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Colorectal cancer (CRC) remains a heavy health burden worldwide. Transketolase (TKT)
is a crucial enzyme in the non-oxidative phase of the Pentose Phosphate Pathway
(PPP), and is up-regulated in multiple cancer types. However, the role of TKT in the
prognosis of CRC remains unclear. We aimed to explore whether TKT expression is
altered in CRC, how TKT is associated with the prognosis of CRC, and whether the
regulation of TKT might have an impact on CRC. Differentially expressed genes (DEGs)
were identified using bioinformatics analysis. TKT expression was examined in the human
colon adenocarcinoma tissue microarray and xenografts. Cell viability, proliferation,
migration, and apoptosis assays in vitro were applied to evaluate the protumoral effects
of TKT on CRC. TKT was found to be a risk factor for the poor prognosis of CRC by
bioinformatics analysis among the DEGs. TKT was significantly up-regulated in colon
adenocarcinoma tissues compared with normal colon tissues in patients. Moreover,
similar results were found in HCT116 and RKO human colon adenocarcinoma xenografts
in nude mice. TKT expression was positively associated with advanced TNM stage,
positive lymph nodes, and poor 5 or 10-year overall survival of CRC patients. In vitro,
inhibition of TKT reduced cell viability, proliferation, and migration, and induced cell
apoptosis. In addition, inhibition of TKT decreased the protein levels of NICD and Hes1.
In conclusion, high TKT expression was associated with the poor prognosis of CRC
patients. The protumoral effects of downregulating TKT may be realized by suppressing
the Notch signaling pathway. TKT may be a new prognostic biomarker and therapeutic
target for CRC.
Keywords: colorectal cancer, transketolase, prognostic biomarker, survival highlights, Notch

Specialty section:
This article was submitted to
Gastroenterology,
a section of the journal
Frontiers in Medicine
Received: 16 December 2021
Accepted: 25 January 2022
Published: 23 February 2022
Citation:
Zhang L, Huang Z, Cai Q, Zhao C,
Xiao Y, Quan X, Tang C and Gao J
(2022) Inhibition of Transketolase
Improves the Prognosis of Colorectal
Cancer. Front. Med. 9:837143.
doi: 10.3389/fmed.2022.837143

Frontiers in Medicine | www.frontiersin.org

HIGHLIGHTS
- High TKT expression predicts poor prognosis of CRC patients.
- The protumoral effects of TKT are related to the Notch signaling pathway.
- TKT may be a new prognostic biomarker and therapeutic target for CRC.

INTRODUCTION
Colorectal cancer (CRC) ranks second in mortality and third in incidence among all cancer types
worldwide (1). The incidence of CRC increases steadily in many countries (2), and approximately
one in five patients have metastatic disease at the time of presentation (3). Treatment of CRC usually
consists of surgical removal of the tumor, chemotherapy and/or targeted therapy (4). However,
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there is still a lack of effective therapeutic targets due to tumor
metastasis, recurrence and drug resistance (5–7). It is crucial
to find suitable biomarkers and therapeutic targets for better
prognosis evaluation and therapeutic interventions.
Previous studies have reported that many factors can influence
the prognosis of CRC, including RAS mutational status, HER2
amplification, miRNAs and inflammatory markers (5, 8–10).
However, the lack of targeted drugs for RAS mutations, resistance
to anti-EGFR therapy, difficulty in detecting miRNAs and lack
of further validation experiments for inflammatory markers
restrict their clinical use (4, 11). Transketolase (TKT) is a crucial
enzyme in the non-oxidative phase of the Pentose Phosphate
Pathway (PPP) of glucose metabolism, and bridges the oxidative
part of the PPP by NADPH production (12). TKT, which is
expressed in all investigated organisms and most tumor tissues
(13), enables cells to meet their anabolic demands under different
conditions (14) and to convert glucose to ribose for nucleic
acid synthesis (15). As an essential enzyme in metabolism, TKT
promotes hepatocellular carcinoma via metabolic mechanisms,
nuclear localization, and the EGFR pathway (13). Meanwhile,
deficiency of TKT protected the liver from DNA damage (16).
Moreover, high levels of TKT resulted in poor survival of breast
cancer via the α-ketoglutarate signaling pathway (17). In CRC,
TKT expression was predicted to be enhanced during cell cycle
progression, and up-regulation of TKT was associated with
invasive tumor cells (18, 19). However, few studies have focused
on the relationship between TKT and the prognosis of CRC.
In this study, we demonstrated that high TKT expression was
related to the poor prognosis of CRC. Inhibition of TKT reduced
the malignancy of CRC, and was associated with downregulation
of the Notch signaling pathway. The current study indicated that
TKT might be a new prognostic biomarker and therapeutic target
for CRC.

from the TCGA (The Cancer Genome Atlas) and the GTEx
(Genotype-Tissue Expression) projects. Differential expression
of key genes in CRC tissues and normal tissues was analyzed
using the GEPIA database. Key genes related to the 5-year overall
survival of CRC patients were also obtained from the GEPIA
database. P < 0.01 was regarded as the threshold.

The TKT Mutations and TKT Associate
Genes in CRC
The mutation status of TKT in human cancers was obtained
from the TIMER2.0 database (http://timer.cistrome.org/) (21).
The TKT associated genes were retrieved from the LinkedOmics
database (http://linkedomics.org/) (22). Briefly, the colorectal
adenocarcinoma (COAD, READ) was selected as the cancer type,
and RNA-seq data from the HiSeq RNA platform were selected
as the search dataset and target dataset. Colon adenocarcinoma
containing 391 cases was chosen as the sample dataset to display
the TKT associated genes, and the Pearson correlation test was
selected as the statistical method. For the Gene Set Enrichment
Analysis (GSEA), the Reactome pathway with a minimum
number of genes of 3 and simulations of 500 was selected.

Tissue Microarray (TMA)
Human colon adenocarcinoma TMA was provided by Shanghai
Outdo Biotech (Shanghai, China). TMA samples contained
100 colon adenocarcinoma tissues collected from patients who
underwent complete surgical resection of CRC between July 2005
and December 2010. Of these, 60 corresponding paracancerous
tissues were also collected. Written informed consent forms
were delivered to all the patients before participation, and
ethical approval was obtained from the ethical committee of
related hospitals.

Cell Culture
The 3 human colon cancer cell lines were bought from the Procell
Life Science and Technology Co. Ltd. (Wuhan, China). HCT116
cells were cultured with RPMI-1640 (HyClone, Logan, UT, USA)
containing 10% fetal bovine serum (FBS, Gibco, Logan, UT,
USA). RKO cells and Ls174T cells were cultured with Dulbecco’s
modified Eagle’s medium (DMEM, HyClone) containing 10%
FBS. Cells were incubated in a humidified atmosphere of at 37◦ C
with 5% CO2 in air.

MATERIALS AND METHODS
Identification of Differentially Expressed
Genes (DEGs)
Four gene expression profiles (GSE8671, GSE32323, GSE24514,
and GSE14333) were obtained from the Gene Expression
Omnibus (GEO) database. Detailed information is listed in
Supplementary Table 1. Briefly, GSE8671 included 32 colorectal
adenoma tissues and 32 matched normal colorectal tissues.
GSE32323 consisted of 17 CRC tissues and 17 normal colorectal
tissues. GSE24514 included 34 colorectal tumor tissues and 15
normal colorectal tissues. GSE14333 included 140 CRC tissues
of patients with disease-free survival longer than 50 months
and 86 CRC tissues of patients with disease-free survival shorter
than 50 months. The DEGs between different sample groups
were identified by GEO2R (https://www.ncbi.nlm.nih.gov/geo/
geo2r/). The cut-off criteria were log (FC)>1, P-value < 0.01.

Human Colon Cancer Xenografts
Twelve healthy male BAL b/c nude mice, weighing 18–22 g,
were obtained from the Experimental Animal Center of Sichuan
University (Chengdu, China). The mice were housed under
a 12-h light/dark cycle, receiving food and water ad libitum
at a constant temperature and humidity. Mice were randomly
allocated to HCT116 and RKO groups, with 6 in each group.
In brief, a total of 1×107 HCT116 cells or RKO cells were
subcutaneously injected into the left abdomen of 6 nude mice.
Four weeks later, the tumors were aseptically resected, and
the corresponding colon was also collected after the mice
were sacrificed. The animal operations were approved by the
Ethics Committees of Sichuan University and were conducted
according to the regulations of Sichuan University.

Analysis of Key Genes Expressions
The bioinformatic analysis was done as previously reported (20).
Gene expression profiling interactive analysis (GEPIA) (http://
gepia.cancer-pku.cn/) is a collective web server for analyzing the
RNA expression data of 9,736 tumors and 8,587 normal samples
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Cell Proliferation by Immunofluorescent
(IF) Staining of Ki-67

Hematoxylin and Eosin Staining (H&E)
TMA sections and mouse sections were routinely deparaffinized
in xylene and rehydrated with a series of ethanol dilutions.
H&E staining was operated according to the manufacturer’s
instructions (Solarbio, Beijing, China).

HCT116 and LS174T cells were seeded on glass chamber slides.
Cells were treated with N3PT for 24 h or siRNA transfection for
72 h, and then fixed with 4% paraformaldehyde for 15 mins. After
permeabilization with 0.2% Triton X-100 for 15 mins, antigen
blocking was performed with 10% goat serum for 1 h at 37◦ C.
The slides were then incubated with primary antibody against
Ki-67 (Abcam, Cambridge, UK) overnight at 4◦ C followed by a
goat anti-rabbit fluorescent secondary antibody (Abcam, Bristol,
UK). The slides were counterstained with DAPI. An optical
microscope (CX41, Olympus, Tokyo, Japan) equipped with a
camera (DP72, Olympus) was applied to capture images of
the slides.

Immunohistochemistry (IHC) Staining
TMA sections and mouse slides were routinely deparaffinized in
xylene and rehydrated with a series of ethanol dilutions. Heatinduced antigen retrieval was performed in sodium citrate buffer
(10 mM, pH = 6.0) for 30 mins. Then, the sections were first
blocked by H2 O2 , and antigen blocking was performed with 10%
goat serum afterward. Subsequently, all sections were incubated
with rabbit anti-TKT (Proteintech, Wuhan, China) overnight
at 4◦ C followed by incubation with horseradish peroxidaseconjugated secondary antibody kits (ZSGB Bio, Beijing, China)
at 37◦ C for 30 mins. Finally, the sections were stained
with diaminobenzidine tetrahydrochloride and counterstained
with hematoxylin.

Cell Apoptosis by Annexin V/PI
Cell apoptosis was evaluated using Annexin V FITC-A/PI PEA (BD Biosciences, Waltham, MA, USA) according to the
manufacturer’s instructions. After the corresponding treatments,
cells and medium from all wells were collected into a 5 mL plastic
tube. The tubes were centrifuged for 5 mins at 1,500 rpm and
4◦ C, and the supernatant was discarded afterward. Subsequently,
400 µL of 1×binding buffer was added. Then, 5 µL Annexin
V was first added to the cells, followed by 5 µL PI. Finally,
flow cytometric analysis (Beckman Coulter, Brea, CA, USA)
was immediately performed. Early apoptotic cells were labeled
Annexin V positive and PI negative, whereas late apoptotic cells
were recognized as positive for Annexin V and PI.

IHC Scoring
The abovementioned TMA slides were assessed by two
independent pathologists blinded to the pathological and clinical
information. The expression of TKT in the tissues was scored
semi-quantitatively, combining the positive rate and the intensity
of the stained portion (staining index = positive × intensity
score) based on previous studies (23–26). The positive percentage
of the stained tumor cells was scored as follows: 0, no staining; 1,
< 20%; 2, 20–75%; and 3, > 75%. The intensity of the stained
tumor cells was graded on the following scale: 0, negative; 1,
weak; 2, moderate; and 3, strong staining. According to the
staining index, a final calculating score of 0–4 was regarded as
a low expression of TKT, and a final score of 5–9 was considered
a high expression of TKT. The expression of TKT in paraffinembedded sections from the mice was evaluated according to the
integrated optical density (IOD) measured by Image-Pro Plus 6.0
software (Media Cybernetics, Rockville, MD, USA).

Cell Migration by Wound-Healing Assay
After 90% confluence, cells were scratched by a 200 µL pipette
tip. Then, the cells were softly washed with PBS for 3 times to
remove the debris. Scratched cells were immediately captured
by a microscope. Afterwards, cells were treated with si-TKT or
N3PT and photographed after 24 and 48 h. Cell migration was
calculated according to a previous study (27).

Cell Migration by Transwell Assay
Transwell chambers (Corning, Corning, NY, USA) were applied
to further calculate cell migration ability. Briefly, HCT116 cells
treated with si-TKT or N3PT were added to the upper serumfree chambers. The corresponding lower chambers served as a
chemo-attractant containing 10% FBS medium. After incubation
at 37◦ C for 24 h (for N3PT) or 72 h (for si-TKT), cells
that migrated onto the membrane surface were fixed with
formaldehyde and then stained with hematoxylin for 30 mins.
The number of cells that migrated to the lower compartment of
the chamber was captured and counted by optical microscopy
(CX41, Olympus) in five randomly selected views.

Knock-Down of TKT With SiRNA
The TKT siRNA sequences (sense: GGC UGU GUC CAG UGC
AGU AdTdT, anti-sense: UAC UGC ACU GGA CAC AGC
CdTdT) were designed based on the cDNA sequence of TKT
obtained from GenBank. HCT116 cells were transfected with
TKT siRNA applying Lipofectamine (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions. Besides, a
sequence (si-NC) was synthesized as a negative control.

Cell Viability by CCK8 Assay
A CCK8 assay was used to evaluate the viability of the cells.
HCT116 and LS174T cells were seeded into a 96-well plate. TKT
inhibitor N3PT treatment (DMSO group, 5 µM N3PT group,
10 µM N3PT group) and siRNA transfection were performed.
After 24 h of treatment with N3PT or 72 instructions (Dojindo,
Kumamoto, Japan). The optical density of the cells was measured
by a Thermo microplate reader (Thermo Fisher Scientific,
Waltham, MA, USA) at 450 nm.
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Western Blot
The extraction of the whole proteins from the cultured cells
was performed using RIPA buffer (Beyotime Biotechnology,
Shanghai, China). The same amount of protein (30 µg) from
all cell samples was analyzed by 10% SDS-PAGE and transferred
onto PVDF membranes (Millipore, Billerica, MA, USA). The
PVDF membranes were first blocked with 5% non-fat dry milk,
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FIGURE 1 | Identification of differentially expressed genes (DEGs). (A) Four datasets (GSE8671, GSE32323, GSE24514, GSE14333) were retrieved from the GEO
database to identify the shared DEGs in CRC. Eventually, a total of 62 shared DEGs were identified using GEO2R; (B) TKT was significantly and highly expressed in
CRC tissues compared to normal colon tissues in the GEPIA database; (C) High TKT expression in CRC was associated with poor 5-year survival in the GEPIA
database. * P < 0.05 vs. normal colon tissues.

followed by incubation with primary antibodies directed against
GAPDH (1:5000, Abcam, Cambridge, UK), NICD (Abcam,
Cambridge, UK), TKT (Proteintech) and Hes1 (SAB, College
Park, MD, USA), respectively at 4◦ C overnight. After washing
in TBST, the membranes were incubated with suitable secondary
antibodies (Santa Cruz Biotechnology, TX, USA) for 2 h. The
bands were visualized using an ECL detection kit (Santa Cruz
Biotechnology, TX, USA). The intensity of the bands was
determined by Quantity One software 4.6.2 (Bio-Rad, Hercules,
CA, USA), and the expression levels of proteins were normalized
to GAPDH. The results were displayed as fold changes compared
to the control group.

(Supplementary Figure 1; Supplementary Table 2). Finally,
TKT and MYH11 were determined to be related to the survival
period by GEPIA overall survival analysis (Figures 1B,C;
Supplementary Figure 2). Compared to normal colon tissues,
TKT was highly expressed in CRC tissues, and high TKT
expression was associated with worse overall survival, which met
our expectations (P = 0.023, Figures 1B,C). MYH11 expression
was lower in CRC tissues than in normal colon tissues, whereas
high MYH11 expression indicated poor prognosis in CRC
patients (P = 0.024, Supplementary Figure 2). Therefore, we
chose TKT as the target gene for our subsequent research.

Statistical Analysis

Up-Regulation of TKT in Colon
Adenocarcinoma

All data were presented as the mean ± standard deviation and
were analyzed using SPSS 19.0 software (SPSS, Chicago, IL, USA).
Quantitative data were analyzed by the Student’s t-test. Survival
curves were generated using the Kaplan-Meier method and were
compared using the log-rank test. The difference in clinical and
pathological parameters between the low and high TKT groups
was analyzed by the χ2 test. For multi-group comparisons, oneway ANOVA followed by SNK multiple comparison tests was
implemented. P < 0.05 was deemed statistically significant.

Next, a TMA containing 100 colon adenocarcinoma tissues
and 60 corresponding paracancerous tissues was applied to
verify whether TKT could serve as a prognostic biomarker
for CRC. The clinical and pathological characteristics of the
100 patients recruited in this study were shown in Table 1.
In the TMA sections of patients with colon adenocarcinoma,
H&E staining showed typical colon adenocarcinoma histology,
while the corresponding paracancerous tissues presented typical
colon structures with columnar epithelial cells in a circular
arrangement pattern interspersed by goblet cells (Figure 2A).
Then, IHC staining for TKT was performed in the TMA.
For colon adenocarcinoma tissues, positive staining was mainly
distributed in the nucleus of the tumor cells. However,
paracancerous tissues rarely expressed TKT (Figure 2A). There
was a significant difference between the staining index of colon
adenocarcinoma tissues and the corresponding paracancerous
tissues (5.6 ± 2.7 vs. 3.7 ± 1.8; P < 0.05, Figure 2A).
We also verified TKT expression in HCT116 and RKO
human colon adenocarcinoma xenografts in nude mice. Mice
were sacrificed 4 weeks after tumor cell injection. There is no
metastasis in all the mice. The tumor weight was 0.78 ± 0.15 g in

RESULTS
Bioinformatics Analysis of TKT as a
Prognostic Biomarker for CRC
To identify the DEGs in CRC, 4 gene expression profiles
(GSE8671, GSE32323, GSE24514, and GSE14333) were
obtained from the Gene Expression Omnibus database
(Supplementary Table 1). A total of 62 shared DEGs were
identified in all four databases mentioned above using GEO2R
(Figure 1A; Supplementary Table 2). Among the genes, 12
genes presented the most significant differential expression
between CRC tissues and normal tissues using GEPIA analysis
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TABLE 1 | Relationships between TKT expression and clinicopathological characteristics in 100 colon adenocarcinoma cases.
Characteristics

Number of total cases

TKT expression (%)
Low

Total
Average years

P-value
High

100

39

61

62.4 ± 11.6

59.9 ± 12.2

64.0 ± 11.1

<65

54 (54.0)

25 (64.1)

29 (47.5)

≥65

46 (46.0)

14 (35.9)

32 (52.5)

Male

58 (58.0)

25 (64.1)

33 (54.1)

Female

42 (42.0)

14 (35.9)

28 (45.9)

I–II

78 (78.8)

27 (69.2)

51 (83.6)

II–III

22 (21.2)

12 (30.8)

10 (16.4)

I–II

61 (61.0)

29 (74.4)

32 (52.5)

III–IV

39 (39.0)

10 (25.6)

29 (47.5)

Left colon

42 (42.0)

17 (43.6)

25 (41.0)

Right colon

58 (58.0)

22 (56.4)

36 (59.0)

Adventitia

70 (70.0)

29 (74.4)

41 (67.2)

Serosa/muscular/mucosa

30 (30.0)

10 (25.6)

20 (32.8)

Infiltrate /ulcer type

75 (75.0)

28 (71.8)

47 (77.0)

Protrude/ basin type

25 (25.0)

11 (28.2)

14 (23.0)

0.150

Gender
0.407

Histologic grade
0.136

TNM stage

Location (cm)

0.036
0.837

Infiltration degree
0.507

Pathological morphology
0.638

Distant metastasis and Vascular invasion

18 (18.0)

6 (15.4)

12 (19.7)

0.790

Positive lymph nodes

38 (38.0)

9 (23.1)

29 (47.5)

0.020

stages (P = 0.036, Table 1). Moreover, 9 cases (23.1%) were
diagnosed with positive lymph nodes in the low TKT group.
Conversely, 29 cases (47.5%) in the high TKT group were
diagnosed with positive lymph nodes. Therefore, high expression
of TKT might also be relevant to lymphatic metastasis (P =
0.020, Table 1). However, there was no significant correlation
between the expression of TKT and other clinicopathological
factors, such as age, gender, histologic grade, tumor location,
infiltration degree, pathological morphology, distant metastasis
and vascular invasion (P > 0.05, Table 1). Furthermore, the
overall 5-year survival was shorter in the high TKT group than
in the low TKT group (P = 0.017, Figure 3A). Consistently,
high TKT expression was also significantly correlated with
shorter 10-year survival (P = 0.008, Figure 3B). In summary,
high TKT expression predicts poor prognosis in human
colon adenocarcinoma.

HCT116 xenografts and 0.65 ± 0.13 g in RKO xenografts. H&E
staining of HCT116 and RKO xenografts showed typical colon
adenocarcinoma histological changes (Figures 2B,C). Moreover,
HCT116 and RKO xenografts presented stronger expression of
TKT than the corresponding normal colon tissues of the nude
mice as evaluated by IOD (HCT116, 1.95 ± 0.43 vs. 1.00 ±
0.28, P < 0.05, Figure 2B; RKO, 2.52 ± 0.43 vs. 1.00 ± 0.25,
P < 0.05, Figure 2C). In summary, TKT is up-regulated in
colon adenocarcinoma.

High TKT Expression Predicted Poor
Prognosis in Human Colon
Adenocarcinoma
As TKT was up-regulated in colon adenocarcinoma, we evaluated
the correlation of TKT expression and prognosis in human colon
adenocarcinoma. Patients from the TMA were divided into 2
subgroups according to the staining index of TKT (Table 1).
The low TKT group (staining index 0–4) contained 39 cases,
and the high TKT group (staining index 5–9) included the
other 61 cases. As for the TNM stage, 29 cases (74.4%) in
the low TKT group were in stage I–II, and the remaining 10
cases (25.6%) were stage III–IV. However, 32 cases (52.2%) in
the high TKT group were in stage I–II, and the remaining
29 cases (47.5%) were in stage III–IV. These results indicated
that high TKT expression was associated with advanced TNM

Frontiers in Medicine | www.frontiersin.org

Inhibition of TKT Reduced Cell Viability and
Proliferation, and Induced Cell Apoptosis
The above data indicate that TKT is up-regulated in colon
adenocarcinoma, and that high TKT expression predicts poor
prognosis in human colon adenocarcinoma. By bioinformatic
analysis in TIMER2.0, we found that TKT is a low-frequency
mutated gene (1.4%) in human colon adenocarcinoma
(Supplementary Figure 3A). Then, the TKT-associated genes
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FIGURE 2 | Up-regulation of TKT in colon adenocarcinoma. (A) Representative images for H&E (left up) and IHC of TKT (left lower) were shown, and the histological
score of TKT for colon adenocarcinoma tissues (right) was significantly higher than that for the corresponding paracancerous tissues, N = 60 in the paracancerous
tissues group, N = 100 in the colon adenocarcinoma tissues group; (B) Representative images for H&E (upper panel of images) and IHC of TKT (lower panel of
images) were shown, and the histological score of TKT for HCT 116 xenografts, whose expression was significantly higher than that for the corresponding normal
colon tissues; (C) Representative images for H&E (upper panel of images) and IHC of TKT (lower panel of images) were shown, and the histological score of TKT for
RKO xenografts, whose expression was significantly higher than that for the corresponding normal colon tissues, N = 6/group. *P < 0.05 vs. paracancerous tissues;
#
P < 0.05 vs. normal colon tissues in mice.

that TKT was involved in the metabolism of amino acids and
derivatives and cell proliferation (S phase, G1/S transition,
mitotic G1-GS/S phase, cell cycle) signaling pathways
(Supplementary Figures 3C,D, 4C–F).

were retrieved from the LinkedOmics database. This result
indicated that a number of genes were positively or negatively
correlated with TKT in CRC (Supplementary Figures 3B,
4A,B). Moreover, by using GSEA and Reactome, we verified

Frontiers in Medicine | www.frontiersin.org
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FIGURE 3 | High TKT expression predicts poor 5-year and 10-year survival. High TKT expression was associated with lower 5-year overall survival (A) and lower
10-year overall survival (B).

compared with control cells after 24 and 48 h (P < 0.05,
Figure 6C). Similarly, the migratory ability determined by the
Transwell assay was also significantly suppressed in the TKT
siRNA-transfected cells (P < 0.001, Figure 6D).

As cell proliferation was enriched in the TKT-related signaling
pathway, we next investigated the anti-tumoral effects of TKT
inhibition on HCT116 and Ls174T cells. The cell proliferation
of HCT116 cells determined by CCK8 and IF of Ki-67 showed
a concentration-dependent decrease by the TKT inhibitor N3PT
when compared to the control group (P < 0.05, Figures 4A,C,D).
Similar results were also obtained in Ls174T cells treated with
N3PT (P < 0.05, Figures 4B,E,F). To show the direct effect
of TKT on cell proliferation, HCT116 cells were selected as
the in vitro cell model for siRNA transfection. Significantly
lower viability was shown in HCT116 cells transfected with
TKT siRNA compared with cells transfected with NC siRNA
(P < 0.05, Figure 4G). Consistently, compared with the NC
siRNA group, cell proliferation quantified by IF of Ki-67 was
significantly decreased in the TKT siRNA group (P < 0.001,
Figures 4H,I). Moreover, there was no significant difference
in the apoptotic cell ratio between the 10 µM N3PT treated
and control groups (Figures 5A,B). However, the apoptotic cell
ratio was significantly increased in TKT siRNA transfected
cells compared with NC siRNA-transfected cells (P < 0.001,
Figures 5C,D).

Inhibition of TKT Was Associated With
Downregulation of Notch Signaling
The Notch signaling pathway is known to contribute to
the tumor metastasis of CRC (28). In the Notch signaling
pathway, Notch is a transmembrane receptor, NICD is its
intracellular domain, and Hes1 is one of the downstream
target genes (29). Notch and Hes1 were enriched in the
bioinformatics analysis (Supplementary Table 2). Moreover,
Hes1 and Notch were positively correlated with TKT expression
by bioinformatics analysis (Hes1: R = 0.30; Notch: R =
0.39, Supplementary Figure 5). We next investigated the
effects of TKT on the Notch signaling pathway. NICD,
Hes1, and TKT proteins were significantly lower in the cells
treated with 10 µM N3PT than in the control cells (P <
0.05, Figures 7A–D). However, no significant decrease in
the protein level was found when cells were treated with
1µM N3PT and 5µM N3PT (Figures 7A–D). Moreover,
the reduction in NICD, Hes1 and TKT proteins was
confirmed in the TKT siRNA transfected cells (P < 0.05,
Figures 7E–H). These results indicate that the inhibition of TKT
is associated with the downregulation of the Notch signaling
pathway.

Inhibition of TKT Suppressed Cell
Migration
As tumor cell migration is a pivotal determinant of tumor
metastasis, wound-healing assays and transwell chamber assays
were utilized to evaluate the migration ability of cells with
different treatments. Compared with control cells, cell migration
was not significantly delayed after 24 and 48 h in either 5 µM
or 10 µM N3PT treated HCT116 cells assessed by woundhealing assay (Figure 6A). Nevertheless, the migratory ability
was significantly decreased in both 5 µM and 10 µM N3PTtreated HCT116 cells evaluated by Transwell assay (P < 0.001,
Figure 6B). For HCT116 cells transfected with TKT siRNA, cell
recolonization into the wound area was significantly delayed

Frontiers in Medicine | www.frontiersin.org

DISCUSSION
Colorectal cancer remains a heavy health burden worldwide
(30, 31), and the existing biomarkers and targets have limitations
in the clinical treatment of CRC (4). The exploration of novel
biomarkers and therapeutic targets is urgently needed to improve
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FIGURE 4 | Inhibition of TKT reduces cell viability and proliferation. (A–F) HCT116 or Ls174T cells were treated with DMSO or the TKT inhibitor N3PT (5 or 10 µM) for
24 h. (A,B) Cell viability was quantified by CCK8 assay. The viability of HCT116 cells (A) and Ls174T cells (B) was reduced after treatment with 5 µM and 10 µM N3PT
respectively. (B–F) Cell proliferation was determined by IF of Ki67 and quantified by Ki67 positive cells in each field. Fewer Ki-67-positive HCT116 cells (C,D) and
Ls174T cells (E,F) were detected after N3PT treatment. (G–I) HCT116 cells were transfected with TKT siRNA or negative control (NC siRNA) for 72 h. (G) Cell viability
was quantified by CCK8 assay. The viability of HCT116 cells was decreased after transfection with TKT siRNA. (H,I) Cell proliferation was determined by IF of Ki67
and quantified by Ki67 positive cells in each field. Fewer Ki-67-positive HCT116 cells were detected after transfection with TKT siRNA. N = 3/group, *P < 0.05, **P <
0.01, ***P < 0.001 vs. the control group.

study, inhibition of TKT reduced cell viability and proliferation,
induced cell apoptosis, and suppressed cell migration. These
effects might be the result of downregulation of Notch signaling
by TKT inhibition. The results of this study are summarized in
a schematic diagram (Figure 8). These novel observations shed
light on TKT as a new prognostic biomarker and therapeutic

CRC therapy. In this study, by bioinformatics analysis of 4
gene expression profiles, TKT was found to be a prognostic
biomarker for CRC. Furthermore, with TMA sections of CRC,
we confirmed that high TKT expression was associated with
advanced TNM stages and more positive lymph nodes, and
predicted poor prognosis in patients. Besides, in the in vitro
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FIGURE 5 | Inhibition of TKT induces cell apoptosis. (A,B) HCT116 cells were treated with DMSO or the TKT inhibitor N3PT (10 µM) for 24 h. Cell apoptosis was
assayed by co-staining with Annexin V/PI. There is no significant difference in the apoptotic cell ratio between the 10 uM N3PT treated group and the control group.
(C,D) HCT116 cells were transfected with TKT siRNA or negative control (NC siRNA) for 72 h. Cell apoptosis was assayed by co-staining with Annexin V/PI. The
number of both early apoptotic and late apoptotic cells was significantly increased in the TKT siRNA group (C). The apoptotic cell ratio was also significantly increased
in the TKT siRNA group compared with the NC siRNA group (D). Apoptotic cells are presented as the mean ± SD of three independent experiments (lower left: live
cells, lower right: early apoptotic cells, upper right: late apoptotic cells, upper left: dead cells). N = 3/group, *** P < 0.001 vs. the control group.

target for CRC. Moreover, effective therapy by inhibiting TKT
should be developed for CRC patients.
Cancer cells use glycolysis over oxidative phosphorylation to
produce energy even under aerobic conditions. The PPP is an
essential metabolic pathway connected with glycolysis, and TKT
is the major reversible enzyme in the non-oxidative branch of
the PPP (12). Additionally, most nucleic acids of tumor cells
come from ribose generated in the non-oxidative PPP branch
(32). Thus, the up-regulated level of TKT might increase the
ribose and energy needed for DNA and RNA synthesis. Previous
studies (33, 34) showed that TKT was increased in cervical
cancer and pancreatic cancer, and high TKT expression enhanced
the non-oxidative PPP activity, providing raw materials for
nucleic acid synthesis in tumor cells to meet the needs for
growth and proliferation. However, the expression of TKT in
CRC remains unknown. Our results showed that TKT was
up-regulated in CRC, and a higher proportion of patients
with high TKT expression had poor prognosis. In contrast,
inhibition of TKT reduces tumor malignancy in CRC. These
findings advance our understanding of TKT as a prognostic

Frontiers in Medicine | www.frontiersin.org

biomarker and therapeutic target for CRC. However, in vivo
experiments are needed to validate whether high TKT expression
is associated with lymphatic metastasis, advanced TNM stage,
and poor survival.
The development and progression of CRC are closely related
to the oxidative stress caused by the excessive production
of reactive oxygen species (ROS) (35). TKT is an important
enzyme that connects the PPP with glycolysis and induces
ROS accumulation (36). In this study, CRC patients with high
TKT expression more commonly presented with poor prognosis.
These results may be explained by the high TKT level inducing
more ROS damage to the colon. Consistently, non-oxidative
PPP increased much more significantly than oxidative PPP due
to the increased TKT activity in metastatic renal cancer (37).
In addition, TKT might promote the development of HCC
cells in non-metabolic manner, and nuclear localization of TKT
predicted a poor prognosis for patients (13). Together with our
results, these observations further validate that non-oxidative
PPP catalyzed by TKT may play a pivotal role in the progression
of CRC.
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FIGURE 6 | Inhibition of TKT suppresses cell migration. (A,B) HCT116 cells were treated with DMSO or the TKT inhibitor N3PT (5 µM or 10 µM), and cell migration
was assayed by wound healing assay (A) or Transwell assay (B). The wound-healing assays showed no significant difference in the migration rate among the 5 µM
N3PT, 10 µM N3PT and control groups. However, the migration rate was significantly decreased in the 5 µM N3PT and 10 µM N3PT groups in a Transwell assay.
(C,D) HCT116 cells were transfected with TKT siRNA or negative control (NC siRNA), and cell migration was assayed by wound healing assay (C) or Transwell assay
(D). TKT siRNA transfected cells presented a significantly lower wound healing rate (C) and migration ability (D) than the NC siRNA-transfected cells. N = 3/group, *P
< 0.05, **P < 0.01, ***P < 0.001 vs. the control group.
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FIGURE 7 | Inhibition of TKT blocks Notch signaling pathway. (A–D) HCT116 cells were treated with DMSO or the TKT inhibitor N3PT (1, 5, or 10 µM) for 24 h. Then
the protein levels in cell lysates were quantified by Western blot (A). The quantized data indicated that 10 µM N3PT treatment reduced the protein levels of NICD (B),
Hes1 (C), and TKT (D) compared with the control. However, lower concentrations of N3PT had no significant effect on the protein levels of NICD, Hes1, and TKT
(A–D). (E,F) HCT116 cells were transfected with TKT siRNA or negative control (NC siRNA) for 72 h. Then the protein levels in cell lysates were quantified by Western
blot (E). Cells transfected with TKT siRNA presented lower protein levels of NICD (F), Hes1 (G), and TKT (H) than NC siRNA transfected cells. N = 3/group, *P <
0.05, **P < 0.01, ***P < 0.001 vs. the control group.

FIGURE 8 | Schematic diagram.

The Notch signaling pathway is known to be involved in
the tumor metastasis of CRC (28). Notch is a transmembrane
receptor, NICD is its intracellular domain, and Hes1 is one
of the downstream target genes (29). In this study, inhibition
of TKT either by N3PT or siRNA decreased the protein
levels of NICD and Hes1. The overexpression of NICD
and Hes1 could increase cell proliferation and decrease cell
differentiation (38). We presume that inhibition of TKT

Frontiers in Medicine | www.frontiersin.org

might reduce tumor malignancy by blocking the Notch
signaling pathway. Besides, many studies have reported that
ROS induce the activation of Notch signaling, increasing
the malignancy of cancer cells (39–41). Presumably,
TKT may exert a pro-tumor effect by activating the
Notch signaling pathway through ROS. However, further
experiments are needed to verify the underlying molecular
mechanism.
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