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KLHL7 enhances cell viability and cell cycle progression in glioma via 
glutamine metabolism by activating the β-catenin signaling pathway 
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Kelch-like family member 7 (KLHL7) is associated with cancer development and occurrence, but its role and mecha-
nism in the malignant progression of gliomas remain poorly understood. This study aimed to investigate the regulatory 
effects and mechanisms of KLHL7 on cell cycle and glutamine metabolism in glioma. Glioma cell lines A172 and U87 and a 
xenograft mouse model were used to analyze the function of KLHL7 in vitro and in vivo, respectively. Gene expression levels 
and protein amounts were assessed by quantitative reverse-transcription polymerase chain reaction and western blotting, 
respectively. Cell viability was assessed using the CCK-8 assay, and the cell cycle was analyzed via flow cytometry. The 
glutamine content was measured using a biochemical assay. The level of KLHL7 was upregulated in patients with glioma. 
KLHL7 knockdown reduced cell viability, inhibited cell cycle progression, and decreased the glutamine content in A172 
cells. KLHL7 silencing inhibited tumor growth in vivo. Furthermore, KLHL7 overexpression enhanced cell viability, cell 
cycle progression, and glutamine metabolism and activated the β-catenin signaling pathway in U87 cells. These findings 
indicate that KLHL7 promotes the malignant progression of glioma via the β-catenin signaling pathway and may serve as a 
biomolecule for the clinical prediction and treatment of the disease. 
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Glioma is a common primary brain tumor, mainly derived 
from glial cells in brain tissue [1]. Nearly 40–50% of intra-
cranial tumors occur within the skull (inside the brain and 
skull) [2]. In clinical practice, the treatment methods for 
glioma usually include surgery, radiotherapy, and chemo-
therapy (mainly temozolomide), and the choice of these 
methods depends on factors such as the location, histology, 
and genotype of the tumor, and the overall health status of 
the patient [3–5]. Presently, the treatment of glioma poses 
challenges and has poor therapeutic effects, leading to 
increased research on innovative therapies, such as immuno-
therapy and targeted molecular therapy [6, 7].

Cancer cells must accelerate the synthesis rate of biomol-
ecules such as ATP, nucleotides, and lipids to support their 
rapid growth and proliferation [8, 9]. Several malignant 
tumors consume and utilize glutamine at a much faster rate 
than other amino acids; they have a high dependence on 
glutamine, also known as glutamine addiction [10–12]. As 
an amino acid abundant in plasma, glutamine is transported 

into the cytoplasm via a carrier (such as SLC1A5) on the cell 
membrane, following which it enters the mitochondria where 
it is deaminated by glutaminase to produce glutamate [13, 
14]. Glutamate is further converted into alpha-ketoglutarate 
by glutamate dehydrogenase, which takes part in the tricar-
boxylic acid cycle (glutamine fermentation) [15, 16]. Gluta-
mine metabolism is an important therapeutic target in cancer 
treatment [17]. Notably, Wnt/β-catenin-mediated glutamine 
metabolism plays an important role in the development and 
progression of cancer [18]. Myc, a key downstream target of 
Wnt/β-catenin signaling, transcriptionally controls the gluta-
mine transporter SLC1A5 and regulates glutamine metabo-
lism [19]. However, the specific mechanisms underlying 
glutamine metabolism in glioma remain poorly elucidated. 
Exploring the regulatory mechanisms governing glutamine 
metabolism in glioma may provide novel insights and targets 
for preventing and treating the disease.

KLHL7 is one of the Kelch-like (KLHL) proteins that 
modulate a variety of cellular processes, such as the cell 
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cycle, apoptosis, autophagy, and DNA damage repair, by 
connecting the E3-ubiquitin ligase Cullin 3 (CUL3) and 
various protein substrates [20]. However, recent investiga-
tions have unveiled KLHL7’s emerging role in metabolic 
regulation, a novel function that has garnered consider-
able attention in cancer research. KLHL7-mediated TUT1 
ubiquitination may contribute to the pathogenic mecha-
nism of  retinitis pigmentosa [21]. The increased expres-
sion of KLHL7 in hepatocellular carcinoma (HCC) and 
breast cancer may be linked to poor prognosis [22, 23] 
and increased HCC cell viability, colony formation, and 
drug resistance via the degradation of RASA2 [22]. Wnt/β-
catenin pathway dysregulation is also associated with glioma 
pathogenesis [24] and can be regulated by KLHL12 via the 
ubiquitin-mediated degradation of DVLs [25]. Neverthe-
less, further exploration is warranted to elucidate the precise 
contribution of KLHL7 and its underlying regulatory 
mechanisms in glioma.

This study aimed to investigate the mechanism by which 
KLHL7 influences the progression of glioma. KLHL7 expres-
sion was increased in glioma patients, and KLHL7 silencing 
inhibited tumor growth in vivo. Moreover, KLHL7 enhanced 
cell viability and cell cycle progression in the glioma cells 
through glutamine metabolism by activating the β-catenin 
signaling pathway. These findings indicated that KLHL7 may 
serve as a new target for glioma treatment.

Patients and methods

Bioinformatics analysis. The Gene Expression Profiling 
Interactive Analysis (GEPIA) database was used to determine 
KLHL7 expression in glioma. Gene Set Enrichment Analysis 
(GSEA) was conducted to identify the altered molecular 
pathways associated with high and low KLHL7 scores.

Clinical sample collection. All clinical specimens were 
collected with informed consent from the participants using 
a protocol approved by the ethics committee of the Affili-
ated Hospital of Zunyi Medical University (Approval No. 
KLL-2023-589). Glioma (n=20) and non-neoplastic (n=20) 
brain tissues were harvested at the Affiliated Hospital of 
Zunyi Medical University and stored at –80 °C until use for 
measurements.

Immunohistochemistry (IHC) staining. IHC staining 
was done on human tissue microarrays (Shanghai Outdo 
Biotech, China), including glioma (n=52) and non-neoplastic 
(n=52) brain tissues, to detect KLHL7 expression. Glioma 
tissue sections were stained with anti-KLHL7 (#ab254785; 
Abcam) or anti-catenin (#ab16051; Abcam). The H-score 
system was assessed based on the staining intensity of protein 
and the percentage of positively stained cells. The glioma 
patients were divided into the high and low groups based on 
the H-scores (>6).

Cell cultures. Human brain microvascular endothelial 
cells (HBMEC) and glioma cell lines were obtained from the 
BeNa Culture Collection. Different cell lines were cultured 

with high-glucose Dulbecco’s Modified Eagle Medium and 
supplied with 10% fetal bovine serum at 37 °C.

Gene overexpression and knockdown. For overexpres-
sion, the coding sequence (CDS) region of KLHL7 was 
inserted into the pLVX-Puro vector. Short hairpin RNAs 
(shRNAs) were designed and inserted into a pLKO.1 vector 
to suppress KLHL7 expression. The recombinant plasmids, 
psPAX2, and pMD2G vectors were co-transfected into 293T 
cells, resulting in the successful construction and secretion of 
virus particles from the cell medium.

Cell Counting Kit-8 (CCK-8) assay. The CCK-8 assay 
was used to quantify the cell viability [26, 27]. After treatment 
for 48 h, cells in 96-well plates were incubated with CCK-8 
solution (10 μl) for 4 h, and the absorbance was measured 
using a microplate reader.

Cell cycle measurement. The cells were incubated with 
RNase in the dark and stained with propidium iodide. The 
cell cycle in the different phases was evaluated using flow 
cytometry (CytoFLEX cytometer; Beckman Coulter, CA, 
USA) and the FlowJo software.

Glutamine measurement. The glutamine concentra-
tions were measured using a glutamine assay kit (#ab197011; 
Abcam) according to the manufacturer’s instructions. The 
glutamine level was measured by assessing the amount of 
ammonia produced based on the principle of glutamine 
conversion into ammonia.

Quantitative real-time polymerase chain reaction 
(qRT-PCR). Total RNA was reverse-transcribed into cDNA, 
and qRT-PCR was conducted based on the Fast SYBR Green 
PCR protocol. The related expression levels of the genes were 
normalized to those of ACTB (beta-actin) and analyzed 
using the 2–ΔΔCt method. The primers used in the study were 
as follows: KLHL7-F 5’-AAGAAACTTGCTGCTCGGGA-3’, 
KLHL7-R 5’-GGCTGCAGCAAGAACAACAC-3’;  ACTB-F 
5’-AGGATTCCTATGTGGGCGAC-3’, ACTB-R 5’-ATAGC-
ACAGCCTGGATAGCAA-3’.

Western blot. Total lysates were extracted using the 
radio-immunoprecipitation assay buffer. The nuclear-
plasmic fractionation was isolated using the Nuclear and 
Cytoplasmic Extraction Kit (#78835; Thermo Fisher Scien-
tific). The proteins were separated and transferred onto a 
polyvinylidene fluoride membrane, which was incubated 
with antibodies against KLHL7 (#K110746P; Solarbio), 
β-catenin (#ab32572; Abcam), H3 (#ab1791; Abcam), prolif-
erating cell nuclear antigen (PCNA; #ab29; Abcam), c-Myc 
(#ab32072; Abcam), and b-actin (#81115-1-RR; Protein-
tech). The protein signals were visualized using an enhanced 
chemiluminescence reagent (Beyotime) and analyzed for 
gray value using ImageJ software.

In vivo tumor xenograft model. Male BALB/c nude 
mice (n=6) were subcutaneously injected with 5×106 U251 
cells transduced with KLGL7 shRNA or shNC lentivirus 
vector in the armpits. The tumor volumes were measured 
every three days and calculated using the following formula: 
width2 × length × 0.5. Thirty days after injection, the mice 
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were sacrificed, and tumor xenografts were collected, 
photographed, and weighed. All animal experiments were 
conducted in accordance with our institution’s laboratory 
animal guidelines and were approved by the Committee on 
the Ethics of Animal Experiments of the Affiliated Hospital of 
Zunyi Medical University (Approval No. zyfy-an-2023-0245).

Immunofluorescence staining. The tumor tissue sections 
were fixed, blocked with 1% fetal bovine serum, and stained 
with anti-PCNA and secondary antibodies. The stained cells 
were examined and photographed using a confocal micro-
scope.

Statistical analysis. All data were analyzed using 
GraphPad Prism 8.4.2 software and are shown as the mean 
values ± standard deviations. Differences between and 
among groups were calculated using the Student’s t-test and 
analysis of variance methods, respectively. A p-value of <0.05 
was considered statistically significant.

Results

KLHL7 expression was increased in patients with 
glioma. The GEPIA dataset was analyzed to explore the 
clinical significance of KLHL7. KLHL7 was highly expressed 
in glioma tissues compared to normal healthy brain tissue 
(Figure 1A). Similar findings were observed for the mRNA 
levels (Figure 1B) and the IHC analysis (Figures 1C, 1D) in 
glioma and normal brain tissues from the hospital cohort 
and human tissue microarrays, respectively. Moreover, 
human tissue microarrays were further used to analyze the 
relationship between KLHL7 and clinical characteristics. 
KLHL7 expression was significantly related to the histo-
logical type and World Health Organization grade (Table 1). 
Further analysis of the impact of KLHL7 expression on key 
signaling pathways via GSEA indicated that the upregulation 
of KLHL7 was closely related to the Benporath prolifera-
tion (Figure 1E), Reactome cell cycle, (Figure 1F), Reactome 
signaling by Wnt (Figure 1G), and Hallmark Myc targets v1 
(Figure 1H) signaling pathways.

KLHL7 silencing reduced cell viability, inhibited cell 
cycle progression, and decreased glutamine levels in A172 
cells. Evaluation of the levels of KLHL7 in different glioma 
cell lines (A172, T98G, U87, U251) and HBMEC using 
RT-PCR and western blot revealed that KLHL7 expres-
sion was greater in the glioma cells (Figures 2A, 2B). We 
constructed a KLHL7 interference lentivirus and transduced 
it into the A172 cells; the interference efficacy of shRNAs 
was ideal (Figures 2C, 2D). In addition, KLHL7 knockdown 
significantly reduced cell viability and induced cell cycle 
arrest in the G0–G1 phase (Figures 2E–2G). Glutamine plays 
an important role in tumor metabolism, which affects tumor 
growth [28]. In the current study, the glutamine content 
was significantly decreased following KLHL7 knockdown 
(Figure 2H). Wnt/β-catenin pathway dysregulation is associ-
ated with glioma pathogenesis [24] and can be regulated 
by KLHLs, such as KLHL12 [25]; therefore, the expression 

levels of β-catenin and downstream targets (Myc and PCNA) 
[29] were measured by western blotting. KLHL7 knockdown 
inhibited β-catenin entry into the nucleus and reduced the 
expression levels of PCNA and c-Myc (Figures 2I, 2J).

KLHL7 silencing inhibited tumor growth in vivo. The 
tumor mouse model was constructed using U251 cells 
transduced with KLHL7 interference lentivirus, and the 
tumor volume and weight were recorded. As shown in 
Figures  3A–3C, KLHL7 knockdown significantly inhibited 
tumor growth in vivo, including the volume and weight. 
PCNA staining was performed on tumor tissues to analyze 
cell proliferation. KLHL7 knockdown resulted in lower 
PCNA expression in the tumor tissues (Figure 3D). In 
addition, the expression levels of KLHL7, PCNA, c-Myc, and 
nuclear β-catenin were significantly reduced in the KLHL7 
knockdown mice (Figures 3E, 3F).

KLHL7 overexpression enhanced cell viability and cell 
cycle progression in U87 cells via glutamine metabolism. 
We constructed KLHL7 overexpressing lentivirus and trans-
duced it into U87 cells to further refine our conclusions. The 
overexpression of KLHL7 was measured after treatment with 
KLHL7 overexpressing lentivirus (Figures 4A, 4B). U87 cells 
were transduced with KLHL7 overexpression lentiviral vector 
and treated alone or with a glutaminase inhibitor (CB-839; 

Table 1. Relationship between KLHL7 expression and their clinicopatho-
logical characteristics of patients with glioma

Characteristics Cases
KLHL7

p-value
Low (n=21) High (n=31)

Age (years) 0.2357
≥50 27 13 14 
<50 25 8 17

Sex 0.3039
Male 30 12 22 
Female 15 9 9 

Predominant side 0.2812
Left 24 10 14
Middle 8 5 3
Right 20 6 14

Predominant site 0.2227
Frontal lobe 23 6 17
Temporal lobe 15 9 6
Parietal lobe 7 3 4
Others 7 3 4

Histological type 0.0025
Astrocytoma 12 10 2 
Oligodendroglioma 3 1 2
Glioblastoma 37 10 27 

WHO grade 0.0006
II 11 10 1
III 4 1 3
IV 37 10 27 

Note: statistical analyses were performed by the Chi-square test
Abbreviation: WHO - World Health Organization
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Figure 1. KLHL7 expression is increased in patients with glioma. A) The GEPIA database was used to analyze the expression of KLHL7 in glioma and 
normal brain tissues. B) qRT-PCR was used to detect the expression of KLHL7 in 20 cases of glioma and 20 cases of normal brain tissue. C, D) IHC 
staining of human tissue microarrays was performed to analyze the expression of KLHL7 in 52 cases of glioma and 52 cases of normal brain tissues 
(scale bar, 50 µm). GSEA analysis of the impact of KLHL7 expression on the E) Benporath proliferation, F) Reactome cell cycle, G) Reactome signaling 
by Wnt, and H) Hallmark Myc targets v1 signaling pathways. Data are presented as the mean ± standard deviation (SD). *p<0.05, ***p<0.001 vs. normal
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Figure 2. KLHL7 silencing reduces cell viability, inhibits cell cycle progression, and decreases glutamine levels in A172 cells. Multiple glioma cell lines 
(A172, T98G, U87, and U251) and brain microvascular endothelial cells (HBMEC) were used to determine the expression of KLHL7 via A) qRT-PCR 
and B) western blotting. KLHL7 interference lentivirus was constructed and transduced into the A172 cells; KLHL7 expression was evaluated via C) 
qRT-PCR and D) western blotting. After the transduction of KLHL7 interference lentivirus into the A172 cells, E) the CCK-8 assay was used to assess 
cell viability, F, G) flow cytometry was performed to analyze the cell cycle, H) a biochemical assay was performed to determine the glutamine levels, 
and I, J) western blot assay was used to detect the expression of β-catenin (nucleus/cytoplasm), PCNA, and c-Myc. Data are presented as the means ± 
SD from three independent experiments. **p<0.01, ***p<0.001 vs. HBMEC or shNC
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Figure 3. KLHL7 silencing inhibits tumor growth in vivo. Construction of a nude mouse subcutaneous tumor model using U251 cells transduced with 
KLHL7 interference with lentivirus. A) Tumor volume, B) tumor size, C) tumor weight, and D) PCNA staining of tumor tissues to analyze tumor cell 
proliferation (n=6). Scale bar, 50 μm. Western blot was used to measure the expression of E) KLHL7, PCNA, c-Myc, and F) β-catenin (nucleus/cyto-
plasm) in the tumor tissues (n=3). Data are presented as the means ± SD. ***p<0.001 vs. shNC
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10 μM). KLHL7 overexpression significantly enhanced cell 
viability, accelerated cell cycle progression, and increased 
glutamine synthesis in the cells (Figures 4C–4F). However, 
further treatment with CB-839 reversed the promoting 

effect of KLHL7 on cell viability and cell cycle progression 
and increased glutamine levels. These results indicate that 
KLHL7 enhanced cell viability and cell cycle progression in 
glioma U87 cells by regulating glutamine metabolism.

Figure 4. KLHL7 overexpression enhances cell viability and cell cycle progression in glioma U87 cells via glutamine metabolism. The KLHL7 overexpres-
sion lentiviral vector was constructed and transduced into U87 cells. A) qRT-PCR and B) western blot were performed to detect the expression of KLHL7. 
U87 cells transduced with KLHL7 overexpression lentiviral vector were treated alone or in combination with CB-839 (10 μM). C) Cell viability was detect-
ed using the CCK-8 assay. D, E) The cell cycle was analyzed using flow cytometry. F) A biochemical assay was used to detect the glutamine levels. Data are 
presented as the means ± SD from three independent experiments. *p<0.05, **p<0.01, ***p<0.001 vs. control; #p<0.05, ##p<0.01, ###p<0.001 vs. oeKLHL7
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KLHL7 overexpression enhanced cell viability and 
cell cycle progression and increased glutamine levels 
by activating the β-catenin signaling pathway. U87 cells 
were transduced with a KLHL7 overexpressing vector and 
treated with the Wnt/β-catenin inhibitor XAV939. The 

inhibitor significantly reduced cell viability, induced cell 
cycle arrest in the G0–G1 phase, and decreased glutamine 
levels (Figures 5A–5D). XAV939 also reversed the promoting 
effect of KLHL7 overexpression on cell viability, cell cycle 
progression, and glutamine levels. Western blotting showed 

Figure 5. KLHL7 overexpression enhances cell viability and cell cycle progression and increases glutamine levels in U87 cells by activating the β-catenin 
signaling pathway. U87 cells were transduced with a KLHL7 overexpressing lentivirus vector and treated with XAV939. A) Cell viability was assessed 
using the CCK-8 assay. B, C) The cell cycle was analyzed using flow cytometry. D) The glutamine level was detected using a biochemical analysis, and E, 
F) western blotting was performed to determine the expression of β-catenin (nucleus/cytoplasm), PCNA, and c-Myc. G) IHC staining of human tissue 
microarrays was conducted to analyze the correlation between KLHL7 and β-catenin protein expression (scale bar, 100 μm). Data are presented as the 
means ± SD from three independent experiments. *p<0.05, ***p<0.001 vs. control; ###p<0.001 vs. oeKLHL7
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that the expression levels of nuclear β-catenin, PCNA, and 
c-Myc were significantly increased in the KLHL7 overex-
pression group; this trend was reversed in the XAV939 group 
(Figures 5E, 5F). IHC staining of human tissue microarrays 
showed a significant positive correlation between KLHL7 
and β-catenin protein expression (Figure 5G). These findings 
indicate that KLHL7 enhanced cell viability and cell cycle 
progression and increased glutamine levels by activating the 
β-catenin signaling pathway in glioma U87 cells.

Discussion

KLHL7 has been associated with various biological 
processes, including cell cycle, growth, and differentiation 
[22]. Prior studies on KLHL family-mediated ubiquitin degra-
dation involved several types of tumors. KLHL dysregulation 
may be associated with cell cycle deregulation in cancers, 
especially in small-cell lung cancer, benign teratomas, and 
ovarian cancer [30]. However, the function of KLHL7 in 
cancer is poorly investigated, and the molecular mechanism 
involved remains unclear. In this study, we investigated the 
role of KLHL7 in human glioma. KLHL7 silencing reduced 
glioma cell viability, induced cell cycle arrest in the G0–G1 
phase, decreased glutamine levels, delayed tumor growth in 
mice, and downregulated expression of PCNA and c-Myc. 
Our findings indicate that KLHL7 functions as an oncogene 
and supports glioma cell growth via glutamine metabolism 
by activating the Wnt/β-catenin pathway.

KLHL7 is an adapter protein for Cul3-containing 
ubiquitin ligase complexes and belongs to the E3 ubiquitin 
family. Cul3-based E3 ubiquitin ligases play a critical role 
in mediating targeted protein ubiquitination in eukaryotic 
cells; however, they have a dual role in cancer [31–33]. The 
abundance of KLHL7 is closely linked to tumor development 
and regulates both invasion and proliferation in cancer [22]. 
However, the roles of KLHL7 in tumor growth and its under-
lying molecular mechanisms in glioma remain unknown. In 
the present study, KLHL7 was highly expressed in glioma 
tissues compared to normal brain tissues. KLHL7 knock-
down reduced glioma cell viability, induced cell cycle arrest, 
and inhibited tumor growth in vivo.

Glutamine is an indispensable nutrient for cell cycle 
progression through the G1 phase; the absence of glutamine 
drastically reduces cell proliferation [34–36]. Additionally, 
glutamine metabolism has become an important thera-
peutic target in cancer treatment [17]. In the current study, 
KLHL7 overexpression enhanced the viability and cell cycle 
progression of glioma cells, effects that were reversed by 
the glutaminase inhibitor CB-839, suggesting that KLHL7 
functions as an oncogene and supports glioma cell growth 
via glutamine metabolism. KLHLs display different biolog-
ical functions through their specific substrate recognition in 
multiple diseases.

Dysregulation of the Wnt/β-catenin pathway is associated 
with the pathogenesis of gliomas [24] and can be regulated 

by KLHL12 via the ubiquitin-mediated degradation of DVLs 
[25]. In the current study, KLHL7 overexpression enhanced 
glioma cell viability and cell cycle progression and increased 
the glutamine level, effects that were reversed by the Wnt/β-
catenin inhibitor XAV939. Wnt/β-catenin-mediated gluta-
mine metabolism plays an important role in the develop-
ment and progression of cancer [18]. These data suggest that 
KLHL7 promotes tumor growth via glutamine metabolism 
by activating the β-catenin signaling pathway.

In conclusion, our data confirms that KLHL7 is overex-
pressed in glioma and promotes its progression by regulating 
the Wnt/β-catenin pathway. These findings provide insight 
into the mechanism of glioma progression and provide 
potential targets for glioma therapy. 
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