation and survival of T-ALL cells,42 it is maintained at low levels in the T-ALL leukemia-initiating cells
in a mouse model.43 It is also noteworthy that, in more
than 50% of the TAL1-positive T-ALL cases, genetic
abnormalities in the PI3K-AKT pathway and the
NOTCH1-MYC pathway have been observed,4,8-11,44 and
these pathways can promote several metabolic processes.45 In particular, MYC has been known to promote glutaminolysis. Metabolic dependence on the TCA cycle
haematologica | 2021; 106(6)
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has also been reported in the Myc-induced zebrafish TALL model.46 However, hypermetabolic and hyperproliferative states often induce ROS production through the
upregulation of mitochondrial bioenergetics. Hence,
malignant cells may need to balance the ROS level
depending on their state of proliferation. Thus,
ALDH1A2 expression may be ideal for leukemic or preleukemic clones to protect cells from ROS production
and further promote metabolism (Figure 8).
Genetic abnormalities in T-ALL can be classified into
“type A” and “type B” abnormalities. The former refer to
abnormal expression of transcription factor genes, such as
TAL1, that delineate distinct molecular pathways, which
are more prevalent in one subgroup than others.4,47-49 The
latter refer to oncogenic pathways that are commonly
observed across different subgroups of T-ALL, for example, PI3K-AKT and NOTCH1-MYC.2,48,49 Considering the
high occurrence of ALDH1A2 expression with PI3K-AKT
and NOTCH1-MYC abnormalities in the TAL1-positive
subgroup, these pathways may compensate for each
other and synergize, which would lead to further increases in cell proliferation and metabolism. ALDH1A2 expression may be advantageous as a preceding event that
serves as a “requisite” before the cells activate other oncogenic pathways, making it an “oncorequisite”.
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