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Abstract: Among pediatric blood cancers, acute lymphoblastic leukemia (ALL) is the most common hematologic
malignancy. Within ALL, T-cell acute lymphoblastic leukemia (T-ALL) accounts for 10 to 15% of all pediatric cases,
and ~25% of adult cases. For T-ALL, its recurrence and relapse after treatment remain problematic. Therefore, it is
necessary to develop new therapies for T-ALL. Recent studies suggested regulating energy metabolism is a novel
approach to inhibit tumor growth, likely a promising treatment. Transketolase (TKT) is an important enzyme for
modulating glucose metabolize in the pentose phosphate pathway (PPP). In this study, we treated T-ALL cells with
different doses of niclosamide and primary T-ALL PBMCs were analyzed by RNA sequencing. T-ALL cells treated with
niclosamide were analyzed with the Western blotting and TKT activity assay. Metabolism of T-ALL cells was evalu-
ated by ATP assay and seahorse analyses. Lastly, we used a T-ALL xenograft murine model to determine effects of
TKT knockdown on T-ALL tumor growth. Tumor samples were analyzed by H&E and IHC stainings. We found that
niclosamide reduced T-ALL cell viability, and reduced expressions of TKT, Transketolase-Like Protein 1/2 (TKTL1/2)
and transaldolase. In addition, niclosamide inhibited TKT enzyme activity, aerobic metabolism and glycolysis, finally
leading to lower production of ATP. TKT knockdown inhibited tumor growth of xenograft T-ALL mice. Findings showed
that niclosamide inhibits T-ALL cell growth by inhibiting TKT and energy metabolism.

Keywords: T-cell acute lymphoblastic leukemia, transketolase, pentose phosphate pathway, energy metabolism,
niclosamide

Introduction

T-cell acute lymphoblastic leukemia (T-ALL) is a
hematologic malignancy characterized by the
infiltration of immature T cell marker-express-
ing cells into the bone marrow. Accounting for
10 to 15% of pediatric ALL cases in Europe, the
United States, and Japan, and 20 to 25% of
adult ALL cases, T-ALL poses significant chal-
lenges in both pediatric and adult populations
[1-3]. While pediatric T-ALL has notable ad-
vancements with an 85% overall complete
remission rate, adult T-ALL lags behind with

only a 40% remission rate, and a subset of
patients remain refractory to standard chemo-
therapy [4, 5]. The recurrence of T-ALL, particu-
larly in cases refractory to standard treat-
ments, presents a pressing medical challenge.
The high risk of relapse after the initial remis-
sion, coupled with the complexities of treat-
ment upon recurrence, underscores the need
for innovative therapeutic approaches [6]. One
potential avenue lies in understanding the
altered glucose metabolism characteristic of
cancer cells, with a preference for glycolysis
over oxidative phosphorylation, known as the
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“Warburg effect”. This type of metabolism facil-
itates rapid ATP production but results in the
accumulation of metabolites [7, 8]. Targeting
these metabolic pathways becomes a promis-
ing strategy for its treatment, given their pivotal
role in sustaining cancer cell proliferation and
immune evasion [9].

Transketolase (TKT), encoded by the TKT gene,
emerges as a key player in connecting the pen-
tose phosphate pathway (PPP) to glycolysis. Its
overexpression has been implicated in various
cancers, such as hepatocellular carcinoma,
peritoneal metastases of ovarian cancer, and
esophageal cancer, in promoting tumorigene-
sis through diverse mechanisms [10-12].
Advances in medical technology have unveiled
the potential of targeting key enzymes like TKT
in glycolysis to curb cancer progression [13].
However, the specific impact of TKT inhibition
on T-ALL remains unexplored.

This study was aimed to bridge this knowledge
gap by investigating the potential anticancer
effects of targeting TKT in a T-ALL model. Our
hypothesis was that TKT knockdown confers
therapeutic benefits in treating T-ALL. The pri-
mary aim of this research was to provide valu-
able insights into innovative strategies for add-
ressing the challenges associated with T-ALL
and to broaden the repertoire of targeted
therapeutic approaches for this hematologic
malignancy.

Materials and methods
Cells and drug treatments

We maintained two human T-ALL cell lines:
Jurkat and CCRF-CEM (obtained from the
American Type Culture Collection; ATCC) at
37°C, in RPMI-1640 medium (Gibco; Thermo
Fisher Scientific, Inc.) supplemented with the
following: 10% heat-inactivated fetal bovine
serum (FBS; HyClone; GE Healthcare Life
Sciences), 1 mM sodium pyruvate (HyClone;
GE Healthcare Life Sciences), 100 U/ml penicil-
lin, and 100 pg/ml streptomycin (Invitrogen;
Thermo Fisher Scientific, Inc.). Cells were kept
in a humidified atmosphere containing 95% air
and 5% CO,. Cells were then treated with
niclosamide (ACROS Organics™) at different
doses and time courses.
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Primary T-ALL cells

Primary T-ALL cells were harvested from PBMCs
of either patient with T-ALL or healthy controls
at the Taichung Veterans General Hospital. For
PBMC culture, 8 mL of blood were collected in
sodium citrate tubes (Vacutainer® CPT™, BD,
USA) after being taken from patients or heal-
thy controls. PBMCs were purified through cen-
trifugation at a density gradient. Cells were
cultured in RPMI-1640, supplemented with
10% fetal bovine serum, 1% penicillin/strepto-
mycin, 25 mM HEPES, and 2 mM L-glutamine.
The study protocol was approved by the
Institutional Review Board of Taichung Veterans
General Hospital, Taiwan (NO. CG19384A).

Isolation of RNA

Cells were collected from in vitro conditions,
and harvested after drug treatments. Total RNA
was extracted using the Amersham RNAspin
Mini Kit (Cytiva) according to manufacturer’s
instructions.

RNA sequencing

The quality of the raw reads was checked using
the FastQC (v0.11.9). Adapters, low quality
bases and reads were trimmed with Trim-
momatic (v0.36), using these parameters of
ILLUMINACLIP: Adapter.fa:2:30:10 LEADING: 3
TRAILING: 3 SLIDINGWINDOW: 4:15 MINLEN:
36. After trimming, clean reads were aligned to
the reference genome using HISAT2 (v2.2.1).
StringTie (2.2.1) was used to normalize read
counts. FeatureCounts (v1.6.2) were used to
summarize reads. Differential expression anal-
yses were performed using either DEGseq
(v2.2.1) without biological replicates, or DE-
Seq2 (1.34.0) with biological replicates. Diffe-
rential expressions of gene sets were filtered
based on the absolute value of log, fold chang-
es >2 with an adjusted p-value of <0.005
according to results of DEGseq. Differentially
expressed gene sets at statistical significant
levels were filtered based on the absolute value
of log, fold changes =2 and an adjusted p-
value of <0.05 according to the results of
DESeq2. To identify biological processes and
pathways that are significantly enriched by the
differentially expressed genes, the gene set
enrichment analysis (i.e., GSEA) was performed
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with the ClusterProfiler (4.2.2). The database of
the Kyoto encyclopedia of genes and genomes
(or KEGG) was used for annotation. Pathway
visualization was performed using Pathview
(1.34.0).

CCK-8 assay

Jurkat and CCRF-CEM cells were seeded at a
density of 1x105 cells/well in a 96-well cell cul-
ture plate. Jurkat and CCRF-CEM cells were
treated at 37°C for 24 h, with either vehicle
control (DMSO0), a-Ketoglutarate (a-KG) or with
niclosamide at different doses. Afterward, cell
viability was determined with the CCK-8 kit
(cat. n0.96992, Sigma-Aldrich) according to the
manufacturer’s instructions. In addition, opti-
cal density was measured at 450 nm with a
microplate reader (Enspire 2300-0000/Perkin-
Elmer).

Western blot analysis

Jurkat and CCRF-CEM cells were seeded at a
density of 1.5x10° cells/well in a 12-well cell
culture plate. Jurkat cells were treated with
either vehicle control (DMSO) or niclosamide
(1.0, 2.0 or 4.0 uM). CCRF-CEM cells were tre-
ated with either vehicle control (DMSO) or
niclosamide (1.0, 2.0 or 4.0 uM). Both cell cul-
tures were kept at 37°C for 24 h. After
niclosamide treatments, cells were harvested
and levels of protein expressions were deter-
mined using Western blotting with antibodies
as appropriate. In brief, cells were first washed
with PBS before collection. Cells were lysed in
RIPA buffer (Biomed, Taiwan), and centrifuged
at 13,000 g for 10 min at 4°C. Supernatant
was used for protein quantification with a
Coomassie protein assay reagent (Thermo Fi-
sher Scientific, Inc.). Fixed amounts of protein
(15 pg/lane) were loaded into each well and
separated by SDS-PAGE. Samples were finally
transferred to the PVDF membrane. Immuno-
blotting was conducted using the following
antibodies: Transketolase (TKT) (cat. no.
sc-390179; Santa Cruz; 1:1,000 dilution),
Transketolase Like 1/2 (TKTL1/2) (cat. no.
sc-514513; Santa Cruz; 1:500 dilution), Tran-
saldolase (cat. no. sc-166230; Santa Cruz;
1:1,000 dilution) and B-actin (cat. no. 4970S;
Cell Signaling Technology; 1:5,000 dilution), fol-
lowed by incubation with secondary anti-mouse
IgG, HRP-linked antibody (cat. no. 7076P2; Cell
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Signaling Technology; 1:7,000 dilution) or goat
anti-rabbit 1gG antibody (cat. no. 7074P2; Cell
Signaling Technology; 1:7,000 dilution). Label-
ed proteins were detected using the ECL
Detection Kit (Millipore) obtained from Alliance
Q9 (UVITEC, UK). Normalization was performed
with the B-actin antibody.

Measuring ATP levels

ATP measurements were carried out with the
ATP Assay Kit Colorimetric/Fluorometric kit
(@b83355, Abcam, USA) according to the man-
ufacturer’s instructions. In brief, 1x10° cells
were washed in cold PBS and then homoge-
nized in 100 pl of ATP assay buffer. Cells were
centrifuged at 4°C at 13,000 g, before the
supernatant was collected. Standard samples
were prepared according to the manufacturer’s
instructions. Test samples and background
controls were prepared in a 96-well plate
according to the manufacturer’s instructions
for colorimetric assay. Finally, plates were
read on a plate reader (Enspire 2300-0000/
PerkinElmer) at OD 570 nm.

TKT activity assay

TKT activity was measured with the Trans-
ketolase Activity Assay Kit (Fluorometric) (ab-
273310, Abcam, USA) according to the manu-
facturer’s instructions. In brief, cells (4x105)
were homogenized in a 100 ul TKT Assay buff-
er for lysis, and then centrifuged at 4°C at
10,000 g. Supernatants were then collected.
Standard samples were prepared according to
the manufacturer’s instructions. Test samples
and background control were prepared in a
96-well plate according to the manufacturer’s
instructions for fluorometric assay. Fluorescen-
ce was measured immediately at 30 sec inter-
vals for 30 to 45 min at 37°C with a plate read-
er (Enspire 2300-0000/PerkinElmer).

Seahorse analyses

Cells were plated in Seahorse XF 6-well plates
at respective optimal densities one day prior to
measurements. Cells were placed in experi-
mental conditions as described above, and
incubated in Seahorse XF Assay Media at
37°C for 1 hr without CO, just before assay.
Substrate concentrations were as follows: 1 yM
for Oligo and FCCP, 1 uM/0.5 uM for Rot/AA,
and 5 mM for succinate. All reagents were
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obtained from Seahorse Bioscience. Basic con-
ditions of glycolysis, maximal glycolytic capaci-
ty, and non-glycolytic activity were measured
with the Seahorse XF-6 Extracellular Flux
Analyzer.

T-ALL xenograft murine model

Female NOD/SCID mice aged 8 weeks with
body weight between 18 and 22 g were
obtained from the National Laboratory Animal
Center (Taipei, Taiwan). Mice were housed
under specific pathogen-free conditions with
12:12-h dark/light cycle, with ad libitum food
and water supply. All experiments were app-
roved by the Animal Care and Use Committee
of Kaohsiung Veterans General Hospital (IACUC
NO. 2021-2022-A003-MOST) and the Animal
Care and Use Committee of Taichung Veterans
General Hospital (JACUC NO. La-1111910).
CCRF-CEM cells (1x10° cells/100 ul/mouse),
suspended in a 1:1 mixture of BD Matrigel™
(basement membrane matrix, growth factor
reduced, phenol red-free; BD Biosciences, cat.
no. 356231) and RPMI-1640 medium were
injected subcutaneously into the flank region of
each NOD/SCID mouse. Tumors were periodi-
cally measured with a digital caliper 3 times/
week until sacrifice. Mice were randomly divid-
ed into different experiment groups (6 mice/
group) as follows: (a) vehicle control group, (b)
niclosamide (20 mg/kg) treatment group, (c)
o-KG (10 mg/kg) treatment group, and (d) a-KG
(10 mg/kg) plus niclosamide (20 mg/kg) treat-
ment group. Niclosamide and a-KG were deliv-
ered through intraperitoneal injections, 3
times/week, beginning on day 7 after induc-
tion. Mice were sacrificed on day 28, with tumor
samples collected for H&E and IHC stainings.

Hematoxylin and eosin (H&E) staining

Tumor tissues were removed from the xeno-
graft mice and fixed in 10% formalin for 24 h at
room temperature. Tissues were embedded in
paraffin, and then sectioned for staining with
hematoxylin and eosin (H&E). Microscopic im-
ages were captured through a light microscope
(AXIOVERT, ZEISS).

Immunohistochemistry (IHC) staining

After tumor tissues had been removed from the
xenograft mice, specimens were fixed in 10%
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phosphatebuffered formalin, dissected and
then embedded in paraffin. Paraffin sections
(3 um in thickness) were incubated with 0.3%
hydrogen peroxide for 15 min, blocked for 1 h
at room temperature, and then incubated with
Transketolase (TKT) (cat. no. s¢-390179; Santa
Cruz) and Ki-67 (cat. no. 9449S; Cell Signaling
Technology) overnight at 4°C. After washing
with TBST, sections were processed with the
Epredia™ UltraVision™ Quanto Detection
System HRP DAB kit (Epredia™ TL-060-QHD),
and whenever required, stained with DAB
immediately (Epredia™).

Statistical analyses

Data were expressed as mean * standard error
of mean. Statistical analyses were performed
using oneway ANOVA followed by Tukey’s test
for post-hoc comparisons. Results were ana-
lyzed using the software GraphPad Prism (ver-
sion ©6; GraphPad Software, Inc.). Statistical
significance was set at P<0.05.

Results
Down-regulation of autophagy in T-ALL

We have previously reported that niclosamide
suppresses tumor growth of T-cell acute lym-
phoblastic leukemia through the activation of
apoptosis and autophagy [14]. Here, we further
compared expressions of autophagy-related
genes between clinical PBMC samples obtain-
ed from T-ALL patients and healthy controls.
KEGG autophagy pathway graph rendered by
Pathview revealed down-regulated genes (in
green), such as LC3 and p62 (Figure 1A) that
are involved in the autophagic pathway in T-ALL
patients’ PBMC samples when compared with
healthy controls. On the other hand, the same
genes showed significant up-regulations in
niclosamide-treated CCRF-CEM cells when
compared with WT CCRF-CEM cells (Figure 1B).

Suppression of TKT remarkably diminishes
T-ALL cell viability

To investigate the impact of TKT downregula-
tion on the viability of T-ALL cells, we subjected
CCRF-CEM and Jurkat cells to 24 hrs treatment
with niclosamide or a well-established TKT
inhibitor, a-KG. Results showed a dose-depen-
dent reduction in T-ALL cell viability induced by
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Figure 1. KEGG pathway graph rendered by Pathview. KEGG Pathview showing autophagy pathway genes up or
down regulated in (A) T-ALL patients vs. healthy control and in (B) niclosamide (2 mM; 24 h) treated CCRF-CEM cells

compared to WT CCRF-CEM cells.
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Figure 2. o-KG and niclosamide effectively inhibits the viability of T-ALL cells in a dose-dependent manner. Human
T-ALL cells were treated with a-KG or niclosamide for 24 h. Cell viability and proliferation was measured by CCK-8
assays. CCK-8 assays showed that a-KG and niclosamide inhibited the proliferation of (A, C) CCRF-CEM and (B,
D) Jurkat cells dose-dependently. The results are expressed as mean + SEM. *P<0.05, **P<0.01, ***P<0.001,
*%%*P<(0.0001, vs. the control group; #P<0.05, ##P<0.01, ###P<0.001, ####P<0.0001, vs. the DMSO group.

a-KG and niclosamide (Figure 2). This under-
scores the critical role of TKT in sustaining
T-ALL cell viability, suggesting the potential sig-
nificance of targeted interventions against TKT
for therapeutic purposes.

TKT downregulation impairs ATP production in
T-ALL cells

As illustrated in Figure 2, the observed cancer
cell deaths may be intricately linked to a re-
duction in energy metabolism resources.
Therefore, we further explore potential shifts in
the final ATP production after TKT downregula-
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tion. CCRF-CEM and Jurkat cells were initially
subjected to different doses of o-KG or
niclosamide, in addition to a vehicle control,
over a 24-hour period. Results showed a
decline in ATP production in o-KG- or
niclosamide-treated CCRF-CEM and Jurkat
cells, when compared with vehicle controls
(Figure 3). Moreover, both a-KG and niclosa-
mide exhibited a significant, dose-dependent
inhibition of ATP production. Taken together,
these findings robustly suggest that both a-KG
and niclosamide exert a dose-dependent inhi-
bition on ATP production in T-ALL cells. This
finding supports the pivotal involvement of TKT
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Figure 3. o-KG and niclosamide effectively inhibits ATP production of T-ALL
cells dose-dependently. The cells were treated with different doses of a-KG
or niclosamide for 24 h. ATP production were measured by ATP assays.
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, vs. the control group;
#P<0.05, ##P<0.01, ###P<0.001, ####P<0.0001, vs. the DMSO group.

DMSO group: vehicle control group.

in finely regulating cellular energy homeostasis.
Such insights underscore the potential thera-
peutic efficacy of targeting TKT to perturb ATP
production, thereby impeding the survival
mechanisms of T-ALL cells.

Niclosamide targets key protein expressions in
the pentose phosphate pathway of T-ALL cells

Metabolic reprogramming is considered a hall-
mark of cancer development. To generate ener-
gy, cancer cells prefer glycolysis over oxidative
phosphorylation. Most leukemias are highly
dependent on glycolysis and can be targeted
using glycolytic inhibitors. TKT, TKTL1/2 and
transaldolase (TALDO1) play important roles in
connecting the pentose phosphate pathway
(PPP) to glycolysis. Therefore, to investigate
niclosamide effects on protein expressions re-
lated to the PPP, CCRF-CEM and Jurkat human
T leukemia cells were initially treated with dif-
ferent doses of niclosamide or vehicle control
for 24 h. Results showed that niclosamide had
inhibited expressions of PPP pathway-related
proteins, such as TKT, TKTL1/2 and transaldol-
ase, in CCRF-CEM and Jurkat cells in a dose-
dependent manner (Figure 4A, 4B). Taken
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together, niclosamide had in-
hibited PPP related protein ex-
pressions of T-ALL cells in a
dose-dependent manner.

> Downregulation of TKT inhibits
TKT activity in T-ALL cells

S TKT, a key enzyme in the non-
- oxidative phase of PPP, cru-

& cially links glycolysis with PPP.

As shown in Figure 4, ni-

closamide treatment reduced

TKT protein levels, prompting

an exploration into potential

changes in TKT enzyme activi-

- ty. To further investigate this

e issue, CCRF-CEM and Jurkat

cells underwent a 24-hour

treatment with o-KG, niclo-

samide, or a vehicle control.

Notably, both a-KG and niclo-

samide (at 4 uM) effectively

inhibited TKT activity within the

initial 45 minutes in both cell

lines (Figure 5). Findings sug-

gested a significant suppres-

sion of TKT activity in T-ALL

cells following treatment with o-KG and
niclosamide.

2 4

Niclosamide inhibits mitochondrial aerobic
metabolism and glycolysis in T-ALL cells

Furthermore, we used the Seahorse machine
to measure oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR) in
T-ALL cells. We evaluated glycolysis by analyz-
ing the ECAR, and also measured the mitochon-
drial aerobic metabolism based on OCR. We
found that both OCR and ECAR were inhibited
after niclosamide treatment (Figures 6, 7). In
response to niclosamide, we observed signifi-
cant inhibitions in ATP-production coupled res-
piration (Figure 6) and glycolysis (Figure 7).
Findings suggested that niclosamide treat-
ment, through the inhibition of TKT, had effec-
tively suppressed mitochondrial aerobic metab-
olism and glycolysis in T-ALL cells.

Improving xenograft T-ALL mouse model phe-
notype through TKT downregulation

To validate the findings of in vitro experiments,
where inhibition of TKT impeded T-ALL cell
growth, we further applied a known TKT inhibi-
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Figure 4. Niclosamide inhibits TKT, TKTL1/2 and transaldolase expressions of T-ALL cells in a dose-dependent
manner. The cells were treated with different doses of niclosamide for 24 h, and the expression of TKT, TKTL1/2
and transaldolase were measured by western blot analysis in (A) CCRF-CEM and (B) Jurkat cells. B-actin protein was
used in these experiments as the loading control. The results are expressed as mean + SEM. *P<0.05, **P<0.01,
**%*P<(0.0001, vs. the control group; #P<0.05, ##P<0.01, ###P<0.001, vs. the DMSO group. DMSO group: ve-

hicle control group.

tor, a-KG, to treat the xenograft T-ALL mice. The
primary objective was to determine whether
the inhibition of TKT also results in suppressing
tumor growth in vivo. In brief, to confirm that
the metabolic alterations induced by TKT down-
regulation can impact cancer growth in vivo,
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we conducted experiments using the xenograft
T-ALL murine model. Results showed a sub-
stantial reduction in tumor volume upon TKT
downregulation through o-KG administration
(Figure 8). Notably, both niclosamide treatment
and combined niclosamide plus o-KG treat-
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ment also produced significant reductions in underscoring the pivotal role of targeting TKT in
tumor volume compared with vehicle controls, inhibiting T-ALL tumor growth.
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Niclosamide improves pathology of xenograft
T-ALL mice

Since downregulation of TKT inhibited tumor
growth in xenograft T-ALL mice, we further
investigated whether downregulation of TKT
improves the pathology of xenograft T-ALL
mice. Tumor samples were therefore examined
using the H&E and IHC stainings. H&E staining
showed that tumor masses contained leuke-
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mia cells, with a discohesive pattern of me-
dium to large atypical lymphoid cells displaying
signs of brisk apoptosis and mitotic activity.
Compared with the vehicle controls, the ex-
perimental groups showed more degenerative
tumor cells with smudge nuclei and more cell
apoptosis associated with niclosamide treat-
ment, a-KG treatment and «-KG plus niclo-
samide treatments (Figure 9A). IHC staining
showed that TKT and Ki-67 expressions were
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both lowered with niclosamide, &-KG and a-KG
plus niclosamide treatments compared with
the vehicle controls (Figure 9B, 9C).

Downregulation of PPP-related genes by
niclosamide

Further bioinformatics analysis of CCRF-CEM
cells treated with niclosamide revealed down-
regulation of key enzymes related to PPP. They
included TKT, transaldolase and G6PD (Figure
10A). The enrichment plot and heat map of dif-
ferentially expressed genes indicated marked
suppressions of PPP in niclosamide-treated
CCRF-CEM cells. Gene Set Enrichment Analy-
sis (GSEA) revealed that the PPP genes were
highly enriched in control CCRF-CEM cells, with
a concomitant drop in expressions of TKT,
transaldolase and G6PD in niclosamide-treat-
ed CCRF-CEM cells (Figure 10B). Taken to-
gether, niclosamide was found to inhibit key
enzymes of PPP in T-ALL cells.

Discussion

Our study underscored a pivotal role for
niclosamide in inhibiting T-ALL cell viability by
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targeting the glycolysis pathway and its associ-
ated proteins, including TKT activity. The in-
hibition of ATP production, involving both mito-
chondrial aerobic metabolism and glycolysis,
suggested a broader impact on the energy
metabolism crucial for the survival of T-ALL
cells. Importantly, downregulation of TKT was
found to impede tumor growth in a xenograft
T-ALL mouse model, affirming that TKT is a sig-
nificant player in T-ALL progression.

Metabolic reprogramming is a hallmark of can-
cer, characterized by increased glucose con-
sumption to support abnormal cell growth and
survival in the challenging tumor microenviron-
ment [15]. TKT, a major reversible enzyme in
the nonoxidative branch of the pentose phos-
phate pathway (PPP) [16], is upregulated in vari-
ous tumors, like colorectal cancer [17], ovarian
cancer [11] and lung adenocarcinoma [18].
However, its expression in T-ALL has remained
unknown. Our study revealed, in T-ALL, the sup-
pressed expressions of PPP-related proteins,
including TKT, TKTL1/2, and transaldolase, fur-
ther establishing TKT as a prognostic biomark-
er and therapeutic target.
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Figure 9. Niclosamide suppresses xenograft tumor proliferation and inhibits the production of TKT and Ki-67 in
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IHC, immunohistochemistry. *P<0.05, vs. the vehicle control group.

In our study, we observed the suppressed
expression of TKT in T-ALL, aligning with the
notion of altered metabolism in cancer cells.
This downregulation of TKT significantly imped-
ed T-ALL cell viability and tumor growth, high-
lighting its functional importance in T-ALL pro-
gression. Our findings contribute to the grow-
ing body of evidence in support of the potential
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therapeutic relevance of targeting TKT in can-
cer treatment. The broader context of cancer
metabolism further accentuates the signifi-
cance of TKT as a therapeutic target. Cancer
cells exhibit a preference for aerobic glycolysis,
known as the Warburg effect, to meet their
energy demands [19]. TKT’s role in connecting
glycolysis to the PPP positions it as a key medi-
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ator of this metabolic shift. Targeting TKT not
only impacts nucleotide synthesis but also dis-
rupts the interconnected metabolic pathways
essential for cancer cell survival and growth.

Maintaining stable glucose metabolism is an
important requirement for the survival and pro-
gression of cancer cells. Cancer cells rely on
aerobic glycolysis to meet metabolic demands.
Cancer cell growths is dominated by metabo-
lism switching from mitochondrial respiration
to glycolysis during hypoxia [20, 21]. In our
study, we found that niclosamide inhibited ATP
production of T-ALL, and through inhibitions of
aerobic metabolism and glycolysis, especially
by suppressing expressions and activities of
those enzymes in PPP, to reduce energy re-
sources of cancer cells, leading to cell death.
Our results are consistent with previous re-
ports. Many compounds have anticancer ef-
fects in preclinical experiments. These com-
pounds include Phloretin, WZB117, Fasentin
are glucose transporter blockers [22, 23].
Another glucose analog, 2-deoxyglucose (2-
DG), showed promising anticancer effects in
preclinical models. This 2-DG glucose analog,
which inhibits glycolysis and depletes ATP, has
been used to treat lymphoma [24] and breast
cancer [25]. Therefore, based on our previous
findings and results from the literature, tumor
glycolysis appears to be an ideal target for ther-
apeutic intervention.

Numerous studies have highlighted niclosa-
mide’s anticancer effects, attributing them to
apoptosis, inhibition of migration, invasion, and
proliferation [26]. Our results further empha-
size niclosamide as a potent TKT inhibitor, sig-
nificantly reducing TKT activity and, conse-
quently, suppressing T-ALL cell proliferation
and tumor growth. Importantly, the observed
inhibition of aerobic metabolism and glycolysis
in cancer cells underscores niclosamide’s effi-
cacy in reducing their energy resources. While
our findings support the anti-leukemia effect of
niclosamide through downregulating TKT and
altering energy metabolism, our experiments
combining a-KG with niclosamide did not yield
a superior effect in vivo. The absence of syner-
gistic effects observed when combining o-KG
with niclosamide can be attributed to several
factors. Firstly, if the drugs share similar mech-
anisms of action, their effects may compete
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rather than enhance each other. This phenom-
enon is well-discussed in the context of can-
cer signaling pathways [27]. Secondly, optimal
therapeutic concentrations and doses may dif-
fer for each drug, making it challenging to
achieve a synergistic outcome [28]. Finally, the
intricate cellular network and feedback mecha-
nisms within a biological system may interact in
a complex manner, contributing to the lack of
observed synergy [29]. These factors highlight
the need for careful consideration and optimi-
zation when designing drug combinations, con-
sistent with the multifaceted nature of drug-
drug interactions in therapeutic contexts. This
discrepancy warrants careful consideration in
future studies.

Acknowledging the limitations of our study,
including a small clinical sample size and the
potential for enhanced understanding through
the establishment of a TKT knockout mice
model, our results contribute to the growing
body of evidence highlighting niclosamide’s
efficacy in targeting altered metabolism in
T-ALL.

In conclusion, our study not only shedded light
on the crucial role of altered metabolism in
T-ALL but also explicitly connected this discus-
sion to the rationale for targeting TKT. The inhi-
bition of TKT by niclosamide emerges as a
promising therapeutic strategy, influencing the
broader context of cancer metabolism and pro-
viding a foundation for future investigations
and clinical applications.
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