
Summary. Background. Cancer-associated fibroblasts 
(CAFs) play important roles in tumor micro-
environments. Pyrroline-5-carboxylate reductase 1 
(PYCR1) is a potential cancer therapy target. This study 
aimed to explore the expression of PYCR1 in glioma-
associated CAFs and analyze the effects of PYCR1 
expression in CAFs on the proliferation of C6 glioma. 
      Methods. A rat glioma model was induced by 
injecting C6 cells in the right caudate putamen via a 
microliter syringe. After 14 days, tumor tissues were 
collected, and the levels of COL1A1 and PYCR1 were 
measured by immunohistochemistry. The colocalization 
of fibroblast activation protein α (FAP) and PYCR1 in 
tissues was measured by double-immunofluorescence. 
The CAFs were labeled by FAP and isolated from the 
tumor tissues using a fluorescence-activated cell sorting 
(FACS) machine. The isolated CAFs were further 
separated into CAFs with different PYCR1 expressions 
using the FACS machine. CAFs with different PYCR1 
expressions were respectively cocultured with C6 cells 
or MUVECs for 48h using a Transwell permeable 
support. The invasion and proliferation of C6 cells were 
measured using a Transwell assay and colony formation 
assay, and the angiogenesis of MUVECs was measured 
using a Tube formation assay. The expression of 
COL1A1 and PYCR1 proteins in C6 cells and VEGF-A 
and EGF proteins in MUVECs was measured by western 
blotting. PYCR1 silencing in C6 cells was induced by 
PYCR1 siRNA transfection, the effects of which on the 
proliferation of C6 cells were measured using a wound 
healing assay, a Transwell assay, and western blotting. 
      Results. The PYCR1 and COL1A1 upregulation co-
occurred in the rat glioma, and PYCR1 was expressed in 
CAFs. The CAF coculture enhanced the invasion and 
proliferation of C6 cells and the angiogenesis of 
MUVECs. Meanwhile, the levels of COL1A1 protein in 
C6 cells, and the levels of VEGF-A and EGF proteins in 

MUVECs were increased after CAF coculture. 
Moreover, the effects of CAF coculture were increased 
with PYCR1 expression in the CAF. Silencing PYCR1 
suppressed the migration and invasion of C6 cells, and 
decreased the levels of COL1A1 and VEGF-A proteins 
in C6 cells. 
      Conclusions. PYCR1 is expressed in glioma-
associated CAFs, and promotes the proliferation of C6 
cells and angiogenesis of MUVECs, suggesting that 
targeting PYCR1 may be a therapeutic strategy for 
glioma. 
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Introduction 
 
      Cancer-associated fibroblasts (CAFs), an essential 
component of the tumor microenvironment (TME), are 
mesenchymal cells in the stroma of solid tumors and can 
promote tumor growth, extracellular matrix (ECM) 
remodeling, and chemoresistance (Mao et al., 2021). 
Several proteins have been used to identify CAFs, such 
as fibroblast activation protein α (FAP), fibroblast 
specific protein 1 (FSP1), and platelet-derived growth 
factor receptors (PDGFRs) (Li et al., 2020; Nurmik et 
al., 2020). In glioblastoma (GBM), including human and 
mouse GBM models, researchers have found that FAP-
positive and PDGFRβ-positive pericytes are the major 
CAF-like stromal cells (Li et al., 2020). However, the 
molecular mechanism of GBM-associated CAFs in 
tumor progression is still an open question. 
      Pyrroline-5-carboxylate reductase 1 (PYCR1), a 
mitochondrial enzyme, facilitates the last step in 
glutamine-to-proline conversion, which catalyzes the 
NAD(P)H-dependent conversion of pyrroline-5-
carboxylate to proline (Christensen et al., 2017; Bogner 
et al., 2021). Many studies have demonstrated that 
PYCR1 participates in the initiation and progression of 
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multiple tumors through regulation of the immuno-
suppressive microenvironment and proline biosynthesis 
pathway (Bogner et al., 2021; Kay et al., 2022; Zhang et 
al., 2023). In GBM, it was reported that oncogenic 
isocitrate dehydrogenase 1 (IDH1) mutations promote 
the maintenance of mitochondrial redox homeostasis via 
enhancing proline synthesis through PYCR1 
(Hollinshead et al., 2018), suggesting that PYCR1 
participates in the progression of GBM. Importantly, 
researchers found that PYCR1 is highly expressed in the 
stroma of breast cancer patients and CAFs. Reducing 
PYCR1 levels in CAFs is sufficient to reduce tumor 
collagen production, tumor growth, and metastatic 
spread (Kay et al., 2022). Therefore, PYCR1 may have 
functions in the production of tumor ECM in the 
progression of GBM.  
      Collagen is the most abundant component of the 
tumor ECM (Kay et al., 2022). Collagen I (COL1A1) 
overexpression can enhance tumor formation and 
progression in the glioma model, and inhibition of 
COL1A1 prolongs animal survival by reducing the 
expression of mesenchymal-associated genes (Comba et 
al., 2022). Moreover, COL1A1 and fibronectin can 
collaborate to regulate glioma cell stemness via integrin 
αvβ3 and promote tumor growth (Zhong et al., 2021). 
However, the effects of PYCR1 on COL1A1 production 
in the glioma are unclear. Additionally, CAFs are the 
main contributors to tumor ECM stiffness and 
degradation (Najafi et al., 2019). CAFs interact with 
almost all cells within the TME, and a deeper 
understanding of PYCR1 in CAFs is needed for GBM 
therapy.  
      In this study, we used a rat glioma model to analyze 
the expression of PYCR1 in CAFs. Glioma-associated 
CAFs were isolated and separated into CAFs with 
different PYCR1 expressions. The separated CAFs were 
cocultured with C6 cells or mouse umbilical vein 
endothelial cells (MUVECs) to analyze the effects of 
PYCR1 expression in CAF on tumor progression. 
Moreover, silencing PYCR1 was used to confirm the 
effects of PYCR1 on C6 cells. 
  
Materials and methods 
 
Cell culture 
 
      C6 rat glioma cells (#C262) and MUVECs (#C1496) 
were purchased from Shanghai Enzyme-linked 
Biotechnology Co., Ltd (Shanghai, China). The C6 cells 
were cultured in F12K complete medium containing 
10% fetal bovine serum (FBS), and the MUVECs were 
cultured in RPMI-1640 medium containing 10% FBS at 
37°C and 5% CO2. At about 80% confluency, cells were 
used for experiments. 
 
Animal glioma model 
 
      Twelve male Sprague-Dawley rats (200-250 g) were 
housed with free access to food and water in an 

environment with 20-22°C, 45-55% humidity, and 
12h/12h light/dark cycles. 
      According to the reported methods (Tian et al., 
2022), six rats were anesthetized with 45 mg/kg 
pentobarbital sodium, and C6 cells (1×107 cells) were 
injected into the right caudate putamen (2.5 mm lateral, 
1 mm anterior to the bregma, and 4 mm below the dura) 
via a microliter syringe over 5 min. After 14 days, the 
model rats were sacrificed through cervical dislocation. 
Tumor tissues were collected and stored at -80°C. 
 
Immunohistochemistry 
 
      The tissues were fixed with 4% paraformaldehyde 
for 48h, dehydrated with gradient ethanol (80%, 90%, 
95%, and 100%, 120 min each time), embedded in 
paraffin, and sectioned into slices (3 μm-thick). The 
slices were dewaxed with xylene three times, 15 min 
each time, and hydrated with gradient ethanol three 
times (100%, 95%, 90%, 80%, and 70%, 5 min each 
time). After washing with phosphate buffer saline (PBS), 
the slices were submerged in 3% H2O2 for 10 min and 
sodium citrate antigen repair solution (pH 6.0) for 30 
min. After washing, the slices were blocked with 10% 
animal serum, then respectively incubated with rabbit 
COL1A1 antibody (#39952, 1:1000, Cell Signaling 
Technology) and rabbit PYCR1 antibody (#ab102601, 
1:200, Abcam) at 4°C overnight. After washing, the 
slices were incubated with the goat anti-rabbit IgG H&L 
(#ab6721, 1:1000, Abcam) for 120 min at 37°C, and 
stained with diaminobenzidine. After washing, the slices 
were dehydrated with ethanol, cleared with xylene, and 
sealed with neutral gum. The results were observed 
under a light microscope (CKX53, Olympus, Japan). 
 
Immunofluorescence 
 
      The slices (3 μm-thick) were dewaxed with xylene, 
hydrated with gradient ethanol, and blocked with BS-T 
containing 1% BSA (TBS). After washing, the slices 
were respectively incubated with FAP antibody (#66562, 
1:200, Cell Signaling Technology) and PYCR1 antibody 
(#ab102601, 1:200, Abcam) overnight at 4°C. After 
washing with TBS, the slices were respectively 
incubated with Cy3-conjugated goat anti-rabbit IgG 
(H+L) antibody (#ab6939, 1:2000, Abcam) and FITC-
conjugated goat anti-rabbit IgG (H+L) antibody 
(#ab6717, 1:2000, Abcam) for 90 min. After washing, 
the slices were stained with 4 ′,6-diamidino-2-
phenylindole (DAPI) for 60s. After washing, 
dehydrating, clearing, and sealing, the slices were 
observed under a confocal microscope (#LSM800, Zeiss, 
Germany). 
 
FAP-positive CAFs (FAP+CAFs) isolation and culture 
 
      According to previous methods (Li et al., 2020), the 
rat tumors were excised, dissected, and cut into 1 mm 
fragments in DMEM, and transfected to a conical tube. 
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Then, the tissues were digested with accutase and DNase 
I (10 U/ml) at 37°C for 10 min at 200×g. After 
trituration, the tissues were passed through a 40 µm cell 
strainer to yield a single-cell suspension. After 
centrifugation (500×g, 10 min), CAFs were marked with 
a fibroblast-specific marker, FAP, and isolated using a 
fluorescence-activated cell sorting (FACS) machine  
(BD FACSDiscover™S8, USA). FAP-positive CAFs 
(FAP+CAFs) were cultured in DMEM supplemented 
with 10% FBS, penicillin/streptomycin (100 U/100 μg), 
2 mM L-glutamine and 1 mM sodium pyruvate at 37°C 
with 5% CO2 (Kim et al., 2022). On reaching 70% 
confluence, the cells were used for experiments. 
 
Separation of FAP+CAFs with different PYCR1 
expressions 
 
      FAP+CAFs (1×106 cells) were washed with FACS 
buffer and blocked in FcR blocker for 20 min at 4°C, 
then incubated with Coralite®Plus 488-conjugated 
PYCR1 antibody (0.4 µg, #CL488-66510, Proteintech®) 
for 60 min at 4°C without light. After washing, the cells 
were incubated with anti-Rabbit IgG H&L (0.08 µg, 
#ab130805, Abcam) for 40 min at 4°C without light. The 
washed cells were transferred to FACS tubes and 
isolated using a FACS machine. The separated cells were 
cultured in DMEM supplemented with 10% FBS, 
penicillin/streptomycin (100 U/100 μg), 2 mM L-
glutamine, and 1 mM sodium pyruvate at 37°C with 5% 
CO2. The separated FAP+CAFs were confirmed by flow 
cytometry. 
 
Flow cytometry 
 
      The FAP+CAFs were separated by trypsin and placed 
into a conical centrifuge tube with a Pipetman® to 
dissociate any clumps. The cells were centrifuged and 
resuspended in an appropriate volume of Flow Cytometry 
Staining Buffer (#00-4222, Invitrogen) so that the final 
cell concentration is 1×107 cells/mL. In each tube, 50 µL 
of cells were added and then incubated with FAP antibody 
(1:100, #AAF01790, Aviva Systems Bio) and 
Coralite®Plus 488-conjugated PYCR1 antibody (0.4 µg, 
#CL488-66510, Proteintech®) for 40 min at 4°C with 
light. After washing with the Flow Cytometry Staining 
Buffer, the cells were centrifuged at 25°C twice (600×g, 5 
min). After culturing for 60 min at 4°C, the cells were 
washed with staining buffer and centrifuged at 25°C twice 
(600×g, 5 min). Then, the cells were incubated with APC-
anti-Rabbit IgG H&L (0.08 µg, #ab130805, Abcam) for 
30 min at 4°C without light. After washing, the cells were 
centrifuged at 25°C twice and suspended in staining 
buffer. The results were obtained using flow cytometry 
(BD, FACSCanto II, USA). 
 
FAP+CAFs with different PYCR1 expressions were 
cocultured with C6 cells or MUVECs 
 
      Cells were cocultured with FAP+CAFs with 

different PYCR1 expressions for 48 h using a Transwell 
permeable support with a 0.4 µm polycarbonate 
membrane (Corning, Shanghai, China). According to 
previously reported methods (Cheng et al., 2017), 
FAP+CAFs with different PYCR1 (5×104 cells/well) 
were grown in a 6-well plate, and C6 cells (1×104 
cells/well) or MUVECs (4×104 cells/well) were seeded 
in the upper chamber of a Transwell insert. The 
Transwell chambers were then inserted into the cell 
culture plate for 48h. Non-cocultured C6 cells or 
MUVECs were used as a control. 
 
Cell transfection 
 
      The C6 cells (2×105/mL) were transfected with 1 
µM PYRC1 small interfering RNA (siRNA) or control 
siRNA using Lipofectamine 2000 transfection reagent 
(Invitrogen) for 48h. The sequence of PYRC1 siRNA 
was 5’-CCGACATTGAGGACAGACA-3’. The results 
of siRNA were measured by western blotting. 
 
Transwell assay 
 
      The invasion of C6 cells was measured using a 
Transwell assay. The pre-cooled Matrigel gel was 
diluted using a serum-free cell culture medium at 4°C. 
Matrigel gel (100 µL) was daubed on the surface of 
polyethylene terephthalate in the cell culture insert, then 
the insert was placed in a 24-well plate at 37°C for 3h. 
The cells (1×105/mL, 100 µL) were cultured in the upper 
chamber, and about 600 µL cell culture medium with 
10% FBS were added to the lower chamber. After 24h, 
the chamber was fixed with 70% methanol solution for 
60 min and stained with 1% crystal violet staining 
(#G1062, Solarbio, China) for 15 min. After washing 
with PBS three times, the cells were dried at room 
temperature. The numbers of cells were analyzed using 
ImageJ software. 
 
Plate colony formation assay 
 
      The proliferation of C6 cells was measured using a 
plate colony formation assay. The C6 cells (1×103 
cells/well) were cultured in an F12K complete medium 
containing 10% FBS for 10 days. The cells were fixed 
with 4% paraformaldehyde (#P1110, Solarbio, China) 
for 40 min, and stained with 1% crystal violet for 15 
min. After washing, the cells were dried at room 
temperature and observed. 
 
Tube formation assay 
 
      The angiogenesis of MUVECs was measured using 
the tube formation assay. MUVECs were digested with 
pancreatin and resuspended in culture medium, then 
3×104 cells/well were cultured in a 96-well precoated 
with Matrigel for 24h. The tube formation of MUVEC 
was assessed by the number of branch points using 
ImageJ software. 
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Wound healing assay 
 
      The migration of C6 cells was measured using the 
wound healing assay. C6 cells (1×105/mL) were cultured 
in a six-well plate for 24h at 37°C with 5% CO2. A gun 
head was used to make a scratch wound on the cells. The 
cells were washed with PBS three times, and cultured in 
the serum-free medium. The results were observed at 0h 
and 24h using a light microscope. Wound healing rate 
(%) = (Initial scratch area - scratch area at time t)/initial 
scratch area. 
 
Western blotting 
 
      According to the reported procedures (Kurien and 
Scofield, 2006), levels of protein were measured using 
western blotting. C6 cells and MUVECs were 
respectively lysed with radioimmunoprecipitation assay 
(RIPA) lysis buffer (#P1038, Beyotime, China) and 
centrifuged (800×g, 4°C) for 20 min to obtain the total 
proteins. The protein concentration was detected using a 
BCA protein kit (#P0009, Beyotime, China). The total 
proteins and protein loading buffer (4:1) were mixed at 
25°C and heated to 100°C for 5 min. Proteins (20 µg) 

were separated using a mPAGE® small gel 
electrophoresis system (Sigma-Aldrich) and transferred 
to immobilon®-P membranes (#IPV85R, Sigma-
Aldrich). The membranes were blocked in 5% milk for 
60 min and incubated with primary antibodies overnight 
at 4°C. The antibodies included COLA1 antibody 
(#39952, 1:1000, Cell Signaling Technology), PYCR1 
antibody (#ab102601, 1:1000, Abcam), vascular 
endothelial growth factor A (VEGF-A) antibody 
(#50661, 1:1000, Cell Signaling Technology), epidermal 
growth factor (EGF) antibody (#ab184265, 1:1000, 
Abcam), and β-actin antibody (#4967, 1:1000, Cell 
Signaling Technology). After washing with TBS-0.01% 
Tween 20, membranes were incubated with goat anti-
rabbit IgG H&L (#ab6721, 1:1000, Abcam) for 2h at 
37°C. Proteins were visualized by exposing the 
membrane to an autoradiography film. The gray value of 
bands was analyzed using ImageJ software. 
 
Statistics 
 
      Data were analyzed and plotted with GraphPad 
Prism software (v. 8.0, GraphPad Software Inc., La Jolla, 
CA, US). Data normality distribution was carried out by 
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Fig. 1. Expression of COL1A1 and PYCR1 in the normal tissues and C6 glioma. The expression of COL1A1 (A) and PYCR1 (B) was measured via 
immunohistochemistry, scale = 50 μm. Positive expression (red arrows) of COL1A1 and PYCR1 was analyzed using ImageJ software. **p<0.01.



the Shapiro-Wilk test. The results were shown as mean ± 
standard deviation. A t-test was performed to assess 
significance between groups, and a one-way analysis of 
variance following the LSD test was performed to assess 
significance among groups. Statistical significance was 
designated as p<0.05. 
 
Results 
 
COL1A1 and PYCR1 upregulation occurred in the glioma 
 
      In the rat glioma, the expressions of COL1A1 (Fig. 
1A) and PYCR1 (Fig. 1B) were significantly higher than 
those in control tissues (p<0.01). The colocalization of 
FAP (red) and PYCR1 (green) in tissues was observed 

using double-immunofluorescence (Fig. 2A). No co-
expression was observed in control tissues, but about 
70% of double-labeling cells were observed in the 
glioma (Fig. 2B, p<0.01). These preliminary data 
showed that CAFs produced PYCR1 and promoted 
COL1A1 expression in the glioma. 
 
Separation of FAP+CAFs with different PYCR1 
expression 
 
      As shown in Figure 3A, FAP+CAFs with different 
PYCR1 expression were successfully obtained. The 
FAP+CAFs with low PYCR1 expression (≤10%) were 
named PYCR1low/FAP+CAFs, and FAP+CAFs with high 
PYCR1 expression (≥60%) were named PYCR1high/ 
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Fig. 2. Observation on colocalization of FAP and PYCR1 in the C6 glioma. A. Labeling 
of FAP and PYCR1 with double immunofluorescence, scale bar: 20 μm. B. Numbers of 
double-labeling cells (white arrows) were analyzed using ImageJ software. **p<0.01.



FAP+CAFs. Unseparated FAP+CAFs were used as the 
control, where PYCR1 expression was about 20-40%. 
To confirm the levels of PYCR1 protein in separated 
FAP+CAFs, the level of PYCR1 protein was observed at 
0h, 24h, and 48h after separation (Fig. 3B). Over time, 
the level of PYCR1 protein was not changed in the 
separated FAP+CAFs. To analyze the effects of 
FAP+CAFs with different PYCR1 expression on C6 cells 
or MUVECs, FAP+CAFs were cocultured with C6 cells 
or MUVECs for 48h (Fig. 3C). 
 
PYCR1 in FAP+CAFs enhanced the invasion and 
proliferation of C6 cells 
 
      Through observing the invasion of C6 cells using a 
Transwell assay (Fig. 4A), FAP+CAFs coculture 
significantly enhanced the invasion of C6 cells (p<0.05). 
Moreover, the invasion of C6 cells was increased with 
PYCR1 expression in FAP+CAFs (p<0.05). Through 

observing the proliferation of C6 cells using the colony 
assay (Fig. 4B), the proliferation of C6 cells was 
significantly increased after FAP+CAFs coculture 
(p<0.05), and cell proliferation was increased with 
PYCR1 expression in FAP+CAFs (p<0.05). The levels of 
PYCR1 and COL1A1 proteins in C6 cells were observed 
by western blotting (Fig. 5A), and their levels were 
clearly upregulated after coculture with FAP+CAFs 
(p<0.05). Moreover, the levels of these proteins were 
increased with PYCR1 expression in FAP+CAFs 
(p<0.05). 
 
PYCR1 in FAP+CAFs enhanced the angiogenesis of 
MUVECs 
 
      Through observing the angiogenesis of MUVECs 
using the tube formation assay (Fig. 6A), FAP+CAFs 
coculture significantly enhanced the angiogenesis of 
MUVECs (p<0.05). Moreover, the angiogenesis of 
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Fig. 3. Separation of FAP+CAFs with different PYCR1 
expression using a FACS machine. A. Levels of FAP and 
PYCR1 in the separated CAFs measured by flow cytometry. 
**p<0.01. B. Levels of PYCR1 protein in the separated CAFs 
at0h, 24h, and 48h were measured by western blotting. 
**p<0.01. C. Diagram of the coculture of FAP+CAFs with 
different PYCR1 and C6 cells or MUVECs.



MUVECs was increased with PYCR1 expression in 
FAP+CAFs (p<0.05). The levels of VEGF-A and EGF 
proteins in MUVECs were observed (Fig. 5B), and the 
levels of these proteins were clearly upregulated after 
coculture with FAP+CAFs (p<0.05). Meanwhile, the 
levels of the two proteins were increased with PYCR1 
expression in FAP+CAFs (p<0.05). 
 
PYCR1 silencing inhibited the migration and invasion of 
C6 cells 
 
      To further confirm the roles of PYCR1 in C6 cells, 

PYCR1 silencing in C6 cells was established by PYCR1 
siRNA transfection. The results of western blotting 
confirmed the PYCR1 silencing in C6 cells (Fig. 7A). 
By observing the migration of C6 cells using a wound 
healing assay (Fig. 7B), PYCR1 silencing significantly 
suppressed the migration of C6 cells (p<0.01). By 
observing the invasion of C6 cells using the Transwell 
assay (Fig. 8A), PYCR1 silencing significantly 
suppressed the invasion of C6 cells (p<0.01). Moreover, 
the levels of COL1A1 and VEGF-A proteins in C6 cells 
were clearly downregulated by PYCR1 siRNA 
transfection (p<0.01). 
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Fig. 4. Effects of 
FAP+CAFs with 
different PYCR1 
expression on 
invasion and 
proliferation of C6 
cells. A. The invasion 
of C6 cells was 
measured by a 
Transwell assay. B. 
The proliferation of 
C6 cells was 
measured using a 
plate colony formation 
assay. *p<0.05, 
**p<0.01.



Discussion 
 
      Glioma is the most common brain tumor with a poor 
prognosis in the central nervous system, and C6 rat 
glioblastoma cells provide scientists with the possibility 
to study brain cancer (Hacioglu et al., 2021; Kar et al., 
2021, 2023). Many cell mechanisms have been found in 
glioma using the C6 cells, such as the ferroptosis (Kar et 
al., 2023), oxidative and inflammation signaling 
pathways (Hacioglu et al., 2021), and thiol/disulfide 
balance destruction (Kar et al., 2021). However, the 
molecular mechanisms of CAFs in gliomas are little 
studied. In this study, the results showed that PYCR1 is 
expressed in glioma-associated FAP+CAFs and related 
to COL1A1 production. Moreover, FAP+CAFs coculture 
enhanced the proliferation of C6 cells and angiogenesis 
of MUVECs, and the effects of coculture were increased 
with PYCR1 expression in FAP+CAFs (Fig. 9). PYCR1 
silencing suppressed the migration and invasion of C6 
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Fig. 6. Effects of FAP+CAFs with different PYCR1 expression on the 
angiogenesis of MUVECs. A. Angiogenesis of MUVECs was 
measured by the tube formation assay. B. Expression of VEGF-A 
and EGF proteins was measured by western blotting. *p< 0.05, 
**p<0.01.

Fig. 5. Effects of FAP+CAFs with different PYCR1 expressions on COL1A1 protein levels in C6 
cells. A. Expression of PYCR1 and COL1A1 proteins was measured by western blotting. B. 
Protein expression was analyzed using ImageJ software. *p<0.05, **p<0.01.



cells. These results indicate that targeting PYCR1 is a 
therapeutic strategy for GBM. 
      In glioma, CAFs can secrete growth factors, 
inflammatory ligands, and ECM proteins to regulate the 
TME (Trylcova et al., 2015; Li et al., 2020; Biffi and 
Tuveson, 2021). The production of abundant collagen-
rich ECM is a trait that CAFs acquire during the 
transition from normal to activated fibroblasts (Kay et 
al., 2022). Moreover, PYCR1 provides proline for 
collagen biosynthesis in breast cancer-associated CAFs 
(Kay et al., 2022). FAP is widely considered one of the 
most reliable CAF-makers and is positively expressed in 
glioma-associated CAFs (Li et al., 2020). Consistent 
with these findings, our study revealed that COL1A1, 
the most abundant collagen, and PYCR1 are highly 

expressed in the rat glioma. Moreover, FAP and PYCR1 
colocalized in the rat glioma, suggesting that PYCR1 
regulates CAF activation and tumor progression. 
      As a mitochondrial NADH-oxidizing enzyme, 
PYCR1 activity is enhanced to increase the synthesis of 
proline in mutant IDH1 glioma cells (Hollinshead et al., 
2018). To further confirm the effects of PYCR1 in CAFs 
on tumor progression, FAP+CAFs with different PYCR1 
were cocultured with C6 cells or MUVECs using a 
Transwell permeable support, and the results showed the 
invasion and proliferation of C6 cells; the angiogenesis 
of MUVECs were significantly enhanced after 
FAP+CAFs coculture. Moreover, the effects were 
increased with increased PYCR1 in FAP+CAFs. 
Additionally, the levels of the COL1A1 protein in C6 
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Fig. 7. Effects of PYCR1 silencing on the 
migration of C6 cells. A. PYCR1 silencing 
was induced by PYCR1 siRNA 
transfection. The expression of PYCR1 
was measured by western blotting. B. The 
migration of C6 cells was measured by the 
wound healing assay. NS: no significance. 
**p<0.01.



cells and the levels of VEGF-A and EGF proteins in 
MUVECs were increased after FAP+CAFs coculture, 
and the increased proteins were increased with PYCR1 
expression in FAP+CAFs. The COL1A1 overexpression 
enhances tumor formation and progression in glioma 
(Comba et al., 2022; Ren et al., 2022). As an angiogenic 
inducer, EGF signaling positively regulates VEGF 

production in many cancers, including human GBM 
(Nicolas et al., 2019). The EGF receptor is activated by 
EGF, and further leads to the secretion of VEGF in GBM 
(Nicolas et al., 2019). Additionally, the EGF signal can 
regulate the mitogen-activated protein kinase/extra-
cellular signal-regulated kinase (MAPK/ERK) pathway 
and the phosphatidylinositol 3-kinase (PI3K) pathway to 

98

CAFs express PYCR1 in glioma

Fig. 8. Effects of PYCR1 silencing on 
the invasion of C6 cells. A. The 
invasion of C6 cells was measured by 
a Transwell assay. B. The expression 
of COL1A1 and VEGF-A proteins in 
C6 cells was measured by the wound 
healing assay. NS: no significance. 
**p<0.01.

Fig. 9. Diagram of PYCR1 produced 
by CAFs on the progression of C6 
glioma. PYCR1 produced by CAFs 
promotes tumor growth by increasing 
the expressions of COL1A1, VEGF-A, 
and EGF proteins in cancer cells and 
MUVECs.



regulate angiogenesis in GBM (Wu et al., 2000; 
Steinbach et al., 2004; Nicolas et al., 2019). Based on 
these studies, our study demonstrates that PYCR1 
produced by CAFs accelerates the progression of GBM, 
and targeting PYCR1 is a therapeutic strategy for GBM. 
      This study also confirmed that reducing PYCR1 
suppressed the migration and invasion of C6 cells. 
However, the impact of PYCR1 expression in CAFs on 
treatment response in glioma requires further study. 
Effectively targeting CAF metabolism in GBM is still an 
open question, since metabolic vulnerabilities of CAFs 
and cancer cells can be different, and crosstalk between 
the cell types creates an intertwined metabolic network. 
Further experiments are needed to assess other 
metabolites that contribute to CAF metabolism in GBM 
to understand CAF metabolic reprogramming. 
 
Conclusions 
 
      Our study revealed that PYCR1 and COL1A1 
upregulation co-occurred in C6 rat GBM, and PYCR1 
was expressed in GBM-associated CAFs. CAF coculture 
enhanced the proliferation of C6 cells and angiogenesis 
of MUVECs, and the effects were increased with 
PYCR1 expression in CAFs. Our study implies that 
targeting PYCR1 may offer an opportunity to attack 
GBM. 
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