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r e m ai n li mit e d. T o i d e ntif y n o v el t h er a p e uti c t ar g ets f or P N F, w e a p pli e d a n i nt e gr at e d m ulti-

o mi c a p pr o a c h t o q u a ntit ati v el y pr of il e ki n o m e e nri c h m e nt i n a m o us e m o d el t h at h as pr e di ct e d 

t h er a p e uti c r es p o ns es i n cli ni c al tri als f or N F 1- ass o ci at e d P N F wit h hi g h fi d elit y.

E x p eri m e nt al D e si g n:  Utili zi n g R N A s e q u e n ci n g c o m bi n e d wit h c h e mi c al pr ot e o mi c pr ofili n g 

of t h e f u n cti o n all y e nri c h e d ki n o m e usi n g m ulti pl e x e d i n hi bit or b e a ds c o u pl e d wit h m ass 

s p e ctr o m etr y, w e i d e ntifi e d m ol e c ul ar si g n at ur es pr e di cti v e of r es p o ns e t o C D K 4/ 6 a n d R A S/

M A P K p at h w a y i n hi biti o n i n P N F. I nf or m e d b y t h es e r es ults, w e e v al u at e d t h e effi c a c y of t h e 

C D K 4/ 6 i n hi bit or, a b e m a ci cli b, a n d t h e E R K 1/ 2 i n hi bit or, L Y 3 2 1 4 9 9 6, al o n e a n d i n c o m bi n ati o n 

i n r e d u ci n g P N F t u m or b ur d e n i n Nf 1 fl o x/fl o x; P ost n Cr e mi c e.

R e s ult s:  C o n v er gi n g si g n at ur es of C D K 4/ 6 a n d R A S/ M A P K p at h w a y a cti v ati o n w er e i d e ntifi e d 

wit hi n t h e tr a ns cri pt o m e a n d ki n o m e t h at w er e c o ns er v e d i n b ot h m uri n e a n d h u m a n P N F. We 

o bs er v e d r o b ust a d diti vit y of t h e C D K 4/ 6 i n hi bit or, a b e m a ci cli b, i n c o m bi n ati o n wit h t h e E R K 1/ 2 

i n hi bit or, L Y 3 2 1 4 9 9 6, i n m uri n e a n d h u m a n N F 1( Nf 1)  m ut a nt S c h w a n n c ells. C o nsist e nt wit h 

t h es e fi n di n gs, t h e c o m bi n ati o n of a b e m a ci cli b ( C D K 4/ 6i) a n d L Y 3 2 1 4 9 9 6 ( E R K 1/ 2i) s y n er gi z e d 

t o s u p pr ess m ol e c ul ar si g n at ur es of M A P K a cti v ati o n a n d e x hi bit e d e n h a n c e d a nti-t u m or a cti vit y 

i n Nf 1 fl o x/fl o x; P ost n Cr e mi c e i n vi v o.

C o n c l u si o n: T h es e fi n di n gs pr o vi d e r ati o n al e f or t h e cli ni c al tr a nsl ati o n of C D K 4/ 6 i n hi bit ors 

al o n e a n d i n c o m bi n ati o n wit h t h er a pi es t ar g eti n g t h e R A S/ M A P K p at h w a y f or t h e tr e at m e nt of 

P N F a n d ot h er p eri p h er al n er v e s h e at h t u m ors i n p ers o ns wit h N F 1.

Tr a n sl ati o n al R el e v a n c e

Pl e xif or m n e ur ofi br o m as ( P N F) r e pr es e nt a m aj or s o ur c e of m or bi dit y i n p ers o ns wit h 

n e ur ofi br o m at osis t y p e 1 ( N F 1). T h er e r e m ai ns a n u n m et n e e d t o d e v el o p n e w a n d eff e cti v e 

tr e at m e nt str at e gi es f or P N F gi v e n t h at a si g nifi c a nt pr o p orti o n of p ati e nts d o n ot e x hi bit d ur a bl e 

r es p o ns es t o c urr e ntl y a v ail a bl e t h er a pi es. Usi n g a n i nt e gr at e d m ulti- o mi c a p pr o a c h, w e i d e ntifi e d 

m ol e c ul ar si g n at ur es pr e di cti v e of r es p o ns e t o C D K 4/ 6 a n d R A S/ M A P K p at h w a y i n hi biti o n i n 

P N F. C o n c or d a ntl y, c o m bi n e d C D K 4/ 6 a n d E R K 1/ 2 i n hi biti o n d e m o nstr at e d r o b ust s y n er gis m a n d 

e n h a n c e d a nti-t u m or a cti vit y i n a m o us e m o d el of N F 1- ass o ci at e d P N F t h at h as d e m o nstr at e d 

hi g h fi d elit y i n f or e c asti n g t h er a p e uti c r es p o ns es i n cli ni c al tri als. C oll e cti v el y, t h es e r es ults 

d e m o nstr at e t h e utilit y of s yst e ms bi ol o g y c o u pl e d wit h pr e cli ni c al m o d eli n g t o r ati o n all y i nf or m 

n o v el si n gl e a g e nt a n d c o m bi n ati o n t h er a pi es i n t h e tr e at m e nt of r ar e dis e as es.

I ntr o d u cti o n

N e ur ofi br o m at osis t y p e 1 ( N F 1) is o n e of t h e m ost c o m m o n g e n eti c c a n c er pr e dis p ositi o n 

s y n dr o m es, aff e cti n g 1: 3 0 0 0 i n di vi d u als w orl d wi d e a n d m or e t h a n 1 0 0, 0 0 0 i n di vi d u als 

i n t h e U nit e d St at es al o n e (1 ). It is c a us e d b y g er mli n e m ut ati o ns of t h e N F 1  t u m or 

s u p pr ess or g e n e, e n c o di n g t h e n e ur ofi br o mi n pr ot ei n, a p 2 1 R A S g u a n osi n e tri p h os p h at e 

( G T P) a cti v ati n g pr ot ei n ( G A P), w hi c h a c c el er at es t h e h y dr ol ysis of R A S- G T P t o its 

i n a cti v e, G D P b o u n d f or m (2 – 4 ). N e ur ofi br o mi n l oss of f u n cti o n r es ults i n a b err a nt 

a cti v ati o n of t h e R A S si g n ali n g p at h w a y a n d its d o w nstr e a m eff e ct ors, r es ulti n g i n a b n or m al 

c ell ul ar gr o wt h a n d n e o pl asi a ( 2 – 4 ).
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Plexiform neurofibromas (PNF) are benign tumors that arise from the peripheral nerve 
fascicles and are amongst the most frequent and serious medical complications of NF1. 
PNF cause disfigurement, chronic pain, and potentially life-threatening compression of vital 
structures such as the airway and spinal cord (5). Rates of local recurrence and tumor 
regrowth following attempted surgical debulking are high (6,7).

Over the past decade, our molecular understanding of PNF biology has been informed by 
genetic, cellular, and biochemical evidence that loss of neurofibromin potentiates p21RAS-
dependent activation of the RAF/MEK/ERK signaling pathway in multiple lineages 
including Schwann cells, the tumorigenic cell of origin for plexiform neurofibroma (8,9). 
Notably, recent phase 2 clinical trials of MEK inhibitors, including selumetinib, binimetinib, 
trametinib and mirdametinib, have demonstrated activity in NF1-associated PNF (10–14). 
Furthermore, selumetinib is now FDA and EMA approved for the treatment of symptomatic 
and inoperable PNF in children with NF1. However, despite considerable progress, there 
remains a significant subset of patients who do not respond to MEK inhibitor monotherapy 
or who ultimately develop progressive disease after an initial partial response.

Drugs inhibiting MEK and other protein kinases remain at the forefront of drug discovery as 
tractable therapeutics in human disease. To date, more than 500 protein kinases have been 
identified and a total of 89 kinase inhibiting drugs have been approved by the FDA (15). Yet, 
beyond the RAS/RAF/MEK signaling axis itself (16) and receptor tyrosine kinases upstream 
that signal through RAS (17,18), the functional landscape of kinome activity in PNF 
remains largely uncharted – a knowledge gap that has hampered the identification of novel 
therapeutic targets. Recently, innovative chemical proteomic technologies have evolved to 
allow for the broad profiling of the functional kinome to help inform the repurposing of 
kinase inhibitors in cancer and other disease states (19–22).

Here, we utilized RNAseq coupled with multiplexed kinase inhibitor bead affinity 
chromatography and mass spectrometry (MIB/MS) to quantitatively profile the 
comprehensive signature of functionally enriched kinases in PNF arising in Nf1flox/

flox;PostnCre mice, a genetically engineered mouse model (GEMM) that has demonstrated 
high fidelity in forecasting therapeutic responses of multiple kinase inhibitors in clinical 
trials for NF1-associated PNF (17,23). Our attention was drawn to converging signatures of 
CDK4/6 and RAS/MAPK pathway activation within the transcriptome and kinome, which 
were conserved across both murine and human PNF. Concordantly, we observed robust 
additivity of the CDK4/6 inhibitor, abemaciclib, in combination with the ERK1/2 inhibitor, 
LY3214996, in murine and human NF1(Nf1) deficient Schwann cells. Consistent with these 
findings, the combination of abemaciclib (CDK4/6i) and LY3214996 (ERK1/2i) synergized 
to suppress molecular signatures of MAPK activation and exhibited enhanced anti-tumor 
activity in Nf1flox/flox;PostnCre mice in vivo. Collectively, these data demonstrate the utility 
of a systems biology approach coupled with clinically relevant GEMMs to identify novel 
therapeutic targets in orphan diseases where the ability to conduct clinical trials is limited. 
These findings further provide rationale for the clinical translation of CDK4/6 inhibitors 
alone and in combination with therapies targeting the RAS/MAPK pathway for the treatment 
of PNF and other peripheral nerve sheath tumors in persons with NF1.
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Methods
RNA sequencing

Total RNA was isolated from normal and plexiform neurofibroma bearing trigeminal nerve 
tissues of WT and Nf1flox/flox;PostnCre mice using the RNeasy Plus Mini Kit (Qiagen) 
according to the manufacturer’s protocol with the optional DNase I treatment (Qiagen) for 
15min. 800ng total RNA was used as input for RNA-seq library construction with a Kapa 
Stranded mRNA kit according to the manufacturer’s protocol. TruSeq adapter sequences 
were used for indexing. Library amplification was run as described with 10 PCR cycles. 
Equimolar amounts of each library were run as multiplexed 1.65pM pools, single-indexed, 
on an Illumina NextSeq 500—75 cycle, high output V2 kit. FastQC-passed reads were 
aligned to the mouse reference genome (mm10) using STAR 2.4.2a (RRID:SCR_004463) 
(24) and reads were translated to transcriptome coordinates using Salmon 0.60 (25). Isoform 
data were collated to single gene IDs using the R package biomaRt (RRID:SCR_019214) 
(26), and abundance estimates were upper quartile normalized using R. Gene values were 
filtered to include only those with 10 or more reads in at least one sample and values 
(x + 1) were log2 transformed and used for unsupervised hierarchical clustering (complete 
linkage) in Morpheus (https://software.broadinstitute.org/morpheus/, RRID:SCR_017386). 
Abundance values for genes were used as input for DESeq2 (RRID:SCR_000154) to 
identify differentially expressed genes (27). Heatmaps were generated using the R package 
ComplexHeatmap (28) under default settings whereby 1-Person correlation was used to 
obtain a distance matrix with complete clustering. Gene expression values (rows) were 
Z-score normalized.

For comparison of vehicle, LY3214996 (ERK1/2i), abemaciclib (CDK4/6i), and 
combination treated mice, total RNA was isolated from sciatic nerve tissue using the 
RNeasy Plus Mini Kit (Qiagen) according to manufacturer’s protocol with the optional 
DNase I treatment (Qiagen) for 15min. 100ng total RNA and 15 cycles of amplification 
were used as input for library construction with a KAPA RNA HyperPrep Kit and Qiagen 
QIAseq FastSelect rRNA removal kit according to the manufacturer’s protocol. RNAseq 
was conducted on a NovaSeq 6000, 100bp paired-end reads. FastQC-passed reads were 
aligned to the mouse reference genome (mm10) using STAR RNA-seq aligner 2.7.0a (24). 
Differential gene expression analysis was conducted using DESeq2 (27).

Using the output from DESeq2 (Supplemental Table 5), Venn diagrams were generated 
with BioVenn (biovenn.nl) (29) to compare differentially expressed genes (DEGs) 
between treatment groups (Fig. 5A and B). Thresholds were set at p-value ≤ 0.05 and 
log2FoldChange ≥ 1 for upregulated DEGs, ≤ −1 for downregulated DEGs. The list of 
upregulated or downregulated DEGs for each treatment group (abemaciclib, LY3214996, 
and combo) was loaded into BioVenn’s ID Set X, Y, and Z, respectively, to generate Venn 
diagrams and numbers of overlapping genes.

Multiplexed inhibitor bead (MIB) chromatography and mass spectrometry (MS)

MIB/MS were performed on snap-frozen sciatic nerve tissue from WT and Nf1flox/

flox;PostnCre tumor bearing mice. Tissue was crushed by mortar and pestle in ice-cold 
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MIB lysis buffer (50mM HEPES, 150mM NaCl, 0.5% Triton X-100, 1mM EDTA, 1mM 
EGTA, pH 7.5) supplemented with cOmplete Protease Inhibitor Cocktail (Roche) and 
1% phosphatase inhibitor cocktails 2 and 3 (Sigma). Extracts were sonicated 3 times for 
10 seconds, clarified by centrifugation, and syringe-filtered (0.22µm) prior to Bradford 
assay quantitation of concentration. Equal amounts of total protein were gravity-flowed 
over multiplexed inhibitor bead (MIB) columns in high salt MIB lysis buffer (1M NaCl). 
The MIB columns consisted of 175µL of a mixture of five Type I kinase inhibitors: 
VI-16832, PP58, Purvalanol B, UNC-21474 custom-synthesized with hydrocarbon linkers 
and covalently linked to ECH-Sepharose, and Purvalanol B linked to EAH-Sepharose beads 
as previously described (19, 20). Columns were washed with 5mL of high salt (1M NaCl), 
5mL of low salt (150mM NaCl) MIB lysis buffer, and 0.5mL low-salt lysis buffer with 
0.1%SDS. Bound protein was eluted twice with 0.5% SDS, 1% beta-mercaptoethanol, 
100mM Tris-HCl (pH 6.8) for 15 min at 100°C. Eluate was treated with DTT (5mM) 
for 25 min at 60°C and 20mM iodoacetamide for 30 min in the dark. Following spin 
concentration using Amicon Ultra-4 (10k cut-off) to ~100 µL, samples were precipitated 
by methanol/chloroform, dried in a speed-vac, and resuspended in 50mM HEPES (pH 8.0). 
Tryptic digests were performed overnight at 37°C, extracted four times with 1mL ethyl 
acetate to remove detergent, dried in a speed-vac, and peptides further cleaned using C-18 
spin columns according to manufacturer’s protocol (Pierce).

Peptides were resuspended in 5% ACN and 0.1% formic acid. Approximately 40% of 
the final peptide suspension was injected onto a Thermo Easy-Spray 75μm x 25cm C-18 
column and separated on a 180min gradient (5–40% ACN) using an Easy nLC-1000. 
The Thermo Q Exactive mass spectrometry ESI parameters were as follows: 3e6 AGC 
MS1, 80ms MS1 max inject time, 1e5 AGC MS2, 100ms MS2 max inject time, 20 loop 
count, 1.8 m/z isolation window, 45s dynamic exclusion. Raw files were processed for 
label-free quantification by MaxQuant LFQ using the Uniprot/Swiss-Prot mouse database, 
fixed carbidomethyl (C) and variable phospho (STY), oxidation (M), and acetyl (Protein 
N-term) modifications. LFQ intensities for kinases with at least two peptides were imported 
into Perseus. Log2 transformed LFQ intensities (Supplemental Table 2) were filtered to 
include only kinases with at least three valid values in at least one treatment group 
and missing values were imputed (width 0.3, down shift 1.8) from the total matrix in 
Perseus. Student’s t-tests were performed in Perseus with Benjamini-Hochberg correction 
for multiple hypothesis testing. Log2 LFQ intensities were used for Principal Component 
Analysis (Fig. 2A). “Tree” plots of the kinome were generated in Coral (30), in which log2 
fold change is encoded in node color and significance encoded in node size, proportional to 
the –log10 Benjamini-Hochberg adjusted p-value (Fig. 2D).

Isolation and culture of primary murine Nf1−/− DNSCs

Dorsal root ganglia (DRG) neurosphere cell (DNSC) complete media was made with 
serum-free DMEM/F12 media (Gibco) containing heparin (0.2%. StemCell), glucose (30%, 
Gibco), sodium bicarbonate (7.5%, Gibco), HEPES (1M, Gibco), N2 supplement (1%, 
Gibco), glutamine (1%, Gibco), sodium pyruvate (1%, Gibco), penicillin/streptomycin (1%, 
Lonza), epidermal growth factor (20ng/mL, Sigma-Aldrich), basic fibroblast growth factor 
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(40ng/mL, PeproTech), B27 (without vitamin A) (2%, Gibco), amphotericin B/fungizone 
(40µg/mL, Gibco), and prophylactic plasmocin (5µg/mL, Invivogen).

Embryos were removed at E13.5 from pregnant female Nf1f/f; PostnCre- mice following 
euthanasia. The DRG and spinal nerve roots of embryos were microdissected using a 
stereomicroscope. DRGs were incubated in 20mg/mL collagenase, centrifuged, resuspended 
in PBS, pH 7.2 (#20012027, Gibco), centrifuged, and then the supernatant was 
removed. The pellet was resuspended in DNSC complete media and cultured in 
low adhesion plates for 7–10 days for expansion. DNSCs were then transferred to 
fibronectin-coated plates for subsequent passages. Adenovirus GFP Cre (University of 
Iowa) was added to the cell media at a dilution of 1:500, incubated for 24 hours, 
and then replaced with fresh media. Recombination of Nf1 was confirmed through 
PCR genotyping using the following primers: P1: 5’-AATGTGAAATTGGTGTCGA 
GTAAGGTAACCAC 3’, P2: 5’- TTAAGAGCATCTGCTGCTCTTAGAGGGAA 3’, P3: 5’- 
TCAGACTGATTGTTGTACCTGAT GGTTGTACC 3’ as well as independent western blot 
validation for neurofibromin. Every 3–4 days, DNSCs were fed and passaged upon reaching 
confluence using TrypLE express enzyme (1X, ThermoFisher) to dissociate cells. Cultures 
were tested for mycoplasma prior to use in experiments and confirmed to be negative.

Culture of human immortalized NF1−/− Schwann cells

Human immortalized NF1−/− Schwann cells (ipNF05.5 and ipNF95.6) were obtained from 
the Peggy Wallace lab (31). Cells were passaged in DMEM media containing FBS (10%, 
Harvest Midsci), glutamine (1%, Gibco), penicillin/streptomycin (1%, Lonza), antibiotic-
antimycotic (1%, Gibco), and prophylactic plasmocin (5ug/mL, Invivogen). Trypsin-EDTA 
(0.05%, Gibco) was used to dissociate cells for passaging upon reaching confluence. 
Cultures were tested for Mycoplasma prior to use in experiments and confirmed to be 
negative.

Cell Titer-Glo® Synergy assays

Human immortalized NF1−/− Schwann cells (ipNF05.5 and ipNF95.6) were plated at a 
density of 5,000 and 1,200 cells per well, respectively, in 96-well plates, allowed to adhere 
overnight, and then treated with a 2D dose response matrix of increasing concentrations of 
abemaciclib (CDK4/6i) from 62.5nM to 1µM and LY3214996 (ERK1/2i) from 156.25nM 
to 10µM. Murine Nf1−/− dorsal root ganglia (DRG) neurosphere cells (DNSCs) were plated 
at a density of 5,000 cells per well in fibronectin (#F1141-5MG, Sigma-Aldrich) coated 
96-well plates, allowed to adhere overnight and then treated with a 2D dose response matrix 
of increasing concentrations of abemaciclib and LY3214996 from 62.5nM to 1µM. At 48 
hours post-treatment, 20µL CellTiter-Glo® reagent was added to the plate and incubated at 
room temperature for approximately 5 minutes. Endpoint luminescence was read using a 
SynergyH4 (528/20 and hole filter sets, top read, 4mm read height, gain 135, 0.5 second 
integration time). Synergy graphs and ZIP, Bliss, Loewe, and HSA synergy scores were 
computed using SynergyFinder (32).
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Caspase-Glo® 3/7 assay

Murine Nf1−/− dorsal root ganglia (DRG) neurosphere cells (DNSCs) were plated at a 
density of 15,000 cells per well in fibronectin (#F1141-5MG, Sigma-Aldrich) coated 96-
well plates and allowed to adhere overnight. DNSCs were treated with 32.25nM or 62.5nM 
idarubicin (positive control) or a 2D dose matrix of increasing concentrations of abemaciclib 
(CDK4/6i) and LY3214996 (ERK1/2i) from 62.5nM to 1µM. At 48 hours post-treatment, 
100µL Caspase-Glo® 3/7 reagent was added to the plate and allowed to incubate at room 
temperature for approximately 1 hour. Endpoint luminescence was read using a SynergyH4 
(528/20 and hole filter sets, top read, 4mm read height, gain 135, 0.5 second integration 
time). Dose response curves of single agents and a 2D dose response matrix of both agents 
in combination were computed using SynergyFinder (32).

Colony Formation assays

Murine Nf1−/− DNSCs were plated at a density of 25,000 cells per well in fibronectin 
(#F1141-5MG, Sigma-Aldrich) coated 6-well plates, allowed to adhere overnight and then 
treated with either DMSO or 50 nM, 100nM and 250 nM of abemaciclib (CDK4/6i), 100 
nM, 250nM, and 500nM of LY3214996 (ERK1/2i), or combinations. Cells were retreated 
every 3–4 days. After seven days, the media from the plates was removed and colonies 
were fixed with methylene blue. Analysis was performed using ImageJ (National Institutes 
of Health) to quantify densitometry of colonies normalized to background signal. Statistical 
analysis was conducted in GraphPad Prism as described below.

Pharmacokinetic (PK) evaluation of abemaciclib (CDK4/6i) and LY3214996 (ERK1/2i) in vivo

To assess the pharmacokinetic properties of LY3214996 and abemaciclib inhibitor therapy 
in vivo, peripheral blood was collected at 1, 2, 4, 8, and 24 hours after administering a 
single dose of 50mg/kg of each compound according to the previously established maximal 
tolerable does. Sciatic nerve tissues were collected at 4 and 24 hours after dosing for 
determination of tissue concentration.

LY3214996 and abemaciclib were quantified from mouse plasma using temazepam as 
the internal standard and HPLC-MS/MS (5500 QTRAP® Sciex, Framingham, MA). In 
brief, LY3214996, abemaciclib, and temazepam were separated by a gradient mobile phase 
(acetonitrile: 0.1% formic acid in water) with an Agilent Zorbax Eclipse XDB-C8 50X4.6 
mm 5-micron column. The mass spectrometer utilized an electrospray ionization probe run 
in positive mode. The multiple reaction monitoring (MRM) Q1/Q3 (m/z) transitions for 
LY3214996, abemaciclib, and temazepam were 455.1/368.2, 506.9/393.2, and 301.0/255.2 
respectively. Plasma samples and standards (20µL) were transferred to polypropylene tubes, 
temazepam was added as the internal standard (20µL of 0.1ng/µL), and the extraction was 
performed by the addition of 0.1M phosphate buffer (pH=7.4) followed by the addition of 
methyl tertiary butyl ether. The samples were then vortex mixed and centrifuged. Then the 
organic layer was transferred to a clean polypropylene tube and evaporated to dryness. The 
samples were reconstituted with methanol (50µL) and an aliquot (10µL) was injected to the 
HPLC-MS/MS. The standard curve was prepared in naïve mouse plasma with a linear range 
from 0.3 – 3000 ng/mL.
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LY3214996 and abemaciclib were quantified from tissue samples using a slightly modified 
method from the plasma sample analysis. Briefly, the tissue was weighed then transferred 
to a polypropylene tube. Phosphate buffered saline, pH 7.4, was added to the tissue to bring 
the total volume to 0.5mL (assumption 1g=1mL). The tissue was homogenized using a 
TissueRuptor® with a single use disposable probe. An aliquot (0.4mL) was transferred to 
a clean polypropylene tube and temazepam was added as the internal standard, (20µL of 
0.1ng/µL). The extraction procedure and HPLC-MS/MS conditions were the same as for the 
plasma samples. The standard curve was prepared in phosphate buffer with a linear range 
from 0.04 – 40ng/sample.

Non-compartmental analysis of the data was performed using PK Solver add-ins in Excel®. 
Pharmacokinetic parameters obtained included: Cmax (the maximal plasma concentration), 
tmax (the time of maximal plasma concentration), AUC0−∞ (area under the plasma 
concentration time curve from zero to infinity), kel (the elimination rate constant), and 
t1/2 (half-life, t1/2=0.693/kel). The AUC0−∞ was calculated from the AUC0-t (time zero to 
the last quantifiable concentration Clast) and the AUC from Clast to infinity (Clast/kel). The 
systemic clearance (Cl/F, where F is the bioavailability) was calculated from the dose and 
AUC0−∞. The apparent volume of distribution at steady state (Vdss/F) was calculated by the 
Cl and kel.

Pharmacodynamic evaluation of abemaciclib (CDK4/6i) and LY3214996 (ERK1/2i) in vivo

Cohorts of n=4 animals per group were treated with either vehicle, LY3214996, abemaciclib, 
or the combination for a duration of 7 days at a dose of 50 mg/kg/d for each compound. 
Mice were euthanized 4 hours after the final dose of compound was administered, and tumor 
bearing nerve tissues were collected and flash frozen for pharmacodynamic evaluation by 
western blot.

Experimental animals and genotyping

Genetically engineered Nf1flox/flox;PostnCre mice that develop multiple plexiform 
neurofibromas along the peripheral nerves were utilized for in vivo studies, with genotypes 
confirmed by polymerase chain reaction (PCR). The WT, Nf1 floxed, and recombination 
bands were detected using the following primers: P1: 5’-AATGTGAAATTGGTGTCGA 
GTAAGGTAACCAC 3’, P2: 5’- TTAAGAGCATCTGCTGCTCTTAGAGGGAA 3’, 
P3: 5’- TCAGACTGATTGTTGTACCTGAT GGTTGTACC 3’. PostnCre was detected 
using forward primer: 5’-TGTTTAGCTGGCCCAAATG-3’ and reverse primer: 5’-
CGACCACTACCAGCAGAACA-3’. Animal care and experiments were conducted 
according to the guidelines established by the Indiana University Animal Care and Use 
Committee (IACUC).

In vivo drug treatment

Historical data from prior therapeutics studies conducted in the Nf1 flox/flox;PostnCre model 
indicated the coefficients of variation in tumor number and proximal nerve root volume 
to be approximately 30 and 35%, respectively. Thus, assuming a type I error rate of 5%, 
we conducted a power analysis indicating that n=12 animals per group would allow for 
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detection of a 50% reduction in tumor number and a 30% difference in proximal nerve root 
volume with greater than 85% power.

Mice were treated with vehicle, abemaciclib, LY3214996 or the combination by daily oral 
gavage according to the dosing schedule outlined in Supplemental Table 6. Following 12 
weeks of treatment, the mice were sacrificed and the peripheral nerves microdissected to 
quantify tumor burden as described below. LY3214996 mice started on 100mg/kg/d and 
transitioned to 50mg/kg/d due to toxicity were included in final analysis if they survived for 
12 weeks of treatment.

Nerve tree microdissection and measurement of tumor volume

Immediately postmortem, mice were perfused and fixed in 10% neutral buffered formalin. 
The bodies were decalcified in a 50:50 solution of 10% formic acid and 10% neutral 
buffered formalin solution. The proximal spinal nerve roots from the lumbosacral spine 
were dissected microscopically. The volume of proximal peripheral nerves was determined 
using calipers to measure the length and width of dissected tumors (or equivalent region in 
absence of tumor) in maximal dimension. Volume was then approximated using the formula 
for the volume of a spheroid = 0.52 × (width)2 × length.

Histopathology

Nerve and tumor tissues were microdissected from euthanized animals, fixed and decalcified 
as described above. Specimens were then dehydrated with graded alcohols, cleared with 
xylenes, infiltrated with molten paraffin, and embedded in paraffin blocks. Five-micron 
thick sections were cut on a Leica rotary microtome and stained with hematoxylin and 
eosin (H&E). PNF throughout the peripheral nervous system were enumerated according to 
histopathological criteria described by Miettinen et al. (33) and as utilized in our previously 
published work (34).

Immunohistochemical (IHC) staining

IHC of SPI1 (#CST-2258, Cell Signaling Technology, RRID:AB_2186909, 1:200 dilution), 
ETV4 (#10684-1-AP, proteintech, RRID:AB_2100984, 1:200 dilution), CDK6 (#14052-1-
AP, proteintech, RRID:AB_10642144, 1:200 dilution), and pRSK1 (#CST-11989, Cell 
Signaling Technology, RRID:AB_2687613, 1:300 dilution) in murine and human 
neurofibroma and normal nerve were performed by iHisto (Salem, MA). Human normal 
nerve was obtained from a peripheral nerve tumor tissue array (#SO1001b, US Biomax, 
Inc.). Tissues sections were deparaffinized and hydrated through xylenes or other clearing 
agents and graded alcohol series. Vector® Antigen Unmasking Solution, Citrate-based, pH 
6.0 (H-3300) or Tris-based, pH 9.0 (H-3301) was applied. Sections were then incubated 
in BLOXALL Blocking Solution for 10 minutes, wash buffer for 5 minutes, 2.5% normal 
horse serum for 20 minutes, followed by incubation in primary antibody diluted in normal 
horse serum overnight. Sections were then washed in buffer for 5 minutes, followed by 
a 30-minute incubation with ImmPRESS Reagent and then an additional two 5-minute 
washes. Equal volumes of ImmPACT DAB EqV Reagent 1 with Reagent 2 were combined 
and mixed to generate ImmPACT DAB EqV working solution. Then, sections were 
incubated in ImmPACT DAB EqV working solution until the desired stain intensity was 
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achieved. Finally, samples were washed twice in buffer for 5 minutes, rinsed in tap water, 
counterstained with hematoxylin, cleared and mounted.

IHC of human CDK4 (#BS-0633R, Bioss, RRID:AB_10856091, 1:400 dilution), 
murine and human phospho-Rb (S807/811) (#CST-8516, Cell Signaling Technology, 
RRID:AB_11178658, 1:100 dilution), murine CSF1R (#CST-3152, Cell Signaling 
Technology, RRID:AB_2085233, 1:100 dilution), and murine Ki67 (#ab16667, Abcam, 
RRID:AB_302459, 1:200 dilution) was performed in house. Human normal nerve was 
obtained from a peripheral nerve tumor tissue array (#SO1001b, US Biomax, Inc.). Tissue 
sections were incubated at 60°C for 1 hour and then deparaffinized and hydrated through 
xylenes and a graded alcohol series. Slides underwent antigen retrieval using sodium citrate, 
pH 6.0 or Tris-EDTA, pH 9.0 in a pressure cooker at low pressure for 3 minutes or high 
pressure for 15 minutes. Sections were cooled and then incubated in 3% hydrogen peroxide 
for 10 minutes, ddH2O twice for 5 minutes, tris buffered saline + Tween 20 (TBST) for 
5 minutes, 5% goat serum blocking buffer for 1 hour, followed by incubation in primary 
antibody diluted in blocking buffer at 4°C overnight. Sections were then washed three times 
in TBST for 5 minutes each, incubated in secondary antibody (#ab205718, Abcam, 1:1000 
dilution) diluted in blocking buffer for 1 hour at room temperature, followed by incubation 
with Vector® DAB Substrate Kit (SK-4100) until the desired stain intensity was achieved. 
Finally, samples were rinsed in tap water, counterstained with hematoxylin, cleared, and 
mounted.

Quantitative immunohistochemical analysis was conducted using the Cytonuclear IHC 
module for HALO Image Analysis software (version 2.0.5 for murine SPI1, murine 
and human phospho-Rb (S807/811), and murine CSF1R, version 1.6 for human ETV4, 
CDK6, and pRSK1; Indica Labs; RRID:SCR_018350). Cytonuclear analysis settings were 
optimized for each stain and the intensity of nuclear staining in each cell per field was 
scored by the algorithm as negative (0, blue), weakly positive (1+, yellow), moderately 
positive (2+, orange), or strongly positive (3+, red). Based on the degree of background 
staining, minimum optical density settings, and variations in nuclear staining intensity, either 
strongly positive cells (3+) or all positive cells (1+,2+, and 3+) were used for statistical 
analysis as denoted in the figure legends. Data was exported to GraphPad Prism for 
statistical analysis as described below.

Immunofluorescence (IF) staining

Immunofluorescence of phospho-Rb (S780) (#PA5-114632, Invitrogen, RRID:AB_2899268, 
1:400 dilution) was performed utilizing nerve tissue from vehicle and drug treated mice. 
Tissue sections were incubated at 60° C for 1 hour and then deparaffinized and hydrated 
through xylenes and a graded alcohol series. Slides underwent antigen retrieval using Tris-
EDTA, pH 9.0 in a pressure cooker at low pressure for 3 minutes. Sections were cooled 
and then incubated in 3% hydrogen peroxide for 10 minutes, ddH2O twice for 5 minutes, 
tris buffered saline + Tween 20 (TBST) for 5 minutes, 5% bovine serum albumin (BSA) 
blocking buffer for 1 hour, followed by incubation in primary antibody diluted in blocking 
buffer at 4°C overnight. Sections were then washed three times in TBST for 5 minutes 
each, incubated in Alexa Fluor™ 647 secondary antibody (#A-21245, Invitrogen, 1:2000 
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dilution) diluted in TBST for 1 hour at room temperature, rinsed in tap water, cleared, and 
mounted with ProLong Diamond™ antifade mountant with 4′,6‐diamidino‐2‐phenylindole 
(DAPI; #P36962, Invitrogen). Fluorescence signals were obtained using a Deltavision Ultra 
microscope with a 60X lens (GE Healthcare, Chicago, IL, USA). Images were acquired with 
z‐section of 0.2 μm each and deconvolved using Softworx (GE healthcare). Images were 
processed using Imaris (Bitplane, RRID:SCR_007370), with figures representing individual 
z‐sections of deconvolved stacks. Colocalization channels identifying areas of signal overlap 
between DAPI and phospho-Rb (S780) were generated using ImarisColoc for each field of 
view. The signal intensity sums of the colocalization and phospho-Rb (S780) channels were 
obtained from the colocalization channel surfaces constructed with the Surfaces module in 
Imaris. Statistical analysis was performed in GraphPad Prism as described below.

Western blot

Nerve tissue lysates for western blots in Fig. 2F, Fig. 4C, Fig. 6G, as well as Supplemental 
Figs. S5B, S10C and S10D were prepared as follows. One tablet cOmplete Mini Protease 
Inhibitor Cocktail (#11836153001, Roche) and one tablet PhosSTOP Phosphotase Inhibitor 
Cocktail (#4906837001, Roche) were added to 10mL xTractor buffer (#635671, Takara Bio) 
and mixed to generate lysis buffer. 200uL lysis buffer was added to each tissue sample, 
followed by sonication for 5 seconds at 70% AMPL three times and centrifugation for 20 
minutes at 13,000rpm. Protein concentrations of the supernatants were determined using the 
Pierce BCA Protein Assay Kit (#23227, Thermo).

Cell lysates for in vitro western blots in Fig. 3E and F as well as Supplemental Fig. 
S7B and S7C were prepared as follows. One tablet cOmplete Mini Protease Inhibitor 
Cocktail (#11836153001, Roche) and one tablet PhosSTOP Phosphatase Inhibitor Cocktail 
(#4906837001, Roche) were added to 10mL xTractor buffer (#635671, Takara Bio) and 
mixed to generate lysis buffer. At 24 hours post-treatment, 10cm plates of murine Nf1−/

− DNSCs had media removed, were washed with phosphate buffered saline (PBS), pH 
7.2 (#20012027, Gibco), dissociated with TrypLE (#12605010, Gibco), resuspended in 
DNSC complete media, and centrifuged for 5min at 1500rpm. The media supernatant was 
removed, the cell pellet was resuspended in 1mL PBS, pH 7.2 (#20012027, Gibco), and 
then centrifuged again for 5min at 1500rpm. The PBS supernatant was removed, and the 
cell pellet was resuspended in 150-200uL of lysis buffer depending on the size. At 24 hours 
post-treatment, 10cm plates of human immortalized NF1−/− Schwann cells (ipNF05.5 and 
ipNF95.6) had media removed, were washed with PBS, had 150-300uL lysis buffer added, 
and then were scraped and transferred to a 1.5mL Eppendorf tube to collect the cell lysate. 
Cell lysates were sonicated for 10 seconds at 35% AMPL twice, and then centrifuged for 
10 minutes at 13,000rpm. The protein concentrations of the cell lysate supernatants were 
determined using the Pierce BCA Protein Assay Kit (#23227, ThermoFisher).

Isolated proteins were fractionated using NuPAGE 4–12% Bis-Tris Gels 
(#NP0322BOX , Invitrogen) and electro-transferred to PVDF membranes. Immunoblots 
were carried out using antibodies specific to CDK6 (#CST-3136, Cell 
Signaling Technology, RRID:AB_2229289), CDK4 (#sc-70832, Santa Cruz 
Biotechnology, RRID:AB_1121415), CSF1R (#CST-3152, Cell Signaling Technology, 
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RRID:AB_2085233), STK10 (#25471-1-AP, Proteintech, RRID:AB_2880096), pERK1/2 
(#CST-9101, Cell Signaling Technology, RRID:AB_331646), ETV4/Pea3 (#ab189826, 
Abcam or #10684-1-AP, proteintech, RRID:AB_2100984), DUSP6 (#ab76310, 
Abcam, RRID:AB_1523517), DUSP4 (#ab216576, Abcam), cMyc (#CST-18583, Cell 
Signaling Technology, RRID:AB_2895543), CCND1 (#CST-2922, Cell Signaling 
Technology, RRID:AB_2228523), phospho-RSK1 (pRSK1) (S380) (#CST-11989, Cell 
Signaling Technology, RRID:AB_2687613), phospho-Rb (S807/811) (#CST-8516, 
Cell Signaling Technology, RRID:AB_11178658), phospho-Rb (S780) (#CST-9307, 
Cell Signaling Technology, RRID:AB_330015), Rb (#CST-9313, Cell Signaling 
Technology, RRID:AB_1904119), vinculin (#CST-4650, Cell Signaling Technology, 
RRID:AB_10559207 or #CP74, Calbiochem, RRID:AB_2214490), alpha tubulin (#A11126, 
Invitrogen, RRID:AB_2534135), tubulin (#ab6161, Abcam, RRID:AB_305329), and 
GAPDH (#CST-5174, RRID:AB_10622025 or #CST-2118, RRID:AB_561053, Cell 
Signaling Technology). After incubation with appropriate HRP conjugated secondary 
antibodies Anti-rabbit (#NA934V, GE Healthcare), Anti-rat (#AP-136P, EMD), and Anti-
mouse (#NA931V, Cytiva) signals were detected using ECL chemiluminescence substrate 
(ECL Prime, GE Healthcare).

Western blots for phospho-RSK1 (pRSK1) (T359) (#ab32413, Abcam, 
RRID:AB_2181172), pERK1/2 (#CST-4370, Cell Signaling Technology, 
RRID:AB_2315112), and Actin (#A5441, Sigma-Aldrich, RRID:AB_476744) loading 
control shown in Supplemental Fig. S10A and B were performed as follows. Nerve tissues 
were pulverized, and powdered tissues were transferred to a tube containing Lysine Matrix 
D beads (#6913–500, MP Biochemical) and RIPA buffer (#R0278, Sigma) with the Halt 
protease and phosphatase inhibitor cocktail (#78440, ThermoFisher). The samples were 
physically disrupted further on a FastPrep Cell Disruptor. The homogenates were spun 
at 20,000g for 30 minutes at 4°C, and protein concentrations of the supernatants were 
determined using the Pierce BCA Protein Assay Kit (#23225, ThermoFisher).

Samples were resolved on a 4–20% SDS-PAGE and transferred to a nitrocellulose 
membrane. The membrane was blocked in SEA BLOCK Blocking Buffer (#37527, 
ThermoFisher) for 1 hour at room temperature, and then incubated with primary antibodies 
overnight at 4°C. The membranes were washed with PBST, followed by incubation with a 
fluorescence labeled secondary antibody for 1 hour at room temperature. The membrane was 
then washed in phosphate buffered saline + Tween 20 (PBST) and scanned with a Li-Cor 
Odyssey Classic Infrared Imaging System using IR Dye 800CW Donkey Anti-Goat (#926–
32214, LiCor, RRID:AB_621846), IR Dye 800CW Goat Anti-Mouse (#926–32210, LiCor, 
RRID:AB_621842), and Alexa Fluor 680 Goat Anti-Rabbit (#A-21076, Life Technologies, 
RRID:AB_2535736).

Densitometry analysis for western blots presented in Fig. 2F, Supplemental Fig. S10A and 
B was performed using KwikQuant Image Analyzer 5.9 (Kindle Biosciences, LLC) to 
measure the density of individual bands after correcting for background signal. Arbitrary 
densitometry units (ADUs) were calibrated to the band of highest intensity for each blot. 
Ratios of each protein of interest normalized to the loading control were then computed for 
statistical analysis in GraphPad Prism as described below. Western blot quantification for 
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Fig. 4C and Fig. 6G was performed using ImageJ (National Institutes of Health) to measure 
the density of individual bands normalized to loading control and then normalized to the 
average of the vehicle. Statistical analysis was performed in GraphPad Prism as detailed 
below.

Statistical analysis

Statistical analyses were performed with GraphPad Prism 9.5.1 software (GraphPad, La 
Jolla, CA, RRID:SCR_002798). Outliers were identified by Grubbs test (alpha = 0.05) 
and excluded from statistical analyses and graphs. Analysis of variance (ANOVA) and 
Student’s t-tests with post-hoc correction for multiple comparisons were used to evaluate for 
statistically significant differences between samples as described in detail within the figure 
legends.

Data Availability

Raw FASTQ files pertaining to RNA sequencing data presented in this study are publicly 
available in the Gene Expression Omnibus database, accession numbers GSE213789 and 
GSE213787.

Results
Transcriptome profiling reveals converging signatures of RAS/MAPK and CDK4/6 pathway 
activation in murine PNF.

We began by performing RNA sequencing (RNAseq) to comprehensively characterize 
the transcriptional landscape of PNF arising in Nf1flox/flox;PostnCre+ mice and allow for 
the identification of differentially expressed genes in comparison to normal nerve tissue 
from Nf1flox/flox;PostnCre- wild-type (WT) control mice (Fig. 1A). Gene Set Enrichment 
Analysis (GSEA) of Hallmark signatures (Fig. 1B) further illuminated upregulation of 
RAS dependent signatures (Fig. 1C, Supplemental Fig. S1, Supplemental Table 1), ERK-
dependent signaling (Fig. 1D) (35), and cell cycle related gene signatures (Fig. 1E and F, 
Supplemental Fig. S2) in murine PNF. Amongst cell cycle genes, we observed a coordinated 
increase in both cyclin dependent kinases (CDK) 4 and 6 (Cdk4 and 6) as well as D-type 
cyclins (Ccnd1, 2, and 3) that cooperate with CDK4/6 to activate E2F transcription factors 
through phosphorylation of the retinoblastoma protein (Rb) as cells proceed to S-phase of 
the cell cycle (36–38). Furthermore, we observed increased expression of downstream E2F 
target gene signatures (Supplemental Fig. S3) as well as the E26 transformation specific 
(ETS) family of transcription factors (Fig. 1G), including Spi1 and Etv4, which we validated 
by immunohistochemical assays in murine and human NF1-associated PNF respectively 
(Fig. 1H and I, Supplemental Fig. S4A and B).

MIB/MS confirms functional enrichment of CDK4/6 activity in murine PNF.

Transcriptome profiling revealed dominant molecular signatures of both RAS/MAPK and 
CDK4/6 pathway activation in murine PNF. Seeking independent confirmation of these 
findings, we directly probed the functional state of the PNF kinome using MIB/MS. A 
total of 200 kinases were cumulatively identified in PNF-bearing Nf1flox/flox;PostnCre+ 
mice and Nf1flox/flox;PostnCre- wild-type (WT) control sciatic nerve tissue (Supplemental 
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Table 2). Principal component analysis (PCA) (Fig. 2A) revealed global separation between 
tumor bearing and control nerve tissue. A generalized increase in PNF kinome enrichment 
was indicated by an overall enhancement in MIB binding relative to the control (Fig. 
2B). Increased MIB binding of several tyrosine kinases with putative roles in the tumor 
microenvironment were observed (Fig. 2C and D) including AXL, which is expressed in 
endothelial cells, myeloid cells, and tumorigenic Schwann cells (39). AXL is a known target 
of cabozantinib, a multi-receptor tyrosine kinase inhibitor that has demonstrated activity in a 
recent multi-institutional phase 2 clinical trial in adult PNF (17). Additional kinases known 
to promote tumorigenesis and demonstrating activation in murine PNF compared to control 
included Colony Stimulating Factor 1 Receptor (CSF1R) (Supplemental Fig. S5A and B) 
(40), Serine/Threonine Kinase 10 (STK10) (Supplemental Fig. S5B) (41), Proto-oncogene 
tyrosine-protein kinase Src (SRC) (42), Receptor Interacting Serine/Threonine Kinase 3 
(RIPK3) (43) and Feline sarcoma oncogene (FES) (44,45).

Orthogonal integration of the log2 fold changes in MIB binding and transcript expression 
confirmed CDK4 and CDK6 to be among the top enriched kinases in murine PNF with 
respect to both mRNA expression (RNAseq) and functional state (MIB binding) (Fig. 2E). 
We independently validated these findings by western blot (Fig. 2F). To determine if a 
parallel signature of CDK4/6 pathway activation was represented in human NF1-associated 
PNF, we performed immunohistochemical assays on human PNF tissue and normal control 
nerves from individuals without NF1. The results revealed increases in CDK6 (Fig. 2G, 
Supplemental Fig. S5B), CDK4 (Fig. 2H), phospho-Rb (S807/811) (Fig. 2I, Supplemental 
Fig. S5C), and the ERK1/2-dependent target, phosphorylated p90 ribosomal S6 kinase 
(pRSK1) (Supplemental Fig. S5D), in human PNF compared to healthy control nerve tissue. 
These data demonstrate coherence in signatures of RAS/MAPK and CDK4/6 pathway 
activation across murine and human PNF.

Abemaciclib (CDK4/6i) and LY3214996 (ERK1/2i) exhibit additive inhibition of murine and 
human NF1(Nf1) deficient Schwann cell proliferation and biochemical activity.

Given our findings implicating juxtaposed hyperactivation of CDK4/6 and RAS/MAPK 
dependent signaling in PNF, we sought to explore the therapeutic potential of CDK4/6 
inhibition as a novel targeted therapy for PNF, both alone and in combination with 
pharmacologic inhibition of RAS/MAPK pathway. Abemaciclib (LY2835219) is a potent 
and selective inhibitor of CDK4/6 developed by Eli Lilly that has been FDA approved as 
first-line treatment for hormone receptor-positive, HER2-negative metastatic breast cancer 
(46). LY3214966 is a selective and potent ERK1/2 inhibitor that has demonstrated anti-
tumor activity in pre-clinical models harboring BRAF, RAS, and MAP2K1 mutations (47) 
and has been well tolerated during preliminary safety studies in phase 1 clinical trials (48).

Murine Nf1−/− dorsal root ganglia (DRG) neurosphere cells (DNSCs) are Schwann cell 
precursors that represent the tumorigenic cells of origin for PNF (8), and have been 
employed in multiple studies to model PNF development in vivo and understand the 
molecular underpinnings of NF1 tumorigenesis (34,49). Primary murine DNSCs were 
isolated from E13.5 Nf1flox/flox embryos and transduced with adenovirus encoding Cre 
recombinase to ablate the floxed Nf1 alleles for synergy screens and biochemical assays 
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as outlined below. Human NF1−/− immortalized Schwann cells (ipNF05.5 and ipNF95.6) 
are patient-derived neurofibroma cell lines obtained from the Peggy Wallace lab (31) 
and have been utilized in the preclinical evaluation of a number of targeted therapeutic 
agents for NF1-associated PNF, including cabozantinib (17), TAK-733 (MEKi) (50), and 
selumetinib (51). Using these murine and human NF1−/− (Nf1−/−) cell lines, we evaluated 
the anti-proliferative and biochemical additivity of abemaciclib and LY3214996 in vitro.

Nf1−/− DNSCs, ipNF05.5s, and ipNF95.6s were treated with a 2D dose response matrix 
of increasing concentrations of abemaciclib and LY3214996 and then cell viability was 
measured using Cell Titer Glo ® (Promega) (Fig. 3A, B, and C). Nf1−/− DNSCs showed a 
mix of additivity (ZIP score = 7.204, Bliss score = 7.038, Loewe score = 9.075) and synergy 
(HSA score = 12.69), with additivity defined as a score between −10 and 10 and synergy as 
a score ≥ 10. Concordantly, human NF1−/− Schwann cell lines showed primarily additivity 
with synergy scores ranging from 5.106 to 9.724 and 2.885 to 7.294 for the ipNF05.5 and 
ipNF95.6s, respectively. Additionally, to investigate the apoptotic effect of these drugs, a 
Caspase-Glo® 3/7 (Promega) assay was used to measure activated caspase-3/7 in DNSCs 
48 hours after treatment with the same 2D dose response matrix implemented in the Cell 
Titer Glo ® assays above (Supplemental Fig. S6). Idarubicin was included as a positive 
control. Apoptosis was not observed with either single agent or the combination, suggesting 
a predominantly cytostatic effect of abemaciclib, LY3214996, and the combination.

To investigate the long-term effect of the single agents and combination, Nf1−/− DNSCs 
were plated at low density, treated with submicromolar concentrations of abemaciclib, 
LY3214996, and the combination, and left to form colonies for one week. We observed a 
significant additive effect with the combination as compared to the single agents at 100nM 
abemaciclib and 250nM LY3214996, indicated by reduced colony formation (Fig. 3D, 
Supplemental Fig. S7A).

Additionally, to confirm target inhibition with monotherapy and biochemical additivity 
of the combination, western blots of CDK4/6 and ERK1/2 dependent signaling targets, 
including cMyc, CCND1, phospho-RSK1 (pRSK1), phospho-Rb (S807/811), phospho-
Rb (S780), DUSP4, DUSP6, and ETV4, were performed in the DNSCs (Fig. 3E), 
ipNF05.5s (Supplemental Fig. S7B), and ipNF95.6s (Fig. 3F, Supplemental Fig. S7C). At 
physiologically relevant doses of abemaciclib (25-250nM) and LY3214996 (250nM-1μM), 
reduction of downstream targets, including ETS transcription factors, was observed at 
24 hours post-treatment. Furthermore, decreased expression of several of these proteins, 
including DUSP4 and ETV4, was seen to a greater degree with combination treatment as 
compared to monotherapy across the three cell lines.

Importantly, unlike in a malignant cancer where potent cytotoxicity is often required to 
achieve therapeutic benefit, in indolent, slow growing tumors such as PNF, cytostatic agents 
including selumetinib (and other MEK inhibitors) (10–14) and cabozantinib (17) have 
demonstrated robust biological activity in patients. Therefore, based on the potent additivity 
of combined abemaciclib and LY3214996 in arresting the growth of primary murine Nf1−/− 

DNSCs and human immortalized NF1−/− Schwann cells in vitro, we proceeded to test the 
activity of abemaciclib alone and in combination with LY3214996 in spontaneous PNF 
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arising in Nf1flox/flox;PostnCre mice. These mice harbor conditional biallelic inactivation of 
Nf1 in embryonic Schwann cell precursors driven by Cre recombinase expression under the 
control of a 3.9kb fragment of the Periostin promoter (52–54).

Pharmacokinetic (PK) analysis of abemaciclib (CDK4/6i) and LY3214996 (ERK1/2i) in 
Nf1flox/flox;PostnCre mice.

To ensure effective concentrations of abemaciclib and LY3214996 were achieved in both 
the plasma and PNF-bearing nerve tissues of Nf1flox/flox;PostnCre mice, we conducted 
pharmacokinetic profiling following single doses of abemaciclib (50 mg/kg) and LY3214996 
(50 mg/kg) administered by oral gavage. Consistent with previously published data 
(55), abemaciclib and LY3214996 exhibited excellent oral bioavailability, achieving peak 
plasma concentrations of 1.5 µg/mL at 2 hours after administration and 2.4 µg/mL at 
4 hours after administration, respectively (Supplemental Fig. S8 and Supplemental Table 
3). Notably, robust penetration into nerve tissue was also observed with a Cmax of 0.8 
µg/g for abemaciclib 4 hours after administration, and 69 ng/mL for LY3214996 4 hours 
after administration. The half-life (t1/2) of LY3214996 and abemaciclib in plasma was 
approximately 2.3 and 44 hours, respectively. Maximally tolerated doses of abemaciclib 
(50 mg/kg) and LY3214996 (50 mg/kg) alone and in combination were established in pilot 
studies, where mice treated at an initial dose of 100 mg/kg LY3214996 exhibited excess 
mortality due to gastroparesis. Thus, a dose of 50 mg/kg LY3214996 was subsequently used 
for efficacy studies with considerably improved tolerability albeit still with some excess 
mortality as compared to the vehicle and abemaciclib treated mice (Supplemental Fig. S9). 
We did not observe increased toxicity in the combination treated mice relative to LY3214996 
monotherapy. We attribute these side effects to species and strain dependent findings in 
the Nf1flox/flox;PostnCre model as we have observed similar toxicity in other preclinical 
therapeutics studies utilizing these mice. Importantly, LY3214996 has been well tolerated 
clinically and similar adverse events have not been observed at bioequivalent doses in human 
subjects (48).

Pharmacodynamic activity of abemaciclib (CDK4/6i) and LY3214996 (ERK1/2i) in PNF 
bearing mice.

Having established that abemaciclib and LY3214996 achieved biologically relevant 
concentrations in the plasma and PNF bearing nerve tissues of Nf1flox/flox;PostnCre mice, 
we sought to further establish pharmacodynamic evidence of target inhibition in the tumor 
tissue itself. Immunohistochemistry of phospho-Rb (S807/811) and immunofluorescence 
of phospho-Rb (S780), downstream markers of the CDK4/6 pathway (56–59), indicated 
significant reduction in the nerves of single agent abemaciclib and combination treated 
mice (Fig. 4A and B). We observed reduction in the ERK1/2-dependent target, phospho-
RSK1(pRSK1) (S380 and T359), by western blot in both LY3214996 and combination 
treated mice (Fig. 4C, Supplemental Fig. S10A-C). LY3214996 mediated inactivation 
of ERK1/2 itself is regulated through feedback activation of c-Raf (47), thus levels of 
phosphorylated ERK1/2 (pERK1/2) were not suppressed even in LY3214996 treated mice 
(Supplemental Fig. S10A and B) in accordance with previously published findings. These 
biochemical data, together with the observed additivity of combined CDK4/6 and ERK1/2 
inhibition in abrogating NF1(Nf1) deficient Schwann cell growth led us to postulate that the 
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combination of abemaciclib plus LY3214996 may exhibit enhanced activity against PNF in 
vivo in Nf1flox/flox;PostnCre mice.

Abemaciclib (CDK4/6i) and LY3214996 (ERK1/2i) in combination exhibit enhanced anti-
tumor activity in PNF bearing Nf1flox/flox;PostnCre mice in vivo.

To establish the efficacy of abemaciclib and LY3214996 alone and in combination in the 
treatment of PNF in vivo, Nf1flox/flox;PostnCre mice with established PNF were treated, 
starting at 4 months of age (Supplemental Table 4), with either vehicle control, abemaciclib 
(50 mg/kg daily), LY3214996 (50 mg/kg daily), or abemaciclib (50 mg/kg daily) plus 
LY3214996 (50 mg/kg daily) in combination for a duration of 12 weeks. Upon completion 
of therapy, mice were euthanized, and the peripheral nerve tissues were harvested by 
microdissection to measure the size of proximal spinal nerve roots and quantify tumor 
burden by histopathology. Single agent abemaciclib and LY3214996 significantly reduced 
both proximal nerve root volume (Fig. 4D) and the total number of PNF per mouse 
(Fig. 4E). Notably, the combination of abemaciclib plus LY3214996 resulted in a greater 
reduction in the number of PNF tumors per mouse as compared to either drug alone, 
with normalization of nerve microarchitecture observed on hematoxylin and eosin (H&E) 
staining (Fig. 4F).

Abemaciclib (CDK4/6i) and LY3214996 (ERK1/2i) synergize to repress MAPK-dependent 
activation of ETV4 and DUSP6 in PNF in vivo.

Given that abemaciclib and LY3214996 combination therapy exhibited enhanced anti-tumor 
activity in PNF in vivo, we extended our investigation to explore the molecular mechanisms 
associated with this apparent synergy. RNAseq was performed on flash frozen PNF bearing 
sciatic nerve tissues from mice treated with vehicle, single agent abemaciclib or LY3214996, 
and the combination. Intriguingly, in PNF treated with single agent abemaciclib relative 
to the vehicle control, we observed compensatory upregulation of many differentially 
expressed genes (DEGs) when evaluating both unadjusted and multiplicity adjusted p-values 
(Fig. 5A-C, Supplemental Fig. S11A and C, Supplemental Table 5). The DEG expression 
pattern in response to LY3214996 was mixed with an approximately equal number of 
up- and downregulated genes (Fig. 5A, B, and D; Supplemental Fig. S11A and D; 
Supplemental Table 4). Contrastingly, with combination therapy we observed a notable 
shift toward downregulation of DEGs, indicating a distinct global transcriptional response 
to combined CDK4/6 and ERK1/2 inhibition as compared to monotherapy (Fig. 5A, B, 
and E; Supplemental Fig. S11A, B, and E; Supplemental Table 5). While the expression of 
proliferative genes was not impacted by either abemaciclib or LY3214996 monotherapy, the 
combination produced a significant reduction in the expression of multiple M-phase related 
genes including Mki67 and Ccnb1 (Fig. 5F and G). Immunohistochemical-staining of Ki67 
revealed no significant difference in Ki67 positive cells between the treatment groups, likely 
due to the low proliferative index of these benign tumors at baseline (Supplemental Fig. 
S12).

To further dissect the molecular basis for this observed synergy, we interrogated the 
activation state of the RAS-MAPK pathway in abemaciclib, LY3214996 and combination 
treated PNF bearing nerve tissues by employing a ten gene panel to score MAPK Pathway 
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Activation (Fig. 6A).This panel was described by Wagle et al. as a clinically relevant 
prognostic biomarker in multiple cancer types (60) and we observed repression of the 
MAPK Pathway Activation Score (MPAS) with combination therapy compared to the single 
agents or the vehicle control (Fig. 6B). Similarly, scoring of MEK activation using a 16 
gene panel (Fig. 6C), curated by Dry and colleagues (61) and shown to predict sensitivity to 
MEK inhibitor in melanoma, colon, breast and lung xenograft models, again demonstrated 
pronounced suppression of MEK activation with combined inhibition of ERK1/2 and 
CDK4/6 (Fig. 6D). Concordantly, a signature of ERK-dependent genes established by 
Pratilas et al. using BRAFV600E tumor cells (35), was also significantly reduced in response 
to LY3214996 monotherapy and to an even greater extent with combination therapy (Fig. 
6E and F). Several genes overlapped between the Wagle, Dry, and Pratilas signatures and 
among these, Dups4, Dusp6, Etv4, and Phlda1 were significantly downregulated with the 
combination treatment in comparison with abemaciclib or LY3214996 alone (Supplemental 
Fig. S13). Similar to the results observed in primary murine Nf1−/− DNSCs and human 
immortalized NF1−/− Schwann cell lines (Fig. 3E and F, Supplemental Fig. S7B), ETV4 
and DUSP6 were significantly reduced in response to combination therapy by western 
blot in murine PNF in vivo (Fig. 6G and Supplemental Fig. S10D and E). Collectively, 
these findings suggest that CDK4/6 and ERK1/2 inhibition synergize to suppress MAPK-
dependent activation of ETV4 and DUSP6 in PNF (Fig. 6H).

Discussion
PNF cause significant pain, disfigurement, and a range of other serious functional 
morbidities in persons with NF1 (5). Hyperactivation of the RAS/RAF/MEK/ERK signaling 
cascade is recognized to underlie PNF genesis and progression. Moreover, pharmacologic 
targeting of this axis with MEK inhibitors (MEKi) has demonstrated clinical efficacy (10–
14), however there remains a significant subset of patients who do not exhibit durable 
responses. Unfortunately, beyond the RAS/MAPK axis itself, the functional landscape of 
activated protein kinases in PNF remains poorly characterized. In order to rationally inform 
the development and repurposing of kinase inhibitors for treatment of PNF, we set out 
to comprehensively profile the functional PNF kinome in a genetically engineered mouse 
model that has predicted biological responses in the clinic with high fidelity (13,14,17,23).

Employing a combination of MIB/MS and RNAseq, we identified convergent molecular 
signatures of RAS/MAPK and CDK4/6 pathway hyperactivation in PNF. Concordantly, we 
also observed increased expression of E2F and ETS-related genes, including the ETV4 
transcription factor in murine and human PNF. The ETS family of transcription factors plays 
critical physiologic roles in embryonic development (62), cell stemness (63), and has been 
implicated in the pathobiology of a range of human cancers including undifferentiated round 
cell sarcoma (64), synovial sarcoma (65), and other solid malignancies (66). Importantly, 
ETS transcription factors and their downstream targets have been implicated in driving 
resistance to MAPK pathway inhibition in human cancer (67).

Informed by multi-omic analyses demonstrating enrichment of RAS/MAPK and CDK4/6 
dependent signaling in PNF, we evaluated the combination of ERK1/2i (LY3214996) and 
CDK4/6i (abemaciclib) in PNF in vitro and in vivo. While MEKi has been extensively 
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studied in preclinical PNF models (16,68) and human NF1 patients (10–14), we selected 
the ERK1/2 inhibitor, LY3214996, for this study because ERK reactivation is a common 
mechanism of acquired resistance to MEKi therapies in multiple human cancers (69,70) 
suggesting that the direct inhibition of ERK may provide an opportunity to prevent 
compensatory resistance mechanisms (47,71). Furthermore, LY3214996 and abemaciclib 
have already been administered concurrently in early phase clinical trials to establish 
optimal phase 2 combination doses (NCT04534283, NCT04391595), thus providing an 
expedient path forward to clinical translation. Utilizing both human and murine NF1−/− 

(Nf1−/−) Schwann cell cultures, we observed robust additivity of abemaciclib in combination 
with LY3214996 in vitro. Consistent with these findings, the combination of abemaciclib 
and LY3214996 exhibited enhanced anti-tumor activity in Nf1flox/flox;PostnCre mice in vivo, 
associated with pronounced suppression of MAPK-dependent expression of ETS signature 
genes including ETV4.

PNF are associated with an 8–13% lifetime incidence of transformation to malignant 
peripheral nerve sheath tumor (MPNST), a highly aggressive form of soft tissue sarcoma 
that represents the leading cause of death in persons with NF1 (72). Unfortunately, MPNST 
development has been observed in patients receiving MEK inhibitors, suggesting that 
MEKi monotherapy is insufficient to prevent malignant transformation (73). The malignant 
transformation of PNF often occurs through the development of atypical neurofibroma/
atypical neurofibromatous neoplasms of uncertain biological potential (ANF/ANNUBP), 
which are characterized by the presence of cytologic atypia, hypercellularity, loss of 
neurofibroma architecture, and a mitotic index between 1/50 and 3/10 high power fields 
(33). Notably, 60–90% of these premalignant lesions exhibit loss of the CDKN2A/B locus 
(9p21.3) (74,75), which encodes a key tumor suppressor complex known to control both 
p53 and phosphorylation of the retinoblastoma protein (Rb) through negative regulation of 
CDK4/6 (76,77).

In previous studies, we reported that inactivation of Nf1 in embryonic neural crest 
cells together with the loss of the Cdkn2a alternate reading frame (Arf) is necessary 
and sufficient to drive the development of murine ANF/ANNUBP, which spontaneously 
progress to MPNST with high penetrance (34). These murine ANNUBP lesions exhibited 
notable increases in phospho-Rb relative to PNF suggesting that in addition to aberrant 
RAS/RAF/MEK signaling, disruption of the CDK4/6-Rb pathway may contribute to disease 
progression. Concordant with these findings, RNAseq of a series of human NF1-associated 
PNF, ANF and MPNST revealed transcript expression of cyclins D1 and D2 (CCND1 
and CCND2) and CDK4/6 to be significantly elevated in tumors spanning the entire 
neurofibroma to MPNST continuum compared to normal tissues (75). It has been predicted 
that loss of CDKN2A may confer increased sensitivity to CDK4/6 inhibition (78), and given 
these data, it is conceivable that CDK4/6 inhibition may be efficacious across a spectrum of 
NF1-associated tumors including ANF/ANNUBP and MPNST. Supporting this hypothesis, 
Wang and colleagues recently reported enhanced and durable activity of combined SHP2 
and CDK4/6 inhibition in patient derived xenograft models of NF1-associated MPNST 
(79) that frequently harbor functional inactivation of CDKN2A. Contrastingly, a study 
profiling a large number of human cancer cell lines suggested that CDKN2A mutation 
may endow resistance to CDK4/6 inhibition by allowing cancer cells to maintain Rb 
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phosphorylation via compensatory activation of CDK2-dependent signaling (80). In the 
present studies conducted in benign PNF, we did not observe evidence of CDK2-mediated 
adaptive resistance to CDK4/6 pathway inhibition as previously reported in other malignant 
cancers. Further investigation of CDK2 and other potential resistance mechanisms to 
CDK4/6 inhibitors in ANF/ANNUBP and MPNST preclinical models that have a high 
incidence of CDKN2A loss is needed. Notably, a phase I/II study at the National Cancer 
Institute (NCT04750928) is actively enrolling patients to assess the safety and response rate 
of abemaciclib (CDK4/6i) in the treatment of NF1-associated ANF that cannot or will not be 
surgically resected.

In summary, the present investigation highlights the utility of systems biology in 
combination with high fidelity preclinical models to rationally inform target selection in 
orphan diseases such as NF1, where geographic dispersion of limited patient numbers 
poses a critical bottleneck to conducting clinical trials. Collectively, these data strongly 
support further clinical evaluation of CDK4/6 pathway inhibitors alone and in combination 
in early phase trials for NF1-associated peripheral nerve sheath tumors where treatment 
options remain limited, and a significant subset of patients remain unresponsive to currently 
available therapies. Importantly, further investigation will be needed to determine whether 
CDK4/6 inhibition either as a single agent or in combination with other targeted therapies 
can alter the natural history of tumor progression along the neurofibroma to MPNST 
continuum, either by delaying and/or preventing the malignant transformation to ANF 
precursor lesions that harbor CDKN2A copy number loss and are not amenable to 
surgical resection. Leveraging preclinical models in conjunction with integrated, multi-omic 
approaches to comprehensively define mechanisms of treatment response and adaptive 
resistance will be critical for developing rational combination therapies that achieve deeper 
and more durable therapeutic responses in future early phase trials where patient numbers 
remain limited.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Transcriptional signatures of murine PNF.
(A) Volcano plot depicting whole-transcriptome differentially expressed genes (DEGs) by 
RNAseq between PNF bearing trigeminal nerve tissue from Nf1flox/flox;PostnCre mice 
(Plexiform; n=6) vs wild-type (WT) control (Normal; n=6). The dashed horizontal line 
denotes a false discovery rate (FDR) of 0.05. The dashed vertical lines denote log2 fold-
changes of −1 and 1. 510 upregulated genes with log2 fold-change of ≥ 1 and a -log10 
adjusted p-value above the FDR threshold are denoted in red. 140 downregulated genes 
with log2 fold-change ≤ −1 and a -log10 adjusted p-value above the FDR threshold are 
denoted in green. (B) Hallmark gene signatures significantly up- or downregulated by 
overrepresentation analysis (ORA) of RNAseq data in PNF bearing trigeminal nerve tissue 
from Nf1flox/flox;PostnCre mice (Plexiform; n=6) vs WT control (Normal; n=6) (FDR ≤ 
0.05). (C) Enrichment plot showing significantly upregulated Hallmark KRAS-signaling 
transcripts by Gene Set Enrichment Analysis (GSEA) in PNF bearing trigeminal nerve 

Flint et al. Page 26

Clin Cancer Res. Author manuscript; available in PMC 2024 April 30.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



tissue from Nf1flox/flox;PostnCre mice (n=6) vs WT control (n=6). P-adj = 0.0039. (D) 
Enrichment plot showing significant upregulation of a MEK/ERK dependent gene signature 
described in Pratilas et al. PNAS, 2009 in PNF bearing trigeminal nerve tissue from 
Nf1flox/flox;PostnCre mice (n=6) vs WT control (n=6). P-adj = 0.0013. (E) Enrichment 
plot depicting significant upregulation of Reactome G1 phase signature genes by GSEA 
in PNF bearing trigeminal nerve tissue from Nf1flox/flox;PostnCre mice (n=6) vs WT 
control (n=6). P-adj =0.0316. (F) Hierarchically-clustered heatmap of cell cycle signature 
genes in WT trigeminal nerve tissue (Normal nerve; n=6) and PNF bearing trigeminal 
nerve tissue from Nf1flox/flox;PostnCre mice (Plexiform; n=6). 1-Pearson correlation was 
used to obtain a distance matrix with complete clustering. Gene expression values (rows) 
were Z-score normalized. (G) Hierarchically-clustered heatmap of ETS signature genes 
in WT trigeminal nerve tissue (Normal nerve; n=6) and PNF bearing trigeminal nerve 
tissue from Nf1flox/flox;PostnCre mice (Plexiform; n=6). 1-Pearson correlation was used 
to obtain a distance matrix with complete clustering. Gene expression values (rows) were 
Z-score normalized. (H) Representative photomicrographs of immunohistochemical (IHC) 
staining of SPI1 in WT (Normal) and PNF nerve tissue (Plexiform) sections from Nf1flox/

flox;PostnCre mice. Corresponding 100μm scale bars denote the magnification with inset 
high-power magnification showing nuclear localization. Bar graph shows the percentage 
of SPI1 positive cells quantified by the HALO Cytonuclear analysis algorithm (Indica 
Labs). n=5 Normal and n=5 Plexiform samples were analyzed with n=49 and n=32 
fields respectively. Error bars reflect standard error of the mean (SEM). Asterisks indicate 
statistical significance according to an unpaired, two-sided t-test (**** = P ≤ 0.0001). (I) 
Representative photomicrographs of ETV4 IHC-stained sections of normal nerve (Normal) 
from unaffected controls and PNF from human NF1 patients (Plexiform). Corresponding 
100μm scale bars denote the magnification with inset high-power magnification showing 
nuclear localization. Bar graph shows the percentage of ETV4 positive cells quantified by 
the HALO Cytonuclear analysis algorithm (Indica Labs). n=6 Normal and n=6 Plexiform 
samples were analyzed with n=13 and n=24 fields respectively. Error bars reflect standard 
error of the mean (SEM). Asterisks indicate statistical significance according to an unpaired, 
two-sided t-test (**** = P ≤ 0.0001).

Flint et al. Page 27

Clin Cancer Res. Author manuscript; available in PMC 2024 April 30.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



Figure 2. Kinome profiling of murine PNF reveals increased CDK4/6 signaling.
(A) Principal component analysis (PCA) identifies variation in the functional kinome of 
PNF bearing sciatic nerve tissue from Nf1flox/flox;PostnCre mice (Plexiform; n=4) vs WT 
control (Normal; n=3). (B) Volcano plot showing the mean log2 fold-change in MIB binding 
(LFQ intensity) for kinases in PNF bearing sciatic nerve tissue from Nf1flox/flox;PostnCre 
mice (Plexiform; n=4) vs WT control (Normal; n=3) plotted against the -log10 Benjamini-
Hochberg adjusted p-value. The horizontal dashed line denotes a false discovery rate (FDR) 
of 0.05. Kinases with significantly increased MIB binding (log2 fold-change ≥1 and -log10 
adjusted p-value above the FDR threshold) are denoted in red. Kinases with significantly 
decreased MIB binding (log2 fold-change ≤ −1 and -log10 adjusted p-value above the FDR 
threshold) are denoted in green. Several of the top kinases with significantly increased or 
decreased binding in tumor tissue relative to the control are annotated on the plot. (C) 
Box and whisker plots demonstrating the mean log2 fold-change in MIB binding (LFQ 
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intensity) of the top 20 kinases with increased binding in PNF bearing sciatic nerve tissue 
from Nf1flox/flox;PostnCre mice (Plexiform; n=4) vs WT control (Normal; n=3). The box 
color indicates the family to which each kinase belongs as depicted in the legend. (D) 
“Tree” plot comparing the functionally enriched kinome of PNF bearing sciatic nerve tissue 
from Nf1flox/flox;PostnCre mice (Plexiform; n=4) vs WT control (Normal; n=3). The log2 
fold change in MIB binding is encoded by node color with red denoting kinases that are 
increased in abundance and blue denoting kinases that are decreased in abundance. The 
size of each node is proportional to the –log10 Benjamini-Hochberg adjusted p-value as 
denoted in the figure legend. Kinases with significantly increased or decreased MIB binding 
in PNF relative to the WT control are annotated alongside their respective kinase families 
in bold font. (E) Scatter plot showing log2 fold-change in gene expression of kinases (by 
RNAseq) vs log2 fold-change MIB binding (LFQ intensity) for PNF bearing nerve tissue 
in Nf1flox/flox;PostnCre mice (Plexiform; n=4 for MIB binding, n=6 for RNAseq) vs WT 
control nerve tissue (Normal; n=3 for MIB binding, n=6 for RNAseq). Top kinases with 
increase in MIB binding and RNAseq expression are highlighted in red and labeled. (F) 
CDK6, CDK4, and GAPDH (loading control) were detected independently by western blot 
in PNF bearing nerve tissue from Nf1flox/flox;PostnCre mice (Plexiform; n=2) and WT 
control nerve tissue (Normal; n=2). Bar graph shows arbitrary densitometry units (ADUs) 
calculated using KwikQuant Image Analyzer for each band normalized to the loading 
control. Error bars reflect standard error of the mean (SEM). Asterisks indicate statistical 
significance according to an unpaired, one-sided t-test (* = P ≤ 0.05). (G) Representative 
photomicrographs of CDK6 immunohistochemistry-stained sections of normal nerve and 
human NF1-associated PNF. Corresponding 100μm scale bars denote the magnification 
with inset high-power magnification showing cellular localization. Bar graph shows the 
percentage of CDK6 positive cells quantified by the HALO Cytonuclear analysis algorithm 
(Indica Labs). n=11 Normal and n=6 Plexiform samples were analyzed with n=11 and n=24 
fields respectively. Error bars reflect standard error of the mean (SEM). Asterisks indicate 
statistical significance according to an unpaired, two-sided t-test (**** = P ≤ 0.0001). (H) 
Representative photomicrographs of CDK4 IHC stained sections of normal nerve and human 
NF1-associated PNF. Corresponding 100μm scale bars denote the magnification with inset 
high-power magnification showing cellular localization. Bar graph shows the percentage of 
CDK4 positive cells quantified by manual counting. n=8 Normal and n=6 Plexiform samples 
were analyzed with n=24 and n=36 fields respectively. Error bars reflect standard error 
of the mean (SEM). Asterisks indicate statistical significance according to an unpaired, two-
sided t-test (** = P ≤ 0.01) (I) Representative photomicrographs of phospho-Rb (S807/811) 
IHC stained sections of normal nerve and human NF1-associated PNF. Corresponding 
100μm scale bars denote the magnification with inset high-power magnification showing 
nuclear localization. Bar graph shows percentage of phospho-Rb (S807/811) positive nuclei 
quantified by the HALO Cytonuclear analysis algorithm (Indica Labs). n=14 Normal 
and n=5 Plexiform samples were analyzed with n=14 and n=30 fields respectively. Error 
bars reflect standard error of the mean (SEM). Asterisks indicate statistical significance 
according to an unpaired, two-sided t-test (**** = P ≤ 0.0001).
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Figure 3. Additive inhibitory activity of abemaciclib (CDK4/6i) and LY3214996 (ERK1/2i) in 
primary murine Nf1−/− dorsal root ganglia (DRG) neurosphere cells (DNSCs) and human 
immortalized NF1−/− Schwann cells (ipNF05.5 and ipNF95.6) in vitro.
(A) Primary murine Nf1−/− dorsal root ganglia (DRG) neurosphere cell (DNSC) viability 
was evaluated at 48 hours by CellTiter-Glo® following exposure to escalating concentrations 
of LY3214996 and abemaciclib in a 2D dose response matrix. Data represent the mean of 
2 replicates for each condition. Percent viability was calculated as drug condition Relative 
Light Units (RLU) divided by average vehicle RLU * 100. Synergy graphs and ZIP, Bliss, 
Loewe, and HSA synergy scores were computed using SynergyFinder. The experiment 
was repeated three times independently with similar results. (B) Human immortalized 
NF1−/− Schwann cell (ipNF05.5) viability was evaluated at 48 hours using CellTiter-Glo® 

following exposure to escalating concentrations of LY3214996 and abemaciclib in a 2D 
dose response matrix. Data represent the mean of 2 replicates for each condition. Percent 
viability was calculated as drug condition RLU divided by average vehicle RLU * 100. 
Synergy graphs and ZIP, Bliss, Loewe, and HSA synergy scores were computed using 
SynergyFinder. The experiment was repeated three times independently with similar results. 
(C) Human immortalized NF1−/− Schwann cell (ipNF95.6) viability was evaluated at 48 
hours using CellTiter-Glo® following exposure to escalating concentrations of LY3214996 
and abemaciclib in a 2D dose matrix. Percent viability was calculated as drug condition 
RLU divided by average vehicle RLU * 100. Synergy graphs and ZIP, Bliss, Loewe, and 
HSA synergy scores were computed using SynergyFinder. The experiment was repeated 
three times independently with similar results. (D) Colony formation assays were conducted 
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in primary murine Nf1−/− DNSCs in the presence of DMSO, 250nM LY3214996, 100nM 
abemaciclib, and the combination. Colonies were stained with methylene blue after 7 
days. Bar graph shows quantification of colony formation in arbitrary densitometry units 
(ADUs) measured in ImageJ for each well. Error bars reflect standard error of the mean 
(SEM). Asterisks indicate statistical significance for the comparison according to Tukey’s 
multiple comparisons tests (**** = P ≤ 0.0001).(E) Phospho-Rb (S807/811), total Rb, 
cMyc, CCND1, DUSP4, ETV4, Tubulin (loading control), Vinculin (loading control), and 
GAPDH (loading control) were detected by western blot in primary murine Nf1−/− DNSCs 
treated with DMSO, 250nM LY3214996, 100nM or 250nM abemaciclib, or a combination 
for 24 hours. The experiment was repeated twice with similar results. (F) Phospho-Rb 
(S807/811), total Rb, pRSK1, cMyc, CCND1, DUSP4, DUSP6, ETV4, α-Tubulin (loading 
control), Vinculin (loading control), and GAPDH (loading control) were detected by western 
blot in human immortalized NF1−/− Schwann cell (ipNF95.6) treated with DMSO, 500nM 
or 1µM LY3214996, 100nM or 250nM abemaciclib, or a combination for 24 hours. The 
experiment was repeated twice with similar results.
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Figure 4. In vivo pharmacodynamic and anti-tumor activity of abemaciclib (CDK4/6i) and 
LY3214996 (ERK1/2i) single agent and combination therapy in plexiform neurofibroma bearing 
Nf1flox/flox;PostnCre mice.
(A) Representative photomicrographs of phospho-Rb (S807/811) IHC staining of 
nerve tissue sections from Nf1flox/flox;PostnCre mice treated with vehicle, abemaciclib, 
LY3214996, and combination (Combo). Corresponding 100μm scale bars denote the 
magnification with inset high-power magnification showing nuclear localization. Bar 
graph shows the percentage of phospho-Rb (S807/811) positive cells quantified by the 
HALO Cytonuclear analysis algorithm (Indica Labs). n=6 Vehicle, n=5 abemaciclib, 
n=6 LY3214996, and n=6 combination (Combo) samples were analyzed with n=41, 
n=43, n=49, and n=47 fields respectively. Error bars reflect standard error of the mean 
(SEM). Asterisks indicate statistical significance according to Tukey’s multiple comparisons 
tests (**** = P ≤ 0.0001). (B) Representative images of immunofluorescent staining 
for phospho-Rb (S780) (Red) in nerve tissue sections from Nf1flox/flox;PostnCre mice 
treated with vehicle, abemaciclib, LY3214996 and combination (Combo). Colocalization 
channel (Green) generated with ImarisColoc demonstrates the degree of colocalization 
between DAPI (Blue) and phospho-Rb (S780) (Red). Bar graphs show quantification of 
the intensity sum of phospho-Rb (S780) (left) and colocalization channel (right) obtained 
from colocalization surfaces generated using ImarisSurfaces. Vehicle: n= 6, fields=11, 
surfaces= 511; abemaciclib: n= 5, fields= 9, surfaces= 227; LY3214996: n= 4, fields= 
6, surfaces= 419; and Combo: n= 4, fields=7, surfaces=556. Asterisks indicate statistical 
significance according to Tukey’s multiple comparisons tests (**** = P ≤ 0.0001) and 
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error bars reflect standard error of the mean (SEM). Corresponding 20 μm scale bars 
denote the magnification. (C) Representative western blot showing phospho-RSK1 (pRSK1) 
(S380) and Vinculin (loading control) expression in PNF bearing trigeminal nerve tissue 
from Nf1flox/flox;PostnCre mice treated with vehicle (n=7), abemaciclib (n=6), LY3214996 
(n=6), or the combination (n=7) for 7 days. Bar graph showing quantification of arbitrary 
densitometry units (ADUs) obtained with ImageJ and normalized to loading control. Data 
reflects analysis of samples pooled from three independent experiments with additional 
blots shown in Supplemental Figure S10C. Asterisks indicate statistical significance for the 
comparison according to an unpaired, two-sided t-test with Welch’s correction (* = P ≤ 
0.05) and error bars reflect standard error of the mean (SEM). (D) Proximal nerve root 
volume (mm3) was measured in mice treated with vehicle vs LY3214996 or abemaciclib 
monotherapy, vs the combination (Combo) for 12 weeks. The number of proximal spinal 
nerve roots evaluated per treatment group were as follows: vehicle (n=48), LY3214996 
(n=36), abemaciclib (n=44), and the combination (n=24). Whiskers extend from the minima 
to maxima. The center line represents the median. The box spans the 25th to 75th 
percentiles. Outliers were identified by Grubbs test (alpha = 0.05) and excluded (vehicle, 
n=1 excluded). Asterisks indicate statistical significance of treatment vs vehicle according 
to an unpaired, two-sided t-test (* = P ≤ 0.05). (E) Microdissected nerve tissues were 
examined for histopathological evidence of plexiform neurofibroma. The mean number of 
plexiform neurofibroma tumors per mouse in each treatment group is shown in the plot. 
The number of independent animals evaluated per treatment group are as follows: vehicle 
(n=11 mice), LY3214996 (n=9), abemaciclib (n=11), and the combination (n=6). Whiskers 
extend from the minima to maxima. The center line represents the median. The box spans 
the 25th to 75th percentiles. Asterisks indicate statistical significance of treatment vs vehicle 
according to an unpaired, two-sided t-test (* = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001). 
(F) Representative photomicrographs of H&E-stained sections of Nf1flox/flox;PostnCre mice 
tumor nerve tissue in each group after 12 weeks of vehicle, LY3214996, abemaciclib, or 
combination (Combo) treatment. Corresponding 200μm scale bars denote the magnification 
with inset high-power magnification highlighting tissue architecture.
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Figure 5. Transcriptional responses to single agent and combined CDK4/6 and ERK1/2 
inhibition in murine PNF in vivo
(A) Venn diagram depicting numbers of significantly upregulated differentially expressed 
genes (DEGs) common between abemaciclib (CDK4/6i), LY3214996 (ERK1/2i), and 
the combination (Combo) treatment groups compared to the vehicle (Veh) control. The 
thresholds for the DEGs were defined as log2 fold change ≥ 1 and p-value ≤ 0.05. (B) 
Venn diagram depicting numbers of significantly downregulated differentially expressed 
genes (DEGs) common between the abemaciclib, LY3214996, and combination (Combo) 
treatment groups compared to the vehicle (Veh) control. The thresholds for the DEGs 
were defined as log2 fold change ≤ −1 and p-value ≤ 0.05. (C) Volcano plot showing 
log2 fold-change in gene expression for PNF from Nf1flox/flox;PostnCre mice treated with 
abemaciclib (n=6) vs Vehicle (n=6) plotted against the -log10 p-value (-log10(P)). The 
dashed horizontal line denotes -log10(P=0.05). The dashed vertical lines denote log2 fold-
changes of −1 and 1. Significantly upregulated genes above these thresholds are denoted in 
red, while significantly downregulated genes are denoted in green. (D) Volcano plot showing 
log2 fold-change in gene expression for PNF from Nf1flox/flox;PostnCre mice treated with 
LY3214996 (n=6) vs Vehicle (n=6) plotted against the -log10 p-value (-log10(P)). The dashed 
horizontal line denotes -log10(P=0.05). The dashed vertical lines denote log2 fold-changes 
of −1 and 1. Significantly upregulated genes above these thresholds are denoted in red, 
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while significantly downregulated genes are denoted in green. (E) Volcano plot showing 
log2 fold-change in gene expression for PNF from Nf1flox/flox;PostnCre mice treated with 
LY3214996 plus abemaciclib combination (n=6) vs Vehicle (n=6) plotted against the -log10 
p-value (-log10(P)). The dashed horizontal line denotes -log10(P=0.05). The dashed vertical 
lines denote log2 fold-changes of −1 and 1. Significantly upregulated genes above these 
thresholds are denoted in red, while significantly downregulated genes are denoted in 
green. (F) Box and whisker plots showing Mki67 mRNA log2 counts in PNF from Nf1flox/

flox;PostnCre mice treated with vehicle (n=6), abemaciclib (n=6), LY3214996 (n=6), and 
combination therapy (Combo; n=6). Whiskers extend from the minima to maxima. The 
center line represents the median. The box spans the 25th to 75th percentiles. Asterisks 
indicate statistical significance of treatment vs vehicle according to the Wald test performed 
by DESeq2 (*** = P ≤ 0.001). Non-significant comparisons are not shown. (G) Box and 
whisker plots showing Ccnb1 mRNA log2 counts in PNF from Nf1flox/flox;PostnCre mice 
treated with vehicle (n=6), abemaciclib (n=6), LY3214996 (n=6), and combination therapy 
(n=6). Whiskers extend from the minima to maxima. The center line represents the median. 
The box spans the 25th to 75th percentiles. Asterisks indicate statistical significance of 
treatment vs vehicle according to the Wald test performed by DESeq2 (*** = P ≤ 0.001). 
Non-significant comparisons are not shown.
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Figure 6. LY3214996 (ERK1/2i) and abemaciclib (CDK4/6i) synergize to repress MAPK-
dependent activation of ETV4 and DUSP6 in PNF in vivo.
(A) Hierarchically-clustered heatmap of MAPK Pathway Activity Score (MPAS) signature 
genes, curated by Wagle et al., in PNF from Nf1flox/flox;PostnCre mice treated with vehicle 
(n=6), abemaciclib (n=6), LY3214996 (n=6), or combination therapy (Combo; n=6). 1-
Pearson correlation was used to obtain a distance matrix with complete clustering. Gene 
expression values (rows) were Z-score normalized. (B) Box and whisker plots showing the 
Wagle et al. MAPK Pathway Activity Score (MPAS) in PNF from Nf1flox/flox;PostnCre mice 
treated with vehicle (n=6), abemaciclib (n=6), LY3214996 (n=6), or combination therapy 
(Combo; n=6). Whiskers extend from the minima to maxima. The center line represents the 
median. The box spans the 25th to 75th percentiles. Asterisks indicate statistical significance 
according to the Wilcoxon test (** = P ≤ 0.01). Non-significant comparisons are not 
shown. (C) Hierarchically-clustered heatmap of MEK activation score signature genes, 
curated by Dry et al., in PNF from Nf1flox/flox;PostnCre mice treated with vehicle (n=6), 
abemacicilb (n=6), LY3214996 (n=6), or combination therapy (Combo; n=6). 1-Pearson 
correlation was used to obtain a distance matrix with complete clustering. Gene expression 
values (rows) were Z-score normalized. (D) Box and whisker plots showing the Dry et al. 
MEK activation score in PNF from Nf1flox/flox;PostnCre mice treated with vehicle (n=6), 
abemaciclib (n=6), LY3214996 (n=6), or combination therapy (n=6). Whiskers extend from 
the minima to maxima. The center line represents the median. The box spans the 25th 
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to 75th percentiles. Asterisks indicate statistical significance according to the Wilcoxon 
test (* = P ≤ 0.05; ** = P ≤ 0.01). Non-significant comparisons are not shown. (E) 
Hierarchically-clustered heatmap of ERK dependent signature genes, curated by Pratilas 
et al., in PNF from Nf1flox/flox;PostnCre mice treated with vehicle (n=6), abemacicilb (n=6), 
LY3214996 (n=6), or combination therapy (n=6). 1-Pearson correlation was used to obtain 
a distance matrix with complete clustering. Gene expression values (rows) were Z-score 
normalized. (F) Box and whisker plots showing the Pratilas et al. ERK dependent signature 
score in PNF from Nf1flox/flox;PostnCre mice treated with vehicle (n=6), abemaciclib (n=6), 
LY3214996 (n=6), or combination therapy (n=6). Whiskers extend from the minima to 
maxima. The center line represents the median. The box spans the 25th to 75th percentiles. 
Asterisks indicate statistical significance according to the Wilcoxon test (** = P ≤ 0.01). 
Non-significant comparisons are not shown. (G) ETV4, DUSP6, and Vinculin (loading 
control) were detected by Western blot in PNF bearing trigeminal nerve tissue from Nf1flox/

flox;PostnCre mice treated with vehicle (n=7), abemaciclib (n=6), LY3214996 (n=6), or the 
combination (n=6) for 7 days. Bar graphs show quantification of arbitrary densitometry 
units (ADUs) calculated using ImageJ and normalized to loading control and average of 
vehicle. Analysis includes data generated from two independent animal experiments with 
western blots performed in triplicate. An additional blot shown in Supplemental Figure 
S10D demonstrates ETV4 and DUSP6 expression in the sciatic nerve of animals represented 
in Figure 6G. Asterisks indicate statistical significance for the comparisons according 
to Dunnett’s multiple comparisons test (* = P ≤ 0.05; ** = P ≤ 0.01) and error bars 
reflect standard error of the mean (SEM). (H) Schematic depicting molecular synergism 
of combined ERK1/2 and CDK4/6 pathway inhibition to reduce RAS/MAPK dependent 
DUSP6 and ETV4 transcriptional output in PNF.
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