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Targeted STAT1 therapy for LZTR1-driven peripheral nerve

sheath tumor

Dear Editor,

Schwannomas are peripheral nervous system tumors
that cause chronic pain, numbness, and potentially life-
threatening organ dysfunction. Surgery is a conventional
treatment for schwannoma patients. However, those who
undergo surgery may experience neurological deficits.
Moreover, the management of schwannomas can be prob-
lematic due to their unpredictable growth. Thus, there is a
pressing need for nonsurgical treatments to manage both
tumor growth and pain control.

Germline mutations of leucine zipper like post-
translational regulator 1 (LZTRI), a 22q tumor suppressor
gene, account for approximately 30% of all non-NF2-
related schwannomatosis cases [1]. LZTRI loss is
associated with mitogen-activated protein kinases
(MAPK)1 activation [2]. Given that standard clinical
trials are exceedingly difficult for schwannoma patients,
mouse models offer the possibility of bespoke therapeutic
regimens. Only a few animal models of schwannomatosis
exist in mice, as only a model combining LztrI and cyclin-
dependent kinase inhibitor 2A (Cdkn2A) mutations in
the nervous system using a Glial fibrillary acidic protein-
driven Cre recombinase was reported [3], highlighting
a need for models that faithfully recapitulate LZTRI-
mutated schwannoma, using proper Schwann cell-specific
promoters.

Abbreviations: ['®F]-FDG, ¥F-fluorodeoxyglucose; +, wild type;
Bcel-xL, B-cell lymphoma-extra-large; CCL2, C-C Motif Chemokine
Ligand 2; CCL2, C-C motif chemokine ligand; Ccndl, cyclin D1; Cdk2A,
cyclin-dependent kinase inhibitor 2A; F4/80 (EMR1), EGF-like
module-containing mucin-like hormone receptor-like 1; Fl, flox allele;
GFP, Green Fluorescent protein; HEI-193, House Ear Institute 193; IL6,
Interleukin 6; IL8, Interleukin 8; Ki67, marker of proliferation Ki67;
LATS], large tumor suppressor kinase 1; LATS2, large tumor suppressor
kinase 2; LZTRI, leucine zipper like post-translational regulator 1;
MERLIN, moesin-ezrin-radixin-like tumor suppressor; MAPK,
Mitogen-activated protein kinases; Mpz, myelin protein zero; NF2,
neurofibromatosis type 2; OLIG4, oligodendrocyte marker O4; PET-CT,
Positron Emission Tomography and Computed Tomography; sh, short
hairpin; SOX2, SRY-box transcription factor 2; STAT], signal transducer
and activator of transcription 1.

To model germline LztrI loss of function, we induced
Lztrl knockout in Schwann cell precursors using a Cre
recombinase (cre) driven by the myelin protein zero (PO)
(Mpz) promoter. We observed a decrease in Lztrl expres-
sion in oligodendrocyte marker O4 (OLIG4)-positive
Schwann cells from PO cre Lztrifloxallele (V1 mice, con-
firming the specific deletion of Lztrl in Schwann cells
(Supplementary Figure S1A-B). However, we did not detect
any phenotypic changes in the Mpz-specific Lztrl knock-
out mice (Figure 1A), which could be explained by the
fact that germline LZTRI mutations in patients are fre-
quently accompanied by a somatic 22q chromosomal
region loss, containing LZTRI and the other 22q tumor
suppressors, such as Neurofibromatosis type 2 (NF2) and
SWI/SNF related, matrix associated, actin dependent reg-
ulator of chromatin subfamily B member 1 (SMARCBI)
[4]. NF2 encodes a moesin-ezrin-radixin-like tumor sup-
pressor (MERLIN), which negatively regulates the Hippo
pathway through large tumor suppressor kinases, LATS1
and LATS2. Either Schwann-cell specific Nf2 or a double
Lats1/2 knockout leads to schwannomatogenesis in mice
[5, 6], whereas MAPK signaling has been proposed as a
modifier of schwannoma formation [5].

To model LZTRI-mutant schwannoma development in
humans, we generated a Schwann cell-specific triple Lztrl,
Latsl, and Lats2 knockout mice. Although in the PO cre
Lztr": Lats1/2%+ mice, the loss of Lztr1 and Lats1/2 is not
sequential, our model partially recapitulates the LZTRI-
mutant schwannoma occurring in patients. We observed
sporadic unilateral sciatic, nasofacial, and peripheral nerve
schwannomas in PO cre Lztrit* Lats1/2%* and PO cre
Lztrt™ Lats1/2"+ mice (Supplementary Figure S1C-E).
Hence, our model partially recapitulates schwannoma
development, which also appears sporadically and displays
unpredictable clinical behavior in patients.

To unbiasedly detect Schwann cell-derived tumors, we
performed magnetic resonance imaging on 30-week-old
mice. Vestibulocochlear nerve enlargement was detected
in the PO cre Lztr™!' Latsi/2"* when compared to the
PO cre Lztr™! Lats1/2** and PO cre Lztr1t+ Lats1/2b+
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mice (Figure 1A-B). We also detected tumor masses in
the abdomen of 100-week-old mice using a positron emis-
sion tomography-computed tomography (PET-CT) scan
with BF-fluorodeoxyglucose (['*F]-FDG) (Figure 1C). Male
PO cre Lztri! Lats1/2'"+ mice developed seminal vesicle
Schwann-cell-derived tumors (Supplementary Figure S1F)
that mimic rare prostate-type schwannomas [7]. Female PO
cre LztriM Lats1/2"+ mice presented cervical Schwann-
cell-derived tumors (Supplementary Figure SI1G) that
approximate rare uterus-derived schwannomas [8]. Volu-
metric analysis of PET-CT scans with ['"®F]-FDG revealed
that loss of Lztrl was associated with higher metabolic
activity and increased tumor burden (Figure 1C). Tumor
origin was confirmed by S100 and SRY-box transcription
factor 2 (SOX2) immunostainings (Figure 1A, Supplemen-
tal Figures S1H-I).

Concordant to previous reports [2], immunohistochem-
ical analysis of isolated vestibulocochlear nerves revealed
that Lztr1 loss led to increased phosphorylation of mitogen-
activated protein kinase MEK1/2 in both wild-type and
Lats1/2-knockout mice (Figure 1A). Similarly, we observed
an activation of extracellular signal-regulated kinases 1/2
(ERK1/2) upon LZTRI depletion in NF2-mutated schwan-
noma cell line HEI-193 (Supplementary Figure S2A).
Moreover, immunohistochemical analysis of vestibulo-
cochlear nerves isolated from the triple knockout mice
also revealed increased cell proliferation and higher lev-
els of macrophage infiltration as detected by Ki67 and
F4/80 immunostainings, respectively (Figure 1A, Supple-
mentary Figure S2B). This indicates that concurrent loss

of Lztrl and Latsl/2 could promote schwannoma devel-
opment intrinsically as well as by altering the tumor
microenvironment, which is commonly observed during
schwannoma progression in patients [9].

To investigate LZTRI-mediated molecular alterations
promoting schwannomatosis, we performed proteomics
analysis of human Schwann cells expressing either shGFP
or shLZTRI (Figure 1D). The upstream regulator analy-
ses of the differentially expressed proteins (Supplementary
Table S1) showed the activation of the signal transducer
and activator of the transcription 1 (STAT1) pathway trig-
gered by LZTRI depletion (Figure 1E), suggesting the
contribution of the STAT1 pathway to LZTR1-mediated dis-
ease pathogenesis. STAT1 function is regulated through
phosphorylation on Y701 by Janus kinases (JAK) and
S727 by MAPK kinases [10]. We found that the Latsi/2
co-deletion induced phosphorylation of STAT1 on Y701
but not on S727 (Figure 1F, Supplementary Figure S2C).
In contrast, LZTRI depletion in Latsl/2 knockout mouse
Schwann cells or NF2-mutant HEI-193 cells increased the
phosphorylation of STATI on S727 (Figure 1F-G, Supple-
mentary Figure S2D), suggesting that LZTR1-mediated
increase in the MAPK activity modulates STAT1 function
by inducing its phosphorylation on S727.

LATS1/2-regulated phosphorylation of Y701 led to
increased expression of well-known STATI transcrip-
tional targets B-cell lymphoma-extra-large (Bcl-xL) and
cyclin D1 (Ccndl) (Figure 1H). On the other hand, phos-
phorylation at both sites in the triple knockout cells
induced transcription of additional STAT1 targets, such as

FIGURE 1 Therole of LZTRI in peripheral nerve tumor progression. (A) T2-weighted MRI imaging of 30-week-old mice. The yellow

boxes indicate the vestibulocochlear nerve. H&E staining was performed on the isolated vestibulocochlear nerve of the same mice. Scale bar: 1
mm and 100 um. Immunostaining for S100, F4/80, phosphorylated MEK1/2 (p-MEK1/2), and Ki-67 of the vestibulocochlear nerves. Scale bar:
100um and 30 um, respectively. (B) Quantification of the vestibulocochlear nerve area based on the T2-weighted MRI images. n = 6 per
group. (C) Maximum intensity projection PET-CT images of 100-week-old mice after ['®F]-FDG injection. The tumor volume in the

abdominal area was quantified using PET-CT volumes. n = 8 per group. (D) Heatmap of proteins differentially expressed in human primary

Schwann cells expressing shGFP or shLZTRI. n = 3 per group. (E) ARCHSF4 and IPA upstream analyses of the differentially expressed

proteins. (F) Analysis of OLIG4-positive cells isolated from the sciatic nerves by immunoblotting. Values are means of phosphorylated
relative to total STAT1 levels + SEM. n = 4 per group. (G) Analysis of HEI-193 cells expressing shGFP or shLZTRI treated with fludarabine
(0.01 mmol/L, 48 hours) by immunoblotting. Values are means of phosphorylated (p) relative to total STATI levels. n = 4 per group. (H)
Quantification of mRNA expression in OLIG4-positive cells isolated from the sciatic nerve. n = 5 per group. (I) Quantification of mRNA

expression in HEI-193 cells treated with fludarabine (0.01 mmol/L, 48 hours). n = 4 per group. (J) Secretome analysis of OLIG4-positive cells
isolated from the sciatic nerves. n = 5 per group. (K) Secretome analysis of HEI-193 cells expressing shGFP or shLZTRI. n = 5 per group. (L)
PET-CT images of 100-week-old mice injected with [*F]-FDG after treatment with fludarabine (100 mg/kg, 14 days every 2 days). SUV-scaled
tracer uptake quantification in the abdomen. n = 4 per group. (M, N) Immunohistochemical analysis for Ki67 and F4/80 expression in the
uterus schwannomas after treatment with fludarabine (100 mg/kg, 14 days every 2 days). Scale bar: 100 um. Data are shown as mean + SEM.
B, C, J, K and L, P values: Wilcoxon Mann-Whitney test. F, G and H, P values: Mann Whitney test. * P < 0.05, ** P < 0.01, and *** P < 0.001.
Abbreviations: [*F]-FDG, F-fluorodeoxyglucose; +, wild type; ARCHSF4, All RNA-seq and ChIP-seq sample and signature search; F4/80
(EMR1), EGF-like module-containing mucin-like hormone receptor-like 1; Fl, flox allele; GFP, Green Fluorescent Protein; HEI-193, House Ear
Institute 193; IPA, Ingenuity Pathway Analysis; Ki67, marker of proliferation Ki67; LZTR1, leucine zipper like post-translational regulator;
MEXK1/ 2, mitogen-activated protein kinase 1/ 2; MRI, magnetic resonance imaging; ns, not significant; PET-CT, Positron Emission
Tomography and Computed Tomography; OLIG4, oligodendrocyte marker O4; SEM, standard error of the mean; sh, short hairpin; STAT1,
signal transducer and activator of transcription 1; SUV, standardized uptake value.
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pro-immunogenic secreted factors, C-C motif chemokine
ligand (CCL2) and interleukin 6 (IL6)/ interleukin 8
(IL8) (Figure 1H-I). Concordantly, the cytokine array
analysis revealed an increased secretion of multiple
cytokines by the PO cre Lztrt™' Lats1/2'"+ mouse-isolated
Schwann cells (Figure 1J). Similarly, LZTRI depletion in
the HEI-193 cells increased secretion of IL6, IL8, and CCL2
(Figure 1K). The STATI inhibitor fludarabine suppressed
STAT1 phosphorylation at both sites and decreased CCL2
and IL8 expression (Figure 1G, I). Inhibition of the STAT
signaling by either fludarabine or nifuroxazide also
abolished the increased secretion of IL6 and IL8 induced
by LZTRI1 depletion (Supplementary Figure S2E). These
results indicate that depletion of the LATS1/2 kinases
triggers STAT1-induced expression of cell proliferation
and survival regulators, whereas concurrent LZTR1
loss results in a STAT1-dependent increase in cytokine
production.

We next assessed the therapeutic effect of STATI inhi-
bition for schwannoma treatment. We found that in vivo
treatment with fludarabine led to a significant decrease
of ['®F]-FDG uptake by sexual tissue-derived nerve sheath
tumors (Figure 1L). Immunohistochemistry analysis con-
firmed that STAT1 inhibition led to decreased tumor cell
proliferation and lower macrophage infiltration within
the tumor environment as detected by Ki67 and F4/80
immunostainings, respectively (Figure IM-N, Supplemen-
tary Figure S2F). These results indicate that STAT1 acti-
vation contributes to schwannomatosis via both tumor
cell-intrinsic and extrinsic mechanisms. The synergistic
effect of the Hippo and MAPK pathway activities up-
regulates a broader range of STAT1 target genes, resulting
in both pro-proliferative and pro-inflammatory pheno-
types (Supplementary Figure S2G).

In summary, we demonstrated that LZTR1-mediated
activation of the MAPK cascade leads to the phosphory-
lation of STAT1 at S727, whereas LATS1/2 loss promotes
the phosphorylation of STAT1 at Y701. Anti-STAT1 ther-
apy decreased inflammation and tumor cell proliferation
in schwannomas. These results identified anti-STATI ther-
apy as a potential strategy for schwannomas with the loss
of LZTRI function.
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