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Abstract

Neurofibromatosis type 1 (NF1) patients are predisposed to develop plexiform neurofibromas
(PNFs). Three endoplasmic reticulum (ER) stress response pathways restore cellular homeostasis.
The unfolded protein response (UPR) sensors contribute to tumor initiation in many cancers.

We found that all three UPR pathways were activated in mouse and human PNFs, with

protein kinase RNA [PKR]-like ER kinase (PERK) the most highly expressed. We tested if
neurofibroma cells adapt to ER stress, leading to their growth. Pharmacological or genetic
inhibition of PERK reduced mouse neurofibroma-sphere number, and genetic inhibition in PERK
in Schwann cell precursors (SCPs) decreased tumor-like lesion numbers in a cell transplantation
model. Further, in a PNF mouse model, deletion of PERK in Schwann cells (SCs) and SCPs
reduced tumor size, number, and increased survival. Mechanistically, loss of N1 activated
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PERK-elF2a-ATF4 signaling and increased ATF4 downstream target gene p21 translocation from
nucleus to cytoplasm. This nucleus-cytoplasm translocation was mediated by exportin-1. Runx
transcriptionally activated ribosome gene expression and increased protein synthesis to allow SCs
to adapt to ER stress and tumor formation. We propose that targeting proteostasis might provide
cytotoxic and/or potentially durable novel therapy for PNFs.

INTRODUCTION

Neurofibromatosis type 1 (NF1) is an autosomal dominantly inherited human disorder
affecting ~1 in 2500 births [1, 2]. NF1 is caused by mutations in the tumor suppressor gene
NF1 that encodes neurofibromin, a negative regulator of the Ras pathway [3-5]. Loss of
function NF1 leads to RAS-MAPK pathway activation, cell proliferation, tumor formation,
and growth in the nervous system [5]. Most of NF1 patients (95%) are predisposed to
dermal neurofibromas (DNF) and/or plexiform neurofibromas (PNF) [5, 6]. Underlying
mechanism(s) of tumorigenesis are not fully understood.

The endoplasmic reticulum (ER) is an essential organelle in eukaryotic cells. Induction

of ER stress leads to the unfolded protein response (UPR). There are three known

UPR pathways: PERK, IRE-1a, and ATF6. All three pathways mediate stress-induced
physiological UPR adaptive response that maintains normal cell function by regulating
proteostasis—specifically, decreasing protein synthesis and increasing ER protein folding
capacity, autophagy, and proteasome-dependent ER-associated degradation (ERAD) of
misfolded proteins [7-9]. Thus, proteostasis regulates the ER stress response and UPR,
which itself feeds back to regulate proteostasis. When ER stress cannot be resolved,

UPR signaling induces either apoptosis or autophagy [10]. Thus, UPR can pivot between
promoting cell survival and promoting cell death. Tumor cells can exploit UPR signaling to
promote their survival and progression [8, 11, 12]. Indeed, the entire proteostasis-mediated
ER stress/UPR response axis is critical in cancer cells [13, 14]. In fact, in AFZ7~ MPNST,
further elevation of increased ER stress signaling causes cell death and reduces tumor
growth in vivo [15]. However, ER stress signaling remains unstudied in benign PNFs.

Molecular drivers of ER stress signaling have been well studied in normal and tumor

cells but not in PNFs. Reports show that all three ER stress pathways function in tumor
progression [8, 16]. PERK also plays an important role in tumor initiation in models

of Ras-transformed melanoma [17] and Ret-induced fibroblast transformation [18]. The
role of PERK in PNF formation and/or growth has not been studied. In this study, we
show that all three ER stress pathways’ signalings are elevated, with PERK expression the
highest. Loss of NVF1 activated PERK-elF2a-ATF4 signaling and increased ATF4 regulated
p21 translocation from nucleus to cytoplasm to contribute to neurofibroma formation.
This nucleus-cytoplasm translocation was mediated by exportin-1. Further, the RUNX
transcription factor mediates proteostasis to adapt UPR to support SC survival and the
following PNF formation.
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ER stress pathways are activated in mouse and human PNFs

We previously showed that Runx1/3 contributes to PNF formation by transcriptionally
and translationally repressing PMP22 expression. KEGG pathway analysis on a

RNA-seq data set of genes that are differentially expressed in PNFs from
RunxI™-Runx3"-Nf1™/f:DhhCre vs NfI™f:DhhCre mice showed that the ER stress
signalling pathway (“protein process in ER”) was the top deregulated pathway [19].

To test if Runx might regulate protein synthesis to adapt to ER stress signalling in

PNFs, we performed a retrospective analysis on our published human and mouse PNF
microarray data (GSEA14038) [20] and found that expression of genes in all three major
ER stress pathways was significantly increased in both (Fig. 1A, B). Consistently, Western
blots showed increased expression of ER stress-related proteins in DRG dissected from
1-month-old Nf1™f-phhCre mice (before tumor formation) and in PNFs from 7-month-old
NF1f-DhhCre mice (tumor developed), compared to WT control DRGs (Fig. 1C).

PERK expression is increased in mouse and human PNFs and appears to be partially
MEK/ERK and RUNX1/3 dependent

Multiple studies suggest that PNFs are derived from SCs [21-24]. In fluorescence-activated
cell sorting (FACS) SCs (p75*/CD31~/CD11bh~/CD11b") isolated from DRG and PNFs
dissected from 1- and 7- month-old N7Z%f:DhnCre mice, we identified 1386 differentially
expressed genes, using a twofold difference threshold (#test, £< 0.05) [25]. Eif2ak3 (Perk)
was the only ER stress pathway-related gene exhibiting this degree of differential expression
(Fig. 2A). In mouse tissue, Western blotting confirmed increased expression of PERK
signaling pathway components (i.e., PERK, p-PERK, p-elF2a, and ATF4) vs WT controls
(Fig. 2B). We validated this finding in human tissue, finding that PERK immunolabelling
was elevated in PNF (vs normal nerve control; Fig. 2C).

Sustained MEK/ERK signaling contributes to NF1 tumor formation and growth in human
and mouse PNFs, and the treatment of MEK inhibitor, PD0325901, delays tumor growth and
reduces cell proliferation [26]. To determine if MEK modifies ER stress signaling in PNF
SCs, we treated the NiF17/f-DhhCre PNF mice with MEKi (vs control) by oral gavage for 5
days (PD0325901,1.5 mg/kg/day); Western blots revealed reduced p-ERK1/2, and reduction
of all three ER stress pathway proteins (i.e., PERK, IRE1la, and ATF6). Consistently,
p-elF2a expression was increased (Fig. 2D). Thus, all three UPRs showed decreased
expression compared to the vehicle control, suggesting that these UPRSs, including PERK
signaling, might be partially MEK-dependent. PERK signaling is an important downstream
pathways of UPR and often activated in cancer cells, but the role of PERK in neurofibroma
formation is not clear. Therefore, we focused on the function of the PERK pathway in
neurofibromas for further study.

To determine if Runx1/3 modulates ER stress signaling in our system, we performed
gRT-PCR to assay expression of the ER stress-related genes Grp78, Xbp-1, Perk, and
Atf6in PNFs from Runx1™f-Runx3"1-Nf1™f-DhhCre (vs NFI™f-DhhCre) mice. All four
genes were significantly downregulated in the Runx2™":Runx3":Nf1™/f-DhnCre (Fig. 2E).
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Western blot data revealed that both PERK and ATF4 protein expression were decreased in
Runx1™1-Runx3™-Nf17f1:DhhCre PNFs (Fig. 2F).

Pharmacological and genetic inhibition of PERK decreases mouse SCPs and neurofibroma
sphere number in vitro

To test if inhibition of PERK affects SCP growth and/or tumorigenesis, we used a
neurofibroma sphere culture system, in which SCPs grow as self-renewing spheres that

can be passaged in vitro [27]. We used embryonic day 12.5 (E12.5) WT mouse DRG
spheres and E12.5 NfI7~ mouse DRG spheres for initial testing. We confirmed PERK
signalling is activated in NVfI-deficient SCP spheres compared to wild-type spheres (Fig.
S1A). To determine whether PERK inhibition affects SCP proliferation, we treated E12.5
WT and V1™~ DRG spheres with GSK2606414 [28], a highly selective PERK inhibitor
(PERKI). GSK2606414 inhibited sphere formation in a dose-dependent manner in both WT
and NI~ DRG spheres; Nf1~~ spheres showed tenfold higher drug sensitivity than WT
spheres (Fig. S1B), suggesting that GSK2606414 has differential inhibitor effects on WT
and A/f1™~ Schwann cell precursors. To determine if PERK is relevant to SCP growth

or tumor formation upon loss of Nf1, we used secondary mouse PNF-derived sphere
cultures. GSK2606414 inhibited sphere formation in a dose-dependent manner (Fig. 3A).
The inhibitory effect of PERK by GSK2606414 on spheres was confirmed by Western
blot; 10 uM and 50 pM PERK:i decreased levels of PERK, increased levels of p-elF2a
(suggesting that protein synthesis decreased), and increased levels of CHOP (i.e., induced
apoptosis) (Fig. 3B). A time course showed that 10 uM GSK2606414 inhibited PERK until
6 h, and simultaneously activated apoptotic markers such as cleaved PARP and Chop; this
inhibitory effect disappeared after 24 h (Fig. 3C).

To test if the inhibitory effect was specifically caused by PERK, we treated Nf1:DhhCre
mouse DRG/neurofibroma-derived spheres with two different Perk sh-RNAs (shPerk) for 4
days. Treatment significantly decreased sphere numbers compared to the non-target (shA/7)
control (Fig. 3D). Perk knockdown was confirmed by Western blot (Fig. 3E).

PERK contributes to neurofibroma growth

To test whether PERK reduction in neurofibroma sphere numbers decreases tumorigenic
potential, we injected shPerk or shNT lentivirus-treated NF17/f-DhhCre mouse DRG/
neurofibroma-derived sphere cells subcutaneously into nude mice (nu/nu). Two months after
transplantation, 8 of 10 nu/nu mice grafted with sh//7-treated spheres showed neurofibroma-
like micro-lesions, while fewer lesions (2 of 10 nu/nu) were detected in mice grafted with
shPerk-treated spheres (p < 0.05) (Fig. 3F). These data suggest that PERK might contribute
to neurofibroma growth.

Targeted genetic deletion of Perk increases survival; decreases tumor number and size in
the Nf1f/fl: DhhCre PNF mouse

We next tested whether targeted genetic deletion of PERK in SCs and SCPs in
NFI™-DhhCre mice affects PNF formation. We carried out survival analysis. Based on
the previous statistical analysis, we used 20 mice per group for comparison. Kaplan—-Meier
analysis revealed a significant survival difference between Perk™-Nf1/f: DhhCre mice
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and littermate Perk™* :Nf17/f:DhhCre mice (p < 0.05) (Fig. 4A). However, because of the
breeding strategy, we could not obtain littermates A/F2":DhhCre for direct comparison.
Similar significance was detected on survival time between Perk™"-Nf17/fl-DhhCre and
previously published Nif77f:DhhCre mice [21] (not shown), suggesting that PERK
contributed to PNF initiation and tumor growth, but the loss of one allele of PERK might not
change tumor penetration rate.

We previously showed that in the Nf27/7:DhhCre model, each mouse develops 4—

20 neurofibromas [21]. We hypothesized that if PERK contributes to neurofibroma
initiation, then tumor number should be reduced in Perk™:NF27/fl-DhACre mice. Indeed,
gross dissections of 5 month-old mice showed that Perk™"-Nf1/f:DhhCre mice had
significantly fewer spinal cord tumors/mouse vs age matched Perk™* :Nf1™/f-DhnCre
littermates (Fig. 4B, C). Neurofibroma diameter measured on spinal root dissected

sections confirmed significantly smaller tumors (Fig. 4B, D). At 12 months of age,

we counted mouse neurofibroma number and measured tumor diameters;both were
significantly different in Perk™-Nf1/f-DhnCre vs Perk™* :Nf1™f-DhhCre littermate
controls (Fig. 4E, F), suggesting PERK might contribute to PNF growth. H&E staining
showed that all tumors were still GEM-grade 1 neurofibroma (not shown). Ki677-
proliferating cell numbers in neurofibroma tissue sections were significantly decreased in
Perk™:Nf1™f1- DhhCre neurofibromas compared to Perk™#-Nf1/f:DhhCre neurofibromas
compared to Perk™* :Nf1™:DhhCre mouse tumors (Fig. 4G, H). There was no difference in
cell death as determined by TUNEL staining (average 1-2% in both genotypes, not shown).
Therefore, glial cell PERK regulates NfZ-deficient tumor cell proliferation in neurofibromas,
and co-activation of PERK in SCs and/or SCPs is important for neurofibroma initiation

and growth. We only detected mild prolonged survival by loss of both Perk alleles in the
NFIA-DhhCre model (Fig. 4A), suggesting that Perk might not play a dominant role, or the
other two ER stress pathways might compensate the stress signaling upon conditional loss
of Perk in PNF formation. To determine the potential causes, we performed qRT-PCR on
tumors from Perk*"* ;Nf1":DhhCre, Perk™* Nf1™f-DhhCre, and Perk™-Nf1:DhhCre.
Perk RNA expression remained relative low level in Perk™:Nf17/fl:DhhCre mouse tumors,
but not in Perk™*;Nf1™":DhhCre tumors compared to Perk**;Nf1™/fl-DhhCre tumors.

We detected increased expression of Xbp-1, a substrate of IRE1a pathway, although no
statistical difference was detected. Grp78was relative high because it is involved in all 3 ER
stress pathway. Aff6 expression varied but remained similar levels in all 3 genotypes (Fig.
4J). We then performed Western blots on tumors from the above genotypes. We detected
decrease PERK protein expression in Perk™f:Nf17/fl-DhhCre tumors compared to other two
genotypes. Although the protein expression levels varied due to primary tumor variation,

we detected increased IRE1a expression in 2 of 3 Perk™:Nf1™/fl:DhhCre mouse tumors
compared to Perk™*:Nf1"f:DhhCre controls (Fig. 4K). In combined with RNA expression
data, these results suggest IRE1a might compensate the ER stress pathway to maintain the
tumor growth.

Total p21 and cytoplasmic p21 expressions are increased in mouse and human PNFs

Data in Figs. 1-4 suggested that the loss of Nfl activated PERK-elF2a-ATF4 signaling
might adapt to the stressful tumor environment enabling SC survival and PNF formation.
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We therefore investigated the downstream effectors of ATF4 in the PERK pathway involving
a pro-survival signalling in PNFs. Recent studies showed that cyclin-dependent kinase
inhibitor p21 is a target gene of A7F4[29] and loss of NF1 infibroblast cells upregulated
p21 by an unknown mechanism [30]. P21 acts not only as a tumor suppressor but also may
play an oncogenic role involving nucleus-cytoplasmic translocation [31, 32]. Western blots
showed that total p21 and phosphor-p21 (detecting cytoplasmic p21) protein expression was
increased in PNFs compared to controls (Fig. 5A). Consistently, ATF4 expression was also
increased in PNFs. IHC staining showed increased p21 expression in NfZf:DhhCre mouse
PNFs compared to WT DRG control (Fig. 5B). We also performed immunofluorescence
staining on mouse and human PNF-derived SCs to investigate the expression levels of
cytoplasmic p21. We detected significantly augmented cytoplasmic p21 as well as total p21
expression in 7 months mouse PNF-derived SCs compared to WT mouse SCs (Fig. 5C).
Similarly, immunofluorescence staining showed increased cytoplasmic p21 and total p21
expression in human PNFs compared to normal human nerve controls (Fig. 5D, E).

ATF4 binds to p21 (Cdkn1la) intron 1 region to regulate p21 expression in PNFs

To determine if p21 might be directly upregulated by ATF4, we performed an in silico
search for potential ATF4 binding sites. We identified two sites in the mouse p21

(Cdkn1a) intron region 1 (Supplemental Fig. 2A). To confirm the relevance of these

sites, NF1™/f-:DhhCre PNF DNA was subjected to ChIP using an anti-ATF4 antibody. We
confirmed ATF4 binding to p21 at the intron 1 region by PCR (Supplemental Fig. 2B),
consistent with p21 being directly activated by ATF4. We also tested if ATF4 regulates p21
nucleus-cytoplasmic translocation. We treated Nf17"1:DhhCre mouse PNF-derived spheres
with two shATF4, Western blots of lysates from these cells showed that reduced ATF4
correlated with decreased cytoplasmic p21 (p-p21) expressions, but minor changes in total
p21 (p21) (Supplemental Fig. 2C). These results suggest that p21 is a potential target

of ATF4, and increased ATF4 regulated p21 translocation from nucleus to cytoplasm.

To determine the correlation between Perk and p21, we then performed immunostaining
on tumors from Perk*"*;Nf1":DhhCre and Perk™?-Nf17f:DhhCre mouse. We detected
significantly increased nucleic p21 and decreased cytoplasmic p21 expression in
Perk™1-N 17 DhhCre tumors compared to tumors from Perk** :Nf1"f:DhhCre mouse
(Fig. 5G, H), suggesting Perk change correlates to p21 nucleus-cytoplasmic translocation.

Exportin-1 mediates p21 nucleus-cytoplasmic translocation

Nucleus-cytoplasmic export is mainly regulated by Exportin-1(XPO-1, also known as
CRML1) [33]. We tested if p21 and XPO-1 interact by performing p21-pull down assays.
Anti p21-pulled down XPO-1 (Fig. 6A), suggesting that p21 and XPO-1 might interact.
Also, XPO-1 expression and cytoplasmic p21 expression were elevated in human PNF tissue
sections vs normal nerve controls. Elevated levels of nuclear XPO-1 and p21 in normal
human nerve, and higher level of cytoplasmic p21 in human PNFs, suggest that XPO-1 is
involved in p21 translocation from nucleus to cytoplasm in PNFs (Fig. 6B).

To test if blockade of nuclear export XPO-1 affects p21 locally action, we treated
NFI™:DhhCre mouse PNF-derived spheres with KPT-330, a selective inhibitor of nuclear
export (SINE). KPT-330 inhibited sphere number in a dose-dependent manner (Fig. 6C).
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In a time course (5 UM treatment), cytoplasmic p-p21 levels gradually reduced until 12 h,
and XPO-1 expression was maintained in the nucleus (Fig. 6D). These results indicate that
nuclear-cytoplasmic translocation of p-p21 depends on XPO-1 expression.

Runx1/3 transcriptionally activates ribosome gene expression

To determine if Runx might regulate protein synthesis in Nf1 SCs, we performed gene
ontology analysis using published Runx1 ChlP-seq peaks of genes within 10 kb of
Runx1-binding sites (GSE122775) [19] The top results for functional annotations of
“cellular component” and “molecular function” revealed ribosomal involvement (Fig. 7A,
B). We re-analyzed RNA-seq differential expression data of PNFs from Nf17f-phhCre
vs Runx2™1-Runx3"1-Nf1/:DhhCre mice (GSE122774 [19], and found 11 of the hits
were ribosomal genes (Fig. 7C). QRT-PCR revealed that most were significantly reduced
in Runx2™f:Runx3"f-Nf1™f-DhhCre PNFs. In contrast, ribosomal genes that are not
targets of Runx (i.e., not shown in CHIP-seq) exhibited increased expression or no change
(Fig. 7D). We assayed nascent protein synthesis using nascent protein synthesis assayed
with a Click-iT Protein Synthesis Assay Kit. Protein synthesis was high in PNF SCs

from NFI:DhhCre mice, but significantly decreased in SCs derived from PNFs of the
Runx2™f-Runx3"A-Nf1/:DhhCre mice, reaching levels not significantly different from
WT SCs (Fig. 7E, F). Together, these data support the idea that Runx transcription factors
regulate protein synthesis in Nfl mutant SCs.

DISCUSSION

Tumor development is due to dysregulated tumor cell proliferation and other environmental
stressors which can induce abnormal protein synthesis, resulting in the accumulation of
misfolded or unfolded proteins in the ER lumen. ER stress, especially ERAD, maintains
proteostasis so that tumor cells adapt to stressful conditions for survival. Thus activated UPR
signaling has been reported in various types of cancer, and the ability to tolerate persistent
ER stress enhances cancer cell survival, metastasis, drug resistance, and immunosuppressive
effects [8]. ER stress response plays pivotal roles in tumor initiation and/or growth in
multiple cancers—including brain, breast, gastric, kidney, liver, lung, and pancreatic [34-36].
ER stress signaling has also been extensively studied in SC biology or pathology. For
example, in a mouse model of Charcot-Marie-Tooth disease, UPR is activated in myelinating
SCs, suggesting that ER stress plays a role in this peripheral neuropathy [37, 38]. In this
study, we showed that all three UPR pathways were activated in mouse and human PNFs.
Loss of Nfl activated PERK-elF2 a-ATF4 signaling, and increased ATF4 regulated p21
translocation from nucleus to cytoplasm that was mediated by exportin-1. Mechanistically,
Runx1/3 activated ribosome gene expression and increased protein synthesis to allow cells
to adapt to ER stress. We detected the expression of ER stress-related genes, Grp/78,

Xbp-1, Perk, and Atf6in PNFs from Runx1™f-Runx3"1-Nf17/f-DhhCre were significantly
downregulated compared to those from NF17/f-DhhCre mice. However, the results do not
necessarily indicate that the downregulation of these ER stress signaling genes is directly
regulated by Runx1/3, but instead can be caused by indirect effects due to Runx1/3
loss-induced tumor inhibition. Similarly, the inhibitory effects on ER stress-related protein
expression by MEKi can also be the indirect effects on the ER stress signaling pathways.
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While all 3 ER stress pathways function in tumor formation, PERK plays a dominant role
in tumor initiation in models of Ras-transformed melanoma [17] and Ret-induced fibroblast
transformation [18]. PERK also promotes breast cancer growth as PERK loss-of-function
leads to smaller tumors and increased survival [39, 40]. In addition, PERK pharmacological
inhibition reduced breast cancer metastasis [41]. Consistent with these reports on cancer,
we showed that Perk contributed to PNF initiation in an in vivo cell transplantation mouse
model and in the Nif17/f-DhhCre genetically engineered mouse model. Further, our in vitro
results on SCs protein synthesis (Fig. 7E, F) suggest that PERK might also contribute

to tumor growth. However, we only detected mild prolonged survival by loss of both

Perk alleles in the Nf17/f:DhhCre model (Fig. 4A). There are several possibilities: (1)
Compensatory ER stress pathway, such as IRE1a, might be involved upon conditional loss
of PERK. (2) Perk might only play a minor role in PNF formation, (3) other pathway might
contribute to PNF formation.

The cyclin-dependent kinase inhibitor p21 acts not only as a tumor suppressor but also
plays an oncogenic role as an inhibitor of apoptosis [31, 32]. This oncogenic p21, located

in the cytoplasm, and elevated cytoplasmic p21 are critical for promoting cell transformation
and tumor progression. The cytoplasmic localization of p21 arises from phosphorylation

of Thr145, located in the nuclear localization signal (NLS) of p21. Phosphorylated p21
(p-p21) shuttles between the nucleus and the cytoplasm are more stable in cancers,
therefore maintain elevated level of p-p21 in cytoplasm [31, 42, 43]. Up-regulated p21

in NVf1-knockdown human fibroblasts treated with Nfl-specific ShRNA has been reported
[30]. We showed increased p-p21 (cytoplasmic p21), as well as total p21 expression, in
mouse and human PNFs (Fig. 5C, D). We also show increased nucleic p21 and decreased
cytoplasmic p21 expression in Perk™™:Nf17f-DhhCre tumors compared to tumors from
Perk*"* :Nf1™":DhhCre mouse (Fig. 5G,H). However, what we detected is the correlation
between PERK-elF2a.-ATF4 and its downstream target p21. Whether p21 plays a functional
role in PNF formation is not directly tested. It will be interesting to test if knock out of p21
in NF1f1:DhhCre mice will change PNF number and grade.

Nuclear-cytoplasmic export is mainly regulated by XPO-1, the sole nuclear exporter of
tumor-suppressors and growth-stimulatory proteins [33]. Disrupted and aberrant expression
of XPO-1 is frequently observed in cancer cells, and the subsequent translocalization

of these key regulatory proteins contribute to cell survival, tumorigenesis, and tumor
progression [44]. We showed that p21 translocation is XPO-1 dependent, and that XPO-1
regulates p21 nucleus-cytoplasm translocation in PNF cells. These results suggest that
inhibition XPO-1 might provide a potential therapy for PNFs.

The ribosome is responsible for protein synthesis, and an increase in synthesized protein
results in the activation of ER stress and UPR. Interestingly, Runx1 regulates ribosomal
gene transcription by binding to the promoters of ribosomal genes [45]. A recent

study showed that loss of RunxI attenuates UPR signaling and lower protein synthesis

and increases ER stress resistance along with markedly reduced ribosome biogenesis

in hematopoietic stem and progenitor cells (HSPCs), where Runx1 serves as a tumor
suppressor [46]. We previously demonstrated that Runx1 functions as an oncogene in PNFs,
and that loss of A1 induces RunxI overexpression but not Runx3 in mouse PNFs [47].
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However, conditional knockout of Runx1 only transiently delayed neurofibroma growth and
induced compensatory overexpression of Runx3 in the Runx1™-Nf17/f-DhhCre mouse
model. QRT-PCR on Runx1™-Nf17/fl-DhhCre mouse tumors/DRGs and age-matched
NI -DhhCre tumors indicated that Runx3 expression displayed a pronounced time-
dependent increase [19]. Conversely, indeed overexpressed RurnxI in PNFs increases
protein synthesis and UPR signaling to maintain cellular homeostasis in PNF cells. Runx
transcriptionally regulated ribosome gene expression and maintained proteostasis. Ribosome
RNA sequencing will provide more detail of regulated mRNAs.

In summary, the PERK pathway is a major UPR signal pathway in PNF initiation and

is partially regulated by MEK/ERK signaling and RUNX transcription factors. The PERK-
elF2a.-ATF4 pathway contributes to PNF and that p21 is a downstream effector of ATF4.
Runx1/3 not only serve as oncogene upon loss of AfZ, but also are necessary for intrinsic
activation of the UPR by enhancing protein synthesis to allow cells to adapt to ER stress
(Fig. 7G). Other transcription factors relevant to regulate ATF4 may not be sufficient to
drive PNF initiation in vivo. Our results suggest that loss of NfZ in SC/SCPs leads to PNF
formation by driving Runx1/3, and perhaps other factors regulated proteostasis, to adapt to
ER stress signaling. We suggest that targeting this proteostasis mechanism could provide
cytotoxic and, thus, potentially durable novel therapy for PNF patients.

MATERIAL AND METHODS

Animals

Mice were housed in temperature- and humidity-controlled facilities on 12 h dark-light
cycles with free access to food and water. The animal care and use committees of Cincinnati
Children’s Hospital Medical Center approved all animal procedures. Institutional Animal
Care and Use Committee (IACUC) guidelines were followed with animal subjects. To
study the specific function of SCs, we used DhhCre transgenic mice, where Cre-mediated
recombination activity would result in deletion of the floxed Nf1 allele in SCs/SCPs of
the developing peripheral nerves at embryonic day 12.5. The N7 mouse (Nf17™ has
been described previously [48] and was on a mixed 129/BL/6 background. The DhhCre
transgenic mouse line was maintained on C57BL/6. We bred DAhCre mice onto N1/
background to obtain the F1 generation (Nf17*:DhhCre*); we bred F1 mice with AiF17/1
mice to obtain NFI™f:DhnCre mice.

Breeding Perk™1-Nf17/f:DhhCre mice: We purchased the C57BL/6 background Perk™f!
mice from the Jackson Laboratory (Maine, NE). We bred the Perk ™ mice onto the

N1 mice to obtain F1 generation (Perk™*:Nf1*). We also bred the Perk " mice with
NFI"*:DhhCre* mice to obtain Perk™* :Nf1"*:DhhCre mice. We interbred Perk™* N1+
to obtain Perk™f:Nf1™f mice. We then bred Perk™Nf1™ with Perk™*,Nf1™*:DhhCre
mice to obtain Perk™:Nf1":DhhCre mice. Littermates Perk”* :Nf1":DhhCre, or
Perk™f:Nf1™* - DhhCre mice were used as controls. Mouse were randomized for survival
analysis and the genotypes were blind to investigator. Genotyping was performed as
described [21].
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GSK2606414 (EMD Millipore, Billerica, MA) and KPT-330 (AdooQ® Bioscience, Irvine,
CA) were dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich). The concentration of
DMSO was <0.1% for all experiments to avoid cytotoxicity. CB-5083 (Chemgood, Glen
Allen, VA) and PD-0325901 (Pfizer, New York City, NY) were dissolved in 0.5% [w/v]
methylcellulose (Sigma-Aldrich, St. Louis, MO) solution with 0.2% [v/v] polysorbate 80
[Tween 80] (Sigma-Aldrich) for mouse dosing.

Mouse embryonic and neurofibroma cell derived sphere treatment

Mouse embryonic and neurofibroma cell derived sphere culture were performed as described
[47, 49]. We seeded dissociated single live cells into low attachment plates at a density of

4 x 10 cells/well for 24 h and then incubated with up to 10 uM GSK2606414 or KPT-330
at 37°C. After 4 days, the sphere numbers were counted using phase-contrast microscopy
(Olympus CKX41, Tokyo, Japan). For Western blot, 10 uM GSK2606414 or 5 uM KPT-330
were used to treat the spheres (4 x 10 cells/well) for 3 days before collecting them for
analysis.

Generation of shRNAs and lentiviral transduction

We purchased Perk or Atf4 specific ShRNA-expressing lentiviral plasmid (Sigma-Aldrich)
and produced lentivirus particles by transient co-transfection of 293 T cells as described
[50]. After concentration of the lentiviral particles using a commercial Lenti-X concentrator
(Takara Bio Inc, Shiga, Japan), we determined the titer of the concentrated lentivirus.

We transduced secondary NfIf:DhhCre or Runx1™f:Runx3"f-Nf17:DhhCre DRG/
neurofibroma cell derived spheres with purified shRNAs (shPerk and shA#f4) or non-target
control lentivirus (Sigma-Aldrich). We incubated lentiviral particles with neurofibroma
spheres at the multiplicity of infection (MOI) of 1:10-1:50 for 3 days and collected them
for Western blot. For sphere number counting, we treated lentiviral particles at the MOI
1:10-1:50 for 4 days and counted sphere numbers [49].

Western blots

Mouse spheres or tumor tissues lysates were used for Western blots as described [49].

For immunoblotting, we used the following antibodies: anti-mouse PERK (#3192 S), p-
PERK (#3179 S), IREla (#43294 S), ATF6 (#65880), p-elF2a (#3398 S), ATF4 (#11815
S), ERK1/2 (#4695 S), p-ERK (#5726 S), CHOP (#5554 S), PARP (9542 S), XPO-1
(#46249), lamin B1 (#12586 S), GAPDH (#3683 S), B-actin (#5125 S) were from Cell
Signaling Technology (Danvers, MA), p21 (#sc-6246) was from Santa Cruz Biotechnology,
Santa Cruz, CA),and p-p21 (#E-AB-20947) was from Elabscience (Huston, TX). Antibody
binding to the membrane was visualized using a chemiluminescent detection system (ECL,
Millipore Sigma).

Immunoprecipitation assay

Mouse tissues were lysed in Np-40 buffer as described above, and 500-1000 pg of the total
protein lysates were used for immunoprecipitation. The lysates were immunoprecipitated
with anti-p21 (#sc-6246) antibody (Santa Cruz Biotechnology). The immunoprecipitated
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complexes were resolved by SDS-PAGE and transferred to PVDF membranes for
immunoblotting with Exportin-1/CRM1 antibody (#46249, Cell signaling Technology).

Tumorigenesis assay in nude mice

We subcutaneously injected 5 x 10° mouse sphere cells/injection within 33% matrigel into
athymic nude mice flanks (males and females, Harlan, Indianapolis, IN) as described [49].
In the left flank, NF1™/f-DhhCre DRG/neurofibroma derived spheres, treated with 10 MOI
NT control lentivirus, were injected. In the right flank, AF7%f:DhhCre DRG/neurofibroma
derived spheres, treated with 10 MOI shPerk lentivirus, were injected. After 2 months, we
dissected them to confirm visible tumors and counted the number.

Quantitative real-time PCR (QRT-PCR)

Total RNA was isolated from mouse tissues using the Qiagen RNeasy Kit (Hilden,
Germany). The cDNA was synthesized using the High-Capacity cDNA Reverse
Transcription Kit (Life Technologies, Carlsbad, CA). QRT-PCR was performed using SYBR
Green (Applied Biosystems, Foster City, CA). The AACt method was used for calculation.
Data represented at least three independent experiments with triplicate in each sample.

The following mouse primers were used: Gapadh, Grp78, Perk, Xbpl1, Atf6, Rps17, Rps20,
Rps23, Pde8a, Rpl31, Rpl11, Rps3, Rps7, Rps8, and Hprt (Supplementary Table 1).

Protein synthesis assay

Protein synthesis assays were performed according to the Click-iT HPG Alexa Fluor 594
protein synthesis assay kit (ThermoFisher, #C10429) on cultured SCs. Briefly, mouse

WT, NfIA-phhCre or Runx1™f:Runx3"A- N1 DhhCre SCs (1 x 104 cells/well) were
cultured in L-methionine-free medium containing 50 uM Click-iT HPG at 37 °C for 30 min
and then the medium was removed. Cells were then fixed in 3.7% paraformaldehyde in PBS
for 15 min, permeabilized in 0.5% Triton X-100 for 20 min, and washed in 3% BSA in

PBS. Next, the cells were treated with Click-iT reaction cocktail for 30 min and then washed
with Click-iT reaction rinse buffer. For nuclear staining, we added 1X HCS Nuclear Mask
Bluestain solution for 30 min, and then we detected the staining results using fluorescence
microscopy (Zeiss Axiovert 200 M, Carl Zeiss, Overcochen, Germany).

Immunohistochemistry and immunofluorescence

Formalin-fixed, paraffin-embedded tissue blocks were sectioned at 6 um. Tissue sections
were de-paraffinized in xylene, rehydrated in ethanol, and then boiled in citrate buffer

for antigen retrieval. After blocking with 10% normal goat serum in TBST, the sections
were incubated with primary antibodies: XPO-1, p21, PERK, or Ki67 (#12202 S, Cell
Signaling Technology), overnight at 4 °C and then treated with biotinylated or Fluorescence
dye-conjugated secondary antibodies for 1 h. The biotinylated antibody was detected
with horseradish peroxidase-conjugated Streptavidin (Elite ABC, Vector Laboratories,
Burlingame, CA) and cell nuclei were stained with hematoxylin. Fluorescently labeled
sections were stained with DAPI (0.1 pg/ml) for nuclei counting and then mounted in
Fluoromount G (Electron Microscopy Sciences, Hatfield, PA). Images were captured on a
Nikon C2 Confocal microscope.
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TUNEL assay was performed according to Roche In situ cell death detection kit

instruction (#12156792910, TMR red, Roche Diagnostics Gmbh, Mannheim, Germany),

on deparaffinized sections. We stained nuclei with DAPI. We counted TUNEL" cells and the
DAPI nuclei in at least three cross sections per sample. Data were presented as an average
percentage of TUNEL™" cells per sample.

Statistics and power analysis

We used unpaired two-tailed Student’s #tests to analyze the significance of tumor size,
tumor number, and sphere number when two samples were compared. Other experiments
used ordinary one-way or two-way ANOVA, represented as the mean + SEM of more
than three independent experiments. £ < 0.05 was considered significant. For in vivo cell
transplantation experiments, we used Fisher’s exact test for power analysis and Pvalue.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. ER stress-related genes are up-regulated in both human and mouse plexiform
neurofibromas (PNFs).

A, B Heat maps showing differential expression of 7 ER stress-related genes in log2 fold

in PNF tissue from NF1 patients (vs normal nerve) (A), or from Nf1™f-phhCre mice at 7
months of age (vs age-matched WT mouse DRG) (B). C Western blot of 3 ER stress-related
proteins in 1 month old DRG or 7 month old tumors from N71%f:DhnCre mice (vs DRG
from age-matched WT mice); B-tubulin, loading control. Numbers indicated the relative fold
change compared to WT controls.
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Fig. 2. PERK expression isincreased in mouse and human PNFs and appearsto be partially
MEK/ERK and RUNX-dependent.

A Box and whisker plots showing relative mRNA expression in FACS-sorted SC from
1-month-old DRG (left) and 7-month-old mouse PNFs (right) (7= 3 mice/group). B Western
blots of ER stress-related proteins (PERK, elF2a, and ATF4 pathways) in mouse PNF vs
age-matched WT DRG,; loading control, GAPDH. C Representative DAB images of PERK
(brown staining) IHC in human normal nerve (top) and PNF (bottom). Blue is hematoxylin
and eosin counterstain for nuclei. D FACS-sorted mouse PNF SCs were treated for 24 h
with MEKi (PD0325901, 1 pM) vs DMSO, and then Western blotted for proteins in all

3 ER stress pathways; loading control, B-actin. E QRT-PCR showing the relative mRNA
expression of three ER stress pathway genes in NfI™/f-DhhCre (left, white bar) vs (R217/7:
R3VA- NfFITV-DhACre, right, gray bar) 7= 3 per group. F Western blot on tumors from
NFI:DhhCre and Runx1™-Runx3™a-Nf1™fl-DhhCre (Rx17/7,R3VA-Nf1: DA Cre).
Loading control, B-actin. * = p< 0.05, ** = p< 0.01.
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Fig. 3. PERK inhibition affects Schwann cell precursor growth or tumorigenesis.
A Decreased numbers of mouse neurofibroma-derived spheres by GSK2606414 treatment

for 4 days. Three independent experiments were performed. Each line indicates one
independent experiment with triplicates. B,C Inhibited PERK signaling and simultaneously
induced apoptotic factors (cleaved PARP and CHOP) in mouse neurofibroma-derived
spheres by GSK2606414 in dose response (B) and time course (C). D Significantly inhibited
mouse neurofibroma sphere numbers treated by shPerk-expressing lentivirus for 4 days.
Experiments were performed in triplicates. E Efficiently inhibited PERK protein expression
in mouse neurofibroma derived spheres as confirmed by Western blot. F Decreased tumor-
like lesion formation rate by transplantation of shperk-lentivirus treated sphere compared to
that of shA/T control-treated sphere. A Fisher Exact test was performed. * = p<0.05, ** = p
<0.01.
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Fig. 4. Genetic deletion of PERK prolongs survival time and decreasestumor number and sizein

the Nflf”ﬂ;thCre PNF mouse.
A Kaplan—Meier survival curve. Black, Perk™:Nf1/fl-DhhCre mice (n= 20). Blue,

littermates Perk™* :Nf1":DhhCre mice (n= 20) (p< 0.05, log-rank test). B Representative

gross dissections of thoracic paraspinal neurofibromas and nerve roots in 5 months of age-
matched Perk™*:Nf1™"f-DhhCre (Ieft) and Perk™:Nf1f-DhhCre (right). White arrows
point to tumors. Ruler shows 1mm markings. C, E Average tumor number per mouse at
5 months (C, 7= 4) and 12 months (E, 7= 5) in the Perk™*;Nf1™f-DhhCre mice (left,
white bar) and Perk™"-Nf17f:DhhCre mice(right, gray bar). D, F. Tumor diameter in the
Perk™* :Nf17/f-DhhCre mice at 5 (D. left, triangle, with 12 tumors) and 12 months of age
(F. left, triangle, with 26 tumors) and Perk™Nf17/fl:DhhCre mice at 5 (D. right, circle,
with 3 tumors) and 12 months of age (F. right, circle, with 11 tumors). G Representative
pictures of cell proliferation shown as Ki67+ cells (red) in Perk”!* :Nf17/f:DhhCre mice
(top) and Perk™"-Nf1/f:DhhCre mice (bottom). DAPI (blue) was used to stain nuclei.

H Quantification of percent of Ki67+ cells in Perk™*;Nf1™"f:DhhCre mice (left, white
bar, n=5) and Perk™:Nf1"/fl:DhhCre mice (right, gray black bar, 7=5). * = p<

0.05. 1 QRT-PCR in dot plots showing the relative mRNA expression of three ER stress
pathway genes (Grp78, Perk, Xbpl, and Atfé) in Perk*!*:Nfi™f-DhhCre (Ieft, white bar),
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Perk™"* ,Nf1™Vfl-DhhCre (middle, light gray bar) and Perk™:Nf17/fl:DhhCre mice (right,
dark gray black bar) (n= 3 per group). J Western bots showing ER stress pathway

related protein expression in tumors from Perk*™*;Nf1™/f:DhhCre, Perk?"*;Nf1™/fI:DhhCre
and Perk™"Nf17/f:DhhCre mouse. n= 3 independent mice per genotype. Loading control:
B-actin.
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Fig. 5. Total p21 and cytoplasmic p21 expressions areincreased in mouse and human PNFs.
A Western blot showing that ATF4, total p21 and phosphor-p21 (detecting cytoplasmic p21,

p-p21) protein expression was increased in PNFs compared to controls. B IHC staining
showing increased p21 expression (brown staining) in NfZf:DhhCre mouse PNFs (bottom)
compared to WT DRG control (top). Blue is hematoxylin and eosin counterstain for nuclei.
C Representative fluorescence images of p21 staining on WT mouse SCs (top) and 7
months NFf1™/f-DhhCre mouse PNF-derived SCs (bottom). D Representative fluorescence
images of p21 (green) staining on human PNFs. DAPI (blue) was used to staining nuclei.

E Quantification of p21 percentage in nucleus (right, gray bar) or cytoplasm (right, gray
bar) in human PNF (7= 8) vs normal nerve (7= 8, left, white bars). F Representative
fluorescence images of p21 (green) staining on tumors from Perk**;Nf1™"f:DhhCre (top)
and Perk™M:Nf17/fl:DhhCre (bottom). White arrows point to cytoplasmic p21, red arrows
point to nucleic p21. G Quantification of p21 percentage in nucleus (left, white bar, black
circle) or cytoplasm (left, gray bar, black triangle) in Perk*!*:Nf1™:DhhCre tumors (1= 5)
vs p21 percentage in nucleus (right, white bar, black circle) or cytoplasm (right, gray bar,
black triangle) in Perk™Nf17/fl:DhhCre tumors (7= 5). N: nucleus, C: cytoplasm. ** = p<
0.01, *** = p< 0.001.

Oncogene. Author manuscript; available in PMC 2023 May 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Naetal.

Page 22
° XPO 1 P21 Merge
>
WT Tumor 2
IP: p21 ©
£
[}
«» @ IB: XPO-1 z
m‘.
Z
7 months tumor spheres Nuclear Cytoplasm
40r Oh 4h 8h 12h Oh 4h 8h 12h
e — — XPO-1/CRM-1

(=]
T

-— - ﬂPhospho-p21
— . cm— = GAPDH

. - - |Lamin B1
1 2 3 4
KPT-330 log nM

Spheres/well
- N W
o O

P=d

Fig. 6. Exportin-1regulates p21 translocation from nucleusto cytoplasm.
A Interaction between Exportin-1 and p21 in 7 month-old mouse neurofibroma DRG/

tumors. B Representative fluorescence images of p21 (green) and Exportin-1 (XPO-1, red)
co-localization in human PNFs. DAPI (blue) was used to label nuclei. C Dose response
curve showing decreased mouse neurofibroma-derived sphere numbers by treatment of
Exportin-1 inhibitor, KPT-330. Three independent experiments were performed. D Time
course showing conversely inhibitory effects of Exportin-1 and p21 in nucleus and
cytoplasm by KPT-330 (5 uM).
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Fig. 7. Runx relates UPRs and protein synthesisin mouse neurofibromas with the regulation of
ribosomal gene functions.

A,B Ontology analysis of Runx1-binding site in neurofibroma showing the involvement of
ribosome in cellular component (A) and molecular function (B). C Decreased ribosomal
gene expression in R171: R3- Nf17/fl-DhRCre DRG/tumors by heat map RNA sequence
compared to NfI7/f-DhnCre by log 2 fold change. D Decreased expression levels of
Runx1-binding ribosomal genes in R/ p3fl- N1 -DhpCre tissues compared to
NFIA-DhhCretissues (n= 3 per group). * = p< 0.05, ** = p< 0.01, n.s = no significant
difference. E Increased protein synthesis rate in mouse neurofibroma SCs compared to

WT SCs. Representatively decreased protein synthesis rates by Runx1/3 knock-out. F
Quantification of relative fluorescence intensity/cell in cultures of SCs derived from either
WT nerve (left, black bar) or PNFs from Nf17f:DhhCre (middle, blue bar) or 17/ R3
NFI™A-DhhCre (right, gray bar). 7= 5 per group. *** = p< 0.001. G In Nf1™7~SC/SCPs,
Runx1/3 are elevated, which increases protein synthesis and might inhibit degradation, to
maintain proteostasis, thereby inducing adaptive ER stress signaling to drive PNF formation
and growth via PERK. SC Schwann cell. SCP Schwann cell precursor.
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