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A B S T R A C T   

Metabolism remodelling of macrophages in the glioblastoma microenvironment contributes to 
immunotherapeutic resistance. However, glioma stem cell (GSC)-initiated lipid metabolism 
remodelling of transformed macrophages (tMΦs) and its effect on the glioblastoma microenvi-
ronment have not been fully elucidated. Total cholesterol (TC) levels and lipid metabolism 
enzyme expression in macrophages in the GSC microenvironment were evaluated and found that 
the TC levels of tMΦs were increased, and the expression of the lipid metabolism enzymes 
calmodulin (CaM), apolipoprotein E (ApoE), and liver X receptor (LXR) was upregulated. 
Knockdown of HOXC-AS3 led to a decrease in the proliferation, colony formation, invasiveness, 
and tumorigenicity of tMΦs. Downregulation of CaM resulted in a decline in TC levels. HOXC-AS3 
overexpression led to increases in both CaM expression levels and TC levels in tMΦs. RNA pull 
down and mass spectrometry experiments were conducted and heterogeneous nuclear ribonu-
cleoprotein A1 (hnRNPA1) was screened as the HOXC-AS3 binding proteins related to lipid 
metabolism. RIP and RNA pull down assays verified that HOXC-AS3 can form a complex with 
hnRNPA1. Knockdown of hnRNPA1 downregulated CaM expression; however, downregulation of 
HOXC-AS3 did not affect hnRNPA1 expression.TMΦs underwent lipid metabolism remodelling 
induced by GSC via the HOXC-AS3/hnRNPA1/CaM pathway, which enhanced the protumor 
activities of tMΦs, and may serve as a potential metabolic intervening target to improve glio-
blastoma immunotherapy.   
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1. Introduction 

The prognosis of glioblastoma multiforme (GBM) patients is very poor, and the median overall survival is less than 15 months, even 
after active comprehensive treatment due to the high proliferation, high heterogeneity, high invasiveness, high therapeutic resistance, 
and high recurrence of GBM [1,2]. The abovementioned “5H” biological characteristics of GBM are a result of glioma stem cell 
(GSC)-induced tissue remodelling, which includes the transformation of various kinds of interstitial cells in the GBM microenviron-
ment (GME). These transformed interstitial cells contribute to high heterogeneity and high therapeutic resistance via metabolism 
remodelling [3–6]. However, the potential mechanism of metabolic remodelling of these transformed interstitial cells in the 
GSC-remodelled microenvironment has not been completely clarified. 

Tumour-associated macrophages (TAM) are abundant in the GME and play vital roles in promoting both tumour progression and 
immunotherapy resistance [7–9]. TAM significantly contribute to the construction of a highly immunosuppressive GME dominated by 
GSC [10]. Recently, the molecular mechanism by which macrophage transform into TAM within the protumor GBM immune 
microenvironment (GIME) stimulated by GSC has been widely investigated [11,12]. 

Our recent studies further revealed that the macrophages (MΦ) transformed into TAM in the GSC-remodelled GIME after mutual 
interactions with GSC, and that transformed macrophages (tMΦs) highly expressed the M2 macrophage markers Arg-1, FIZZ1 and 
CD163, and exhibited enhanced glucose metabolism [13–15]. Moreover, targeting the miR-449/MCT1 axis significantly inhibited 
glucose metabolism in tMΦs and decreased the proliferation and invasiveness of tMΦs [16]. Lipid metabolism remodelling of TAM has 
been reported in several noncentral nervous system malignancies [17,18]; however, lipid metabolism remodelling of tMΦs in the GIME 
has not been fully elucidated. 

Long noncoding RNA (lncRNA) are noncoding RNA molecules of greater than 200 nucleotides in length that act as molecular 
sponges and interact with proteins, mRNAs, and miRNAs, thereby regulating the expression of target genes [19]. Previous studies have 
reported that HOXC-AS3 is associated with the progression of various cancers, such as ovarian cancer [20] and breast cancer [21]. In 
GBM, the homeotic box family gene HOXB13 promoted the proliferation, migration and invasiveness of tumour cells through tran-
scriptional upregulation of HOXC-AS3 [22]. Another study reported that HOXC-AS3 promoted glioma progression by activating 
miR-216, which regulated F11R expression [23]. However, the potential mechanism by which HOXC-AS3 regulates the lipid meta-
bolism of macrophages in the GIME has not been reported previously. In this study, we explored the roles of HOXC-AS3 in inhibiting 
both aberrant lipid metabolism and tMΦs proliferation and investigated whether HOXC-AS3 promoted cell proliferation and inva-
siveness of tMΦs by regulating their lipid metabolism remodelling. 

2. Materials and methods 

2.1. Cell lines and cell culture 

TMΦs (including tMΦ1 and tMΦ2 cells) were cloned from in vivo and in vitro GSC and MΦ mutual interaction models generated in 
our previous studies [13–15]. These cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, NY, USA) supple-
mented with 10% foetal bovine serum (FBS, ScienCell, LA, USA) in an incubator (ESPEC BNA-311, Japan) with 5% CO2 at 37 ◦C. 
Primary culture of naive macrophages was achieved by collecting murine bone marrow stem cells and inducing them to differentiate 
into MΦ in α-MEM containing 5 ng/ml M-CSF (MCE, NJ, USA) with 10% FBS according to the previous studies [24]. 

2.2. Intracellular total cholesterol measurement 

Intracellular total cholesterol (TC) levels were measured using a total cholesterol assay kit (Solarbio, Beijing, China) according to 
the manufacturer’s instructions. Briefly, a total of 5 × 106 cells in the logarithmic growth phase were collected after centrifugation, 1 
ml of cell lysis buffer (Reagent I) was added to the cell pellet, and then ultrasonication was performed (power 300 W, ultrasonic 
emission 2 s, stop 3 s, repeated 30 times). After centrifugation at 10000×g for 10 min at 4 ◦C, the supernatant was collected, and 180 μl 
working solution was added to 20 μl supernatant samples and then incubated at 37 ◦C for 15 min. The OD value at 500 nm was 
measured with a multimode plate reader (TECAN Infinite 200 Pro, Switzerland) to quantify intracellular TC levels. 

Table 1 
The primer sequences used in the present study.  

Gene Primer sequences 

HOXC-AS3 Forward primer: 5′-GTGGAGTAACAGCGCCATCT-3′ 
Reverse primer: 5′-CGGGTTTTGTTGCGTCTTGT-3′ 

CaM Forward primer: 5′-ATGTCGGATTTTGACAGCAACC-3′ 
Reverse primer: 5′-GTCCCGGTGGCACATTTCT-3′ 

hnRNPA1 Forward primer: 5′-ATGTCTAAGTCCGAGTCTCCCA-3′ 
Reverse primer: 5′-TGTTAGTGTTCCCCATTGCTC-3′ 

β-actin Forward primer: 5′-CGTTGACATCCGTAAAGACC-3 ′ 
Reverse primer: 5′-AACAGTCCGAGAAGCAC-3 ′ 

U6 Forward primer: 5′-CTCGCTTCGGCAGCACA-3′ 
Reverse primer: 5′-AACGCTTCACGAATTTGCGT-3′  
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2.3. Real-time quantitative PCR 

Total RNA was isolated with TRIzol (Invitrogen, Carlsbad, CA, USA) and reverse transcribed into cDNA using Fermentas reverse 
transcription reagent (Applied Biosystems, Thermo Fisher Scientific, MA, USA). Then, real-time quantitative PCR (qRT‒PCR) was 
conducted with SYBR Green PCR Master Mix (Applied Biosystems, Thermo Fisher Scientific, MA, USA) according to the manufacturer’s 
protocols via the 2-△△Ct method. The primer sequences used in the present study are listed in Table 1. 

2.4. Western blot 

Total cellular proteins were extracted with RIPA lysis buffer (Beyotime, Shanghai, China) and quantified with a BCA protein assay 
kit (Beyotime, Shanghai, China) according to the manufacturer’s protocol. Next, 10 μg of total proteins were separated under elec-
trophoresis in 10% SDS‒PAGE and transferred to PVDF membrane (Millipore, Bedford, MA, USA), followed by blocking with 5% 
skimmed milk for 2 h at room temperature. The membrane was incubated with primary antibodies (anti-CaM, ApoE, LXR or hnRNPA1, 
diluted 1:1000, Abcam, Cambridge, MA, USA) overnight at 4 ◦C, washed three times with PBS and incubated with horseradish 
peroxidase (HRP)-labelled secondary antibody (diluted 1:10000, CST, MA, USA) for 1 h at room temperature. β-actin (1:1000, Bioss, 
Beijing, China) was used as a control gene. Finally, the bands were visualized and recorded with Image Quant LAS 4000 mini (GE 
Healthcare, USA). 

2.5. Expression vector construction and cell transfection 

A lentiviral vector was used to construct HOXC-AS3 overexpression and HOXC-AS3 knockdown vectors. Both overexpression vector 
and lentiviral particles were synthesized by GenePharma, Shanghai, China. Briefly, single cell suspensions (5 × 105 cells/ml) of tMΦ1 
of tMΦ2 were prepared and inoculated in 6-well plates (2 ml/well.) HOXC-AS3 group were tMΦ cell lines transfected with HOXC-AS3 
overexpression plasmid as the experimental groups, and the corresponding empty transfection group (NC group) was the control 
group. shHOXC-AS3 group were transfected with HOXC-AS3 RNAi lentivirus, and the corresponding empty transfection group (sh-NC 
group) was the control group. After 24 h of transfection, the culture medium was replaced with fresh medium containing HBLV-U6 
lentiviral vector (Hanbio, Shanghai, China), and polyclathrin ((Hanbio, Shanghai, China, final concentration 5 μg/ml) was added. 
After 18 h of infection (according to the pre-experimental optimization), the medium was changed to conventional medium and the 
cells were screened by adding puromycin (MCE, NJ, USA, final concentration 5 μg/ml) to observe cell growth and verify the infection 
efficiency by qRT-PCR. 

2.6. Cell proliferation evaluation 

A CCK-8 (Beyotime, Shanghai, China) assay was performed according to the manufacturer’s protocol. Cells were seeded into 96- 
well plates in 100 μl of culture media. The medium of each well was replaced with 100 μl of fresh culture media with 10% CCK-8 
reagent at different times (1, 2, 3, and 4 d), and then the cells were incubated for an additional 3 h. The absorbance was measured 
at an optical density of 450 nm using a microplate reader (Tecan Infinite 200 PRO, Switzerland). 

2.7. Clone formation assay 

Cells were seeded at a density of 100 cells/well in a culture dish (60 mm, Corning, NY, USA) and cultured at 37 ◦C with 5% CO2. 
Twelve days later, the cells were fixed with paraformaldehyde for 5 min and then stained with crystal violet for 20 min. 

2.8. Invasiveness assay 

Chamber inserts (Merck Millipore, Germany) were precoated with 45 μL Matrigel (1:8 dilution; BD Bioscience, NJ, USA). A total of 
5 × 104 cells in serum-free medium were seeded into the upper chamber, and DMEM containing 10% FBS was added to the lower 
chamber. After incubation for 48 h at 37 ◦C with 5% CO2, the lower chamber was fixed with 4% paraformaldehyde for 5 min, stained 
with crystal violet solution for 30 min, washed 3 times with PBS (Gibco, NY, USA), and then observed and counted under a microscope. 

2.9. Tumour xenograft model 

Female BALB/c athymic nude mice were housed on sterile bedding in microisolator cages (NASA1000) with water and food 
provided ad libitum. All animal studies were approved by the Ethics Committee of Soochow University (Approval No. 
SUDA20210708A03) and conducted in facilities that were approved by the Chinese Experimental Animal Association. Briefly, tMΦs 
transfected with sh-RNA targeting HOXC-AS3 or control vector (5 × 106/0.5 ml) were injected subcutaneously (s.c.) in the right 
axillary region of mice at 6–8 weeks of age with an approximate body weight of 20 g. The subcutaneous tumours were measured in two 
dimensions with a calliper two times a week. Tumour size was calculated using the formula (a2 × b)/2 (a: width in mm, b: length in 
mm) and can be converted to weight from unit density (i.e., 1 mm3 = 1 mg). After 30 days, all mice were sacrificed general anaesthesia, 
and tumour weight and volume were measured. 
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2.10. RNA pull-down and mass spectrometry 

One microgram of labelled lncRNA HOXC-AS3 in RNA structure buffer containing 10 mmol/L Tris (pH = 7), 0.1 mol/L KCl, and 10 
mmol/L MgCl2 was heated to 95 ◦C for 2 min. Then, the labelled RNA was incubated on ice for 3 min, followed by incubation at room 
temperature for 30 min to allow RNA to form a suitable secondary structure. The beads were washed with washing buffer and added to 
the RNA sample with secondary structure overnight at 4 ◦C. After centrifugation at 3000×g for 1 min, the supernatant was discarded, 
the beads were washed with washing buffer 3 times, and then the cell lysate was added for 1 h at room temperature. The magnetic 
bead-RNA‒protein mixture was centrifuged at low speed, the supernatant was collected, 5 × SDS sample buffer was added, and the 
mixture was kept at 95 ◦C for 10 min for degeneration. The proteins were separated by SDS‒PAGE, stained with Coomassie brilliant 
blue, and fragmented into the target band for mass spectrometry. Hystar software was used to adjust the instrument parameters to 
obtain appropriate mass spectrometry data. HOXC-AS3 binding proteins associated with lipid metabolism were screened out from the 
highly enriched proteins. 

2.11. RNA immunoprecipitation (RIP) 

A total of 5 × 106 tMΦ1 or tMΦ2 cells were harvested, and immunoprecipitation lysis buffer was added for 30 min at 4 ◦C and then 
centrifuged at 12,000×g for 30 min to remove the supernatant. The lysate pellet was fully dissolved with 1 μg hnRNPA1 antibody and 
50 μl protein A/G-beads and incubated overnight at 4 ◦C. After centrifugation at 3000×g for 5 min at 4 ◦C, the supernatant was 
removed, and the protein A/G-beads were washed three times with 1 ml lysis buffer. Then, 15 μL 2 × SDS sample buffer was added, and 
the beads were soaked in boiling water for 10 min qRT‒PCR analysis was performed to quantify the amount of HOXC-AS3 binding with 
hnRNPA1. 

2.12. Statistical analysis 

All experiments were repeated three times independently. SPSS 13.0 software was used for statistical data analysis. All data are 
expressed as the mean ± standard error. A non-parametric t-test (two groups) or one-way ANOVA (three groups or more) was applied 
to analyse the statistical significance. A P value of less than 0.05 was considered statistically significant. 

3. Results 

3.1. Transformation of macrophages in the GSC-remodelled microenvironment 

Interactions between naive macrophages and GSC were observed in vitro and invivo, and macrophages malignantly transformed. 
Namely, naive macrophages acquired unlimited proliferation potential and high tumorigenicity while still retaining the MΦ surface 
markers CD68 and F4/80. These results were consistent with our previous findings [13,14]. 

3.2. Lipid metabolism remodelling of tMΦs 

The level of intracellular total cholesterol in tMΦ1 and tMΦ2 cells was significantly higher than that in naive MΦs (Fig. 1A). The 
protein expression levels of calmodulin (CaM), apolipoprotein E (ApoE), and liver X receptor (LXR), which are related to cholesterol 
synthesis, storage and transportation, respectively, in tMΦ1 and tMΦ2 cells were all higher than those in naive MΦs (Fig. 1B and C and 
Supplementary Fig.S1). CaM expression was the most significantly upregulated in tMΦs. 

3.3. HOXC-AS3 knockdown significantly inhibited the proliferation, invasiveness and tumorigenicity of tMΦs 

QRT-RCR was performed to verified the transfection efficiency based on the lentivirus vector (Supplementary Fig. S2). HOXC-AS3 

Fig. 1. The lipid metabolism characteristics of transformed macrophages. A The intracellular TC level in tMΦ1 and tMΦ2 cells was higher than that 
in naive MΦs. B, C The protein levels of CaM, ApoE and LXR obviously increased in tMΦ1 and tMΦ2 cells, compared with naive MΦs. (**P＜0.001). 
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expression in tMΦ1 and tMΦ2 cells was significantly higher than that in naive MΦs in the GSC microenvironment (Fig. 2A). Down-
regulation of HOXC-AS3 expression resulted in inhibition of cell proliferation and invasiveness of transformed MΦs both in vitro and in 
vivo. Specifically, CCK-8 and clone formation assays results showed downregulation of HOXC-AS3 inhibited cell proliferation ability 
and decreased clone formation number of tMΦ1 and tMΦ2 cells (Fig. 2B–D), and an invasiveness assay showed that the number of 
migratory cells decreased as well (Fig. 2E and F). Knockdown of HOXC-AS3 also led to slowed tMΦ1 cell growth in vivo (Fig. 2G and H). 
These data suggest that HOXC-AS3 plays an active role in promoting the malignant phenotype in tMΦs. 

3.4. HOXC-AS3 increased lipid metabolism in tMΦs by regulating CaM 

To further explore the potential mechanism by which HOXC-AS3 increased both lipid metabolism and the cell proliferation ability 

Fig. 2. HOXC-AS3 knockdown inhibited the proliferation, invasiveness and tumorigenicity of tMΦs. A qRT-PCR suggested that HOXC-AS3 
expression in tMΦ1 and tMΦ2 cells was significantly higher than that in naive MΦs. B CCK-8 assay results showed downregulation HOXC-AS3 
inhibited proliferation malignant in tMΦ1 and tMΦ2 cells. C, D Clone formation assay (magnification:200×) showed that cell clone numbers 
were decreased. E, F Invasiveness assay (magnification:200×) showed that the numbers of migratory cells decreased as well. G, H Knockdown of 
HOXC-AS3 also led to slowed tMΦ1 cell growth in vivo. (*P＜0.05, **P＜0.001). 
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of tMΦs, as well as the regulatory relationship between HOXC-AS3 and CaM, qRT‒PCR and Western blotting were performed. The 
results showed that CaM expression was downregulated after HOXC-AS3 knockdown and upregulated after HOXC-AS3 overexpression 
in both tMΦ1 and tMΦ2 cells (Fig. 3A–C and Supplementary Fig. S3). Intracellular TC levels in tMΦ1 and tMΦ2 cells clearly decreased 
after HOXC-AS3 downregulation and clearly increased after HOXC-AS3 overexpression (Fig. 3D). There was a positive correlation 
between the expression of HOXC-AS3 and CaM, which implied that HOXC-AS3 affected the lipid metabolism of tMΦs by regulating 
CaM expression. 

In addition, the regulatory effect of HOXC-AS3 on other proteins related to lipid metabolism (ApoE and LXR) were also observed, 
and the overall positive regulatory effect was verified by qRT‒PCR and Western blotting (Fig. 4 and Supplementary Fig. S4). 

3.5. HOXC-AS3 regulated CaM expression by binding hnRNPA1 

To reveal the potential mechanism by which HOXC-AS3 regulates CaM expression, proteomics analysis was performed, which 
showed that heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1), a potential candidate protein, had the highest binding prob-
ability based on peptide sequence coverage of 42.18% in tMΦ1 cells and 31.76% in tMΦ2 cells. RNA pull-down and RIP assays showed 
that hnRNPA1 protein was pulled down by the HOXC-AS3 probe and that HOXC-AS3 was precipitated by the hnRNPA1 antibody in 
tMΦs. This result confirmed that hnRNPA1 can form a complex with HOXC-AS3 (Fig. 5A and B and Supplementary Fig. S5). 
Knockdown of hnRNPA1 downregulated CaM expression (Fig. 5C and Supplementary Fig. S6). The effect of hnRNPA1 knockdown on 
CaM was almost the same as that of HOXC-AS3 knockdown. In addition, obvious hnRNPA1 expression changes at the transcriptional or 
protein level could not be observed after HOXC-AS3 knockdown in both tMΦ1 and tMΦ2 cells (Fig. 5D and E and Supplementary 
Fig. S7), which implied that HOXC-AS3 can bind with hnRNPA1 because of their matched spatial structure and natural affinity. 
However, HOXC-AS3 did not degrade or promote hnRNPA1 transcription; hence, hnRNPA1 expression was independent of HOXC-AS3. 
HOXC-AS3 binding with hnRNPA1 reduced the probability of hnRNPA1 binding with CaM, thus producing a similar effect of CaM 
upregulation. 

Fig. 3. CaM expression and intracellular TC levels of transformed macrophages was positively correlated with HOXC-AS3 level. A-C qRT-PCR and 
Western blotting showed that CaM expression was downregulated after HOXC-AS3 knockdown and upregulated after HOXC-AS3 overexpression in 
both tMΦ1 and tMΦ2 cells. D Intracellular TC levels in tMΦ1 and tMΦ2 cells clearly decreased after HOXC-AS3 downregulation and clearly increased 
after HOXC-AS3 overexpression. (*P＜0.05, **P＜0.001). 
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4. Discussion 

Malignant transformation of macrophages in GSC-MΦ mutual interaction models has been observed in our previous studies [13, 
15], and aberrant glucose metabolism in tMΦs has been reported [16]. Recent investigations have revealed aberrant energy meta-
bolism in GBM, especially the metabolic patterns of GSC and interstitial cells in the GSC-constructed microenvironment, which have all 
been remodelled to favour and support tumour development [25]. The metabolism phenotype with aberrant glycolysis has become one 
of the new malignant characteristics of gliomas [26]. Several studies have shown that TAM metabolism in the tumour microenvi-
ronment (TME) also undergoes metabolic remodelling with an enhanced glycolysis pathway [27,28]. However, lipid metabolism and 
its role in remodelling the functional metabolic phenotype of TAM when cross-talking with GSC has not been fully elucidated. In a lung 
carcinoma model, macrophages underwent metabolic changes, especially in their lipid profile, and the cell populations representing 
resident alveolar macrophages and TAM had different expression levels of multiple genes related to lipid metabolism signalling [29]. 
Goossens reported that ovarian cancer cells promoted the efflux of membrane cholesterol, which shifted TAM to the M2-like phenotype 
and promoted tumour progression [30]. Recent studies have shown that specific interventions in the lipid metabolism of immune cells 
in the TME can improve the efficacy of tumour immunotherapy. The LXR agonist GW3965 promoted ApoE production and reduced the 
formation of neovascularization in tumours, and phase I clinical trials showed that GW3965 treatment reduced the number of 
immunosuppressive cells, including TAM, and activated the antitumour immune response in lymphoma patients [31]. Another study 
found that intervention against the fatty acid metabolism of CD8+ T cells in the TME improved the effect of immunotherapy against 
melanoma [32]. The abovementioned results suggest that precise intervention in lipid metabolism remodelling of transformed im-
mune cells is a potential new strategy for GBM immunotherapy. Our results also showed that the intracellular TC level of tMΦs 
significantly increased, and the expression of CaM, ApoE and LXR was significantly upregulated, indicating that lipid metabolism in 
tMΦs was enhanced after crosstalk with GSC. 

Downregulation of HOXC-AS3 in gliomas and its effect on inhibited tumour cell proliferation and invasiveness have been reported 
[22,23]. However, the potential mechanism by which HOXC-AS3 regulates lipid metabolism in tMΦs in the GIME has not been 
previously investigated. The current study indicated upregulation of HOXC-AS3 in tMΦs, and upregulated HOXC-AS3 expression 
further promoted the proliferation and invasiveness of tMΦs by regulating their lipid metabolism remodelling by the hnRNPA1/CaM 
pathway. CaM is a calcium binding protein that regulates the posttranscriptional modification of key transcription factors (such as 

Fig. 4. LXR and ApoE expression was positively correlated with HOXC-AS3. qRT-PCR (A, B) and Western bolt (C, D) showed that LXR and ApoE 
expression was downrugulated after HOXC-AS3 knockdown and upregulated after HOXC-AS3 overexpression in both tMΦ1 and tMΦ2 cells. (**P 
＜0.001). 
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phosphorylation, acetylation or ubiquitination) in a variety of lipid metabolism processes, including cholesterol regulatory element 
binding proteins, thus participating in lipid metabolism regulation [33,34]. Our data supported that HOXC-AS3 can increase lipid 
metabolism and promote the malignant phenotype in tMΦs by regulating CaM expression. 

HnRNPA1 is associated with the development of malignant tumours in various cancer types, such as breast cancer, lung cancer, 
gastrointestinal cancer, and gliomas [35–37]. The relationship between hnRNPA1 and tumour lipid metabolism has not been explored 
previously. Our study found that hnRNPA1 can increase lipid metabolism in tMΦs by regulating CaM expression in the GSC micro-
environment and that HOXC-AS3 can bind to hnRNPA1. However, HOXC-AS3 expression did not affect hnRNPA1 transcription 
directly, so hnRNPA1 expression was stable. However, binding of HOXC-AS3 to hnRNPA1 reduced the levels of free hnRNPA1, which 
can bind with CaM, thus producing a similar effect to that of CaM upregulation. 

5. Conclusion 

In the current study, we have shown that malignant tMΦs induced by GSC in the GIME exhibited aberrant lipid metabolism. 
Moreover, lncRNA HOXC-AS3 regulated CaM expression by directly binding with hnRNPA1, leading to lipid metabolism remodelling 
and promoting the proliferation and invasiveness of tMΦs. Clarifying the role of lipid metabolism remodelling in the GIME will provide 
an experimental basis for targeted intervention against tMΦs via metabolism regulation and further help to improve the efficacy of 
GBM immunotherapy. However, our experimental results are mainly based on in vitro and in vivo xenograft models. These preclinical 
findings may not accurately mimic the complex tumour microenvironment of glioma patients. So high-throughput single-cell mo-
lecular sequencing is required to further validate the molecular mechanisms of gene regulatory networks for promising clinical 
applications. 
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