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Abstract
Metabolic reprogramming is the survival rule of tumor cells, and tumor cells can 
meet their high metabolic requirements by changing the energy metabolism mode. 
Metabolic reprogramming of tumor cells is an important biochemical basis of tumor 
malignant phenotypes. Ras-related C3 botulinum toxin substrate 1 (Rac1) is abnor-
mally expressed in a variety of tumors and plays an important role in the proliferation, 
invasion, and migration of tumor cells. However, the role of Rac1 in tumor metabolic 
reprogramming is still unclear. Herein, we revealed that Rac1 was highly expressed 
in colon cancer tissues and cell lines. Rac1 promotes the proliferation, migration, and 
invasion of colon cancer cells by upregulating SOX9, which as a transcription fac-
tor can directly bind to the promoters of HK2 and G6PD genes and regulate their 
transcriptional activity. Rac1 upregulates the expression of SOX9 through the PI3K/
AKT signaling pathway. Moreover, Rac1 can promote glycolysis and the activation of 
the pentose phosphate pathway in colon cancer cells by mediating the axis of SOX9/
HK2/G6PD. These findings reveal novel regulatory axes involving Rac1/SOX9/HK2/
G6PD in the development and progression of colon cancer, providing novel promising 
therapeutic targets.
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1  |  INTRODUC TION

Colon cancer is one of the common lower gastrointestinal tumors, 
which poses a great threat to people's health. Due to its high morbidity 
and mortality, and the characteristics of the onset age tending to be 
younger, it has gradually attracted attention.1 Traditional treatments 
for colon cancer have limited efficacy on the vast majority of patients 
with advanced colorectal cancers. The occurrence of poor prognosis 
in colon cancer is more common in the late stage of the disease, which 
is associated with extensive tumor metastasis and chemoresistance.2,3 
Molecular targeted therapies have been shown to improve survival in 
patients with metastatic colon cancer, but the underlying mechanisms 
of these treatments are not fully understood, resulting in unsatisfac-
tory outcomes. Therefore, it has become an urgent scientific problem 
to comprehensively expound the pathogenesis of colon cancer and 
explore the effective therapeutic targets of colon cancer.

Rac1 (Ras-related C3 botulinum toxin substrate 1) is a key mol-
ecule of the Rho GTPase family. Rac1 protein can switch between 
inactive and active structures by hydrolyzing and binding GTP nu-
cleotides. Activated Rac1 acts as an intracellular signal converter 
involved in control of several important cellular functions, such as 
cytoskeletal remodeling, cell adhesion, cell motility, and angiogen-
esis.4–7 High expression or aberrant activation of Rac1 is mostly 
found in various cancer cells, such as lung, gastric, breast, and colon 
cancers, while mutant forms of Rac1 occur in melanoma.7–13 Rac1 is 
involved in the development and progression of cancer by regulating 
multiple important signaling pathways to affect the cycle, prolifer-
ation, apoptosis, invasion, migration, and epithelial–mesenchymal 
transition of cancer cells.4,14–16 Rac1 is considered to be a star target 
for cancer therapy such as melanoma and breast cancer, but is also 
found to be involved in the regulation of tumor therapy resistance.17 
Our previous study showed that Rac1 was significantly highly ex-
pressed in colon cancer and positively correlated with metastasis, 
clinical stage, and poor prognosis of colon cancer.13 However, the 
specific molecular mechanisms of Rac1 in regulation of colon cancer 
invasion and metastasis remains to be further elucidated.

Metabolic reprogramming is one of the top 10 characteristics 
of tumor cells, including glucose metabolism, lipid metabolism, and 
nucleotide metabolism reprogramming.18 As the energy source and 
metabolic intermediates of living cells, glucose catabolism includes 
glycolysis and mitochondrial oxidative phosphorylation. Abnormal 
glucose metabolism of tumor cells mainly showed abnormal activa-
tion of glycolysis, active glutamine metabolism, enhancement of the 
PPP, and changes in oxidative phosphorylation.19 As glucose metab-
olism reprogramming plays an important role in tumor development, 
the molecular mechanism of its regulation has been a hot topic in 
tumor research. Abnormal function changes of metabolic key en-
zymes often lead to the occurrence of tumors. For example, the high 
expression of key enzymes, such as HK2 and PKM in tumor cells not 
only effectively promotes the glycolysis pathway, but has also been 
found to play an important role in the stemness maintenance and 
growth of a variety of tumor cells.20–22 With the accumulation of the 
metabolite lactate, the acidified tumor microenvironment enhances 

the invasiveness of tumor cells.23 Moreover, G6PD/G6PDH, the 
rate-limiting enzyme of PPP, and NADPH, the final product, are con-
sidered to be favorable biomarkers for distant metastasis and prog-
nosis of tumors.24,25 Therefore, metabolic reprogramming provides 
a new strategy and direction for cancer prevention and treatment.

In the current study, we found that Rac1 could increase tumor 
growth and invasion by increasing the expression of SOX9, which as 
a transcription factor that can directly bind to the promoters of met-
abolic enzymes HK2 and G6PD and regulate their transcriptional ac-
tivity to promote glycolysis and the activation of the PPP. In addition, 
we have further confirmed that Rac1 upregulates the expression of 
SOX9 through the PI3K/AKT signaling pathway. Our work elucidates 
a Rac1/SOX9/HK2/G6PD axis in the tumorigenesis and progression 
of colon cancer and provides prognostic indicators as well as a prom-
ising therapeutic target for colon patients.

2  |  MATERIAL S AND METHODS

2.1  |  Data collection and analysis

GSE78093 were collected from the Gene Expression Omnibus data-
sets (https://www.ncbi.nlm.nih.gov/geo). The DEGs in GSE78093 
were identified by a fold change of ≥1.5, or ≤−1.5 and p value <0.05, 
determined by Student's t-test. Hierarchical clustering of DEGs was 
carried out using the package R software and expressed by heat-
map. Volcano maps were drawn using the ggplot2 packages. The 
colon cancer cases in the Molecular Signature Database were strati-
fied into high and low Rac1 groups, based on the median value in 
the GSE78093 database. The DEGs in gene sets named c2.kegg.
v6.0.symbols.gmt between the sh-Rac1 and control groups were 
analyzed by GSEA software (the Broad Institute, http://www.broad​
insti​tute.org/gsea/index.jsp). The potential functions of DEGs in 
Rac1 silencing SW480 cells were analyzed by KEGG.

2.2  |  Patient samples

A total of 184 surgical colon cancer tissues and 40 adjacent nontumor 
tissues were collected from the Affiliated Cancer Hospital of Xiangya 
School of Medicine, Central South University from 2007 to 2011. The 
demographic and clinical characteristics of the patients are shown in 
Table S1. None of the patients received preoperative radiotherapy or 
chemotherapy. Written informed consent was obtained from individ-
ual patients. The experimental protocols were approved by the Joint 
Ethics Committee of the Affiliated Cancer Hospital of Xiangya School 
of Medicine, Central South University and Hunan Cancer Hospital.

2.3  |  Cell lines and cell culture

Human normal colonic epithelial cells NCM460 and five colon can-
cer cell lines (SW480, SW620, HT-29, HCT116, and DLD1) are all 
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stocks of our laboratory. The NCM460, SW620, HT-29, and DLD1 
cell lines were cultured in RPMI-1640 (Gibco, Life Technologies), 
and SW480 and HCT116 cell lines were cultured in DMEM (Gibco, 
Life Technologies). All cell line culture media are supplemented with 
10% FBS (Zeta Life) and 100 U/ml penicillin–streptomycin solution 
(Gibco, Life Technologies). The cells were cultured at 37°C under a 
humidified atmosphere of 5% CO2 and 95% air.

2.4  |  Transfection of plasmids

Three Rac1 shRNAs (shRac1-1, shRac1-2, and shRac1-3) and three 
SOX9 shRNAs (shSOX9-1, shSOX9-2, and shSOX9-3) were pur-
chased from GeneChem. The Lipofectamine 3000 Transfection 
Reagent (Invitrogen) was used for plasmid transfection according to 
the manufacturer's protocols. The overexpression and knockdown 
effects were confirmed by quantitative real-time PCR and western 
blot analysis.

2.5  |  Quantitative real-time PCR

Total RNA of cells was extracted with TRIzol (Invitrogen; Thermo 
Fisher Scientific), according to the manufacturer's protocol. The 
total RNA (1 μg) was reverse transcribed by Revert Aid First Strand 
cDNA Synthesis Kit (Thermo Fisher Scientific). Quantitative RT-PCR 
was carried out using a Fast Start Essential DNA Green Master kit 
(Lifescience, Roche) in the Roche Light Cycler 96 Instrument and 
Instrument Software (Lifescience, Roche) to determine the relative 
expression levels of target genes. The sequences of the primers used 
for quantitative PCR are shown in Table S2. We used GAPDH as the 
reference and normalization control.

2.6  |  Western blot analysis

Cells were lysed in RIPA lysis buffer (Beyotime) supplemented 
with protease and phosphatase inhibitors (Life Technologies). 
According to the quality of the protein, the protein samples were 
subjected to 8%–12% SDS-PAGE and then transferred to a PVDF 
membrane. The membrane was sealed with 5% skim milk for 1 h 
and incubated with primary Ab at 4°C overnight. The Abs used 
are shown in Table S3. The next day, it was washed with PBS and 
incubated with the secondary Abs at room temperature for 2 h. 
Finally, immunoblotting was undertaken according to standard 
procedures.

2.7  |  Wound healing assay

The cells were implanted in a 6-well plate (Corning), and cultured 
until the fusion reached approximately 80%. The cell monolayer was 

scratched with a 10 μl pipette tip and washed with PBS, then 2% FBS 
culture medium was added. The size of the scratch gap was recorded 
at certain time intervals under an inverted microscope.

2.8  |  Cell migration and invasion assay

A Transwell chamber (8 μm, 24-well format; Corning) was used to 
evaluate the migration and invasion ability of cultured cells treated 
with or without matrix gel. The starved cells were suspended with 
serum-free medium, and 5 × 104/200 μl cells were inoculated into 
the chamber. After 24–48 h, the upper chamber was collected, 
fixed with 4% paraformaldehyde, dyed with 1% crystal violet, 
washed and dried, and then photographed and counted under a 
microscope.

2.9  |  Colony formation and cell proliferation assay

Two hundred cells were seeded in a 6-well plate and cultured for 
2 weeks. After clonal colony formation, they were fixed with 4% 
paraformaldehyde, stained with 1% crystal violet, and washed with 
running water. The cell suspension (2 × 103 cells/100 μl/well) was in-
oculated into a 96-well plate, and after cell adhesion, 10 μl CCK-8 
solution was added to each well. After incubating in an incubator for 
1–4 h, the absorbance at 450 nm was measured with a microplate 
reader.

2.10  |  Cellular metabolism assays

Processed cells and cell culture media were collected according 
to the protocol. Glucose levels in the culture medium were deter-
mined using the Glucose Uptake Colorimetric Assay Kit (BioVision). 
Lactate levels were measured using a Lactate Colorimetric Assay 
Kit (BioVision). Intracellular G6P level and G6PDH enzyme activ-
ity were determined using a G6P Assay Kit (Beyotime) or G6PDH 
Activity Assay Kit (Beyotime), respectively. In addition, the 
NADP+/NADPH detection kit (Beyotime) detected the NADP+/
NADPH ratio.

2.11  |  Immunohistochemistry

The tissue slices were soaked in citrate buffer solution, and the an-
tigen was recovered by the microwave method. The following steps 
follow the standard procedure of the immunohistochemistry kit. 
Briefly, the tissue sections were incubated with primary Abs for 1 h. 
The specimens were then incubated with corresponding second-
ary Abs conjugated with HRP. The Abs used are listed in Table S4. 
The samples were scored according to the staining intensity and the 
number of positive cells as described previously.26
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2.12  |  Dual luciferase assay

Cells were cotransfected with indicated vectors, reporter vector 
with the firefly luciferase, and Renilla luciferase expression vector 
pRL-TK (Promega). After transfection for 48 h, the cells were treated 
with a dual-luciferase reporter system kit. The levels of firefly and 
Renilla luciferase activities were measured using a Dual-Luciferase 
Reporter Assay System (Promega). Relative luciferase activity = fire-
fly luminescence / Renilla luminescence.

2.13  |  Animal experiment

Colon cancer cells (1 × 106 cells/mouse, five nude mice per group) 
were subcutaneously injected into nude mice. The weight and tumor 
volume of the mice were measured with Vernier calipers every other 
day until the end of the experiment. Tumor volumes were calculated 
by measuring the length (L) and width (W) of tumors using cali-
pers. The formula tumor volume = (L × W2)/2 was used to calculate 
the tumor volume. This experiment was carried out in accordance 
with the NIH Guide for the Care and Use of Laboratory Animals 
and approved by the Institutional Animal Care and Use Committee 
of Hunan Cancer Hospital and the Affiliated Cancer Hospital of 
Xiangya School of Medicine, Central South University.

2.14  |  Statistical analysis

Experiments were carried out in triplicate and repeated three times. 
The data obtained was graphed and analyzed with GraphPad Prism8 
software. All experimental results were presented as the mean ± SD. 
p values less than  0.05 were considered statistically significant. 
*p < 0.05, **p < 0.01, ***p < 0.001; NS, not significant.

3  |  RESULTS

3.1  |  Rac1 promotes malignant biological behaviors 
of colon cancer

Rac1 is highly expressed in various cancers. Our previous studies 
have shown that Rac1 is highly expressed in colon cancer tissues 
and is associated with prognosis.13 First, we analyzed the mRNA 

and protein levels of Rac1 in normal colon epithelial cells (NCM460) 
and five colon cancer cell lines (SW480, SW620, DLD1, HCT116, 
and HT-29). The results showed that Rac1 expression was relatively 
higher in the DLD1 and SW620 cell lines than in normal colon epi-
thelial cells, but relatively lower in the HT-29 and HCT116 cell lines 
(p < 0.05, Figure 1A,B). To detect the biological function of Rac1 in 
colon cancer cells, we generated Rac1 stably overexpressing/silenc-
ing cell lines (p < 0.05; Figures  1C,D and S1A,B). We analyzed the 
growth characteristics of these colon cancer cells. Colony formation 
and CCK-8 assays showed that the Rac1 overexpression promoted 
the colony forming and proliferation of HT-29 cells compared to the 
control. In contrast, the inhibition of Rac1 reduced the colony for-
mation and proliferation of SW620 cells (p < 0.05; Figure 1E,F). To 
further test the tumor-promoting function of Rac1, we analyzed the 
metastasis characteristics in colon cancer cells. We found that over-
expression of Rac1 promoted the migration and invasion of HT-29 
cells, while the inhibition of Rac1 significantly suppressed the migra-
tion and invasion of SW620 cells by wound healing and Transwell 
assays (p < 0.05; Figure 1G,H). We next investigated the role of Rac1 
in colon cancer development by means of xenografts in nude mice. 
Colon cancer cells 1 × 106 with stably overexpressing or KO Rac1 or 
corresponding controls were injected into nude mice. We observed 
that overexpression of Rac1 significantly promoted the growth of 
xenograft tumors, while the silencing of Rac1 significantly inhibited 
the growth of xenograft tumors (p < 0.05; Figure 1I,J). These findings 
indicate that Rac1promotes the growth and invasion of colon cancer 
cells both in vitro and in vivo.

3.2  |  Rac1 promotes glycolysis and the PPP in 
colon cancer

To clarify the exact mechanisms through which Rac1 promoted the 
progression of colon cancer cells, the GSEA analysis of GSE78093 
was carried out. It showed that gene sets related to glycolysis were 
enriched in low Rac1 expressing colon cancer cases (Figure 2A). In 
addition, we found 879 DEGs with a fold change of >1.5 or <−1.5 
and p value of <0.01. The KEGG analysis showed that these DEGs 
were enriched in the PPP (Figure 2B). These data indicated that Rac1 
could regulate the glycolysis and PPP in colon cancer cells.

To identify the role of Rac1 in regulation of metabolic repro-
gramming signaling in colon cancer, we examined the changes in glu-
cose consumption, intracellular G6P level, and lactate production 

F I G U R E  1  Rac1 promotes the malignant biological behaviors of colon cancer. (A) Rac1 expression in colon cancer cell lines. The mRNA 
and protein expression of Rac1 in normal colonic epithelial cells (NCM460) and colon cancer cells with different invasive potential (HT-
29, HCT116, SW480, SW620, and DLD1) were detected by quantitative real-time PCR (qRT-PCR) and western blot analysis. (B) Rac1 
overexpression and knockdown validation. Rac1 protein expression levels were measured by qRT-PCR and western blot analysis. (C–H) 
The effect of altered Rac1 expression on colon cancer cell migration, invasion, and proliferation. Rac1 overexpression promoted migration, 
invasion, and proliferation of colon cancer cells HT-29, and Rac1 interference inhibited migration, invasion, and proliferation of colon cancer 
cells SW620. (I, J) Growth of subcutaneous tumors after subcutaneous injection of colon cancer cells stably overexpressing Rac1 or stably 
interfering with Rac1. Data are representative images or expressed as the mean ± SD of each group of samples analyzed in triplicate from 
three separate experiments. *p < 0.05, **p < 0.01, ***p < 0.001. NC, negative control; NS, no statistical difference; OD, optical density.
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in Rac1 overexpressing/silencing colon cancer cells. Results 
showed that overexpression of Rac1 significantly increased glu-
cose consumption, lactate production levels, glucose-6-phosphate 

level, and G6PD activity, whereas Rac1 silencing had the oppo-
site effects on colon cancer cells (p < 0.05; Figure  2C–F). In ad-
dition, we detected the levels of intracellular NADPH in colon 
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cancer cells. Compared with the controls, Rac1 overexpression 
decreased NADP+/NADPH ratios, while Rac1 silencing increased 
them in colon cancer cells (p < 0.05; Figure 2G,H). A similar pattern 
was observed in HCT116 and DLD1 cells (p < 0.05; Figure  S1C–
H). Additionally, we found that Rac1 silencing increased HK2, 
PKM2, LDHA, G6PD, and 6PGD levels in SW620 cells; in contrast, 

POU2F1 overexpression increased their expression in HT-29 cells 
(Figure 2I). A similar pattern was observed in HCT116 and DLD1 
cells (Figure S1I). In addition, we investigated the correlation be-
tween Rac1 and HK2/G6PD on clinical samples of colon cancer 
through immunohistochemical analysis. The expression of Rac1, 
HK2, and G6PD was significantly increased in colon cancer tissues 

F I G U R E  2  Rac1 enhances glycolysis and the pentose phosphate pathway (PPP) in colon cancer cells. (A) Gene Set Enrichment Analysis 
of enriched glycolysis-related genes in high Rac1 expressing colon cancer of the GSE78093 dataset. (B) Kyoto Encyclopedia of Genes 
and Genomes (KEGG) analysis of 879 DEGs. (C–H) Rac1 overexpression increased glucose consumption, lactate production, intracellular 
glucose-6-phosphate (G6P) level, and glucose-6-phosphate dehydrogenase (G6PD) activity and decreased the ratio of NADP+/NADPH in 
HT-29 cells; however, after Rac1 silencing, the results were opposite. (I) After Rac1 overexpression or silencing, Western blot was used to 
detect the effects of glycolysis-related enzymes hexokinase 2 (HK2), pyruvate kinase isoenzyme 2 (PKM2), and lactate dehydrogenase A 
(LDHA) and PPP-related enzymes G6PD and 6-phosphogluconate dehydrogenase (6PGD) protein expression levels in HT-29 and SW620 
colon cancer cells. (J) Immunohistochemistry was used to detect the expression of Rac1, HK2, and G6PD in colon cancer tissues and tumor 
sections (magnification 200×, scale bars 50 μm; magnification 400×, scale bars 20 μm). Data are representative images or expressed as 
the mean ± SD of each group of samples analyzed in triplicate from three separate experiments. *p < 0.05, **p < 0.01, ***p < 0.001. NS, no 
statistical difference; TK1, thymidine kinase 1.
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compared with adjacent tissues (p < 0.05; Figures  2J and S2A). 
Furthermore, we observed that HK2 and G6PD expression pos-
itively correlated with Rac1 (HK2: r  =  0.6554, p < 0.001; G6PD: 
r = 0.4832, p < 0.001) (Figure S2B). Similarly, HK2 and G6PD were 
also significantly overexpressed in the Rac1-overexpressed group 
in mouse xenografts compared to the control group (Figure  2J). 
These results indicate that Rac1 can promote glycolysis and acti-
vate the PPP in colon cancer cells.

3.3  |  Rac1 upregulates expression of SOX9 in colon 
cancer cells

To understand how Rac1 is involved in regulating glycolysis and 
PPP in colon cancer, we found 879 DEGs (488 upregulated and 391 
downregulated) in SW480-sh-Rac1 cells derived from GSE78093 
(with a fold change >1.5 and p value <0.01) (Figure  3A). Among 
them, we found that SOX9 expression was significantly downreg-
ulated after silencing of Rac1 (Figure  3A). Previous studies have 
shown that SOX9, as an important transcription factor containing 
the HMG box sequence, is closely associated with digestive tract 
tumors.27 To clarify whether Rac1 can regulate SOX9 expression, we 
examined SOX9 expression in Rac1 overexpressing/silencing colon 
cancer cells. The results showed that Rac1 upregulated the expres-
sion of SOX9, but Rac1 silencing downregulated the expression of 
SOX9 (p < 0.05; Figure 3B). We further examined SOX9 expression 
in colon cancer patient tissues and xenograft tissues (p < 0.001; 
Figure 3C,D), and found that SOX9 expression was positively corre-
lated with Rac1 (r = 0.5999, p < 0.001, Figure 3C–E), suggesting that 
Rac1 promoted SOX9 expression in colon cancer cells.

3.4  |  SOX9 promote proliferation, invasion, and 
migration by enhancing glycolysis and PPP in colon 
cancer cells

To clarify the role of SOX9 in the malignant biological phenotypes of 
colon cancer, we constructed HT-29 cells with stable overexpression 
of SOX9 and SW620 cells with stable silencing of SOX9 (p < 0.05; 
Figure  4A). Using plate colony assays and CCK-8 proliferation as-
says, we revealed that SOX9 overexpression significantly promoted 
the proliferation of HT-29 cells, while SOX9 silencing significantly 
inhibited SW620 cell proliferation (p < 0.05; Figure 4B–D). We also 
analyzed the effects of SOX9 on the invasion and migration of colon 
cancer cells by Transwell and wound healing assays, and found that 
SOX9 overexpression significantly enhanced the invasion and migra-
tion of HT-29 cells, whereas silencing of SOX9 expression signifi-
cantly inhibited the invasion and migration of SW620 cells (p < 0.05; 
Figure 4 E,F). In addition, we further detected the effects of SOX9 
on glucose consumption, lactate production, intracellular G6P level, 
G6PD activity, and NADP+/NADPH ratio in colon cancer cells. The 
results showed that overexpression of SOX9 increased glucose 
consumption, lactate production, intracellular G6P level, and G6PD 

activity and decreased the NADP+/NADPH ratio in HT-29 cells, 
while silencing of SOX9 produced the opposite results (p < 0.05; 
Figure  4G–K). Western blot experiments also showed that the 
metabolism-related enzymes were significantly upregulated after 
overexpression of SOX9, while the opposite result were observed 
after silencing of SOX9 (p < 0.05; Figure 4L), suggesting that SOX9 
enhanced the glycolysis and PPP to promote the proliferation, inva-
sion, and migration of colon cancer cells.

Using Jaspar (http://jaspar.gener​eg.net/), we predicted that 
SOX9 as a transcription factor could bind to the promoter region 
of HK2 and G6PD, which suggested that SOX9 could directly reg-
ulate the expression of HK2 and G6PD and thus regulate metabo-
lism (Tables S4 and S5). We constructed luciferase reporter plasmids 
for HK2 and G6PD (−2000 to ~0 bp) and cotransfected them with 
Renilla luciferase reporter plasmid. We found that SOX9 signifi-
cantly upregulated the transcriptional activities of HK2 and G6PD 
in 293T, HT-29, and SW620 cells (p < 0.05; Figure 4M). Similar results 
were observed in HCT116 and DLD1 cells (p < 0.05; Figure  S2C). 
Collectively, these results suggest that SOX9 promotes glycolysis 
and activates the PPP by enhancing the transcriptional activity of 
both HK2 and G6PD.

3.5  |  Rac1 promotes malignant behaviors of colon 
cancer through SOX9

To determine whether Rac1 promotes colon malignant biological 
behaviors through SOX9, we induced SOX9 overexpression in Rac1 
silencing cells or SOX9 silencing in Rac1overexpressing cells. The re-
sults of Figure 5A–G indicate that SOX9 silencing also significantly 
decreased their proliferation, colony formation, migration, and in-
vasion in Rac1 overexpressing HT-29 cells, whereas SOX9 overex-
pression had dramatically opposite effects on Rac1 silencing SW620 
cells (p < 0.05). A similar pattern was observed in measurement of 
glucose consumption, lactate production, G6P level, and G6PD ac-
tivity (p < 0.05; Figures  5H–K and S2D–G). Furthermore, SOX9 si-
lencing also rescued the Rac1 overexpression-decreased NADP+/
NADPH ratios (p < 0.05; Figures 5L and S2H). Western blot assays 
revealed that Rac1 overexpression enhanced HK2, PKM2, LDHA, 
G6PD, and 6PGD expression, which were mitigated or abrogated by 
SOX9 silencing (Figures 5M and S2I). Together, these data indicated 
that Rac1 enhances the glycolysis and PPP activity to promote colon 
cancer cell proliferation and metastasis through upregulating SOX9 
expression.

3.6  |  Rac1 upregulates expression of SOX9 
through the PI3K/AKT signaling pathway

We further investigated the mechanism through which Rac1 regu-
lates SOX9 expression. Previous studies have reported that SOX9 
is a downstream target gene of the PI3K/AKT signaling path-
way.28,29 Interestingly, Rac1 can activate the PI3K/AKT signaling 

http://jaspar.genereg.net/
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pathway.30–32 We thus speculated that Rac1 upregulates SOX9 
expression by activating the PI3K/AKT signaling pathway. Indeed, 
we found that Rac1 overexpression significantly upregulated the 
expression of PI3K, p-AKT (Ser473), and SOX9, whereas Rac1 inter-
ference significantly downregulated the protein expression of PI3K, 
p-AKT, and SOX9 (Figure 6A). We cotreated Rac1-overexpression/
silencing colon cancer cells with10 μg/ml LY294002 (a PI3K/AKT 
pathway inhibitor) or 20 μg/ml 740Y-P (an agonist of the PI3K/AKT 
signaling pathway). We found that LY294002 significantly inhibited 
the increased protein levels of SOX9 caused by Rac1 overexpres-
sion, while 740Y-P significantly increased the decreased protein 

levels of SOX9 caused by Rac1 silencing (Figure 6B), suggesting that 
Rac1 promotes the expression of SOX9 protein depending on the 
activation of the PI3K/AKT signaling pathway.

To further determine whether RAC1 can regulate the malignant 
biological behaviors of colon cancer through the PI3K/AKT signaling 
pathway, we treated colon cells with agonists or inhibitors of the 
PI3K/AKT signaling pathway. The results showed that LY294002 
attenuated the promoting effect of Rac1 overexpression on pro-
liferation, invasion, and migration of colon cancer cells, whereas 
740Y-P significantly reversed the inhibition of Rac1 silencing on 
colon cancer cell proliferation, invasion, and migration (p < 0.05; 

F I G U R E  3  Rac1 upregulates the expression of SOX9 in colon cancer cells. (A) Volcano plot and heatmap analysis of differentially 
expressed genes in GSE78093. Red indicates upregulation and green indicates downregulation, and the box in the volcano figure is 
identified as the SOX9 gene. (B) Western blot analysis was used to detect the effect of Rac1 overexpression or silencing on SOX9 protein 
expression in colon cancer cell lines HT-29, HCT116, SW620, and DLD1. (C) Immunohistochemistry (IHC) was used to detect the expression 
of SOX9 in colon cancer tissues and xenografts (magnification 200×, scale bars 50 μm; magnification 400×, scale bars 20 μm). (D) IHC 
analysis of SOX9 expression in 184 colon cancer tissues. (E) Correlation between the relative levels of Rac1 and SOX9, determined by IHC in 
184 colon cancer tissues. ***p < 0.001. NC, negative control.
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Figure 6C–I). In addition, LY294002 partially reversed the promotion 
of Rac1overexpression on glucose consumption, lactate production, 
intracellular G6P level, and G6PD activity and the promoting effect 

on intracellular NADP+/NADPH ratio, but 740Y-P partially enhanced 
glucose consumption, lactate production, intracellular G6P level, 
and G6PD activity and decreased the intracellular NADP+/NADPH 
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ratio in Rac1-silencing colon cancer cells (p < 0.05; Figure  6J–N). 
Collectively, these results suggest that Rac1 increased SOX9 ex-
pression by activating the PI3K/AKT signaling pathway, and then 
promoted glycolysis and the PPP in colon cancer cells.

4  |  DISCUSSION

Colon cancer is one of the most common gastrointestinal malignan-
cies with a high mortality rate.33 Studies have shown that the main 
reason affecting the poor clinical prognosis of patients with colon 
cancer is metastasis, and the existing treatment can only achieve 
clinical cure in 10%–25% of patients with colon cancer metastasis.34 
Therefore, it is of great practical significance to deeply reveal the 
molecular mechanisms related to colon cancer metastasis and ex-
plore molecular biomarkers that can predict colon cancer metastasis 
for the prevention and treatment of colon cancer.

Rac1 acts as a “molecular switch” and is essential for cell behav-
ior and regulation of multiple signaling pathways. Rac1 is abnormally 
activated in tumors, such as breast cancer, non-small-cell lung can-
cer, colon cancer, and liver cancer, and is involved in the regulation 
of the malignant biological behaviors of tumor cells. Metabolic re-
programming has been found to play an important role in the mech-
anisms through which Rac1 regulates tumor malignant proliferation, 
invasion, and migration and drug resistance. For example, Rac1 in-
duces cisplatin resistance in esophageal squamous carcinoma cells 
by enhancing AKT/FOXO3a signaling and glycolytic processes.35 
In addition, it has been found that silencing of Rac1 can inhibit the 
nonoxidative pentose phosphate pathway, thereby overcoming che-
moresistance in breast cancer.36,37 Targeting the rapamycin (Rictor)/
Rac1 pathway can inhibit IDH mutations, resulting in malignant bi-
ological behaviors due to metabolic reprogramming in gliomas.38 
Recent reports also indicated that Rac1 is involved in the regulation 
of glucose uptake in multiple ways.39,40 Although many studies have 
reported that Rac1 is involved in the regulation of metabolic repro-
gramming in tumor cells, the specific mechanism remains unclear. 
Therefore, it is of great theoretical significance and clinical value 
to elaborate the regulation of Rac1 on metabolic reprogramming in 
tumor cells.

We have previously confirmed that Rac1 as an oncogene can 
promote epithelial–mesenchymal transition, invasion, and migration 
of colon cancer, but the specific mechanism needs further elucida-
tion.13 In this study, we investigated the relationship between Rac1 
and the malignant biological phenotypes of colon cancer cells from 
the perspective of metabolic reprogramming. SOX9 is an import-
ant transcription factor closely related to digestive tract tumors, 
and encodes a protein with highly conserved HMG box sequence 
characteristics.41,42 SOX9 is abnormally highly expressed in various 
malignancies, such as osteosarcoma, lung cancer, liver cancer, and 
breast cancer, and has a significant correlation with disease grade, 
stage, and prognosis.27,43 SOX9 plays an oncogenic role in tumors 
and is involved in the regulation of important events, such as tu-
morigenesis, proliferation, migration, and chemoresistance by reg-
ulating signaling pathways, such as Wnt/β-catenin, Hippo/YAP, and 
transforming growth factor-β.44–47 Hexokinase and G6PD, as the 
rate-limiting enzymes of glycolysis and the PPP, respectively, can 
affect the occurrence and development of tumors by regulating the 
reprogramming of glucose metabolism in tumor cells. Herein, we 
confirmed that SOX9 upregulates the expression of HK2 and G6PD 
by binding to HK2 and G6PD promoters to enhance their transcrip-
tional activity, but its specific binding site and regulatory mecha-
nisms need to be further explored.

However, this article still has many deficiencies and shortcom-
ings, which need further study. First, in the immunohistochemical 
analysis of HK2 in patient specimens, we observed that stromal cells 
are positively stained rather than cancer cells. Recent data indicated 
that cancer-associated fibroblasts with upregulated HK2 expression 
could promote tumor progression and increase the maximum stan-
dard uptake value (SUVmax) of 18F-FDG.48 Various types of stromal 
cells (fibroblasts, lymphocytes, macrophages, and endothelial cells) 
with high expression of HK2 can establish a tumor microenviron-
ment that promotes tumor angiogenesis and immune escape,49–51 
suggesting that the increased expression of HK2 in stromal cells 
might play an important role in tumor progression. Furthermore, 
we observed that SOX9 overexpression could increase the Rac1 
expression in Rac1-silencing colon cancer cells, suggesting that 
there is a mutual regulation relationship between Rac1 and SOX9. 
In this article, we initially showed that silencing Rac1 downregulated 

F I G U R E  4  SOX9 promotes colon cancer cell proliferation, invasion, and migration, and glycolysis and the pentose phosphate pathway 
(PPP). (A) SOX9 overexpression and knockdown validation. SOX9 mRNA and protein expression levels were measured by quantitative 
real-time PCR and western blot analysis. (B–D) SOX9 overexpression significantly enhanced the colony formation and proliferation of colon 
cancer cells, while SOX9 silencing significantly inhibited colon cancer cell colony formation and proliferation. (E, F) SOX9 overexpression 
significantly enhanced the invasion and migration of colon cancer cells, and interference with SOX9 inhibited the invasion and migration 
of colon cancer cells (magnification 200×, scale bars 50 μm; magnification 400×, scale bars 20 μm). (G–K) SOX9 overexpression increased 
glucose consumption, lactate production, intracellular glucose-6-phosphate (G6P) level and glucose-6-phosphate dehydrogenase (G6PD) 
activity of colon cancer cells HT-29 and decreased the NADP+/NADPH ratio in HT-29 cells; however, silencing SOX9 yielded the opposite 
results (L) Western blot analysis was used to detect the effect of SOX9 overexpression or silencing on the protein expression levels of 
glycolysis-related enzymes hexokinase 2 (HK2), pyruvate kinase isoenzyme 2 (PKM2), and lactate dehydrogenase A (LDHA) and PPP-
related enzymes G6PD and 6-phosphogluconate dehydrogenase (6PGD) in HT-29 and SW620 colon cancer cells. (M) Regulation of SOX9 
overexpression on HK2 and G6PD promoter activities was detected in 293T, HT-29, and SW620 cells. Data are representative images 
or expressed as the mean ± SD of each group of samples analyzed in triplicate from three separate experiments. *p < 0.05, **p < 0.01, 
***p < 0.001. NC, negative control; NS, no statistical difference; OD, optical density.
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F I G U R E  5  Rac1 promotes colon cancer malignant biological behaviors through SOX9. (A–C) SOX9 overexpression partially reversed the 
inhibitory effect of Rac1 silencing on colon cancer cell colony formation and proliferation. (D–G) SOX9 overexpression partially reversed the 
inhibitory effect of Rac1 silencing on invasion and migration of colon cancer cells (magnification 200×, scale bars 50 μm; magnification 400×, 
scale bars 20 μm). (H–L) Overexpression of SOX9 significantly restored glucose consumption, lactate production, increased intracellular 
glucose-6-phosphate (G6P) level and glucose-6-phosphate dehydrogenase (G6PD) activity, and decreased NADP+/NADPH ratio in Rac1-
silenced colon cancer cells. (M) Western blot analysis showed that Rac1 overexpression enhanced the expression of glycolysis-related 
enzymes hexokinase 2 (HK2), pyruvate kinase isoenzyme 2 (PKM2), and lactate dehydrogenase A (LDHA), and pentose phosphate pathway-
related enzymes G6PD and 6-phosphogluconate dehydrogenase (6PGD) in HT-29 cells, which were attenuated or abolished by SOX9 
silencing. Data are representative images or expressed as the mean ± SD of each group of samples analyzed in triplicate from three separate 
experiments. *p < 0.05, **p < 0.01, ***p < 0.001. NC, negative control; NS, no statistical difference; OD, optical density.
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SOX9 expression by inactivating the PI3K/AKT pathway. However, 
as a transcription factor, SOX9 overexpression could translocate 
into the nucleus through the role of transporters and regulate the 

transcriptional expression of the Rac1 gene, ultimately increasing 
Rac1 protein expression. Whether SOX9 transcriptionally regu-
lates Rac1 expression gives us a promising research direction, and 
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exploring the positive feedback regulation loop of the Rac1-SOX9 
axis is necessary in further study.

In summary, this study found that Rac1 upregulated the expres-
sion of SOX9 through the PI3K/AKT signaling pathway, which in turn 
promoted glycolysis and the PPP by upregulating the expression of 
HK2 and G6PD, thereby promoting the development and progres-
sion of colon cancer (Figure  7). In recent years, targeting the rel-
evant molecules in tumor metabolic reprogramming has become a 
new direction for the research and development of new antitumor 
drugs, that is, inhibiting the malignant proliferation, invasion, and 
metastasis of tumor cells by interfering with abnormal metabolic 
processes.52 For example, inhibitors targeting IDH mutants are ap-
proved for the treatment of acute myelogenous leukemia with IDH 
mutations,53 and various specific small molecule inhibitors such as 
HK2, PKM2, and LDHA are in clinical trials.54 Therefore, given the 
relationship between Rac1 and SOX9 in this study, it is expected to 
provide an experimental basis for the clinical development of meta-
bolic drugs against Rac1 and SOX9.
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in the development and progression of 
colon cancer, providing novel promising 
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