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Abstract 
Background.  NF2-associated meningiomas are progressive, highly morbid, and nonresponsive to chemotherapies, 
highlighting the need for improved treatments. We have established aberrant activation of the mechanistic target 
of rapamycin (mTOR) signaling in NF2-deficient tumors, leading to clinical trials with first- and second-generation 
mTOR inhibitors. However, results have been mixed, showing stabilized tumor growth without shrinkage offset 
by adverse side effects. To address these limitations, here we explored the potential of third-generation, bi-steric 
mTOR complex 1 (mTORC1) inhibitors using the preclinical tool compound RMC-6272.
Methods.  Employing human NF2-deficient meningioma lines, we compared mTOR inhibitors rapamycin 
 (first-generation), INK128 (second-generation), and RMC-6272 (third-generation) using in vitro dose–response 
testing, cell-cycle analysis, and immunoblotting. Furthermore, the efficacy of RMC-6272 was assessed in NF2-null 
3D-spheroid meningioma models, and its in vivo potential was evaluated in 2 orthotopic meningioma mouse models.
Results.  Treatment of meningioma cells revealed that, unlike rapamycin, RMC-6272 demonstrated superior 
growth inhibitory effects, cell-cycle arrest, and complete inhibition of phosphorylated 4E-BP1 (mTORC1 readout). 
Moreover, RMC-6272 had a longer retention time than INK128 and inhibited the expression of several eIF4E-
sensitive targets on the protein level. RMC-6272 treatment of NF2 spheroids showed significant shrinkage in size 
as well as reduced proliferation. Furthermore, in vivo studies in mice revealed effective blockage of meningioma 
growth by RMC-6272, compared with vehicle controls.
Conclusions.  Our study in preclinical models of NF2 supports possible future clinical evaluation of third-generation, 
investigational mTORC1 inhibitors, such as RMC-5552, as a potential treatment strategy for NF2.

Key Points

• Third-generation mechanistic target of rapamycin complex 1 (mTORC1) inhibitor RMC-
6272 potently inhibits meningioma cell growth.

• RMC-6272 durably inhibits the mTORC1–4E-BP1 axis and reduces global translation.

• In NF2 meningioma models, RMC-6272 reduces size of 3D spheroids and mouse tumors.

Preclinical evaluation of the third-generation, bi-steric 
mechanistic target of rapamycin complex 1-selective 
inhibitor RMC-6272 in NF2-deficient models  
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NF2-related schwannomatosis (formerly neurofibroma-
tosis type 2), hereafter referred to as “NF2,” is caused by 
bi-allelic inactivating mutations in the NF2 gene, encoding 
the tumor suppressor protein merlin.1 NF2 is character-
ized by multiple nervous system tumors, including hall-
mark bilateral vestibular schwannomas and meningiomas 

observed in 80% of patients.2,3 In addition, ~50% of spo-
radic meningiomas, the most common intracranial tumor 
in adults, show loss of NF2/merlin.4 Meningiomas are re-
sistant to standard chemotherapies; the current standard 
of care is surgery, and radiation can be used for inop-
erable, progressive, and higher grade meningiomas. 

Importance of the Study

NF2-associated meningiomas are often progres-
sive and are resistant to traditional chemotherapies 
highlighting the need for improved treatment strategies. 
Here, we evaluated the potential of third-generation, 
bi-steric mechanistic target of rapamycin complex 1 
(mTORC1)-selective inhibitors, using the preclinical tool 
compound RMC-6272 in NF2 in vitro and in vivo models. 
Treatment of meningioma cell lines with RMC-6272 ex-
hibited superior growth inhibitory effects and cell-cycle 
arrest, along with complete and durable inhibition of 

the mTORC1 pathway readout p4E-BP1. Furthermore, 
RMC-6272 inhibited global protein synthesis and de-
creased translation of several eIF4E-sensitive readouts. 
Additionally, RMC-6272 treatment significantly impeded 
the growth of NF2-deficient meningioma 3D spheroids 
and meningioma xenografts. Our results observed in 2D, 
3D, and in vivo preclinical models of NF2 support future 
clinical evaluation of third-generation mTOR inhibitors 
as a potential treatment strategy for NF2.
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NF2-associated meningiomas often display higher grade, 
poor clinical outcome, and recurrence despite surgery.5–7 
Therefore, effective noninvasive therapies are urgently 
needed for both NF2-associated and sporadic tumors.

We previously established that loss of NF2/merlin 
leads to aberrant activation of mechanistic target of ra-
pamycin complex 1 (mTORC1) signaling in NF2-deficient 
meningiomas and schwannomas.8,9 Our findings led to 
NF2 clinical trials with everolimus, a rapalog, and first- 
generation, allosteric mTORC1 inhibitor, which demon-
strated delayed tumor growth.10–12 Among its many vital 
functions, mTORC1 signaling plays a fundamental role in 
regulating protein synthesis, primarily through phospho-
rylation of 2 key downstream substrates p70 ribosomal 
protein S6 kinase (S6K) and eIF4E-binding protein 1 (4E-
BP1). The modest clinical response to rapalogs in NF2 
patients may be attributed to incomplete inhibition of 
mTORC1, with effective attenuation of the mTORC1–S6K–
S6 axis but only limited or no inhibition of the mTORC1–
4E-BP1–eIF4E axis, which controls the rate-limiting step of 
5ʹcap-dependent translation initiation.13,14

We also observed constitutive activation of the mTORC2–
SGK1–NDRG1 signaling axis in NF2-deficient meningioma 
and Schwann cells (SCs)15,16 for which treatment of NF2 pre-
clinical models with second-generation, orthosteric mTOR 
kinase inhibitors (active site kinase inhibitors) AZD2014/
vistusertib or INK128/TAK-228/sapanisertib reduced prolif-
eration/growth more effectively than the first-generation 
mTORC1 inhibitor rapamycin.15 This work led to a recently 
completed phase II single-arm clinical trial with vistusertib 
for NF2-associated meningiomas, which demonstrated 
high rates of stable disease for progressive meningiomas; 
however, this drug was poorly tolerated leading to prema-
ture withdrawal by many participants.2 The significant tox-
icity of second-generation inhibitors like vistusertib may 
be attributed to the targeting of mTORC2, which regulates 
several crucial functions, such as glucose homeostasis and 
lipid metabolism.17,18 While these findings indicate the im-
portance of the mTOR pathway in NF2-associated tumors, 
they also highlight the need for improved mTORC1-specific 
compounds.

To address the limitations of first- and second- 
generation mTOR inhibitors, third-generation, “bi-steric” 
mTOR inhibitors were developed, exemplified by 
Rapalink-1.14,19 This compound combined the specificity 
of the FKBP12-rapamycin binding domain from the first- 
generation rapamycin with the kinase inhibition property 
of the  second-generation INK128, exhibiting a moderate 
3- to 4-fold selectivity toward mTORC1 over mTORC2. 
Subsequently, improved bi-steric versions demonstrate 
increased selectivity by several-fold for mTORC1 over 
mTORC2, and have garnered recent attention for the 
treatment of several solid tumors, owing to their unique 
chemistry.18,20–22 One such compound of this class is the 
investigational agent RMC-5552 which has over 30-fold 
selectivity for mTORC1 and is currently under clinical 
evaluation (https://clinicaltrials.gov/: NCT04774952 and 
NCT05557292). Based on the established importance of 
mTORC1 signaling in NF2-deficient meningiomas, we have 
explored the potential of RMC-6272, a preclinical tool com-
pound representative of the clinical investigational agent 
RMC-5552.20 Employing NF2-deficient immortalized and 

primary meningioma cell lines, we have demonstrated su-
perior anti-proliferative activity of RMC-6272 in compar-
ison to first- or second-generation mTOR inhibitors. More 
importantly, RMC-6272 robustly and durably inhibited 
phosphorylation of rapamycin-resistant substrate 4E-BP1 
in NF2-deficient lines and decreased global translation as 
well as several eIF4E-sensitive readouts. Furthermore, we 
have generated clinically relevant NF2-null 3D-spheroid 
meningioma models (grade I and grade III) and validated 
the superior potency of the bi-steric compound in compar-
ison with rapamycin or INK128. We also observed inhibitory 
effects of RMC-6272 by dose–response testing in CRISPR-
modified NF2-null SCs and a 3D-spheroid schwannoma 
model generated from NF2-null SCs. Finally, RMC-6272 ef-
fectively blocked tumor growth in both NF2-associated and 
sporadic, NF2-deficient meningioma models.

Materials and Methods

See Supplementary Methods for additional details re-
garding cell lines, immunoblotting, lentiviral transduction, 
cell-cycle analysis, and immunofluorescence staining.

Cell Lines and Reagents

NF2-deficient meningioma lines included 4 immortalized 
lines, Ben-Men-1,23 AG-NF2-Men derived from an NF2 
patient WHO grade-I meningioma (L.-S.C., unpublished 
manuscript), MN1-LF,24 and spontaneously immortalized 
KT21-MG1,25,26 as well as 4 primary lines MN597 (grade 
II), MN646C (grade I), MN647C (grade I, with atypical fea-
tures), and MN663 (grade II). Surgical collection of tumors 
was performed following Massachusetts General Hospital 
and Nationwide Children’s Hospital IRB-approved Human 
Subjects protocols with informed consent. The genome-
edited NF2-null Schwann cell line (clone S3) has been pre-
viously described.27 Inhibitors included rapamycin from 
EMD Millipore, INK128/TAK-228 from Selleck Chemicals, 
and RMC-6272, generously provided by Revolution 
Medicines, Inc. Antibodies for phosphorylated S6 (pS6; 
S240/244), pS6 (S235/236), S6, pS6K (T389), S6K, p4E-BP1 
(S37/46), p4E-BP1 (S65), 4E-BP1, pAkt (T308), pAkt (S473), 
Akt, p-mTOR (S2448), mTOR, ornithine decarboxylase 
(ODC), cyclin D1, cyclin D3, AlexaFluor 488-conjugate Ki-67 
(D3B5), and PARP (detecting uncleaved and cleaved), as 
well as control Jurkat extracts (untreated or etopiside-
treated) were from Cell Signaling Technologies. Other anti-
bodies included β-actin from Santa Cruz Biotechnology and 
GAPDH from EMD Millipore, along with an anti-NF2/merlin 
polyclonal antibody that has been previously described.28

Dose–Response Testing

For meningioma lines Ben-Men-1, MN1-LF, MN646C, 
and MN663A, dose–response testing was performed in 
a 384-well format using the CellTiter-Glo cell viability kit 
(Promega) as previously described.15 Briefly, ~20 hours 
post-seeding, cells were treated with serial dilutions of 
rapamycin, INK128, or RMC-6272 in full growth medium 

https://clinicaltrials.gov/
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae024#supplementary-data
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and incubated for 72 hours (see figure legends for dosage 
point details). Relative luminescence units were meas-
ured using an EnVision 2103 Multilabel Reader (Perkin 
Elmer). Dose–response curves (DRCs) were plotted using 
GraphPad Prism 10 software, and the drug concentrations 
inhibiting cell growth by 50% (IC50) relative to DMSO were 
determined using nonlinear regression (curve fit) anal-
ysis. For AG-NF2-Men, cells were seeded in 96-well plates 
(Sarstedt), and the next day cells were treated with RMC-
6272, INK128, or everolimus (see figure legend for dosage 
point details). Cell viability was assessed after 3 days by 
adding resazurin (Sigma) and measuring metabolic con-
version to fluorescent resorufin (excitation 544 nm and 
emission 590 nm) on a SpectraMax M2e plate reader 
(Molecular Devices) as previously described.29

Global Protein Synthesis

Ben-Men-1, MN1-LF, and KT21-MG1 cells were incubated 
in the presence of RMC-6272 or vehicle for 1 hour in me-
thionine and cysteine-free medium supplemented with 
10% dialyzed serum, followed by the addition of 3 μL of 
EasyTag™ EXPRESS35S Protein Labeling Mix (150–225 
μCi/mL; Perkin Elmer Life Sciences) during the last 15 min-
utes of incubation. Then, cells were washed once with 
1× PBS and directly lysed in 40 μL of RIPA buffer (50 mM 
Tris-HCl at pH 7.5, 150 mM NaCl, 1.0% NP-40, 0.5% sodium 
deoxycholate, and 0.1% SDS). Twenty microliters of the ly-
sate was spotted onto Whatman 3 MM paper preblocked 
with 50× amino acids mix (ThermoFisher), dried, and 
placed in cold 10% trichloroacetic acid (TCA) for 20 min-
utes. Filters were then transferred to 5% TCA, boiled for 15 
minutes, washed once with 5% TCA, once more with 95% 
ethanol, and dried. Radioactivity was determined by scin-
tillation counting. The obtained counts were normalized to 
protein concentration in each sample, which had been de-
termined by DC Protein Assay (Bio-Rad).

3D-Spheroid Model Generation and Inhibitor 
Treatment

Spheroids were generated using a well-established 
scaffold-free, liquid-overlay technique.30–32 Briefly, 96-well 
plates were precoated with 1.5% (w/v) agarose. Following 
initial experiments to determine optimal cell numbers for 
successful formation of cell aggregates, single-cell suspen-
sions of MN1-LF (3500 cells/well), KT21-MG1 (3000 cells/
well), or NF2-CRISPR SCs (5000 cells/well) were seeded, 
followed by centrifugation at 1000 × g for 10 minutes. Cell 
aggregates were then incubated at 37°C, and spheroid 
growth was monitored daily. Once a diameter of ~200 µm 
was attained, treatment of MN1-LF and KT21-MG1 spher-
oids was initiated with rapamycin, INK128, or RMC-6272 at 
10 nM, 100 nM, and 1 µM for each drug, respectively, with 
twice weekly treatment up to 14 days. For NF2-CRISPR SCs, 
treatment was initiated using 10 nM RMC-6272. Growth 
and shrinkage of spheroids over the course of treatment 
were assessed by unbiased region-of-interest analysis 
of area for individual spheroids using Adobe Photoshop 
2023. All brightfield images were captured using a Nikon 
Eclipse TE2000-U microscope and NIS-Element AR 3.2 

imaging software. Each experiment was performed in 3 
biological replicates, with a minimum of n = 4 spheroids/
treatment condition for each replicate. Spheroid area was 
plotted using GraphPad Prism10.

Quantifiable Skull-Base Meningioma Mouse 
Models

All animal experiments were performed according to the 
protocol approved by the Institutional Animal Care and 
Use Committee at Nationwide Children’s Hospital. The 
skull-base meningioma models were generated as previ-
ously described.26 Briefly, luciferase-expressing AG-NF2-
Men-Luc2 cells (1 × 106 cells per mouse) were injected into 
the skull base of 8- to 12-week-old NSG (NOD.Cg-Prkdcscid 
Il2rgtmlWjl/SzJ) mice (The Jackson Laboratory). Injected 
mice were subjected to weekly bioluminescence imaging 
(BLI) using an IVIS Spectrum In Vivo Imaging System 
(Perkin Elmer). Mice with successful tumor establishment, 
as defined by an increase in BL signal over at least 2 time 
points, were randomized into 3 groups and treated with 
RMC-6272 at 8 mg/kg (n = 10) or 3 mg/kg (n = 5), or vehicle 
(5% transcutol, 5% solutol HS15, and 90% water [v/w/v])20 
once a week by intraperitoneal (IP) injection. The effects of 
treatment on tumor growth were assessed by weekly BLI. 
The luminescence detected in each mouse was normalized 
to its pretreatment signal, and the mean and standard de-
viation of normalized luminescence for each treatment 
group were calculated and graphed. Similarly, luciferase-
expressing Ben-Men-1-LucB cells26 were injected to es-
tablish intracranial xenografts. Mice bearing established 
tumors were treated with 8 mg/kg of RMC-6272 or vehicle 
(n = 7/group) and imaged every week as described above. 
Statistical significance was determined using the longitu-
dinal analysis module of the TumGrowth web tool,33 https://
kroemerlab.shinyapps.io/TumGrowth/, with linear mixed 
model fitting of normalized tumor volumes.

Results

Treatment of NF2-Null Meningioma Cell Lines 
With the Third-Generation mTOR Inhibitor RMC-
6272 Potently Reduces Proliferation

With the recent development of bi-steric mTORC1-
selective inhibitors, such as RMC-6272, we first sought 
to directly compare all 3 classes of mTOR inhibitors in 
cell viability assays. Initial dose–response testing was 
carried out in immortalized NF2-null meningioma lines 
Ben-Men-1 and MN1-LF using 9 dosage points for each 
compound in a standard range of 1.5 nM–10 µM (1:3 di-
lution series) treated for 72 hours. In agreement with our 
previous reports, DRCs for rapamycin showed minimal 
decrease in percent viability with IC50 (defined as drug 
concentration showing 50% inhibition relative to DMSO) 
unable to be calculated since the maximum response (MR) 
at the highest dose of 10 µM showed <50% inhibition. 
DRCs for INK128 treatment showed increased activity with 
IC50s of 15.3 nM (MR = 88% inhibition) and 22.6 nM (MR 
= 86% inhibition) in Ben-Men-1 and MN1-LF, respectively. 

https://kroemerlab.shinyapps.io/TumGrowth/
https://kroemerlab.shinyapps.io/TumGrowth/
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In contrast, RMC-6272 treatment showed an extreme level 
of potency with IC50 being undetermined since both cell 
lines showed >70% inhibition even at the lowest dose 
(1.5 nM; Figure 1A). Due to the high potency of RMC-6272, 

we next performed 9-point testing as above, lowering the 
concentration range by 10-fold (152 pM–1 µM), and ex-
tended testing to include 2 primary meningioma lines in 
addition to Ben-Men-1 and MN1-LF. Again, for all 4 lines, 
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Figure 1. RMC-6272 treatment leads to reduced cell viability and induces cell-cycle arrest in NF2-null meningioma cell lines. (A) Dose–response 
curves (DRCs) are shown representing percent cell viability relative to DMSO for human NF2-null immortalized meningioma lines Ben-Men-1 and 
MN1-LF. Comparison of mTOR inhibitors including rapamycin (first-generation, left plot), INK128 (second-generation, middle plot), and RMC-6272 
(third-generation, right plot) in cell lines treated with 9 dosage points (1.5 nM–10 μM, 1:3 serial dilution) for each drug demonstrates high potency of 
RMC-6272. Data represents a single experiment, performed in triplicate, ± SEM. (B) Due to high potency (shown in A), dose–response testing was 
repeated for RMC-6272 with 9 dosage points (2.6 pM–1 μM, 1:5 serial dilution) in Ben-Men-1 and MN1-LF (left plot), as well as 10 dosage points (51 
pM–1 μM, 1:3 serial dilution) in NF2-null primary lines MN646C and MN663A (right plot). Data represents 3 independent experiments (4 replicates/
experiment), ± SEM. IC50s for respective cell lines (A and B) were determined using GraphPad Prism10 (shown in the upper right legend for each 
graph). nc, unable to be calculated; nd, undetermined. (C and D) Cell-cycle data for Ben-Men-1 (n = 3) and KT21-MG (n = 3) treated with 10 nM 
RMC-6272 for 24 hours is shown (C as a representative). Quantitation of cell-cycle data (D) represents the percentage of cells in each phase of the 
cell cycle where each data point denotes average of 3 biological replicates, ± SEM. Cell-cycle analysis revealed that RMC-6272 treatment leads to 
a significant G1 arrest in both the cell lines compared with DMSO controls. *P < .05, **P < .01, calculated by one-tailed Student’s t test.
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potent inhibition was found even at the lowest dose of 152 
pM, with primary meningioma lines showing slightly de-
creased sensitivity (data not shown). Therefore, to deter-
mine the IC50 for RMC-6272, we next carried out testing 
for Ben-Men-1 and MN1-LF using 9 dose points of 2.6 
pM–1 µM (1:5 dilution series) that demonstrated IC50s 
of 436.0 pM (MR = 82% inhibition) and 971.1 pM (MR = 
80% inhibition), respectively. For NF2-null primary me-
ningioma lines MN646C and MN663A, 10 dose points of 
51 pM–1 µM (1:3 dilution series) showed IC50s of 1.1 nM 
(MR = 67% inhibition) and 1.3 nM (MR = 64% inhibition), 
respectively (Figure 1B).

Given our results showing potent growth inhibition 
in RMC-6272-treated cells, we next tested the effect of 
RMC-6272 on cell cycle. We performed flow cytometry 
analysis of propidium iodide-stained Ben-Men-1 and ob-
served a significant G1 phase arrest compared with the 
DMSO control. We also tested the malignant meningioma 
line KT21-MG1 and observed similar results (Figure 1C). 
Furthermore, we assessed the induction of apoptosis by 
RMC-6272 in Ben-Men-1 and MN1-LF cells and observed 
no PARP cleavage, denoting that RMC-6272 treatment does 
not lead to apoptosis in meningioma cells (Supplementary 
Figure 1). These results demonstrate that RMC-6272 is su-
perior to rapamycin and INK128 to inhibit cell growth and 
leads to a significant G1 arrest in meningioma cell lines.

RMC-6272 Effectively Inhibits Both Axes of 
mTORC1 Signaling in NF2-Null Meningioma Cell 
Lines

We next examined the effect of RMC-6272 treatment on 
the phosphorylation status of key downstream mTORC1 
pathway readouts (Figure 2A) by immunoblotting fol-
lowing 24-hour treatment with RMC-6272 compared with 
rapamycin or INK128. As expected, all 3 compounds effi-
ciently inhibited the mTORC1–S6K–S6 axis, as evidenced 
by the inhibition of pS6K (T389) and its downstream target 
pS6 (S240/244) in immortalized and primary meningioma 
lines. Furthermore, treatment with either 10 nM RMC-6272 
or 200 nM of INK128 demonstrated complete inhibition of 
p4E-BP1 (S65) as well as p4E-BP1 (T37/46), whereas 50 nM 
rapamycin had minimal effect on p4E-BP1 (Figure 2B 
and C). As expected, rapamycin did not inhibit phospho-
rylation of Akt (S473), the direct target of mTORC2, while 
INK128 potently blocked pAkt (S473), in all immortalized 
and primary meningioma lines tested. Importantly, 10 nM 
RMC-6272 treatment did not inhibit pAkt (S473) in MN1-LF, 
MN597, and MN663 cells (Figure 2B and C), demonstrating 
mTORC1-selectivity, consistent with the previous reports 
in other tumor types. However, in Ben-Men-1 cells, we de-
tected inhibition of mTORC2 target pAkt (S473), suggesting 
possible heterogeneity in drug response (Figure 2B). We, 
therefore, decreased treatment doses to 200 pM, 1 nM, 
and 2 nM in Ben-Men-1 cells (representing approximately 
0.5×, 2.5×, and 5× of IC50 concentration) and observed that 
the lowest dose (200 pM) of RMC-6272, robustly inhibited 
both S6K and 4E-BP1 arms of mTORC1 signaling while re-
taining mTORC1 selectivity as evident by no changes in 
the phosphorylation status of mTORC2 target pAkt (S473; 
Supplementary Figure 2). Taken together, these results 

indicate potent inhibition of mTORC1 pathway readouts 
by RMC-6272 in all the immortalized and primary menin-
gioma cell lines along with mTORC1 specificity.

RMC-6272 Exhibits Durable Inhibition of 
mTORC1 Signaling

We next assessed the duration of action of RMC-6272 com-
pared with second-generation INK128 in NF2-deficient 
meningioma lines since sustained target inhibition pro-
vides a potential opportunity for intermittent dosing in 
patients.22,34 In time-course experiments, we compared 
RMC-6272 with INK128 to assess retention time, or the time 
it took to re-activate mTORC1 signaling following drug 
washout. MN1-LF and KT21-MG1 cells were treated for 24 
hours with INK128 or RMC-6272 followed by cell lysis at 0, 
3, 8, and 24 hours post-drug washout. Immunoblotting re-
vealed sustained inhibition of mTORC1 readouts p4E-BP1 
(T37/46 or S65), pS6K (T389), and pS6 (S240/244) for 
RMC-6272 through 24 hours of washout in MN1-LF cells 
(Figure 3 left panel). Immunoblots of KT21-MG1 cells also 
reflect a similar trend where RMC-6272 demonstrated sus-
tained inhibition for all the mTORC1 readouts except pS6K, 
which was reactivated within 24 hours (Figure 3 right 
panel). In contrast, in cell lines treated with INK128, reactiv-
ation of p4E-BP1 and pS6K was observed within 3 hours of 
washout. Our results reveal durable blockage of mTORC1 
signaling by RMC-6272, compared with a short retention 
time of 3 hours for INK128.

RMC-6272 Treatment Reduces Global Translation 
and Downregulates eIF4E-Sensitive Readouts

We previously reported that NF2 loss in meningioma 
cells leads to constitutive activation of the mTORC1 
pathway, including the mTORC1–S6K–S6 and the 
mTORC1–4E-BP1 downstream signaling axes.9 When in 
an unphosphorylated state, 4E-BP1 functions as a trans-
lational repressor by binding and sequestering the eIF4E 
subunit from the heterotrimeric eIF4F complex. Upon ac-
tivation, mTORC1 directly phosphorylates 4E-BP1 leading 
to its dissociation from eIF4E, allowing eIF4F assembly and 
initiation of 5ʹ cap-dependent mRNA translation. Given 
that RMC-6272, unlike rapamycin, efficiently blocked the 
mTORC1–4E-BP1 axis in our meningioma cells, we next 
performed protein labeling assays to compare the effects 
of rapamycin vs RMC-6272 on global translation in Ben-
Men-1, MN1-LF, and KT21-MG1 cell lines. Treatment for 1 
hour with 10 nM RMC-6272 led to a much greater reduc-
tion in 35S incorporation when compared to 50 nM rapa-
mycin treatments where minimal changes were observed 
(Figure 4A).

Furthermore, mRNAs showing long, G/C-rich 5ʹ-UTRs 
with stable secondary structure are considered as “weak 
mRNAs” and have been reported to be strictly dependent 
on eIF4E for their translation, including ornithine decarbox-
ylase (ODC), cyclins D1 and D3, B-cell lymphoma 2 (BCL2) 
and MYC.35,36 We next examined the protein levels of some 
eIF4E-sensitive targets by immunoblotting in Ben-Men-1, 
MN1-LF, and KT21-MG1 and observed a more pronounced 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae024#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae024#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae024#supplementary-data
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Figure 2. Treatment with RMC-6272 potently and selectively inhibits mTORC1 signaling in NF2-null cells. (A) Schematic representation of mTOR 
pathway regulation upon NF2 loss showing 2 downstream signaling axes of mTORC1 (4E-BP1–eIF4E and pS6K–S6), as well as the mTORC2–Akt 
pathway, along with 3 generations of mTOR inhibitors. (B and C) Immunoblotting of NF2-null meningioma lines, including immortalized Ben-
Men-1 and MN1-LF (B) as well as primary MN647D, MN597, and MN663 (C), treated for 24 hours with rapamycin (50 nM) revealed inhibition of 
pS6K (T389; mTORC1–S6K axis) with no attenuation of p4E-BP1 (T37/46 or S65; mTORC1–4E-BP1 axis). In contrast, treatment with INK128 (200 nM) 
or RMC-6272 (10 nM) inhibited both mTORC1 axes, while only INK128 blocked pAkt (S473; mTORC2 readout). Respective total protein readouts and 
GAPDH served as controls. A representative immunoblot has been shown from n = 3 independent experiments for the immortalized lines and n = 
1 for primary cell lines.
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decrease in ODC, cyclin D1, and cyclin D3 upon RMC-6272 
treatment, with rapamycin showing more modest changes 
(Figure 4B) and no change observed in BCL2 or MYC (data 
not shown). These data suggest that the decrease in some 
eIF4E-sensitive targets may be due to more efficient in-
hibition of phosphorylated 4E-BP1 by RMC-6272. To test 
this, we next employed RNA interference in Ben-Men-1 
cells transduced with 2 independent short hairpin RNAs 
(shRNAs) targeting 4E-BP1. Immunoblotting confirmed 
suppression of 4E-BP1 along with increased levels of cyclin 
D1, cyclin D3, and ODC (Figure 4C). These data suggest that 
the mTORC1–4E-BP1–eIF4E axis plays an important role in 
increased translation upon NF2 loss, and third-generation 
mTORC1 inhibitors such as RMC-6272 are potentially su-
perior in suppressing translation in NF2-deficient menin-
gioma cells.

Establishment of 3D In Vitro Models of NF2 and 
Evaluation of RMC-6272 for Therapeutic Potential

Three-dimensional (3D) multicellular tumor spheroids 
(MCTS) are gaining increased recognition for preclinical 
drug testing since they more closely resemble the mor-
phological and functional properties of an in vivo tumor 
when compared with traditional 2D culture systems.37–40 
For example, 3D spheroids develop an inner necrotic core 
enclosed by a hypoxic area followed by a proliferating 

zone simulating the microenvironment of a vascular 
tumor and conferring a higher degree of biological rel-
evance.41 Here we sought to generate 3D MCTS for NF2 
and evaluate the therapeutic efficacy of RMC-6272 in this 
model. To generate 3D spheroids from NF2-deficient lines 
MN1-LF (grade I with atypical features) and KT21-MG1 
(grade III malignant), we utilized a simple and reproducible 
scaffold-free method of forced floatation to obtain single 
spheroids in a 96-well format. Among many factors, op-
timal cell number contributes to the successful formation 
of uniform homogenous spheroids. Following optimiza-
tion, we utilized 2500 and 3000 cells/well for MN1-LF and 
KT21-MG1, respectively. Based on previously described 
methods, spheroid growth was monitored daily where 
cells followed a predicted pattern of formation including 
(i) aggregation within 24 hours of seeding, (ii) aggregate 
compaction into a cohesive spheroid structure due to se-
cretion of extracellular matrix over 3–5 days, followed by, 
and (iii) spheroid growth to a minimal diameter of ~200–
250 µm prior to initiating drug treatment.42 Spheroids 
were subsequently treated with increasing doses (10 nM, 
100 nM, and 1 µM) of rapamycin, INK128 and RMC-6272 
for 2 weeks. Consistent with results observed in 2D me-
ningioma cultures, rapamycin had minimal effect on sphe-
roid size for all doses tested, whereas INK128 treatment 
revealed a dose-dependent reduction in size after 14 days 
of treatment for both MN1-LF and KT21-MG1 spheroids 
(Figure 5; Supplementary Table 1). Interestingly, for both 
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Figure 3. Treatment with RMC-6272 leads to sustained inhibition of mTORC1 targets in NF2-null meningioma cells. Immunoblotting was car-
ried out for immortalized MN1-LF (left panel) and KT21-MG1 (right panel) meningioma lines treated with 200 nM INK128 (INK) or 10 nM RMC-6272 
(RMC) for 24 hours followed by exchange for fresh growth medium without drugs to initiate washout. Lysates were collected to assess time to 
mTORC1 pathway reactivation after drug washout at indicated time points. Reactivation of mTORC1-specific readouts p4E-BP1 T37/46, p4E-BP1 
S65, pS6K T389, and pS6 S240/244 was observed within 3 hours of INK128 removal. In contrast, RMC-6272 treated cells demonstrated sustained 
inhibition through 24 hours after drug removal, with the exception of pS6K T389 that showed reactivation in KT21-MG1 cells at 24 hours after drug 
removal. Representative immunoblot blots are shown from at least n = 2 independent experiments. β-actin serves as a loading control.

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae024#supplementary-data
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the grade I and grade III spheroids, treatment with the 
lowest dose of RMC-6272 (10 nM) led to >70% decrease in 
spheroid size after 14 days versus DMSO controls, while 
treatment with rapamycin or INK128 at the same dose led 
to only minimal reduction of ~20% in the same timeframe 
(Figure 5B and C). In addition, since development of ves-
tibular schwannomas is a hallmark of NF2, we tested the 
efficacy of RMC-6272 in a CRISPR-modified, NF2-null 
human Schwann cell (SC) line. As with meningioma cells, 
dose–response testing in NF2-null SCs, using 9 dose 
points of 2.6 pM–1 µM (1:5 dilution series), demonstrated 
high potency for RMC-6272 with an IC50 of 33.5 pM (MR = 

69.8% inhibition). We further assessed the effects of 10 nM 
RMC-6272 treatment on NF2-null SC spheroids and ob-
served reduction in size versus DMSO control, similar to 
meningioma spheroids (Supplementary Figure 3). These 
data again highlight the improved therapeutic potential of 
third-generation mTOR inhibitors for NF2-related tumors.

To understand the inhibitory effect of RMC-6272 on 
spheroid size, we performed immunofluorescence (IF) 
staining for the proliferation marker Ki-67. Results dem-
onstrate a global decrease in Ki-67 intensity upon RMC-
6272 treatment compared with DMSO, indicating reduced 
proliferation in the treated spheroids (Figure 5D and E). 
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Figure 4. RMC-6272 treatment reduces protein synthesis and downregulates eIF4E-sensitive translational targets. (A) Protein metabolic la-
beling of NF2-null meningioma cell lines revealed a significant reduction in global protein synthesis upon treatment with 10 nM RMC-6272 
compared with 50 nM rapamycin treatment. Data represents counts per minute (cpm)/µg of protein plotted using GraphPad Prism10, relative to 
DMSO-treated controls (3 biological replicates performed in duplicate; n.s., nonsignificant; *P < .05). (B) Immunoblot analysis of eIF4E transla-
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(GAPDH or β-actin).

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae024#supplementary-data
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We next asked whether the reduction in spheroid size was 
attributed to cell death or apoptosis. Using a caspase 3/7 
green detection reagent kit or propidium iodide staining, 
we found no significant induction of cell death or ap-
optosis (data not shown), suggesting that the observed 

reduction in the spheroid area might be due to decreases 
in cell proliferation as well as cell size, for which mTORC1 
signaling is known to play a major role. Overall, our 
studies in 3D models of NF2 reveal superior efficacy of 
RMC-6272 and validate the results of the 2D platform, 
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thus providing a conducive basis to assess RMC-6272 in 
in vivo models of NF2.

RMC-6272 Effectively Blocks the Growth of 
Intracranial Meningioma Xenografts

To evaluate the antitumor activity of RMC-6272, we em-
ployed 2 quantifiable, orthotopic meningioma xenograft 
models established using luciferase-expressing AG-NF2-
Men-Luc2 and Ben-Men-1-LucB cells. Like the Ben-Men-1 
cell line, the AG-NF2-Men line was established from a 
grade I meningioma by telomerase immortalization; how-
ever, AG-NF2-Men cells were derived from an NF2 patient’s 
tumor (L.-S.C., unpublished manuscript). The analysis of 
DRCs in AG-NF2-Men cells showed RMC-6272 to possess 
potent growth inhibitory activity with an IC50 value of ~250 
pM for RMC-6272 (Supplementary Figure 4). Treatment of 
AG-NF2-Men cells with 200 pM, 1 nM, and 2 nM of RMC-
6272 (representing approximately 1×, 5×, and 10× IC50) 
also efficiently inhibited pS6 and completely impaired 
4E-BP1 phosphorylation even at 200 nM (~1× IC50). In ad-
dition, RMC-6272 retained mTORC1 selectivity in AG-NF2-
Men cells as the pAkt (S473) levels were not affected by 
RMC-6272 treatment at 1× and 5× IC50 (Supplementary 
Figure 5).

Subsequently, we treated mice bearing actively growing, 
intracranial AG-NF2-Men-Luc2 tumors with 3 or 8 mg/kg 
of RMC-6272, or vehicle as the control. As reported previ-
ously,20 both doses of RMC-6272 were well-tolerated and 
did not cause any overt weight loss in treated mice (data 
not shown). RMC-6272 at 3 mg/kg shrank AG-NF2-Men-
Luc2 tumors by ~50% relative to their pretreatment sizes 
after 3 weeks of treatment (Figure 6A). However, tumor 
growth slowly started after the fourth treatment week. 
Overall, 3 mg/kg of RMC-6272 reduced tumor growth 
by ~94% after 9-week treatment, compared to vehicle-
treated controls (Figure 6A and B). Interestingly, RMC-6272 
at 8 mg/kg caused a greater tumor shrinkage to ~22% of 
the original tumors after 4-week treatment. While there 
was a small amount of tumor regrowth afterward, tumor 
shrinkage was still detectable after 10 weeks. To examine 
the possibility of retreatment, we stopped treating one 
cage of mice that had been treated with 8 mg/kg of RMC-
6272 for 11 weeks and found that upon cessation of treat-
ment, the tumors slowly regrew over the following 3 weeks 
(Figure 6C). However, when the treatment was reinitiated 
from weeks 14 to 18, tumor shrinkage was observed again.

Similarly, we treated mice bearing established Ben-Men-
1-LucB xenografts with 8 mg/kg of RMC-6272 or vehicle. 
RMC-6272 treatment resulted in tumor shrinkage to ~60% 
of the original tumor sizes after 3 weeks (Figure 6D). Some 
tumor growth was observed from week 4, and the mean 
luminescence signal emitted by tumors treated with RMC-
6272 for 8 weeks grew to about 2-fold of that of the original 
tumors. However, compared to vehicle controls, RMC-
6272 suppressed tumor growth by ~99% after 7 weeks of 
treatment.

Together, both the in vitro and in vivo data suggest that 
RMC-6272 possesses potent antitumor activity in NF2-
deficient sporadic and NF2-associated meningiomas.

Discussion

Our previous work demonstrating activation of 
mTOR signaling in NF2-deficient meningiomas and 
schwannomas led to clinical trials testing first- and 
 second-generation mTOR inhibitors in NF2-related tu-
mors. However, drawbacks have been observed for 
both classes of compounds. For first-generation allo-
steric rapalogs, tumor stabilization was observed with 
no shrinkage, possibly owing to inefficient blockage of 
the mTORC1 substrate 4E-BP1.10–12 Whereas the second- 
generation orthosteric inhibitor vistusertib, while at-
tenuating S6K and 4E-BP1 and showing more promising 
results, was poorly tolerated in patients,2 potentially due 
to targeting of mTORC2, which regulates several crucial 
metabolic processes.17,18 Here, we have tested the potency 
of a third-generation inhibitor RMC-6272, a tool compound 
representative of the clinical investigational agent RMC-
5552, in NF2-deficient preclinical models. We observed su-
perior inhibition of proliferation in both immortalized and 
primary meningioma lines upon RMC-6272 treatment, 
with IC50s in the picomolar range, compared to first- or 
second- generation mTOR inhibitors. We also noted signif-
icant cell-cycle arrest in immortalized grade I and grade 
III meningioma lines upon RMC-6272 treatment which is 
consistent with recent reports using bi-steric mTORC1 in-
hibitors for other tumor models.34,43,44 However, we did 
not detect induction of apoptosis, which differs from re-
cent studies in several cancer types including bladder, 
renal, and breast where RMC-6272 treatment induced 
apoptosis, supporting a cell/tumor context-dependent 
process in NF2-deficient meningiomas.18,45 In addition, 
consistent with previous reports, we observed mTORC1 
selectivity with effective inhibition of rapamycin-sensitive 
(S6K) and rapamycin-resistant (4E-BP1) substrates upon 
RMC-6272 treatment in primary and immortalized menin-
gioma lines. It should be noted that in Ben-Men-1 cells, 
we initially detected inhibition of the mTORC2 substrate 
pAkt (S473) when treated with RMC-6272; however, upon 
lowering the treatment doses to the picomolar range, we 
observed mTORC1 selectivity in this cell line. Importantly, 
we found durable inhibition with a prolonged time to re-
activation of mTORC1 signaling after washout of RMC-
6272 versus INK128. It will be of interest to determine if 
this will be beneficial in a clinical setting as longer drug 
retention time provides the opportunity for reduced/inter-
mittent dosing schedules.22,34

Given that 4E-BP1 functions as a major player to con-
trolling 5ʹ cap-dependent translation,35 we evaluated 
translation changes upon RMC-6272 treatment and ob-
served a robust decrease in global protein synthesis in all 
meningioma lines tested in comparison with rapamycin. 
Furthermore, we observed a decrease in the translation 
of eIF4E-sensitive targets ODC, cyclin D1, and cyclin D3 
protein levels. To gain further mechanistic insight, we 
performed shRNA of 4E-BP1 which confirmed increased 
levels of ODC, cyclin D1, and cyclin D3 substantiating the 
importance of inhibiting the mTORC1–4E-BP1–eIF4E axis. 
Interestingly, ODC is the first rate-limiting enzyme in the 
biosynthesis of polyamines which play a major role in 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae024#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae024#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae024#supplementary-data
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cell growth and differentiation and induction of angio-
genesis making it an attractive therapeutic target for the 
treatment of several types of tumors.46–48 Furthermore, 
cyclin D1 and cyclin D3 are the major players for G1 to 
S transition,49,50 and it is tempting to speculate that the 
observed cell-cycle arrest upon RMC-6272 treatment 

may—at least in part—be due to decreases in these cell-
cycle regulators. However, further studies are needed to 
elucidate the broader spectrum of translational changes 
that may be responsible for cell-cycle arrest and/or the 
anti-proliferative activity observed upon RMC-6272 
treatment.
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Figure 6. RMC-6272 effectively blocks the growth of intracranial AG-NF2-Men-Luc2 and Ben-Men-1-LucB meningioma xenografts. (A–D) NSG 
mice bearing actively growing AG-NF2-Men-Luc2 tumors were treated with 3 or 8 mg/kg of RMC-6272, or vehicle, and tumor growth was moni-
tored by BLI. RMC-6272 at 3 mg/kg profoundly suppressed tumor growth by ~94% after 9 weeks of treatment, compared to vehicle controls, 
while the 8 mg/kg dose resulted in tumor shrinkage throughout the 10-week treatment (A). Representative bioluminescence images of groups 
of AG-NF2-Men-Luc2B meningioma-bearing mice at pretreatment or after 8 weeks of treatment with vehicle, or 3 or 8 mg/kg of RMC-6272 are 
shown (B). Upon cessation of treatment for a cohort of mice that had been treated with 8 mg/kg of RMC-6272, the tumors slowly regrew over the 
following 3 weeks, but tumors regressed again when the treatment was resumed (C). Similarly, NSG mice bearing established Ben-Men-1-LucB 
xenografts were treated with RMC-6272 at 8 mg/kg or vehicle, and the treatment effects were assessed by weekly BLI with the exception of 
the fifth-week time point due to inaccessibility of the IVIS Spectrum scanner. Potent tumor growth suppression was observed over the 8-week 
treatment period (D). Graphs show the means and standard errors of normalized tumor bioluminescence. The P-values were calculated from 
log-transformed normalized tumor volume using the cross-sectional functionality of the TumGrowth web tool (33; https://kroemerlab.shinyapps.io/
TumGrowth/) using generalized least squares fit by maximum likelihood. The week 6 time point was chosen for both xenograft models as this was 
the last time point when the tumor BLI of at least 5 vehicle-treated control mice were measured.

https://kroemerlab.shinyapps.io/TumGrowth/
https://kroemerlab.shinyapps.io/TumGrowth/
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In addition to our 2D in vitro studies, we further exam-
ined the effects of RMC-6272 in a 3D multicellular spheroid 
model as well as in vivo mouse models of meningioma. 
Here, we have established a reproducible, cost-effective, 
and scalable protocol for generating NF2-deficient me-
ningioma spheroids and evaluated 3 classes of mTOR in-
hibitors. Similar to 2D cultures, we found RMC-6272 to 
be superior to both first- and second-generation mTOR 
inhibitors in 3D spheroids from grade I and grade III 
meningiomas. We have also observed a significant re-
duction in schwannoma spheroid size upon RMC-6272 
treatment. It is noteworthy that a 100-fold increase in the 
concentration of INK128 was required to achieve a similar 
level of reduction in meningioma spheroid area compared 
with RMC-6272. Importantly, meningioma-bearing mice 
treated with RMC-6272 at 3 and 8 mg/kg did not show any 
overt weight loss and these treatments led to significant 
reduction in tumor growth in 2 intracranial meningioma 
xenograft models.

Taken together, our study demonstrates that RMC-6272 
is mTORC1-selective, inhibiting both S6K and 4E-BP1 with 
a longer retention time, effectively reduces global trans-
lation and potently inhibits meningioma growth both in 
vitro and in vivo. These data highlight the importance of 
mTORC1–4E-BP1–eIF4E signaling in NF2-related tumors 
and raise the possibility that targeting 5ʹcap-dependent 
translation may be a more effective therapeutic approach 
for NF2-deficient tumors. Additionally, here we show the 
generation of 3D spheroids from NF2-deficient menin-
gioma and schwannoma cell lines as a complementary ap-
proach to traditional 2D in vitro and in vivo mouse models, 
which can serve as an important tool for future NF2 
studies. Our results suggest that more complete inhibi-
tion of mTORC1 signaling may enhance antitumor activity 
and provide a compelling basis for potential future clinical 
evaluation of bi-steric mTORC1 inhibitors, either alone or 
in combination with other drugs for NF2 and sporadic tu-
mors with NF2 loss.

Supplementary material

Supplementary material is available online at Neuro-
Oncology Advances (https://academic.oup.com/noa).
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