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Simple summary: Given the significant costs and lengthy timelines of drug development and clinical trials, drug repositioning is a promising alter-

native to find effective treatments for brain tumors quickly and inexpensively. In the present study, using a simple drug screen of macrolides, we 

found that clindamycin (CLD) has cytotoxic effects on glioblastoma (GBM) cells. Further studies showed inhibition of mammalian target of rapamycin 

(mTOR) pathway as the key mechanism of action. Interestingly, we found that co-treatment with temozolomide (TMZ), the alkylating agent consid-

ered as standard therapy in GBM, enhanced these effects, and propose the inhibition of O6-methylguanine-DNA methyltransferase (MGMT) protein 

by CLD as a potential mechanism for this combination effect.  

Abstract: Multimodal therapy including surgery, radiation treatment and temozolomide (TMZ) is performed on glioblastoma (GBM). However, the 

prognosis is still poor and there is an urgent need to develop effective treatments to improve survival. Molecular biological analysis was conducted 

to examine the signal activation patterns at GBM specimens and remains an open problem. Advanced macrolides, such as azithromycin, reduce the 

phosphorylation of p70 ribosomal protein S6 kinase (p70S6K), a downstream mammalian target of rapamycin (mTOR) effector, and suppress the 

proliferation of T-cells. We focused on its unique profile and screened for the antitumor activity of approved macrolide antibiotics. Clindamycin 

(CLD) reduced the viability of GBM cells in vitro. We assessed the effects of the candidate macrolide on the mTOR pathway through Western blotting. 

CLD attenuated p70S6K phosphorylation in a dose dependent manner. These effects of on GBM cells were enhanced by co-treatment with TMZ. 

Furthermore, CLD inhibited the expression of O6-methylguanine-DNA methyltransferase (MGMT) protein in cultured cells. In the mouse xenograft 

model, CLD and TMZ co-administration significantly suppressed the tumor growth and markedly decreased the number of Ki-67 (clone MIB-1) 

positive cells within the tumor. These results suggest that CLD suppresses GBM cell growth by the inhibiting mTOR signaling. Moreover, CLD and 

TMZ showed promising synergistic antitumor activity. 
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1. Introduction 

Glioblastoma (GBM) accounts for the majority of primary brain tumors and is considered as grade IV glioma based 

on WHO classification system [1]. The median survival of patients with GBM is approximately 15 months [2,3]. Despite 

the development of multimodal therapy with surgical resection, radiation, and temozolomide (TMZ)-based chemother-

apy, GBM prognosis remains poor. GBM is characterized by diverse genetic and epigenetic alterations, such as isocitrate 

dehydrogenase (IDH) 1/2 mutations, O6-methylguanine-DNA methyltransferase (MGMT) promoter methylation, epi-

dermal growth factor receptor (EGFR) amplification and EGFR variant III (EGFRvIII) expression [4-7]. In particular, 

EGFR amplification, PTEN mutations, CDKN2A deficiency, and TP53 gene mutations have been investigated the asso-

ciation between genetic alterations and GBM prognosis [8]. Comprehensive genomic analysis revealed aberrant signal 

transduction through various pathways including the receptor tyrosine kinase (RTK)-Ras-phosphoinositide 3-kinase 

(PI3K) pathway, Rb pathway, and p53 pathway [9,10]. These studies suggest that genetic alterations or RTK-Ras-PI3K, 

Rb, and p53 pathways act cooperatively, and contribute to the proliferation and maintenance of GBM cells [11]. Further 

studies are required to better understand the GBM etiology and to develop novel molecular targeted strategies. 

 Macrolide antibiotics (macrolides) act on gram-positive bacteria by reversibly binding to the bacterial 50S riboso-

mal subunit and inhibiting peptide elongation. Accumulating evidence showed that macrolides have 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 December 2021                   

©  2021 by the author(s). Distributed under a Creative Commons CC BY license.

doi:10.20944/preprints202112.0396.v1

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.20944/preprints202112.0396.v1


 

 

immunomodulatory properties in vitro [12]. Macrolides exhibit atypical pharmacological profiles and inhibit the syn-

thesis and secretion of pro-inflammatory cytokines, including tumor necrosis factor (TNF)-alpha, interleukin (IL)-1, IL-

6, and IL-8 [13,14]. Long-term or low-dose administration of macrolides reduces the symptoms of diffuse panbronchi-

olitis [15]. A previous study showed that cell proliferation and cytokine secretion by CD4+ T-cells were inhibited by 

azithromycin treatment [16]. In addition, azithromycin suppressed mammalian target of rapamycin (mTOR), that is 

frequently activated in cancer cells [16-19].  

Herein, we focused on the atypical features of macrolides and examined the possibility of applying these drugs to 

conventional chemotherapy for GBM. During our primary assessment, we investigated the effects of various macrolide 

compounds including azithromycin, clarithromycin, clindamycin (CLD), and erythromycin on growth and survival of 

human GBM cell lines and found that CLD remarkably suppressed GBM cell proliferation. However, our understand-

ing of the molecular mechanism underlying CLD-mediated cytotoxicity is incomplete. We hypothesized that the mTOR 

signaling pathway might be a potential target of CLD. To verify this, we investigated the effects of CLD on growth and 

survival in several GBM cell lines and explored the specific molecular targets of CLD with a focus on p70S6K, a substrate 

of mTOR. We further tested the efficacy of CLD in vivo either alone or in combination with TMZ using the mouse 

xenograft model. 

2. Materials and Methods 

2.1 Reagents 

For in vitro assays TMZ (TEMODAR capsules; MSD, Japan) and clindamycin hydrochloride (Dalacin capsules; 

Pfizer, Japan) were used. TMZ was dissolved in dimethyl sulfoxide (DMSO) and stored at -20 ℃ after preparing a 100 

mM stock solution. CLD was dissolved in sterile water to produce a 330 mM stock solution and stored at -20 ℃. For in 

vivo treatment, TMZ (TEMODAR injection; MSD, Japan) and CLD (clindamycin phosphate; Dalacin S injection; Pfizer, 

Japan) were administered to the animals after diluting them in appropriate solvent. 

2.2 Cell Culture 

Cells were grown in DMEM containing 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA). Human 

glioblastoma cell lines (U251, T98G, and LN229) were obtained from American Type Culture Collection (ATCC). NGT41 

is a cell line established from a disseminated lesion of the cervical spinal cord from a BRAF V600E-mutant, epithelioid 

glioblastoma patient and cultured as previously reported [20].  

2.3 Cell Viability Assays 

The cytotoxic effects of TMZ and CLD were determined by using the cell proliferation assay reagent WST-1 

(Takara Bio, Japan), as described previously [21]. Briefly, glioma cells were seeded at the density of 1- 1.5 × 103 cells/well 

in 96-well flat-bottomed plates and incubated at 37 °C overnight. After, the cells were treated with TMZ (0, 62.5, 125, 

250, or 500 μM) or CLD (0, 110, 220, 440, or 660 μM) for 72 h. Following treatment, WST-1 reagent (10 μL) was added to 

each well and incubated for 1-2 h at 37 °C. Absorbance was measured at 450 nm using a microplate reader. The viability 

of untreated cells was considered as 100%. 

2.4 Western Blotting 

Cells or tumor tissues were lysed and sonicated in lysis buffer (50 mM Tris-HCl, pH7.5, 150 mM NaCl, 2% sodium 

dodecyl sulfate (SDS), 10 mM NaF, 2 mM Na3VO4, 5 mM EDTA 1 mM phenylmethylsulfonyl fluoride and CompleteTM 

Protease inhibitor cocktail (Roche, Indianapolis, USA). The lysates were centrifuged and the supernatant was collected. 

Protein concentration in the lysates was determined using the Micro BCA Protein assay kit (Thermo Fisher Scientific, 

Rockford, USA). Equal amounts of protein (15-30 μg) were subjected to SDS-polyacrylamide gel electrophoresis (PAGE) 

and transferred to a nitrocellulose membrane. Western blotting was performed using anti-phospho-p70S6K (Thr389) 

[1:500], anti-phospho-S6 (Ser240/244) [1:1000], anti-S6 (1:4000), anti-phospho-4EBP1 (Thr37/46) [1:1000], and anti-β-actin 

[1:4000] polyclonal antibodies (Cell Signaling Technologies, Danvers, MA, USA). Anti-p70S6K antibody was purchased 

from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Membranes were incubated with the indicated primary 

antibodies at 4 ℃ for overnight. After the membranes were rinsed with TBST (50 mM Tris-HCl pH7.5 and 150 mM 
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NaCl containing 0.1% tween 20) and subsequently incubated with horseradish peroxidase-conjugated secondary 

antibodies (1:10000; Santa Cruz CA, USA). Immunoreactivity was detected by chemiluminescence detection method 

using the ECL system (Bio-Rad, Hercules, CA, USA). The immunoreactive bands were visualized using GeneGnome 

(Syngene, Cambridge, UK) and quantified using Genetools software (Syngene). The dose-dependent of CLD on p70S6K 

phosphorylation at Thr389 was examined in cultured cells after 72 h of treatment. The levels of phosphorylated and 

total p70S6K were analyzed by Western blotting and quantified using the Syngene Bio Imaging system (Syngene, 

Cambridge, UK). The phospho/total p70S6K ratio was determined. β-actin was used as loading control.  

2.5 In vitro mTOR kinase assays 

Immunoprecipitation and kinase assay were performed as described previously [22,23]. Briefly, cells were lysed 

in ice-cold buffer A (50mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EGTA, 5 mM EDTA, 20 mM glycerophosphate, 0.5 

mM dithiothreitol, CompleteTM and PhosStopTM; phosphatase inhibitor cocktails (Roche, USA)). The supernatants 

from the centrifuged samples were incubated with Protein G SepharoseTM (GE Healthcare), coupled with anti-mTOR 

(N5D11) antibody (IBL, Japan) for 2 h at 4 ℃. The immunocomplex was washed and the kinase assay was initiated by 

adding the reaction buffer (10 mM HEPES, 50 mM glycerophosphate, 50 mM NaCl, 10 mM MgCl2, 4 mM MnCl2, 250 

μM ATP and recombinant GST-4EBP1 (1 μg/sample)). After incubation for 20 min at 30 ℃ , the reaction was 

terminated by adding SDS sample buffer. The samples were boiled and subjected to SDS-PAGE. Western blotting was 

performed with anti-phospho-4EBP1 (Thr37/46) antibody to detect the mTOR complex (mTORC) 1 activity.  

2.6 Cell Cycle Analysis 

Tumor cells treated with CLD (440 μM) for 24 h were trypsinized and washed with PBS. At least 1 × 105 cells 

were fixed with ice-cold 70% ethanol at 4 ℃. The cells were collected by centrifugation and stained with propidium 

iodide (PI) using the MUSE cell cycle reagents (Millipore, Billerica, MA, USA) following the manufacturer’s instructions, 

as described previously [24].  

2.7 Experimental Animals 

 Four-week-old male nude mice (BALB/C-nu/nu, Charles River Laboratories Inc., Yokohama Japan) were used 

for in vivo experiments. Mice were housed under aseptic conditions in a plastic cage and provided free access to food 

and water. Each cage was kept in a colony room (22 ± 1.0 ℃) under a 12 h light-dark cycle. All of the animal 

experiments described here were approved by the Animal Committee of Niigata University (No. SA00519) and were 

performed in accordance with the Guiding Principles for the Care and Use of Laboratory Animals (NIH, USA). 

2.8 Establishment of a Patient-Derived Xenograft Model 

 For the subcutaneous tumor model, NGT41 cells were suspended in Neurobasal Medium (Life Technologies 

Corporation, NY, USA) and implanted subcutaneously (1 × 106 cells per place) into the nude mice as described 

previously [20]. When the tumor volume reached 50 mm3, the mice were randomly divided into four groups. Mice were 

treated daily with solvent (vehicle control), TMZ (5 mg/kg), CLD (400 mg/kg) and TMZ (5 mg/kg) + CLD (400 mg/kg) 

by intraperitoneal injection for 10 days. Tumor size was measured daily with calipers, and tumor volume was calculated 

using the formula: tumor volume (mm3) = [length (mm) × width (mm2)] /2 [25].  

2.9 Histopathological Examination 

Mice were deeply anesthetized with medetomidine hydrochloride (0.3 mg/kg), midazolam (4 mg/kg) and 

butorphanol tartrate (5 mg/kg) by intraperitoneal injection, and tumors were resected. The tumors were fixed with 4% 

neutral-buffered paraformaldehyde, dehydrated using 70% ethanol, and embedded in paraffin wax. Sections (3 μm-

thick) were cut from the paraffin blocks, and immunostaining was performed as described previously [26]. Sections 

were stained with 3,3’-diamonobenzidine as chromogen and counterstained with hematoxylin solution (Wako 

Chemicals Inc., Osaka, Japan), and then processed for the HE staining and immunostaining. Following mouse 

monoclonal antibodies were used: anti-Ki-67   monoclonal antibody (clone MIB-1; 1:100; Biogenex, California USA) 

and anti-MGMT monoclonal antibody (clone MT3.1; 1:50; Chemicon International, Temecula, CA, USA; 1:50), MGMT 

immunoreactivity was evaluated in representative areas of the tumors showing the characteristic features [27]. 
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2.10 Statistical analyses 

Data were expressed as mean ± SE and were subjected to parametric analyses. When univariate data with more 

than two groups showed similar distribution, we used the analysis of variance (ANOVA) to assess the statistical 

differences among time, dose and experimental groups, followed by the Bonferroni’s post-hoc test for multiple 

comparisons. Alternatively, Student’s t-test (two tailed) was used for univariate data analysis of two groups. All 

statistical analyses were performed using the GraphPad Prism 6 software (GraphPad Software, CA, USA). 

3. Results 

3.1 Antiproliferative activity of clindamycin in cultured glioblastoma cells 

Macrolides are known to regulate inflammation and immune responses. We investigated the effects of approved 

macrolides on cell growth using human GBM cell lines. In our preliminary experiments, we treated U251 and T98G 

cells with azithromycin, clarithromycin, clindamycin (CLD), and erythromycin. Results showed that CLD inhibited the 

growth and survival of U251 and T98G cells (Supplementary Figure S1). Moreover, CLD also inhibited proliferation of 

U251, T98G, LN229, and NGT41 cell lines (Figure 1A-D). The inhibitory effect of CLD on these cells was dose dependent. 

The 50% inhibitory effect of CLD was observed at 440-660 μM (U251, 440 μM: T98G, 500 μM: LN229, 660 μM and 

NGT41, 500 μM). Based on the 50% inhibitory concentration, CLD was used at the dose of 440 μM for subsequent 

experiments. These results suggest that CLD suppresses the proliferation of malignant glioma cells in vitro. 

 

 

Figure 1. Antiproliferative activity of clindamycin on cultured glioblastoma cell lines. Dose responses of clindamycin (CLD) on 

proliferation in glioblastoma cell lines (A-D). Cells were treated with CLD (0, 110, 220, 440, or 660 μM) for 72 h and subjected to the 

WST-1 cell proliferation assay. The viability of untreated cells (vehicle control: 0 μM CLD) was considered 100%. Data are presented 

as the mean ± SE. Similar results were obtained from triplicate experiments (* P < 0.05, ** P < 0.01, and *** P < 0.001 vs. control 

culture: one-way ANOVA). 

3.2 Effects of clindamycin on mTOR signaling in glioblastoma cell lines 

To investigate the effects of the CLD on mTOR signaling, we examined p70S6K phosphorylation by Western blot-

ting using the anti-phospho p70S6K (Thr389) antibody. Results showed that CLD treatment reduced the p70S6K phos-

phorylation in a dose-dependent (Figure 2A, C, E, and G) and time-dependent manner (Figure 3A-H). CLD also inhib-

ited the phosphorylation of ribosomal S6 protein (S6), a substrate of p70S6K, in a dose-dependent manner (Figure 2B, 

D, F and H), indicating that CLD inhibits the phosphorylation of p70S6K and S6 proteins in a dose-dependent manner.  
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Figure 2. Effect of clindamycin on the phosphorylation of p70S6K and S6 in glioblastoma cell lines. Dose responses of clindamycin 

(CLD) on the phosphorylation of p70S6K at Thr389 and S6 at Ser240/Ser244 in glioblastoma cell lines (A, C, E, and G). Cells were 

treated with CLD (0, 110, 220, or 440 μM) for 72 h and subjected to Western blotting. The levels of phosphorylated and total p70S6K 

were indicated the corresponding bands. Western blotting analysis was subjected to densitometric quantification after standardiz-

ing the ratio of phospho/total p70S6K (below panel). The phosphorylation and total S6 levels in glioblastoma cell lines were simi-

larly analyzed by Western blotting (B, D, F, and H). β-actin was used as internal control levels in all cases. Data are shown as the 

mean ± SE, similar results shown were representative of three independent experiments. Each group was compared to the 0 points 

to determine statistical significance. (* P < 0.05 and ** P < 0.01 vs. control culture: one-way ANOVA) 
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Figure 3. Time course effect of clindamycin on the phosphorylation of p70S6K in glioblastoma cell lines. Time course 

analysis of clindamycin (CLD) on p70S6K phosphorylation was determined in glioblastoma cell lines (A, C, E, and G). 

Cells were assigned to the indicated times and cultured with CLD (440 μM) and subjected to Western blotting. The 

levels of phosphorylation and total p70S6K were quantified after standardizing the ratio of phospho/total p70S6K (B, 

D, F, and H). β-actin was used as internal control levels in all cases. Data are shown as the mean ± SE, similar results 

were obtained from three independent experiments. Each group was compared to the 0 min to determine statistical signifi-

cance. (* P < 0.05 and ** P < 0.01 vs. control culture: one-way ANOVA). 

3.3 Direct effect of clindamycin on mTOR kinase activity 

To verify the inhibitory effect of CLD on mTOR signaling, we measured the mTOR kinase activity in vitro. Cells 

were treated with CLD (440 μM) for 72 h and then lysed to collect the protein. Equal amount of protein from treated or 

untreated cells were subjected to immunoprecipitation with anti-mTOR antibody (N5D11). Using recombinant GST-

4EBP1 as a substrate, the kinase activity of mTORC1 was evaluated. Results showed that CLD-treated cells had lower 

mTOR kinase activity compared to untreated cells (Figure 4A, B), suggesting that CLD directly inactivates mTOR sig-

naling in GBM cells. 

3.4 Effect of clindamycin on cell cycle progression in GBM cells 

To investigate the effects of CLD on cell cycle progression, we treated NGT41 and T98G cells with 440 μM CLD 

for 24 h and performed cell cycle analyses. Results showed that treatment with CLD induced G0/G1 phase arrest (Figure 

4C). The percentage of NGT41 cells in the G0/G1 phase increased from 56.7% to 75.8% following CLD treatment (Figure 

4D). In contrast, CLD treatment decreased the percentage of cells in the S-phase (from 14.5% to 7.3%) and G2/M phase 

(from 25.4 % to 14.3 %) of the cell cycle. Similar but more modest effects were observed in T98G cells (Supplementary 
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Figure S2A, B). Further, we examined the expression of the cell cycle-related protein cyclin D1 by Western blotting. 

Results showed that treatment with CLD reduced the expression of cyclin D1 (Figure 4E). 

  

 

Figure 4. Direct effect of clindamycin on mTORC1 kinase activity and its involvement in the cell cycle progression at 

NGT41 cells. The in vitro kinase assay was examined in NGT41 cells. Cells were treated with vehicle (control) or 

clindamycin (CLD) 440 μM for 72 h. Cell lysates were immunoprecipitated with anti-mTOR (N5D11) antibody. The 

immunoprecipitates was added 4EBP1 as a substrate and were subjected to SDS-PAGE. mTORC1 activity was evaluated 

by Western blotting using anti-phospho 4EBP1 at Thr37/46 antibody (A). The intensity of immunoreactive band was 

quantified after standardizing the ratio of phospho/total 4EBP1 (B). Data shown as the mean ± SE, results were obtained 

from three independent experiments. (*** P < 0.001 vs. control culture: t-test). NGT41 cells were treated with CLD (440 

μM) for 24 h and subjected to cell cycle analysis (C). Cells were classified into three phases, G0/G1, S, and G2/M (D). 

Data represent % cells in each phase, reveal as mean ± SE, similar results were obtained from three independent exper-

iments. (*** P < 0.005 vs. control: t-test). The expression of cyclin D1 was analyzed by Western blotting (E). β-actin was 

used as a loading control. 

 

3.5 Effects of clindamycin and temozolomide combined treatment on glioma cell proliferation 

Next, we investigated the effects of CLD and TMZ combination treatment on human glioblastoma cell lines. Each 

cell line was treated with vehicle, CLD, TMZ or CLD in combination with TMZ for 72 h. In our preliminary experiments, 

we found that the minimum concentration of TMZ that is not cytotoxic and could suppress cell proliferation is 125 μM 

(Supplementary Figure S3). Co-treatment with CLD and TMZ significantly inhibited the proliferation of MGMT-posi-

tive cell lines, T98G and NGT41 (Figure 5A-D). To elucidate the mechanism underlying the effect of combined CLD and 

TMZ treatment, we examined MGMT protein level by Western blotting. Results showed that CLD suppressed MGMT 

in a dose-dependent manner in T98G and NGT41 cell lines (Figure 5E, F). MGMT mRNA expression was not affected 

by CLD in both cell lines (Supplementary Figure S4). 
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Figure 5. Effect of clindamycin and temozolomide combined treatment on glioblastoma cell proliferation. Combination 

effect of clindamycin (CLD) and temozolomide (TMZ) in glioblastoma cell proliferation (A-D). Cells were treated with 

vehicle control, CLD (440 μM), TMZ (125 μM), or CLD (440 μM) in combination with TMZ (125 μM) for 72 h and 

subjected to WST-1 cell proliferation assay. Data are reveals % ratio to vehicle control and are shown as the mean ± SE, 

similar results were representative of five independent experiments. P-value were generated using post-hoc test for 

multiple comparisons, as compared CLD + TMZ with CLD alone in each cell lines (* P < 0.05: one-way ANOVA). Dose 

response of CLD (0, 110, 220, or 440 μM) on the MGMT protein level was examined in T98G and NGT41 cell lines. After 

treatment for 72 h, cell lysates were subjected to Western blotting using anti-MGMT antibody (E, F). β-actin was used 

as a loading control. 

 

3.6 Synergistic effects of clindamycin and temozolomide in a subcutaneous tumor model 

Having confirmed the antitumor activity of CLD and TMZ combined treatment in NGT41 cells, we next try to 

evaluate the combinatorial effects of these drug in vivo using orthotopic xenograft model. Nude mice bearing NGT41 

xenografts were administrated vehicle, CLD, TMZ or CLD in combination with TMZ daily for 10 days. Results 

showed that the combination treatment with CLD + TMZ significantly suppressed the tumor growth in vivo. In con-

trast, CLD monotherapy had no effect on tumor growth in NGT41 xenografts. There were no adverse effects, such as 

weight loss or gastrointestinal dysfunction in animals that received combination treatment (Supplementary Figure 

S5). At the end of the treatment (day 10), the subcutaneous tumors were resected. Histopathological examination of 

these tumors showed that combined treatment markedly decreased the number of MIB1-positive cells (Figure 6C). 

Moreover, Western blotting showed that combined treatment suppressed the expression of MGMT in tumors, con-

firming its therapeutic potential during long-term treatment in vivo (Figure 6B). 
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Figure 6. Synergistic effect of clindamycin and temozolomide combined treatment in subcutaneous tumor model. Effi-

cacy of combined treatment for NGT41 subcutaneous xenograft model. Data represent the relation between treatment 

days and tumor volume (A). Mice were administered vehicle control, CLD (400 mg/kg), TMZ (5 mg/kg), or CLD (400 

mg/kg) in combination with TMZ (5 mg/kg) for 10 days. Data are shown as means ± SE, (N = 7). P-value represent 

statistical comparisons between CLD alone and combined treatment group using Bonferroni multiple comparisons be-

tween independent samples (* P = 0.0299 and **** P < 0.0001 vs. CLD alone: two-way ANOVA). Subcutaneous tumor 

was resected on the day 10 and then homogenized. The lysates were subjected to Western blot analysis using anti-

MGMT antibody (B). The subcutaneous tumor resected from the NGT41 xenograft, and its histological images are 

shown (C). Representative micrographs of subcutaneous tumors by HE and immunohistochemical staining with anti-

MIB-1 and anti-MGMT antibodies on day 10. These results shown are representative of four independent experiments. 

Scale bar: 100 μm. 
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4. Discussion 

GBM is one of the most aggressive tumors of the central nervous system (CNS). Despite multiple preclinical 

studies and the development of molecular targeted therapies, the overall survival of patient with GBM has not im-

proved significantly. GBM has diverse genetic alterations and spatial and temporal heterogeneity, which have been 

implicated in chemotherapy resistance. In this study, we examined the anti-proliferative effects of the approved mac-

rolides in human GBM cell lines. CLD markedly reduced the viability of GBM cells and inhibited p70S6K phosphory-

lation. Since PI3K-Akt-mTOR axis abnormalities are implicated in the etiology of GBM and other types of brain tumors 

[19,28-30], activation of the mTOR pathway in the CNS is a subject of intense research. mTOR is a serine/threonine 

kinase, that forms mTOR complex (mTORC) 1 and 2, depending on the binding partners. mTORC1 is activated by 

amino acids and growth factors and plays a central role in cell growth and proliferation. Upon mTORC1 activation, the 

phosphorylation of its substrates such as p70S6K and eukaryotic initiation factor 4E binding protein (4EBP) is increased. 

Thus, the phosphorylation ratio of these molecules is often used as an index of mTORC1 activity [31,32]. Consistent 

with our hypothesis, CLD attenuated the phosphorylation of p70S6K and S6 ribosomal protein in a dose-dependent 

manner. In vitro kinase assay revealed that CLD directly affects the mTORC1 activity. These results suggest that CLD 

inhibits the mTOR signaling which is required for GBM growth.  

To delineate the mechanism underlying anti-proliferative effect of CLD, we performed cell cycle analysis. Treat-

ment with CLD increased the percentage of cells in the G0/G1 phase and decreased the percentage of cells in the S and 

G2/M phases, suggesting that CLD induced G0/G1 arrest. There are several reports showing that mTOR inhibitors sup-

press cell proliferation. Rapamycin treatment or mTOR depletion induces cell cycle arrest in the G1/S phase and leads 

to decreased in nucleolar size [33]. Rapamycin and its derivatives, CCI-779 and RAD001 inhibit the phosphorylation of 

p70S6K and 4EBP1, leading to G1-phase cell cycle arrest [34]. It might be possible that aberrant PI3K-Akt-mTOR signal-

ing contributes to proliferation in gliomagenesis, and the cytotoxic effects of CLD is mediated via mTOR. 

Interestingly, our results showed that in MGMT-positive cell lines, T98G and NGT41, the antitumor effect of CLD 

was significantly enhanced by TMZ co-treatment. Moreover, CLD suppressed the levels of MGMT protein in these cells, 

and long-term treatment with CLD and TMZ decreased the MGMT in xenografts. Furthermore, CLD and TMZ combi-

nation therapy markedly reduced the number of MIB1-positive cells within the tumor. This suggests that CLD sup-

presses MGMT protein expression and enhances the antitumor activity of TMZ. However, long-term administration of 

CLD alone failed to suppress tumor growth. It has been reported the mTOR signaling plasticity with redundant signal 

input and reactivation by a feedback loop after inhibition [35]. Our results are consistent with the previous report. 

Therefore, combinatorial approaches for manipulating the PI3K-Akt axis and inhibiting the mTOR kinase to inactivate 

the feedback loop have been proposed [36]. Preclinical studies demonstrated the efficacy of XL765, a PI3K/mTOR dual 

inhibitor, in combination with TMZ against GBM xenografts [37-39]. Results of the present study suggest that CLD also 

effective in combination with TMZ.  

In TMZ-based chemotherapy, where DNA mismatch and subsequent apoptosis occurs, resistance has been asso-

ciated with MGMT expression [40]. Dose-dense TMZ or TMZ and interferon combination therapy has been proposed 

as a potential treatment strategy to deplete MGMT, although large clinical trials attempting to exploit this have all failed 

[41,42]. We observe the effectiveness of CLD and TMZ combination in MGMT-positive cell lines. CLD may sensitize 

these cells to TMZ by reducing MGMT protein level. CLD did not affect MGMT mRNA, thus CLD suppresses MGMT 

protein at the translation processes or the protein degradation levels. Since mTORC1 controls translation and autophagy 

[43], CLD decreases MGMT protein possibly through these mechanisms.  

CLD exerts antibacterial effect by binding to the 50S ribosomal subunit of susceptible bacteria, causing a reduction 

in the cessation of protein synthesis; however, its effects on eukaryotes are not well understood. Thus, the exact molec-

ular mechanism by which CLD reduces MGMT protein remains unknown, and further investigation is warranted. 

We investigated the effect of CLD on NGT41 cell proliferation. NGT41 is a cell line established from an epithelioid 

GBM harboring the BRAF V600E mutation. We previously confirmed the NGT41 tumor cell response to combination 

therapy with dabrafenib and trametinib in vitro and in vivo [20]. mTOR pathway activation is thought to be one of the 

main mechanisms of resistance in BRAF V600E-mutant brain tumors following targeted treatment [44-46]. This further 
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supports the notion of integration of the Ras-ERK and PI3K-mTORC1 pathways, and the mechanisms of crosstalk in-

clude negative feedback loops, cross-inhibition, cross-activation, and pathway convergence on substrates [47]. mTORC1 

is the center of the crosstalk, as it receives several inputs from both Ras-ERK and PI3K signaling pathways. Our findings 

suggest that mTOR inhibition by CLD is effective in treating BRAF V600E mutant glioblastomas. 

Our cell culture experiments revealed that treatment with 110-440 μM (i.e., 50-200 μg/mL) CLD significantly at-

tenuated the phosphorylation of p70S6K and S6K in GBM cell lines. However, in our animal studies we have not deter-

mined the concentration of CLD or its metabolites in the serum following CLD injection. It is important to consider 

whether these ranges of CLD can be achieved in the CNS. In adult humans, the peak concentration of CLD in the plasma 

following 900 mg intravenous injection of CLD phosphate is approximate 14.1 μg/mL. For severe infections, intravenous 

administration of 1200-4800 mg per day has been used. (Pfizer Inc., medical information; CLEOCIN phosphate injection 

<http://www.pfizer.com> Accessed 2021 Dec 1.) Thus, CLD dose used in our culture experiments was higher than that 

used in clinical setting. Imaoka et al. reported that in adult rats, single intravenous injection of CLD (30 mg/kg) resulted 

in a peak concentration of 48 μg/mL in lungs; however, distribution of CLD in the brain was found to be relatively lower 

[48]. CLD cannot cross the blood-brain barrier, and it is known that CLD does not reach the cerebrospinal fluid. In our 

experiment, repeated and high-dose (400 mg/kg) administration had no adverse effect such as significant weight loss 

on mouse (Supplementary Figure S5). In a mouse endotoxic shock model, pretreatment with CLD (440 mg/kg, intraper-

itoneal) suppressed the release of inflammatory cytokines [49]. The effective concentration of CLD used in the present 

study, appears to be tolerable in mice. Further research is required to understand how locally CLD and its combination 

treatment have impact on CNS regarding proliferation and activation of GBM cell metabolism. Drug repositioning, or 

identifying and developing new uses of existing drugs, is a promising method used in the pharmaceutical industry to 

reduce the cost of developing new therapeutical drugs [50]. Our group [25] as well as others [51] have performed drug 

repositioning to identify candidate drugs glioblastomas and other brain tumors [52]. Specifically, anti-biotics have 

gained considerable interest in drug repurposing for cancer therapy [53]. In the present study, through a simple screen-

ing of four macrolides, we found that the commonly used CLD exerts cytotoxic effects on GBM cell lines and is a can-

didate for drug repositioning. 

In conclusion, in GBM cell lines, CLD inhibits the mTOR signaling, which is frequently dysregulated in cancers. 

Moreover, CLD enhances the susceptibility of GBM cells toward to TMZ-based therapy, which is presently a standard 

treatment for GBM. We speculate that CLD and TMZ combination therapy prevents the development of drug resistance 

by reducing MGMT through mTOR signal downregulation. CLD is an exciting candidate drug for repositioning and 

combined CLD and TMZ therapy is a potentially new and useful strategy for targeting glioblastomas. 
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