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Transketolase (TKT) is an enzyme that is ubiquitously expressed in all living organisms and has been identified as
an important regulator of cancer. Recent studies have shown that the TKT family includes the TKT gene and two
TKT ) TKT-like (TKTL) genes; TKTL1 and TKTL2. TKT and TKTL1 have been reported to be involved in the regulation of
I,;/I;T:rog:;ression multiple cancer-related events, such as cancer cell proliferation, metastasis, invasion, epithelial-mesenchymal
Pentose phosphate pathway transition, chemoradiotherapy resistance, and patient survival and prognosis. Therefore, TKT may be an ideal

target for cancer treatment. More importantly, the levels of TKTL1 were detected using EDIM technology for the
early detection of some malignancies, and TKTL1 was more sensitive and specific than traditional tumor markers.
Detecting TKTL1 levels before and after surgery could be used to evaluate the surgery’s effect. While targeted
TKT suppresses cancer in multiple ways, in some cases, it has detrimental effects on the organism. In this review,
we discuss the role of TKT in different tumors and the detailed mechanisms while evaluating its value and
limitations in clinical applications. Therefore, this review provides a basis for the clinical application of targeted
therapy for TKT in the future, and a strategy for subsequent cancer-related research.

1. Introduction glucose metabolism, provides raw materials for nucleotide biosynthesis

and is the main source of NADPH. NADPH is essential for fatty acid

Metabolic reprogramming is considered a hallmark of cancer [1].
Tumor cells consume far more glucose than normal cells. More impor-
tantly, even under aerobic conditions, glucose in tumor cells preferen-
tially utilizes glycolysis instead of oxidative phosphorylation for energy
production. This metabolic shift is known as the Warburg effect. In
addition to providing cells with energy, metabolic intermediates of
glycolysis play pivotal roles in macromolecular biosynthesis to provide a
favorable environment for tumor growth [2]. The pentose phosphate

synthesis and the elimination of reactive oxygen species (ROS). Thus,
PPP plays a key role in meeting the anabolic demands of cancer cells and
in combating oxidative stress [3]. The PPP is divided into oxidative and
non-oxidative branches, which control NADPH and ribose production,
respectively. TKT, a key enzyme in non-oxidative PPP, plays an indis-
pensable role in both cell metabolism and tumor growth. An increasing
number of studies have shown that TKT is overexpressed in a variety of
tumors and is closely related to their malignant characteristics and

pathway (PPP), which branches from glycolysis in the first step of clinical indicators. Most importantly, TKT is associated with
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chemoradiotherapy resistance. Targeted TKT inhibits tumor prolifera-
tion and increases sensitivity to multiple chemotherapeutic agents. In
general, TKT may be a novel biomarker, and targeted inhibition of TKT
holds promise as a new approach for the treatment of tumors.

2. TKT: a ubiquitous enzyme with a complex structure

The human genome contains three TKT genes: TKT, TKT-like 1
(TKTL1), and TKTL2. TKT is a key enzyme in the PPP and is present in all
known organisms [4]. TKT is a homodimer, meaning that the active site
is located at the interface formed by two identical subunits. Thiamine
diphosphate (ThDP), a derivative of vitamin B1, binds to this active site
as a cofactor to regulate TKT enzyme activity. The activation requires
two conditions: ThDP and divalent metal ions for catalytic activity (such
as Mg?t, Ca®*, Mn?*, and CO*"), which are the same as those of other
ThDP-dependent enzymes [5]. TKT is located on chromosome 3 at po-
sition 3p21.1, while TKTs such as TKTL1 and TKTL2 are located at po-
sition Xq28 of chromosome X and 4q32.2 of chromosome 4,
respectively. Among them, TKT is the most widely studied and has been
reported to be related to the occurrence of a variety of diseases. TKTL1
has been widely studied, but there have been few reports on TKTL2 [6].
As early as 1996, when the concept of TKTL1 was proposed, researchers
believed that it might change TKT enzyme activity [7]. Other scholars
believe that TKTL1 is a pseudogene [8], and Coy et al. showed that there
are differences in the structures of human TKT and TKTL1 in that their
amino acid composition and primary structure are different [7].
Therefore, whether TKTL1 is a TKT needs to be further explored [9,10].
In 2019, researchers found that TKTL1 and TKTL2 have the same folding
structure as TKT, suggesting that both TKTL1 and TKTL2 are functional
TKTs that may play similar roles in many diseases [6].

3. TKT: a key regulator of metabolism
3.1. TKT as a key enzyme and junction in glucose metabolism

The PPP is a branch of glycolysis and an important component of cell
metabolism. TKT is a key enzyme in the PPP and is the bridge between it

and glycolysis. TKT plays a significant role in the non-oxidative phase of
the PPP [11]. TKT, together with transaldolase (TAL), catalyzes the
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non-oxidative phase of the PPP, in which TKT seems to control the
non-oxidative phase. TKT is responsible for a relatively complex (mul-
ti-substrate) mutual conversion reaction at the core of the non-oxidative
PPP and catalyzes two different reactions [12]. Reactions catalyzed by
TKT transfer two carbon atoms from xylulose 5-phosphate (Xu5P) to
ribose 5-phosphate (R5P) or erythrose 4-phosphate (E4P), and then R5P
and E4P become sedoheptulose 7-phosphate (S7P) or fructose 6-phos-
phate (F6P), respectively. Simultaneously, the Xu5P that provided the
carbon atom becomes glyceraldehyde 3-phosphate (G3P). Reactions
catalyzed by TAL involve the transfer of three carbon atoms from S7P to
G3P, and G3P becomes F6P, while S7P, which provides carbon atoms,
becomes E4P (Fig. 1).

The main metabolites of the PPP are NADPH and R5P. The former is
produced by the oxidized PPP catalyzed by glucose 6-phosphate dehy-
drogenase, and the latter is produced by the non-oxidized PPP catalyzed
by TKT (Fig. 1). NADPH provides the reducing potential for most anti-
oxidants, such as the glutathione/glutaredoxin and thioredoxin systems
[13], and R5P is the precursor for the synthesis of nucleic and amino
acids [11]. NADPH is also required for fatty acid and cholesterol syn-
thesis. Although NADPH is produced by the oxidative PPP, TKT indi-
rectly replenishes NADPH to prevent ROS-induced damage when
exposed to oxidative stress [14]. The mechanism by which TKT indi-
rectly regulates NADPH production is addressed later. The
non-oxidative PPP exists in almost all organisms, whereas the oxidative
PPP is not found in some archaea or thermophilic bacteria [15,16].
Therefore, TKT may be ubiquitous in all organisms and associated with
growth and development.

Interestingly, the reversibility of the non-oxidative PPP and the
allosteric regulation of the enzymes in this pathway enable it to adapt to
the metabolic needs of the cell, operating in different ways. For example,
maintaining the redox homeostasis of a cell is more important than
nucleic acid synthesis when the cell is under oxidative stress. TKT is
activated at this time and the non-oxidative PPP is accelerated, which
promotes the resynthesis of F6P from pentose phosphate and subsequent
conversion back to G6P to promote NADPH production (Fig. 1). In
general, TKT, as a key enzyme in the PPP, is essential for biosynthesis
and metabolic regulation.

Fig. 1. Schematic of glycolytic and PPP meta-
bolism and group transfer reactions in the non-
oxidative PPP. TKT is a key enzyme of the non-
oxidative PPP responsible for the generation of
R5P. The TKT-mediated reactions are all
reversible, which allows the non-oxidative PPP
to dynamically meet the cellular metabolic

balance. TKT is activated under oxidative stress
and promotes the resynthesis of F6P, which is
subsequently converted to G6P to promote
NADPH production, thus, resistance to oxida-
tive stress.
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3.2. TKT indirectly modulates lipid metabolism

Surprisingly, although TKT is a key enzyme in glycolysis, it also
indirectly affects lipid metabolism (Fig. 2). One experiment showed that
knockout of one TKT allele resulted in an ~77% reduction in adipose
tissue weight [17]. In addition, TKT deficiency protected mice from
diet-induced obesity by accelerating lipolysis.  Specifically,
adipocyte-specific knockout of TKT inhibits glycolysis and reduces py-
ruvate production, resulting in an insufficient energy supply. Providing
sufficient energy for cells leads to a compensatory increase in lipolysis.
Mechanistically, knockout of TKT increases the gene expression of the
mitochondrial electron transport chain, thus, promoting fatty acid
oxidation [18]. In conclusion, TKT is one of the key enzymes of glucose
metabolism, and it also indirectly regulates other metabolic modes,
which reveals a surprising and novel role of TKT.

4. TKT in tumors: an essential regulator of tumorigenesis

Tumor growth requires a large amount of energy. Aerobic glycolysis
not only meets the energy needs of tumor cells but also provides bio-
logical macromolecules for biosynthesis [19,20]. Several studies have
shown that TKT and TKTL1 promote tumor cell proliferation and reduce
damage resulting from oxidative stress, whereas TKTL2 does not appear
to exert these effects [21,22]. As mentioned earlier, the TKT-mediated
non-oxidative PPP not only generates R5P but also indirectly regulates
NADPH production [14]. These two substances are crucial for tumor
survival. NADPH is the prime antioxidant in cells, which reduces the
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level of ROS and avoids oxidative stress injury in cancer cells by main-
taining glutathione in a reduced state [23]. R5P is a substrate for the
synthesis of DNA and RNA that plays a vital role in regulating the pro-
liferation of cancer cells and the DNA damage response [24]. In addi-
tion, studies have confirmed that more than 85% of the ribose generated
by the PPP is directly or indirectly produced by the non-oxidative branch
of the PPP via isotope labeling [25].

Table 1
Transcriptional regulation of the TKT family in cancer.
Tumor type Gene Regulation
Pancreatic cancer TKT TKT is transcriptionally activated by MUC1/HIF-
[53,90] la

TKT is transcriptionally activated by TEAD1

Cholangiocarcinoma  TKT TKT is transcriptionally activated by Nrf2

[91]
Breast cancer TKT TKT is transcriptionally activated by PFKFB4/
[92] SRC-3
Cervical cancer TKT TKT is transcriptionally activated by miR-497-5p
[93]
Lung cancer TKT TKT is transcriptionally activated by Nrf2
[94,95]
Leukemia TKT TKT is transcriptionally activated by HIF-1a
[96]
Liver cancer TKT TKT is transcriptionally activated by Nrf2
[97] TKT is transcriptionally repressed by BACH1
Esophageal cancer TKTL1
[81] TKT is transcriptionally activated by miR-497-5p
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Fig. 2. As an enzyme of glucose metabolism, TKT also indirectly affects other metabolic pathways. The adipocyte-specific metabolism pattern is shown on the right.
Specific knockout of TKT in adipocytes suppressed the non-oxidative PPP, leading to the accumulation of metabolites, such as Ru5P, and reduced glycolytic flux,
which resulted in insufficient energy provided by glucose. To meet the energy demand, there is a compensatory increase in lipolysis, which produces large amounts of
fatty acids. These fatty acids enter mitochondria and are oxidized. G6P, Glucose 6-phosphate; F6P, Fructose 6-phosphate; G3P, Glyceraldehyde 3-phosphate; Ru5P,
Ribulose 5-phosphate; TKT, Transketolase; TCA, Tricarboxylic acid cycle; TAG, Triacylglycerol; DAG, Diacylglycerol; MAG, Monoacylglycerol; FAO, Fatty

acid oxidation.
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Indeed, an increasing number of studies have shown that TKT family
members are highly expressed in a variety of tumors (Table 2), and this
was confirmed in data from databases (Fig. 3). Interestingly, data from
The Cancer Genome Atlas (TCGA) indicate that aberrant TKT expression
correlates with the overall survival of patients (Fig. 4). In conclusion,
TKT, a key enzyme in the PPP, is an important regulatory factor in
tumorigenesis and development. Next, we introduce the role and
mechanism of TKT in different human cancers (Fig. 5).

4.1. TKT and digestive system tumors

4.1.1. Liver cancer

Liver cancer is the fifth most common cancer and second leading
cause of cancer-related death worldwide. Xu et al. indicated that TKT
was significantly upregulated in hepatocellular carcinoma (HCC), and
the other two family members, TKTL1 and TKTL2, were hardly detected.
Thus, TKT may play a crucial role in HCC development and metabolism.
How does TKT affect HCC development? Liver injury due to drug abuse
is one of the most common causes of liver cancer [26]. An independent
study showed that TKT knockout cells accumulate R5P, which promotes
nucleotide synthesis. Moreover, high nucleotide levels can protect the
liver from drug-induced liver injury [27].

The utilization of lipids occurs mainly through the action of bile
acids, which are essential for the discharge of waste (such as carcinogens
and drugs) and endogenous compounds (such as cholesterol) [28,29].
However, cholestasis also promotes liver fibrosis and sclerosis,

Table 2
Expression and effects of TKT and TKTL1 in different cancers.

Tumor type Expression Effect of expression level

level
TKT TKTL1

Colorectal cancer High  High Poor prognosis, Advanced stage,
[21,42,110-113] Poor survival

Pancreatic cancer High  High EDIM blood test, Poor survival
[78,90]

Gastric cancer High Poor prognosis, Advanced stage,
[114-116] Metastasis, Poor survival

Cholangiocarcinoma High EDIM blood test
[117]

Breast cancer High  High Poor survival, Poor prognosis,
[118-120] EDIM blood test

Cervical cancer High  High Poor prognosis, Proliferation,
[60,61,93,121] Migration, Invasion

Ovarian cancer High  High Poor prognosis, Proliferation,
[122-124] Chemoresistance

Lung cancer High  High Poor survival, Poor prognosis,
[65,125,126] High grade

Head and neck squamous High Proliferation
cell carcinoma
[74]

Esophageal squamous cell High  High Poor survival, Proliferation,
cancer Advanced stage, High grade
[77,78]

Oral squamous cell cancer High Poor survival, Metastasis, EDIM
[127-131] blood test

Thyroid cancer High Metastasis
[132]

Laryngeal squamous cell High Poor survival, Proliferation
carcinoma
[133]

Nasopharyngeal carcinoma High Chemoresistance, Proliferation,
[134] Poor survival

Prostate cancer High EDIM blood test
[135-138]

Melanoma High Invasion
[139]

Liver cancer High Metastasis, Migration, Invasion

[97]

The TKT family is highly expressed in a variety of cancers, which is associated
with malignant features of tumors and clinical indicators.

Biomedicine & Pharmacotherapy 154 (2022) 113607

eventually leading to liver cancer. Several studies have shown that
farnesoid receptor (FXR) is a nuclear receptor [30] that plays a crucial
role in regulating liver fibrosis, cholestasis, and inflammation [31]. In
addition, FXR deficiency promotes spontaneous liver cancer in mice
[32-34]. Li et al. found that TKT promoted the malignant proliferation
of liver cancer cells by regulating FXR expression. Specifically, TKT in-
teracts with signal transducer and activator of transcription 1 (STAT1) to
form a complex and translocates into the nucleus of HCC cells. They
further clarified that after TKT enters the nucleus, it strengthens the
binding between histone deacetylase 3 and the FXR promoter, thereby
inhibiting FXR expression [35]. In summary, the occurrence and
development of liver cancer, mediated by FXR, are closely related to
TKT.

Hepatitis B virus (HBV) is one of the most common causes of liver
cancer and more than half of patients with liver cancer worldwide are
infected with HBV [36]. Zheng et al. confirmed that HBV X protein
promotes the combination of SH2 domain-containing 5 (SH2D5) and
TKT and that the SH2D5-TKT compound enhances the recruitment of
SAT3 and thereby activates STAT3, which, in turn, promotes liver cancer
development. Further studies have shown that SH2D5-TKT promotes
IL-6-induced STATS3 activation, which affects the proliferation of hepa-
toma cells [37]. Interestingly, a recent study concluded that TKT is
ectopic in the nucleus and promotes the proliferation of hepatoma cells
in a non-metabolic manner through the EGFR pathway [38]. In
conclusion, TKT is overexpressed in HCC and is involved in the devel-
opment of liver cancer (Fig. 5).

4.1.2. Colorectal cancer (CRC)

CRC is a common digestive malignancy with hundreds of thousands
of deaths reported annually, making it the fourth leading cause of
cancer-related deaths worldwide [39]. Approximately 30% of patients
with CRC have distant metastasis after diagnosis [40], and nearly 90% of
patients with advanced CRC die within 5 years of diagnosis [41]. TKTL1
is overexpressed in invasive CRC [42]. Hypoxia-inducible factor-1lalpha
(HIF-1a) induces TKTL1 expression under hypoxic conditions, affecting
tumor development [43]. In addition, TKT expression changes signifi-
cantly during transition from normal colorectal epithelium to invasive
tumor cells [44]. During this process, TKT interacts with
glucose-regulated protein 78 to enhance AKT phosphorylation, which
promotes CRC metastasis [4]. In addition, TKT affects the malignant
progression of CRC by regulating the cell cycle [21].

Clinical data suggest that patients with colitis are more likely to
develop CRC [44,45]. Tian et al. provided evidence that TKT deletion
induces enteritis development. Mechanistically, TKT deficiency pro-
motes excessive apoptosis, affects normal intestinal barrier function by
inhibiting ATP production, and finally induces colitis [46]. Although
colitis is a risk factor for CRC, it is not contradictory that TKT inhibits the
development of colitis but promotes the progression of CRC. TKT dele-
tion leads to excessive apoptosis of normal intestinal epithelial cells,
leading to colitis. Under these conditions, they are harmful to the body.
In contrast, TKT deletion leads to limited DNA synthesis, which inhibits
the proliferation and metastasis of tumor cells. Under these conditions,
the deletion is beneficial to the body. TKT is related to the development
and metastasis of CRC and is a promising biomarker.

4.1.3. Pancreatic cancer

Pancreatic cancer is a highly malignant tumor. This type of tumor is
difficult to detect and has no symptoms in the early stages. It usually
develops into an advanced stage after diagnosis and spreads easily to
surrounding organs. Therefore, it is one of the deadliest cancers [47,48].
Several studies have shown that pancreatic cancer has an extremely poor
prognosis, with less than 20% 1-year survival after diagnosis and less
than 5% 5-year survival [49-51].

Nie et al. found significantly higher TKT levels in KPC mouse and
human pancreatic cancer tissues than in adjacent normal tissues by
immunohistochemistry. Prolactin receptor (PRLR), a member of the
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Fig. 3. TKT is highly expressed in a variety of tumor tissues compared with normal tissues. Data were derived from The Cancer Genome Atlas and GEPIA (gepia.
cancer-pku.cn). LogsFC, 1; P value, 0.01. CESC, Cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, Cholangiocarcinoma; COAD, Colon
adenocarcinoma; GBM, Glioblastoma multiforme; LGG, Brain Lower Grade Glioma; LIHC, Liver hepatocellular carcinoma; LUAD, Lung adenocarcinoma; READ,
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adenocarcinoma; TGCT, Testicular Germ Cell Tumors; KIRP, Kidney renal papillary cell carcinoma.
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cytokine receptor superfamily, is closely associated with cancer devel-
opment [52]. Further studies have found that PRLR inhibits pancreatic
cancer proliferation by downregulating TKT expression. Specifically,

PRLR activates the Hippo pathway by binding to NIMA-related kinase 9.
Yes-associated protein, a transcriptional regulator of the Hippo
pathway, is a member of the Transcriptional enhanced associate domain
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(TEAD) family of transcriptional co-activators. Their study further
showed that TEAD1 directly regulates TKT transcription to affect
pancreatic cancer proliferation [53] (Fig. 5).

4.2. TKT and reproductive system tumors

4.2.1. Breast cancer

Breast cancer is one of the most common cancers and the second
leading cause of cancer-related deaths in women [52]. The 5-year sur-
vival rate of patients with primary breast cancer is high. Due to the lack
of effective treatment, the 5-year survival rate of patients with meta-
static breast cancer is less than 30% [54]. Triple-negative breast cancer
(TNBC), which is prone to recurrence and metastasis and responds
poorly to radiotherapy and chemotherapy, is a major cause of decreased
patient survival [55].

The expression of TKT in TNBC tumor tissues was upregulated in the
TNBC PDX model, and silencing TKT inhibited the invasion and prolif-
eration of TNBC cells [56]. How does TKT play a role in breast cancer?
Mechanistically, TKT suppresses breast cancer metastasis by regulating
tumor suppressor succinate dehydrogenase and fumarate hydratase, and
promotes HIF-1a stability and LDHA expression by regulating prolyl
hydroxylase 2 (PHD2) expression via the alpha-ketoglutarate (aKG)
signaling pathway, which, in turn, leads to breast cancer metastasis
[57]. In contrast, TP53 mutations result in enhanced glycolysis in cancer
cells, and TKT is significantly upregulated in TP53 mutant breast cancer
tissues [58]. Taken together, TKT may be involved in breast cancer
development in several ways (Fig. 5).

4.2.2. Cervical cancer

Cervical cancer is a common malignancy that seriously endangers
female health [59]. TKT plays an important role in the development of
cervical cancer, and serum TKT levels have been reported to be signif-
icantly increased in patients with cervical cancer, suggesting that it may

be a biomarker for cervical cancer [60].

Other members of the TKT family are involved in the malignant
progression of cervical cancer. TKTL1 regulates 6-phosphofructo-2-ki-
nase/fructose-2,6-biphosphatase 3 expression and subsequently con-
trols glycolysis through Akt signaling, which ultimately affects cervical
cancer progression [61]. This suggests that TKTL1, a member of the TKT
family, is an important regulator of cervical cancer development
(Fig. 5).

4.3. TKT and respiratory tumors

4.3.1. Lung cancer (LC)

LC is the leading cause of cancer death, accounting for approximately
200,000 new affected patients each year [62,63]. LC has less than 20%
5-year survival rate and is one of the cancers with the lowest survival
rate owing to a lack of effective treatment [64].

Immunohistochemical staining of 119 tissues from patients with
non-small cell LC (NSCLC) showed that the levels of TKT and TKTL1
were significantly higher than those in non-tumor tissues [65]. Another
study found similar results; TKT was significantly highly expressed in
tumor tissues from patients with lung adenocarcinoma [66]. Overall,
aberrant expression of the TKT family members may contribute to LC
development.

p53 is the most common tumor suppressor gene, with more than half
of tumors harboring p53 mutations [67]. Eprenetapopt (Apr-246) is a
clinical phase I compound that can restore mutant p53 to its normal
wild-type conformation and exert anticancer effects [68]. In H1299 cells
(a p53 mutated NSCLC cell line), TKT reduces the sensitivity of the cells
to Apr-246 [69]. In general, TKT is involved in the chemoresistance of
LC, which means that targeting TKT is expected to provide a new
strategy for the treatment of LC.
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4.4. TKT and head and neck tumors

4.4.1. Head and neck squamous cell carcinoma (HNSCC)

HNSCC, a high-grade tumor, has a poor 5-year survival rate and
prognosis. Common HNSCCs include cancers of the thyroid, oral cavity,
larynx, and pharynx [70-72]. Despite the high cure rate of HNSCC, its
recurrence and metastasis greatly reduce the survival rate of patients.
Studies have shown that nuclear factor erythroid 2-related factor 2
(Nrf2) promotes the development of HNSCC by regulating TKT, and the
expression of Nrf2 is regulated by the upstream factor
cellular-myelocytomatosis viral oncogene (c-myc) [73]. However,
whether c-myc can regulate Nrf2 via TKT to promote cancer develop-
ment requires further exploration.

Interestingly, another study showed that TKTL1 also promotes ma-
lignant proliferation of HNSCC cells by promoting glycolysis and the
expression of HIF-1a, which, in turn, upregulates the expression of the
glycolytic enzymes hexokinase 2, aldolase, fructose-bisphosphate C, and
phosphoglycerate kinase 1 to further promote TKTL1-mediated prolif-
eration of HNSCC cells [74]. This shows that TKT and TKTL1 mediate
the development of HNSCC in different ways (Fig. 5).

4.4.2. Esophageal cancer

There are two subtypes of esophageal cancer; esophageal squamous
cell carcinoma (ESCC) and adenocarcinoma, with nearly half a million
newly diagnosed patients worldwide in 2012 and 400,200 deaths as a
result [75]. The 5-year survival rate of esophageal cancer is less than
20%, which is caused by the inability to diagnose at an early stage, the
high invasiveness of the tumor, and the lack of effective treatments [76].

TKT and its family member TKTL1 have been reported to be highly
expressed in ESCC [77,78]. Multiple clinical studies suggest that high
levels of TKT are positively correlated with poor patient survival, and
TKT promotes the proliferation of cancer cells by mediating the EMT
process [77]. In addition, TKTL1 expression has been strongly correlated
with the grade, stage, and lymph node metastasis of ESCC but not with
factors such as age and sex [78].

In addition to clinical evidence, different molecular mechanisms
have been described for the TKTL1-mediated oncogenic effects in ESCC.
Specifically, TKTL1 alters the cell cycle by regulating cyclin D1 and
cyclin-dependent kinase 4 expression, thereby promoting ESCC cell in-
vasion [78]. In addition, TKTL1 promotes the transfer of metastatic
proteins (MMP2, MMP9, MMP10, and MMP13) and inhibits the
expression of anti-metastatic proteins (MTSS1, TIMP2, and CTSK),
thereby promoting ESCC invasion [79].

Accumulating evidence suggests that circRNAs play crucial roles in
cancer [80]. Specifically, circDUSP16 is significantly upregulated in
ESCC, and silencing circDUSP16 inhibits hypoxia-induced ESCC cell
proliferation, invasion, and glycolysis by regulating TKTL1 expression
via miR-497-5p [81]. Collectively, TKTL1 plays a crucial role in the
regulation of ESCC malignant progression (Fig. 5).

4.4.3. Thyroid cancer

Thyroid cancer is the most common endocrine tumor and is a ma-
lignant tumor of the head and neck. Retinoic acid (RA) is used to treat
thyroid cancer, acute promyelocytic leukemia, other head and neck
cancers, LC, and skin tumors [82]. A study confirmed that RA inhibits
the development of thyroid cancer by inhibiting the expression of TKT;
however, the authors did not specifically describe the mechanism of TKT
in thyroid cancer, which requires further exploration.

4.5. TKT and nervous system tumors

4.5.1. Glioma

Gliomas are the most common malignant intracranial tumor [83].
The poor prognosis of patients results from their extremely invasive
ability and inability to undergo complete resection by surgery [84]. The
current treatment of glioma mainly involves a combination of surgery
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and chemoradiotherapy [85]. The apoptosis regulator (tigar) protects
glioma cells from ROS-induced cell death in a TKTL1-dependent manner
[86].

Telomerase is a ribonucleoprotein that maintains telomere length.
The maintenance of telomere length is required for the long-term sur-
vival of cells; therefore, telomerase levels are high in most malignancies
[87]. Costunolide, a telomerase inhibitor in glioma cells, was reported to
suppress glioma cell progression by suppressing TKT expression via
regulation of the Nrf2-TERT loop [88]. In conclusion, TKTL1 and TKT
are important regulatory factors for radiotherapy resistance and ma-
lignant progression of gliomas (Fig. 5).

4.6. TKT and urologic tumors

4.6.1. Prostate cancer

Sugiol, a diterpenoid, has anticancer effects in addition to its anti-
oxidant and anti-inflammatory properties [89]. Jung et al. reported that
in UD145 prostate cancer cells, the interaction of sugiol with TKT in-
duces ROS production, thus, ERK activation, which results in decreased
STAT3 activity and, consequently, tumor growth inhibition [14]. In
conclusion, TKT plays an important role in the treatment of prostate
cancer and has great potential for clinical applications.

5. Regulation of TKT by upstream signaling pathways

Here, we summarized the functions and mechanisms of TKT in
different tumors. However, TKT is also regulated by multiple factors
during the development of tumors, and these factors alter tumor che-
moresistance by regulating the transcriptional activity of TKT. Next, we
address the role of transcriptional regulation of TKT by different
signaling molecules in the malignant features of tumors (Table 1).

5.1. HIF-1a

HIF-1a is an oxygen-sensitive transcriptional activator. An increasing
number of studies have shown that high levels of HIF-1a are strongly
correlated with tumor metastasis, poor patient prognosis, and chemo-
resistance [98-101]. Gemcitabine is a first-line drug for the clinical
treatment of pancreatic cancer that inhibits DNA replication, thereby
inhibiting tumor growth [102]. However, gemcitabine causes resistance
in many patients. Thus, clarifying the reason why gemcitabine develops
resistance might help improve the survival of patients with pancreatic
cancer. It has been reported that increased pyrimidine synthesis result-
ing from the enhanced non-oxidative PPP is a major cause of gemcita-
bine resistance in pancreatic cancer. Specifically, in GEM-R cells
(gemcitabine-resistant pancreatic cancer cell lines), HIF-1la controls
pyrimidine synthesis by promoting transcription, leading to gemcitabine
resistance in pancreatic cancer [90]. Similarly, HIF-1a regulates TKT
transcription in imatinib-resistant cells and maintains the survival and
proliferation of resistant cells [96].

5.2. Nrf2

As a transcription factor, Nrf2 is a primary regulator of cellular
antioxidative stress and is associated with tumor progression, metas-
tasis, and chemoresistance [103]. Currently, breakthrough progress has
been made globally in the treatment of LC, and targeted therapy has
achieved very good efficacy. For example, gefitinib has shown promising
results in patients with NSCLC with EGFR mutations [104]. However,
most patients develop resistance after approximately 1 year, which
complicates the treatment of NSCLC [105]. A recent study showed that
the combination of cryptotanshinone (CTS) and gefitinib enhances LC
sensitivity to gefitinib. Mechanistically, CTS enhances the inhibitory
effect of gefitinib on LC cells by inhibiting the transcription of TKT via
Nrf2 [94]. Another study showed that in LC cell lines, such as A549, Nrf2
activates TKT transcription and promotes TKT expression [95]. In
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addition, Nrf2 enhances the sensitivity of cholangiocarcinoma cells to
chemotherapeutic agents, and this effect is mediated by TKT [91].
Interestingly, Nrf2 activates the transcription of TKT and promotes its
expression, while BACH1 exhibits the opposite effect compared to Nrf2
in liver cancer [97]. Taken together, Nrf2, as a transcription factor, al-
ters chemoresistance by regulating transcription in different cancers.

5.3. MicroRNA (miRNA)

miRNAs are involved in the post-transcriptional regulation of gene
expression. Recent studies have shown that dysregulation of miRNAs
contributes to the development of multiple cancers, which makes miR-
NAs novel therapeutic targets [106]. The biggest challenge in current
cervical cancer treatment is resistance to chemotherapeutic agents. Yang
et al. demonstrated that miR-497-5p promotes GSH production and
reduces ROS levels by suppressing TKT expression, which, in turn,
promotes the sensitivity of cervical cancer cells to cisplatin [93].

5.4. Steroid receptor coactivator 3 (SRC-3)

SRC-3, also known as amplified in breast cancer 1, is a member of the
SRC family. In addition to regulating the transcriptional activity of nu-
clear receptors, SRC-3 regulates many other transcription factors. As an
oncogene, SRC-3 plays an important role in cancer development [107].
A study showed that PFKFB4 could promote TKT transcription by acti-
vating SRC-3, which promotes breast cancer growth and metastasis
[92].

5.5. TEAD

TEAD1 is a member of the TEAD transcription factor family, and
several studies have demonstrated the important role of the TEAD family
in development, cell proliferation, tumor malignant characteristics, and
chemoresistance [108]. Chip-PCR and luciferase reporter assays have
indicated that TEAD1 directly regulates TKT transcription in pancreatic
cancer [53].

6. Clinical significance of TKT: a potential target and biomarker
for cancer therapy

6.1. TKT as a potential prognostic biomarker

The expression levels of TKT and TKTL1 in tumors are closely related
to many clinical indicators. According to clinical classification criteria,
low-grade squamous intraepithelial lesions (LSILs) belong to the pre-
cancerous category of cervical cancer. Recent clinical data suggest that
high levels of TKTL1 are found in the tissues of patients with LSIL
compared with tissues of healthy individuals [109], and the sensitivity
and specificity are similar to those of biomarkers used to diagnose LSIL
clinically [109]. This finding implies that TKTL1 may be a new
biomarker for the prediction and diagnosis of LSIL. In addition, the
expression levels of the TKT family are associated with several indicators
(Table 2), such as patient prognosis and survival.

6.2. TKT as a potential diagnostic biomarker

The lack of effective methods for the early diagnosis of cancer leads
to the poor prognosis and short survival of most patients with malignant
tumors. In addition, early-stage cancer is easier to treat and has a better
prognosis; therefore, the diagnosis of early-stage cancer is the key to
cancer treatment. Accumulating evidence suggests that EDIM is a new
method for the early detection of malignancies [140,141].

EDIM technology determines whether carcinogenesis occurs by
detecting two biomarkers; Apo10 and TKTL1, in blood macrophages. As
part of the immune system, activated monocytes (macrophages) reach
every region of the body to engulf harmful cells (cancer cells) and store
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tumor proteins inside cells. After macrophages return to the blood, the
use of specific antibodies that can detect macrophages with tumor
proteins aids in the early diagnosis of tumors [141,142]. EDIM-TKTL1
positivity is reported to be nearly 100% in patients with chol-
angiocellular carcinoma, pancreatic cancer, and CRC, compared with
33.7% and 63.6% on average for the traditional tumor markers CEA and
CA19-9, and the positive rate of EDIM-TKTL1 in healthy and inflam-
matory patients is only 7.7% [117]. EDIM-TKTL1 positivity was 93% in
92 patients with SOCCs before surgery, and this value decreased
significantly in patients after surgery. Therefore, the surgical clearance
effect was evaluated according to this indicator [127]. In addition,
EDIM-TKTL1 has been used for breast and prostate cancer detection
[140]. This blood test technique improves the detection rate of early
stage tumors with high specificity and sensitivity and helps to evaluate
the effect of surgery and patient prognosis [142].

6.3. TKT inhibitor: Effective cancer treatment drugs

ThDP is the active form of thiamine and, as a cofactor of TKT, is
required for TKT activation [143]. Oxythiamine (OT) inhibits the tran-
sition of thiamine to its active form and is one of the most commonly
used TKT inhibitors [143]. Accumulating evidence shows that a reduc-
tion in oxidative stress protects cancer cells from the damage caused by
radiotherapy and chemotherapy. In addition to inhibiting tumor pro-
liferation [25,144,145], OT promotes the sensitivity of tumor cells to
chemotherapeutic agents. As mentioned earlier, TKT is responsible for
nucleic acid synthesis. However, when cells experience high oxidative
stress, metabolites from the non-oxidative PPP re-enter glycolysis to
replenish the oxidative PPP for the synthesis of NAPDH. NADPH coun-
teracts ROS, making cancer cells more prone to oxidative stress.
Therefore, combination treatment with OT and chemotherapeutic
agents may further increase the sensitivity of tumors to antitumor
therapies based on oxidative stress or apoptosis (Fig. 6). Many studies
have suggested that OT, as a TKT inhibitor, increases the effects of
chemotherapeutic agents through these two modalities.

Sorafenib, which increases intracellular ROS levels to inhibit tumor
growth, is a first-line drug for the treatment of HCC and is currently used
clinically. The combination of sorafenib and OT can promote the level of
ROS induced by sorafenib to further inhibit cell proliferation and restore
cell sensitivity to sorafenib [97]. Imatinib (Gleevec, STI571) is effective
for treating chronic myeloid leukemia (CML). The imatinib and OT
combination restores CML sensitivity to imatinib and further inhibits
tumor growth [96]. In addition, cisplatin, a chemotherapeutic agent that
inhibits cell proliferation by damaging DNA, has a killing effect on a
variety of tumors and is currently used clinically. Recent evidence sug-
gests that TKTL1 inhibition further promotes cisplatin-induced DNA
damage by regulating R5P levels, which, in turn, further inhibits cell
proliferation and restores cell sensitivity to cisplatin [134]. Gemcita-
bine, which inhibits DNA replication and thereby tumor growth, is a
widely used chemotherapeutic agent for pancreatic cancer. Shukla et al.
demonstrated that gemcitabine resistance is associated with increased
pyrimidine synthesis regulated by TKT; thus, TKT levels are strongly
correlated with gemcitabine sensitivity [90]. Docetaxel and doxorubicin
are commonly used clinically to treat TNBC; however, most patients
develop resistance after a period of use. Recent emerging evidence
confirms that the combination of OT with docetaxel and/or doxorubicin
increases the sensitivity of breast cancer cells to these two chemother-
apeutic agents, leading to further inhibition of proliferation [58]. In
addition, an in vitro study showed that inhibition of TKTL1 promoted
the response of ovarian cancer cells to the chemotherapeutic drug
paclitaxel [122]. Because chemotherapy drugs have difficulty passing
through the blood-brain barrier, nervous system tumors are mostly
treated with radiotherapy. Clinically, however, some patients develop
radiotherapy resistance after several courses of treatment. To solve this
problem, Heller et al. found that inhibition of TKTL1 promoted glioma
sensitivity to radiotherapy [146].
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Fig. 6. Combination of TKT inhibitors with chemotherapeutic agents enhances chemotherapeutic efficacy. Mechanistically, TKT inhibitors inhibit the generation of
R5P, resulting in attenuated DNA synthesis, which potentiates the effects of DNA-damaging drugs. TKT inhibitors reduce the level of GSH by inhibiting the pro-
duction of NADPH, and GSH reduction increases the intracellular ROS level, which enhances the effect of some chemotherapeutic agents.

Taken together, OT restored the sensitivity of cancer cells to
chemotherapy by inhibiting DNA synthesis and increasing ROS levels.
This provides a solution for clinical chemoresistance in the future, and
OT could be used as an adjuvant drug for chemotherapy, thereby
increasing the effectiveness of chemotherapy strategies.

6.4. The double-edged sword behavior of TKT

Given that TKT and TKTL1 are highly expressed in a variety of tu-
mors and promote malignant progression, it is possible to target TKT in
cancer treatment. It is important to note the dual nature of TKT, while
it’s hyperactivation is a major contributor to the malignant progression
of tumors, it is undeniable that TKT is also indispensable during the
normal growth and development of the body.

Studies have confirmed that a lack of TKT destroys normal intestinal
barrier function and induces enteritis. Moreover, TKT is an important

factor in the prevention of hyperglycemia-induced vascular cell
dysfunction. The reduction of TKT activity promotes the occurrence of
diabetic complications [147], and the prevention of diabetic retinopathy
and cardiomyopathy by activating TKT could also accelerate the healing
of diabetic limbs and alleviate the symptoms of diabetic nephropathy
[24]. More importantly, TKT inhibitors combined with chemothera-
peutic drugs can produce side effects. For example, TKT inhibitors
combined with lovastatin offset the antitumor effects of each other
[148]. This means that more exhaustive characterization is required
before clinical application.

7. Conclusions and future perspectives
TKT is responsible for ribose production and the regulation of

NADPH production, which is essential for cell and organismal growth
and development. However, TKT is hyperactivated during the
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progression of most tumors. Sustained activation of TKT provides cancer
cells with a favorable environment for survival and proliferation in
multiple ways, and with the inherent ability to resist traditional cancer
therapies.

In addition to its close association with tumor development, TKT
plays an important role in other diseases. For example, it was recently
reported that TKT overexpression exacerbates cardiac dysfunction after
myocardial infarction [149]. SARS-CoV-2-infected cells showed signif-
icantly increased TKT levels, and replication of SARS-CoV-2 could be
inhibited by the TKT inhibitor benfooxythiamine (BOT); thus, BOT
could exert an antiviral effect to improve COVID-19 treatment efficacy
[150]. Targeting TKT is a promising therapeutic approach for both tu-
mors and other diseases.

Depending on the role of TKT in tumors and other diseases, targeting
TKT inhibits the malignant progression of tumors and enhances the
antitumor effect of certain chemotherapeutic drugs; however, in some
cases, it is harmful to the body. Therefore, when targeting TKT, which
cancers and specific tumor stages TKT tends to show persistent activa-
tion for should first be determined. When treating patients with targeted
TKT, clinicians should identify those who are more likely to benefit from
TKT-targeted therapies, and those who are likely to have poor outcomes
with targeted TKT therapies. In particular, diabetic patients with cancer
should be treated with great caution when it comes to TKT-targeted
therapy. Additionally, inhibition of TKT improves chemotherapeutic
efficacy, and TKT levels must be maintained in normal cells during
treatment. Therefore, establishing personalized treatment regimens is
necessary when targeting TKT for cancer treatment, which is a major
challenge for future clinical applications. EDIM blood tests currently
allow early diagnosis of some cancers; however, whether EDIM tech-
nology can be applied to pan-cancer detection remains to be confirmed.

Moreover, we summarized the functions and mechanisms of TKT in
different tumors to provide strategies for future studies on cancer
treatment and resistance to chemotherapy. Overall, TKT has the po-
tential to be a new biomarker for predicting tumorigenesis and out-
comes. There is still a long way to go before targeted TKT can be applied
clinically, but hopefully, with the continuous deepening of research,
TKT will have more promising developments in the future treatment of
cancer and other diseases.

Funding

This work was supported by grants from the International Coopera-
tion project of the Department of Science and Technology of Jilin
Province (No: 20210402005GH), National Natural Science Foundation
of China (No: 82020108024), and Department of Finance of Jilin
Province (Nos. JLSWSRCZX2021-015).

Research involving human and animal participants
This article does not contain any studies with animals.
CRediT authorship contribution statement

Shiming Hao: Writing — original draft. Qingfei Meng: Writing —
review & editing. Huihui Sun: Writing — review & editing. Yunkuo Li:
Writing — review & editing. Honglan Zhou: Conceptualization, Funding
acquisition, Resources, Supervision, Writing — review & editing. Zhix-
iang Xu: Conceptualization, Funding acquisition, Resources, Supervi-
sion, Writing — review & editing. Yishu Wang: Conceptualization,
Funding acquisition, Resources, Supervision, Writing — review & editing.

Conflict of interest statement
All authors have declared that they have not received any funds or

other support from any organization that may be interested in the sub-
mitted works, and that there are no other relationships or activities that

10

Biomedicine & Pharmacotherapy 154 (2022) 113607
may affect the submitted works.
Data Availability

Data will be made available on request.

References

[1] D. Hanahan, Hallmarks of cancer: new dimensions, Cancer Discov. 12 (1) (2022)
31-46.

J.S. Brunner, L.W.S. Finley, SnapShot: cancer metabolism, Mol. Cell 81 (18)
(2021) 3878, el.

G.M. Rather, A.A. Pramono, Z. Szekely, J.R. Bertino, P.M. Tedeschi, In cancer, all
roads lead to NADPH, Pharmacol. Ther. 226 (2021), 107864.

M. Li, X. Zhao, H. Yong, J. Xu, P. Qu, S. Qiao, et al., Transketolase promotes
colorectal cancer metastasis through regulating AKT phosphorylation, Cell death
Dis. 13 (2) (2022) 99.

Y. Lindgvist, G. Schneider, U. Ermler, M. Sundstrom, Three-dimensional structure
of transketolase, a thiamine diphosphate dependent enzyme, at 2.5 A resolution,
EMBO J. 11 (7) (1992) 2373-2379.

G.P. Deshpande, H.G. Patterton, M. Faadiel Essop, The human transketolase-like
proteins TKTL1 and TKTL2 are bona fide transketolases, BMC Struct. Biol. 19 (1)
(2019) 2.

J.F. Coy, S. Diibel, P. Kioschis, K. Thomas, G. Micklem, H. Delius, et al., Molecular
cloning of tissue-specific transcripts of a transketolase-related gene: implications
for the evolution of new vertebrate genes, Genomics 32 (3) (1996) 309-316.

S. Zhang, J.H. Yang, C.K. Guo, P.C. Cai, Gene silencing of TKTL1 by RNAI inhibits
cell proliferation in human hepatoma cells, Cancer Lett. 253 (1) (2007) 108-114.
A.O. Maslova, L.E. Meshalkina, G.A. Kochetov, Computer modeling of
transketolase-like protein, TKTL1, a marker of certain tumor tissues, Biochem.
Biokhimiia 77 (3) (2012) 296-299.

L.E. Meshalkina, V.L. Drutsa, O.N. Koroleva, O.N. Solovjeva, G.A. Kochetov, Is
transketolase-like protein, TKTL1, transketolase? Biochim. et biophys. Acta 1832
(3) (2013) 387-390.

A. Stincone, A. Prigione, T. Cramer, M.M. Wamelink, K. Campbell, E. Cheung, et
al., The return of metabolism: biochemistry and physiology of the pentose
phosphate pathway, Biol. Rev. Camb. Philos. Soc. 90 (3) (2015) 927-963.

S.M. Kloska, K. Patczynski, T. Marciniak, T. Talaska, M. Miller, B.J. Wysocki, et
al., Queueing theory model of pentose phosphate pathway, Sci. Rep. 12 (1)
(2022) 4601.

H.Q. Ju, J.F. Lin, T. Tian, D. Xie, R.H. Xu, NADPH homeostasis in cancer:
functions, mechanisms and therapeutic implications, Signal Transduct. Target.
Ther. 5 (1) (2020) 231.

S.N. Jung, D.S. Shin, H.N. Kim, Y.J. Jeon, J. Yun, Y.J. Lee, et al., Sugiol inhibits
STAT3 activity via regulation of transketolase and ROS-mediated ERK activation
in DU145 prostate carcinoma cells, Biochem. Pharmacol. 97 (1) (2015) 38-50.
C. Brasen, D. Esser, B. Rauch, B. Siebers, Carbohydrate metabolism in Archaea:
current insights into unusual enzymes and pathways and their regulation,
Microbiol. Mol. Biol. Rev.MMBR 78 (1) (2014) 89-175.

L.L. Grochowski, H. Xu, R.H. White, Ribose-5-phosphate biosynthesis in
Methanocaldococcus jannaschii occurs in the absence of a pentose-phosphate
pathway, J. Bacteriol. 187 (21) (2005) 7382-7389.

Z.P. Xu, E.F. Wawrousek, J. Piatigorsky, Transketolase haploinsufficiency reduces
adipose tissue and female fertility in mice, Mol. Cell. Biol. 22 (17) (2002)
6142-6147.

N. Tian, Q. Liu, Y. Li, L. Tong, Y. Lu, Y. Zhu, et al., Transketolase deficiency in
adipose tissues protects mice from diet-induced obesity by promoting lipolysis,
Diabetes 69 (7) (2020) 1355-1367.

M.K. Park, L. Zhang, K.W. Min, J.H. Cho, C.C. Yeh, H. Moon, et al., NEAT1 is
essential for metabolic changes that promote breast cancer growth and
metastasis, Cell Metab. 33 (12) (2021) 2380-2397, e9.

A. Luengo, Z. Li, D.Y. Gui, L.B. Sullivan, M. Zagorulya, B.T. Do, et al., Increased
demand for NAD(+) relative to ATP drives aerobic glycolysis, Mol. Cell 81 (4)
(2021) 691-707, e6.

P. Vizan, G. Alcarraz-Vizan, S. Diaz-Moralli, O.N. Solovjeva, W.M. Frederiks,

M. Cascante, Modulation of pentose phosphate pathway during cell cycle
progression in human colon adenocarcinoma cell line HT29, Int. J. Cancer 124
(12) (2009) 2789-2796.

X. Xu, A. Zur Hausen, J.F. Coy, M. Lochelt, Transketolase-like protein 1 (TKTL1)
is required for rapid cell growth and full viability of human tumor cells, Int. J.
Cancer 124 (6) (2009) 1330-1337.

Y. Wang, H. Qi, Y. Liu, C. Duan, X. Liu, T. Xia, et al., The double-edged roles of
ROS in cancer prevention and therapy, Theranostics 11 (10) (2021) 4839-4857.
T. Ge, J. Yang, S. Zhou, Y. Wang, Y. Li, X. Tong, The role of the pentose phosphate
pathway in diabetes and cancer, Front. Endocrinol. 11 (2020) 365.

L.G. Boros, J. Puigjaner, M. Cascante, W.N. Lee, J.L. Brandes, S. Bassilian, et al.,
Oxythiamine and dehydroepiandrosterone inhibit the nonoxidative synthesis of
ribose and tumor cell proliferation, Cancer Res. 57 (19) (1997) 4242-4248.

C. Hernandez, P. Huebener, J.P. Pradere, D.J. Antoine, R.A. Friedman, R.

F. Schwabe, HMGBI1 links chronic liver injury to progenitor responses and
hepatocarcinogenesis, J. Clin. Investig. 128 (6) (2018) 2436-2451.

M. Li, Y. Lu, Y. Li, L. Tong, X.C. Gu, J. Meng, et al., Transketolase deficiency
protects the liver from DNA damage by increasing levels of ribose 5-phosphate
and nucleotides, Cancer Res. 79 (14) (2019) 3689-3701.

[2]
[3]
[4]

[5]

(6]

[71

[8

=

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]



S. Hao et al.

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]
[52]

[53]

[54]

[55]

[56]

S. Ocvirk, S.J.D. O’Keefe, Dietary fat, bile acid metabolism and colorectal cancer,
Semin. Cancer Biol. 73 (2021) 347-355.

C.D. Fuchs, M. Trauner, Role of bile acids and their receptors in gastrointestinal
and hepatic pathophysiology, Nat. Rev. Gastroenterol. Hepatol. 19 (7) (2022)
432-450.

X. Zheng, T. Chen, R. Jiang, A. Zhao, Q. Wu, J. Kuang, et al., Hyocholic acid
species improve glucose homeostasis through a distinct TGR5 and FXR signaling
mechanism, Cell Metab. 33 (4) (2021) 791-803, e7.

J. Zhou, S. Cui, Q. He, Y. Guo, X. Pan, P. Zhang, et al., SUMOylation inhibitors
synergize with FXR agonists in combating liver fibrosis, Nat. Commun. 11 (1)
(2020) 240.

I. Kim, K. Morimura, Y. Shah, Q. Yang, J.M. Ward, F.J. Gonzalez, Spontaneous
hepatocarcinogenesis in farnesoid X receptor-null mice, Carcinogenesis 28 (5)
(2007) 940-946.

F. Yang, X. Huang, T. Yi, Y. Yen, D.D. Moore, W. Huang, Spontaneous
development of liver tumors in the absence of the bile acid receptor farnesoid X
receptor, Cancer Res. 67 (3) (2007) 863-867.

L. Sun, J. Cai, F.J. Gonzalez, The role of farnesoid X receptor in metabolic
diseases, and gastrointestinal and liver cancer, Nat. Rev. Gastroenterol. Hepatol.
18 (5) (2021) 335-347.

M. Li, X. Zhang, Y. Lu, S. Meng, H. Quan, P. Hou, et al., The nuclear translocation
of transketolase inhibits the farnesoid receptor expression by promoting the
binding of HDAC3 to FXR promoter in hepatocellular carcinoma cell lines, Cell
death Dis. 11 (1) (2020) 31.

Y. Chen, Z. Tian, HBV-induced immune imbalance in the development of HCC,
Front. Immunol. 10 (2019) 2048.

Y. Zheng, P. Ming, C. Zhu, Y. Si, S. Xu, A. Chen, et al., Hepatitis B virus X protein-
induced SH2 domain-containing 5 (SH2D5) expression promotes hepatoma cell
growth via an SH2D5-transketolase interaction, J. Biol. Chem. 294 (13) (2019)
4815-4827.

Z. Qin, C. Xiang, F. Zhong, Y. Liu, Q. Dong, K. Li, et al., Transketolase (TKT)
activity and nuclear localization promote hepatocellular carcinoma in a
metabolic and a non-metabolic manner, J. Exp. Clin. Cancer Res.: CR 38 (1)
(2019) 154.

Siegel R.L., Miller K.D., Goding Sauer A., Fedewa S.A., Butterly L.F., Anderson J.
C., et al. Colorectal cancer statistics, 2020. CA: a cancer journal for clinicians.
2020;70(3):145-64.

L.H. Biller, D. Schrag, Diagnosis and treatment of metastatic colorectal cancer: a
review, Jama 325 (7) (2021) 669-685.

Siegel R.L., Miller K.D., Fedewa S.A., Ahnen D.J., Meester R.G.S., Barzi A, et al.
Colorectal cancer statistics, 2017. CA: a cancer journal for clinicians. 2017;67(3):
177-93.

R. Peltonen, K. Ahopelto, J. Hagstrom, C. Bockelman, C. Haglund, H. Isoniemi,
High TKTL1 expression as a sign of poor prognosis in colorectal cancer with
synchronous rather than metachronous liver metastases, Cancer Biol. Ther. 21 (9)
(2020) 826-831.

S. Bentz, A. Cee, E. Endlicher, K.A. Wojtal, A. Naami, T. Pesch, et al., Hypoxia
induces the expression of transketolase-like 1 in human colorectal cancer,
Digestion 88 (3) (2013) 182-192.

G. Rogler, Chronic ulcerative colitis and colorectal cancer, Cancer Lett. 345 (2)
(2014) 235-241.

S. Bopanna, A.N. Ananthakrishnan, S. Kedia, V. Yajnik, V. Ahuja, Risk of
colorectal cancer in Asian patients with ulcerative colitis: a systematic review and
meta-analysis, Lancet Gastroenterol. Hepatol. 2 (4) (2017) 269-276.

N. Tian, L. Hu, Y. Lu, L. Tong, M. Feng, Q. Liu, et al., TKT maintains intestinal ATP
production and inhibits apoptosis-induced colitis, Cell death Dis. 12 (10) (2021)
853.

D. Schizas, N. Charalampakis, C. Kole, P. Economopoulou, E. Koustas, E. Gkotsis,
et al., Immunotherapy for pancreatic cancer: a 2020 update, Cancer Treat. Rev.
86 (2020), 102016.

W. Park, A. Chawla, E.M. O’Reilly, Pancreatic cancer: a review, Jama 326 (9)
(2021) 851-862.

H. Zhu, M. Wei, J. Xu, J. Hua, C. Liang, Q. Meng, et al., PARP inhibitors in
pancreatic cancer: molecular mechanisms and clinical applications, Mol. Cancer
19 (1) (2020) 49.

C. Qin, G. Yang, J. Yang, B. Ren, H. Wang, G. Chen, et al., Metabolism of
pancreatic cancer: paving the way to better anticancer strategies, Mol. Cancer 19
(1) (2020) 50.

W. Mao, J. Mai, H. Peng, J. Wan, T. Sun, YAP in pancreatic cancer: oncogenic role
and therapeutic strategy, Theranostics 11 (4) (2021) 1753-1762.

R. Kavarthapu, R. Anbazhagan, M.L. Dufau, Crosstalk between PRLR and EGFR/
HER?2 signaling pathways in breast cancer, Cancers 13 (18) (2021).

H. Nie, P.Q. Huang, S.H. Jiang, Q. Yang, L.P. Hu, X.M. Yang, et al., The short
isoform of PRLR suppresses the pentose phosphate pathway and nucleotide
synthesis through the NEK9-Hippo axis in pancreatic cancer, Theranostics 11 (8)
(2021) 3898-3915.

Y. Ci, J. Qiao, M. Han, Molecular mechanisms and metabolomics of natural
polyphenols interfering with breast cancer metastasis, Mol. (Basel, Switz. ) 21
(12) (2016).

E. Vagia, D. Mahalingam, M. Cristofanilli, The landscape of targeted therapies in
TNBC, Cancers 12 (4) (2020).

H.G. Moon, K. Oh, J. Lee, M. Lee, J.Y. Kim, T.K. Yoo, et al., Prognostic and
functional importance of the engraftment-associated genes in the patient-derived
xenograft models of triple-negative breast cancers, Breast Cancer Res. Treat. 154
(1) (2015) 13-22.

11

[57]

[58]

[59]

[60]

[61]

[62]
[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]
[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

Biomedicine & Pharmacotherapy 154 (2022) 113607

C.W. Tseng, W.H. Kuo, S.H. Chan, H.L. Chan, K.J. Chang, L.H. Wang,
Transketolase regulates the metabolic switch to control breast cancer cell
metastasis via the a-ketoglutarate signaling pathway, Cancer Res. 78 (11) (2018)
2799-2812.

H. Harami-Papp, L.S. Pongor, G. Munkacsy, G. Horvath, A.M. Nagy, A. Ambrus, et
al., TP53 mutation hits energy metabolism and increases glycolysis in breast
cancer, Oncotarget 7 (41) (2016) 67183-67195.

Bedell S.L., Goldstein L.S., Goldstein A.R., Goldstein A.T. Cervical Cancer
Screening: Past, Present, and Future. Sexual medicine reviews. 2020;8(1):28-37.
Y. Chen, X. Xiong, Y. Wang, J. Zhao, H. Shi, H. Zhang, et al., Proteomic screening
for serum biomarkers for cervical cancer and their clinical significance, Med. Sci.
Monit. Int. Med. J. Exp. Clin. Res. 25 (2019) 288-297.

Y. Zhu, Y. Qiu, X. Zhang, TKTL1 participated in malignant progression of cervical
cancer cells via regulating AKT signal mediated PFKFB3 and thus regulating
glycolysis, Cancer Cell Int. 21 (1) (2021) 678.

R. Nooreldeen, H. Bach, Current and future development in lung cancer
diagnosis, Int. J. Mol. Sci. 22 (16) (2021).

C. Wang, S. Tan, J. Li, W.R. Liu, Y. Peng, W. Li, CircRNAs in lung cancer -
biogenesis, function and clinical implication, Cancer Lett. 492 (2020) 106-115.
Schabath M.B., Cote M.L. Cancer Progress and Priorities: Lung Cancer. Cancer
epidemiology, biomarkers & prevention: a publication of the American
Association for Cancer Research, cosponsored by the American Society of
Preventive Oncology. 2019;28(10):1563-79.

L. Millares, E. Barreiro, R. Cortes, A. Martinez-Romero, C. Balcells, M. Cascante,
et al., Tumor-associated metabolic and inflammatory responses in early stage
non-small cell lung cancer: local patterns and prognostic significance, Lung
Cancer (Amst., Neth. ) 122 (2018) 124-130.

C.C. Lin, L.C. Chen, V.S. Tseng, J.J. Yan, W.W. Lai, W.P. Su, et al., Malignant
pleural effusion cells show aberrant glucose metabolism gene expression, Eur.
Respir. J. 37 (6) (2011) 1453-1465.

Duffy M.J., Synnott N.C., Crown J. Mutant p53 as a target for cancer treatment.
European journal of cancer (Oxford, England: 1990). 2017;83:258-65.

M.J. Duffy, N.C. Synnott, J. Crown, Mutant p53 in breast cancer: potential as a
therapeutic target and biomarker, Breast Cancer Res. Treat. 170 (2) (2018)
213-219.

J.V. Milne, B.Z. Zhang, K.M. Fujihara, S. Dawar, W.A. Phillips, N.J. Clemons,
Transketolase regulates sensitivity to APR-246 in p53-null cells independently of
oxidative stress modulation, Sci. Rep. 11 (1) (2021) 4480.

D.E. Johnson, B. Burtness, C.R. Leemans, V.W.Y. Lui, J.E. Bauman, J.R. Grandis,
Head and neck squamous cell carcinoma, Nat. Rev. Dis. Prim. 6 (1) (2020) 92.
J.D. Cramer, B. Burtness, Q.T. Le, R.L. Ferris, The changing therapeutic landscape
of head and neck cancer, Nat. Rev. Clin. Oncol. 16 (11) (2019) 669-683.

B. Solomon, R.J. Young, D. Rischin, Head and neck squamous cell carcinoma:
genomics and emerging biomarkers for immunomodulatory cancer treatments,
Semin. Cancer Biol. 52 (Pt 2) (2018) 228-240.

Y.C. Tang, J.R. Hsiao, S.S. Jiang, J.Y. Chang, P.Y. Chu, K.J. Liu, et al., c-MYC-
directed NRF2 drives malignant progression of head and neck cancer via glucose-
6-phosphate dehydrogenase and transketolase activation, Theranostics 11 (11)
(2021) 5232-5247.

W. Sun, Y. Liu, C.A. Glazer, C. Shao, S. Bhan, S. Demokan, et al., TKTL1 is
activated by promoter hypomethylation and contributes to head and neck
squamous cell carcinoma carcinogenesis through increased aerobic glycolysis and
HIF1lalpha stabilization, Clin. Cancer Res.: Off. J. Am. Assoc. Cancer Res. 16 (3)
(2010) 857-866.

H. Hirano, K. Kato, Systemic treatment of advanced esophageal squamous cell
carcinoma: chemotherapy, molecular-targeting therapy and immunotherapy,
Jpn. J. Clin. Oncol. 49 (5) (2019) 412-420.

Y. Li, Y. Li, X. Chen, NOTCH and esophageal squamous cell carcinoma, Adv. Exp.
Med. Biol. 1287 (2021) 59-68.

Y.K. Chao, T.L. Peng, W.Y. Chuang, C.J. Yeh, Y.L. Li, Y.C. Lu, et al., Transketolase
serves a poor prognosticator in esophageal cancer by promoting cell invasion via
epithelial-mesenchymal transition, J. Cancer 7 (13) (2016) 1804-1811.

Z. Shi, Y. Tang, K. Li, Q. Fan, TKTL1 expression and its downregulation is
implicated in cell proliferation inhibition and cell cycle arrest in esophageal
squamous cell carcinoma, Tumour Biol. J. Int. Soc. Oncodev. Biol. Med. 36 (11)
(2015) 8519-8529.

J. Li, S.C. Zhu, S.G. Li, Y. Zhao, J.R. Xu, C.Y. Song, TKTL1 promotes cell
proliferation and metastasis in esophageal squamous cell carcinoma, Biomed.
Pharmacother. 74 (2015) 71-76.

L.S. Kristensen, M.S. Andersen, L.V.W. Stagsted, K.K. Ebbesen, T.B. Hansen,

J. Kjems, The biogenesis, biology and characterization of circular RNAs, Nat. Rev.
Genet. 20 (11) (2019) 675-691.

L. Ma, H. Li, Y. Lin, G. Wang, Q. Xu, Y. Chen, et al., CircDUSP16 contributes to
cell development in esophageal squamous cell carcinoma by regulating miR-497-
5p/TKTL1 axis, J. Surg. Res. 260 (2021) 64-75.

C.A. Fernandez, M. Puig-Domingo, F. Lomena, M. Estorch, V. Camacho Marti, A.
L. Bittini, et al., Effectiveness of retinoic acid treatment for redifferentiation of
thyroid cancer in relation to recovery of radioiodine uptake, J. Endocrinol.
Investig. 32 (3) (2009) 228-233.

K. Yang, Z. Wu, H. Zhang, N. Zhang, W. Wu, Z. Wang, et al., Glioma targeted
therapy: insight into future of molecular approaches, Mol. Cancer 21 (1) (2022)
39.

J. Zhang, Y. Guo, Y. Ma, L. Wang, W. Li, M. Zhang, et al., miR-433-3p Targets
AJUBA to inhibit malignant progression of glioma, Neuroimmunomodulation 29
(1) (2022) 44-54.



S. Hao et al.

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[971

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]
[107]
[108]

[109]

[110]

[111]

[112]

X. Gao, W. Jiang, Z. Ke, Q. Huang, L. Chen, G. Zhang, et al., TRAM2 promotes the
malignant progression of glioma through PI3K/AKT/mTOR pathway, Biochem.
Biophys. Res. Commun. 586 (2022) 34-41.

C. Wanka, J.P. Steinbach, J. Rieger, Tp53-induced glycolysis and apoptosis
regulator (TIGAR) protects glioma cells from starvation-induced cell death by up-
regulating respiration and improving cellular redox homeostasis. The, J. Biol.
Chem. 287 (40) (2012) 33436-33446.

N.J. Robinson, W.P. Schiemann, Telomerase in cancer: function, regulation, and
clinical translation, Cancers 14 (3) (2022).

F. Ahmad, D. Dixit, V. Sharma, A. Kumar, S.D. Joshi, C. Sarkar, et al., Nrf2-driven
TERT regulates pentose phosphate pathway in glioblastoma, Cell death Dis. 7 (5)
(2016), e2213.

V.K. Bajpai, S. Sonwal, S.K. Hwang, S. Shukla, I. Khan, D.K. Dey, et al., Sugiol, a
diterpenoid: therapeutic actions and molecular pathways involved, Pharmacol.
Res. 163 (2021), 105313.

S.K. Shukla, V. Purohit, K. Mehla, V. Gunda, N.V. Chaika, E. Vernucci, et al.,
MUCI and HIF-1alpha Signaling Crosstalk Induces Anabolic Glucose Metabolism
to Impart Gemcitabine Resistance to Pancreatic Cancer, Cancer Cell 32 (1) (2017)
71-87, e7.

P. Samatiwat, A. Prawan, L. Senggunprai, U. Kukongviriyapan,

V. Kukongviriyapan, Nrf2 inhibition sensitizes cholangiocarcinoma cells to
cytotoxic and antiproliferative activities of chemotherapeutic agents, Tumour
Biol.: J. Int. Soc. Oncodev. Biol. Med. 37 (8) (2016) 11495-11507.

S. Dasgupta, K. Rajapakshe, B. Zhu, B.C. Nikolai, P. Yi, N. Putluri, et al., Metabolic
enzyme PFKFB4 activates transcriptional coactivator SRC-3 to drive breast
cancer, Nature 556 (7700) (2018) 249-254.

H. Yang, X.L. Wu, K.H. Wu, R. Zhang, L.L. Ju, Y. Ji, et al., MicroRNA-497
regulates cisplatin chemosensitivity of cervical cancer by targeting transketolase,
Am. J. Cancer Res. 6 (11) (2016) 2690-2699.

L. Cao, W. Hong, P. Cai, C. Xu, X. Bai, Z. Zhao, et al., Cryptotanshinone
strengthens the effect of gefitinib against non-small cell lung cancer through
inhibiting transketolase, Eur. J. Pharmacol. 890 (2021), 173647.

Y. Mitsuishi, K. Taguchi, Y. Kawatani, T. Shibata, T. Nukiwa, H. Aburatani, et al.,
Nrf2 redirects glucose and glutamine into anabolic pathways in metabolic
reprogramming, Cancer Cell 22 (1) (2012) 66-79.

F. Zhao, A. Mancuso, T.V. Bui, X. Tong, J.J. Gruber, C.R. Swider, et al., Imatinib
resistance associated with BCR-ABL upregulation is dependent on HIF-1alpha-
induced metabolic reprograming, Oncogene 29 (20) (2010) 2962-2972.

LM. Xu, R.K. Lai, S.H. Lin, A.P. Tse, D.K. Chiu, H.Y. Koh, et al., Transketolase
counteracts oxidative stress to drive cancer development, Proc. Natl. Acad. Sci.
USA 113 (6) (2016) E725-E734.

X.C. Ding, L.L. Wang, X.D. Zhang, J.L. Xu, P.F. Li, H. Liang, et al., The relationship
between expression of PD-L1 and HIF-1a in glioma cells under hypoxia,

J. Hematol. Oncol. 14 (1) (2021) 92.

J. Seo, D.W. Jeong, J.W. Park, K.W. Lee, J. Fukuda, Y.S. Chun, Fatty-acid-induced
FABP5/HIF-1 reprograms lipid metabolism and enhances the proliferation of liver
cancer cells, Commun. Biol. 3 (1) (2020) 638.

R. Huang, L. Zhang, J. Jin, Y. Zhou, H. Zhang, C. Lv, et al., Bruceine D inhibits
HIF-1a-mediated glucose metabolism in hepatocellular carcinoma by blocking
ICAT/p-catenin interaction, Acta Pharm. Sin. B. 11 (11) (2021) 3481-3492.

S. Dong, S. Liang, Z. Cheng, X. Zhang, L. Luo, L. Li, et al., ROS/PI3K/Akt and Wnt/
B-catenin signalings activate HIF-1a-induced metabolic reprogramming to impart
5-fluorouracil resistance in colorectal cancer, J. Exp. Clin. Cancer Res.: CR 41 (1)
(2022) 15.

M. Liu, Y. Zhang, J. Yang, X. Cui, Z. Zhou, H. Zhan, et al., ZIP4 increases
expression of transcription factor ZEB1 to promote integrin «3p1 signaling and
inhibit expression of the gemcitabine transporter ENT1 in pancreatic cancer cells,
Gastroenterology 158 (3) (2020) 679-692, el.

M. Rojo de la Vega, E. Chapman, D.D. Zhang, NRF2 and the hallmarks of cancer,
Cancer Cell 34 (1) (2018) 21-43.

D. Kazandjian, G.M. Blumenthal, W. Yuan, K. He, P. Keegan, R. Pazdur, FDA
approval of gefitinib for the treatment of patients with metastatic EGFR mutation-
positive non-small cell lung cancer, Clin. Cancer Res.: Off. J. Am. Assoc. Cancer
Res. 22 (6) (2016) 1307-1312.

X.L. Ni, L.X. Chen, H. Zhang, B. Yang, S. Xu, M. Wu, et al., In vitro and in vivo
antitumor effect of gefitinib nanoparticles on human lung cancer, Drug Deliv. 24
(1) (2017) 1501-1512.

C. Shan, X. Chen, H. Cai, X. Hao, J. Li, Y. Zhang, et al., The emerging roles of
autophagy-related MicroRNAs in cancer, Int. J. Biol. Sci. 17 (1) (2021) 134-150.
L. Li, C.X. Deng, Q. Chen, SRC-3, a steroid receptor coactivator: implication in
cancer, Int. J. Mol. Sci. 22 (9) (2021).

H.D. Huh, D.H. Kim, H.S. Jeong, H.W. Park, Regulation of TEAD transcription
factors in cancer biology, Cells 8 (6) (2019).

A. Sequeda-JuArez, A. JimEnez, A. Espinosa-Montesinos, Maria Del

Carmen Cardenas-Aguayo, Eva RamOn-Gallegos, Use of AKR1C1 and TKTLI in
the diagnosis of low-grade squamous intraepithelial lesions from Mexican
Women, Anticancer Res. 40 (11) (2020) 6273-6284.

S. Langbein, M. Zerilli, A. Zur Hausen, W. Staiger, K. Rensch-Boschert, N. Lukan,
et al., Expression of transketolase TKTL1 predicts colon and urothelial cancer
patient survival: warburg effect reinterpreted, Br. J. Cancer 94 (4) (2006)
578-585.

S. Diaz-Moralli, M. Tarrado-Castellarnau, C. Alenda, A. Castells, M. Cascante,
Transketolase-like 1 expression is modulated during colorectal cancer progression
and metastasis formation, PloS One 6 (9) (2011), e25323.

J. Schwaab, K. Horisberger, P. Strébel, B. Bohn, D. Gencer, G. Kahler, et al.,
Expression of Transketolase like gene 1 (TKTL1) predicts disease-free survival in

12

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

Biomedicine & Pharmacotherapy 154 (2022) 113607

patients with locally advanced rectal cancer receiving neoadjuvant
chemoradiotherapy, BMC Cancer 11 (2011) 363.

K. Ahopelto, C. Bockelman, J. Hagstrom, S. Koskensalo, C. Haglund,
Transketolase-like protein 1 expression predicts poor prognosis in colorectal
cancer, Cancer Biol. Ther. 17 (2) (2016) 163-168.

Y. Song, D. Liu, G. He, TKTL1 and p63 are biomarkers for the poor prognosis of
gastric cancer patients, Cancer Biomark.: Sect. A Dis. Markers 15 (5) (2015)
591-597.

K. Ahopelto, A. Laitinen, J. Hagstrom, C. Bockelman, C. Haglund, Transketolase-
like protein 1 and glucose transporter 1 in gastric cancer, Oncology 98 (9) (2020)
643-652.

W.I. Staiger, J.F. Coy, R. Grobholz, R.D. Hofheinz, N. Lukan, S. Post, et al.,
Expression of the mutated transketolase TKTL1, a molecular marker in gastric
cancer, Oncol. Rep. 16 (4) (2006) 657-661.

S. Saman, M.J. Stagno, S.W. Warmann, N.P. Malek, R.R. Plentz, E. Schmid,
Biomarkers Apol0 and TKTL1: Epitope-detection in monocytes (EDIM) as a new
diagnostic approach for cholangiocellular, pancreatic and colorectal carcinoma,
Cancer Biomark.: Sect. A Dis. Markers 27 (1) (2020) 129-137.

A. Benito, L.H. Polat, V. Noé, C.J. Ciudad, S. Marin, M. Cascante, Glucose-6-
phosphate dehydrogenase and transketolase modulate breast cancer cell
metabolic reprogramming and correlate with poor patient outcome, Oncotarget 8
(63) (2017) 106693-106706.

M. Schmidt, H.U. Voelker, M. Kapp, M. Krockenberger, J. Dietl, U. Kammerer,
Glycolytic phenotype in breast cancer: activation of Akt, up-regulation of GLUT1,
TKTL1 and down-regulation of M2PK, J. Cancer Res. Clin. Oncol. 136 (2) (2010)
219-225.

M. Foldi, E. Stickeler, L. Bau, O. Kretz, D. Watermann, G. Gitsch, et al.,
Transketolase protein TKTL1 overexpression: a potential biomarker and
therapeutic target in breast cancer, Oncol. Rep. 17 (4) (2007) 841-845.

H. Chen, J.X. Yue, S.H. Yang, H. Ding, R.W. Zhao, S. Zhang, Overexpression of
transketolase-like gene 1 is associated with cell proliferation in uterine cervix
cancer, J. Exp. Clin. Cancer Res.: CR 28 (1) (2009) 43.

X. Zheng, H. Li, TKTL1 modulates the response of paclitaxel-resistant human
ovarian cancer cells to paclitaxel, Biochem. Biophys. Res. Commun. 503 (2)
(2018) 572-579.

C. Ricciardelli, N.A. Lokman, S. Cheruvu, I.A. Tan, M.P. Ween, C.E. Pyragius, et
al., Transketolase is upregulated in metastatic peritoneal implants and promotes
ovarian cancer cell proliferation, Clin. Exp. Metastas-.-. 32 (5) (2015) 441-455.
M. Krockenberger, A. Honig, L. Rieger, J.F. Coy, M. Sutterlin, M. Kapp, et al.,
Transketolase-like 1 expression correlates with subtypes of ovarian cancer and the
presence of distant metastases, Int. J. Gynecol. Cancer: Off. J. Int. Gynecol. Cancer
Soc. 17 (1) (2007) 101-106.

P. Fritz, J.F. Coy, T.E. Miirdter, G. Ott, M.D. Alscher, G. Friedel, TKTL-1
expression in lung cancer, Pathol., Res. Pract. 208 (4) (2012) 203-209.

G. Kayser, W. Sienel, B. Kubitz, D. Mattern, E. Stickeler, B. Passlick, et al., Poor
outcome in primary non-small cell lung cancers is predicted by transketolase
TKTL1 expression, Pathology 43 (7) (2011) 719-724.

M. Grimm, W. Kraut, S. Hoefert, M. Krimmel, T. Biegner, P. Teriete, et al.,
Evaluation of a biomarker based blood test for monitoring surgical resection of
oral squamous cell carcinomas, Clin. Oral. Investig. 20 (2) (2016) 329-338.

M. Grimm, A. Munz, P. Teriete, T. Nadtotschi, S. Reinert, GLUT-1(+)/TKTL1(+)
coexpression predicts poor outcome in oral squamous cell carcinoma, Oral. Surg.,
Oral. Med., Oral. Pathol. Oral. Radiol. 117 (6) (2014) 743-753.

M. Grimm, S. Hoefert, O. Luz, S. Reinert, J. Polligkeit, Transketolase-like protein
1 expression in recurrent oral squamous cell carcinoma after curative resection: a
case report, Oral. Surg., Oral. Med., Oral. Pathol. Oral. Radiol. 116 (3) (2013)
el73-el78.

M. Grimm, O. Feyen, J.F. Coy, H. Hofmann, P. Teriete, S. Reinert, Analysis of
circulating CD14+/CD16+ monocyte-derived macrophages (MDMs) in the
peripheral blood of patients with oral squamous cell carcinoma, Oral. Surg., Oral.
Med., Oral. Pathol. Oral. Radiol. 121 (3) (2016) 301-306.

M. Grimm, S. Hoefert, M. Krimmel, T. Biegner, O. Feyen, P. Teriete, et al.,
Monitoring carcinogenesis in a case of oral squamous cell carcinoma using a panel
of new metabolic blood biomarkers as liquid biopsies, Oral. Maxillofac. Surg. 20
(3) (2016) 295-302.

M. Zerilli, M.C. Amato, A. Martorana, D. Cabibi, J.F. Coy, F. Cappello, et al.,
Increased expression of transketolase-like-1 in papillary thyroid carcinomas
smaller than 1.5 cm in diameter is associated with lymph-node metastases, Cancer
113 (5) (2008) 936-944.

H.U. Volker, M. Scheich, B. Schmausser, U. Kammerer, M. Eck, Overexpression of
transketolase TKTL1 is associated with shorter survival in laryngeal squamous cell
carcinomas, Eur. Arch. Oto-Rhino-Laryngol. 264 (12) (2007) 1431-1436.

Y. Dong, M. Wang, Knockdown of TKTL1 additively complements cisplatin-
induced cytotoxicity in nasopharyngeal carcinoma cells by regulating the levels of
NADPH and ribose-5-phosphate, Biomed. Pharmacother. = Biomedecine
Pharmacother. 85 (2017) 672-678.

Boldrini L., Bartoletti R., Giordano M., Manassero F., Selli C., Panichi M., et al. C-
MYC, HIF-1a, ERG, TKT, and GSTP1: an Axis in Prostate Cancer? Pathology
oncology research: POR. 2019;25(4):1423-9.

L.A. da Costa, J. Hennenlotter, V. Stiihler, U. Kiihs, M. Scharpf, T. Todenhofer, et
al., Transketolase like 1 (TKTL1) expression alterations in prostate cancer
tumorigenesis, Urol. Oncol. 36 (10) (2018) 472, e21-.e27.

1. Tsaur, K. Thurn, E. Juengel, E. Oppermann, K. Nelson, C. Thomas, et al.,
Evaluation of TKTL1 as a biomarker in serum of prostate cancer patients, Cent.
Eur. J. Urol. 69 (3) (2016) 247-251.



S. Hao et al.

[138]

[139]

[140]

[141]

[142]

[143]

T. Todenhofer, J. Hennenlotter, G. Keller, T. Neumann, A. Stenzl, J. Bedke, Effect
of radical prostatectomy on levels of cancer related epitopes in circulating
macrophages of patients with clinically localized prostate cancer, Prostate 77 (12)
(2017) 1251-1258.

A. Jayachandran, P.H. Lo, A.C. Chueh, P. Prithviraj, R. Molania, M. Davalos-Salas,
et al., Transketolase-like 1 ectopic expression is associated with DNA
hypomethylation and induces the Warburg effect in melanoma cells, BMC Cancer
16 (2016) 134.

M. Grimm, S. Schmitt, P. Teriete, T. Biegner, A. Stenzl, J. Hennenlotter, et al.,
A biomarker based detection and characterization of carcinomas exploiting two
fundamental biophysical mechanisms in mammalian cells, BMC Cancer 13 (2013)
569.

M.J. Stagno, A. Schmidt, J. Bochem, C. Urla, R. Handgretinger, K.M. Cabanillas
Stanchi, et al., Epitope detection in monocytes (EDIM) for liquid biopsy including
identification of GD2 in childhood neuroblastoma-a pilot study, Br. J. Cancer
(2022).

J.F. Coy, EDIM-TKTL1/Apo10 blood test: an innate immune system based liquid
biopsy for the early detection, characterization and targeted treatment of cancer,
Int. J. Mol. Sci. 18 (4) (2017).

F. Zhang, J. Masania, A. Anwar, M. Xue, D. Zehnder, H. Kanji, et al., The uremic
toxin oxythiamine causes functional thiamine deficiency in end-stage renal
disease by inhibiting transketolase activity, Kidney Int. 90 (2) (2016) 396-403.

13

[144]

[145]

[146]

[147]

[148]

[149]

[150]

Biomedicine & Pharmacotherapy 154 (2022) 113607

B. Rais, B. Comin, J. Puigjaner, J.L. Brandes, E. Creppy, D. Saboureau, et al.,
Oxythiamine and dehydroepiandrosterone induce a G1 phase cycle arrest in
Ehrlich’s tumor cells through inhibition of the pentose cycle, FEBS Lett. 456 (1)
(1999) 113-118.

C.L. Liu, Y.C. Hsu, J.J. Lee, M.J. Chen, C.H. Lin, S.Y. Huang, et al., Targeting the
pentose phosphate pathway increases reactive oxygen species and induces
apoptosis in thyroid cancer cells, Mol. Cell. Endocrinol. 499 (2020), 110595.

S. Heller, G.D. Maurer, C. Wanka, U. Hofmann, A.L. Luger, I. Bruns, et al., Gene
suppression of transketolase-like protein 1 (TKTL1) sensitizes glioma cells to
hypoxia and ionizing radiation, Int. J. Mol. Sci. 19 (8) (2018).

D. Maguire, D. Talwar, P.G. Shiels, D. McMillan, The role of thiamine dependent
enzymes in obesity and obesity related chronic disease states: a systematic review,
Clin. Nutr. ESPEN 25 (2018) 8-17.

C.Y. Wang, H.A. Shui, T.C. Chang, Dual effects for lovastatin in anaplastic thyroid
cancer: the pivotal effect of transketolase (TKT) on lovastatin and tumor
proliferation, J. Invest. Med. Off. Publ. Am. Fed. Clin. Res. 66 (5) (2018) 1-9.
Z. Wang, Z. Qiu, S. Hua, W. Yang, Y. Chen, F. Huang, et al., Nuclear Tkt promotes
ischemic heart failure via the cleaved Parpl/Aif axis, Basic Res. Cardiol. 117 (1)
(2022) 18.

D. Bojkova, R. Costa, P. Reus, M. Bechtel, M.C. Jaboreck, R. Olmer, et al.,
Targeting the pentose phosphate pathway for SARS-CoV-2 therapy, Metabolites
11 (10) (2021).



