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Abstract

The neuropeptide somatostatin (SST) regulates amyloid B peptide (AB) catabolism by

enhancing neprilysin (NEP)-catalyzed proteolytic degradation. However, the mechanism by

which SST regulates NEP activity remains unclear. Here we report the identification by

differential proteomics of a-endosulfine (ENSA), an endogenous ligand of the ATP-sensitive

potassium (Karp) channel, as a negative regulator of NEP activity downstream of SST

signaling. Genetic deficiency of ENSA resulted in enhanced NEP activity and decreased AP

deposition in the brains of wild-type and Alzheimer’s disease (AD) model mice.

Pharmacological intervention to increase the probability of Karp channel opening reduced

AP deposition in AD model mice. Our findings provide new insights into possible

mechanisms to prevent AD.
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Introduction

Accumulation of amyloid 3 peptide (AP) in the brain is a pathological hallmark of Alzheimer’s

disease (AD). To this end, the identification of pathogenic mutations in the APP, PSENI and

PSEN?2 genes supports the amyloid cascade hypothesis underlying the etiology of AD', and verify

that these mutations cause early-onset AD due to the abnormal production and accumulation of

toxic AP species such as APs, and AB4s*. In contrast, the exact causes of AB deposition in sporadic

AD cases remain unclear, although some genetic risk factors related to A metabolism have been

identified®.

Neprilysin (NEP; neutral endopeptidase 24.11) is a major physiological AB-degrading enzyme™,

the expression of which in the brain declines with aging and in early stages of AD progression’*®,

Identification of the mechanism(s) that regulate NEP activity should contribute to the

development of ways to prevent AD. We previously showed that somatostatin (SST), a

neuropeptide known as a somatotropin-release inhibiting hormone’, regulates ABs> levels in the

brain via the upregulation of NEP activity'®. In addition, we discovered that, of the five SST

receptor (SSTR1-5) subtypes, SSTR1 and SSTR4 redundantly regulate NEP activity and
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modulate APa, levels in the brain''%. In the present study, we address how NEP activity is

regulated in the signaling cascade downstream of SST.

Using in vitro proteomics, we identified ENSA, an endogenous ligand of the ATP-sensitive

otassium (Karp) channel ', as a negative regulator of NEP downstream of SST signaling. To
p g g

analyze the role of ENSA in vivo, we generated ENSA-deficient mice using genome-editing tools.

ENSA deficiency induced NEP activation and reduced AP level in the brains of wild-type (WT)

and App knock-in mice, which develop amyloid plaques without overexpression of APP gene

containing pathogenic mutations'. We also determined that ENSA is a substrate for NEP both in

vitro and in vivo. Consistently, the expression of ENSA was higher in 4pp knock-in mice and AD

patients than in controls. We also show that diazoxide (Dz), a Karp channel agonist used for the

treatment of hypoglycemia and other conditions'®!"’

, improved amyloid pathology and memory
impairment in App knock-in mice. Our results establish a molecular link between the Karp channel

and NEP activation and provide new insights into the development of alternative strategies to

prevent AD.
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Results

Identification of ENSA as a regulator of NEP activity in vitro. We previously developed a

method for measuring NEP activity in primary neurons, '’

and subsequently developed a co-

culture system composed of cortical/hippocampal and basal ganglia neurons in a ratio of 9:1,

which contain both SSTR1 and SSTR4."' Treatment of mixed culture of neurons from different

brain regions of E16-18 C57BL/6Ncr mice, but not of neurons from the individual brain regions,

with SST or TT232, a selective agonists for SSTR1 and SSTR4, respectively, elevated NEP

activity (Fig. la-c). Co-cultured neurons derived from SSTR1 and SSTR4 double knockout

(Sst1/Ssts dKO) mice failed to exhibit the SST-induced NEP upregulation (Extended Data Fig. 1a-

c¢). We next examined if neurons from cortical/hippocampal and/or basal ganglia origin generate

a secretory factor that activates NEP in the mixed culture neurons. Cultured cortical/hippocampal

and basal ganglia neurons were treated separately with SST, and the collected conditioned media

added to co-cultured neurons (Fig. 1d). We collected media from SST-treated WT

cortical/hippocampal neurons (Media A) and from basal ganglia neurons (Media B), and found

that only Media A significantly elevated the NEP activity of co-cultured neurons (Fig. le-f).

Media A also elevated NEP activity in co-cultured neurons derived from Sst;/Sst, dKO mice
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(Extended Data Fig. 1d,e), indicating that the NEP-stimulating element in question is secreted by

cortical/hippocampal neurons and not basal ganglia neurons, and that NEP activity is upregulated

in a manner independent of the SST-SSTR pathway.

A centrifugal filter was used to concentrate NEP activity modulators to the 10-30 kDa

molecular weight range (Extended Data Fig. 1f-j), and this fraction was then subjected to LC-

MS/MS analysis to identify candidate mediators. Initially, we performed a qualitative comparison

between proteins identified in the conditioned media from wild-type primary neurons treated with

or without SST and TT232. We also used conditioned media from Ss¢;/Sst; dKO mice in the LC-

MS/MS analysis as a negative control. We then searched for proteins absent or present only in the

media of the SST- and TT232-treated WT mixed neurons, but not in the media of Sst;/Sst;, dKO

neurons. In this way, we identified three candidate proteins: (1) ENSA, (2) neuron-specific protein

family member 1 (NSG-1) and (3) nuclear ubiquitous casein and cyclin-dependent substrate 1

(NUCKS-1) (Table 1). To determine which of the candidates is involved in the regulation of NEP

activity, we analyzed the effects of corresponding recombinant proteins on NEP activity in co-

cultured neurons. Only the recombinant ENSA decreased NEP activity in co-cultured neurons

from WT and Sst,/Sst; dKO mice in a dose-dependent manner (Fig. 1g-i and Extended Data Fig.
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1k). Consistent with this, treatment of the co-cultured neurons from WT mice, but not from

ENSA-deficient mice, with an antibody that specifically neutralizes ENSA (GTX101493)

significantly increased NEP activity at a dose of 100 ng/ml (Extended Data Fig. 11,m).

We next analyzed ENSA levels in the brains of Ss#;/Ssts dKO mice and SST knock out (S7if

KO) mice and found that ENSA levels were significantly elevated in the cortex and hippocampus

of both mouse strains (Fig. 1j-1). In addition, immunohistochemical analyses indicated that

ENSA-positive signals were heightened in the cortical and hippocampal CA1 and CA3 regions

in these animals (Fig. 1m-p). Taken together, these results suggest that ENSA functions both in

vitro and in vivo as a negative NEP regulator downstream of SST signaling.

Activation of NEP by genetic deficiency of ENSA in vivo. ENSA, an endogenous ligand of

sulfonylurea receptor 1, regulates the secretion of insulin from pancreatic B cells and is highly

expressed in brain and skeletal muscle and at lower levels in the pancreas'*'*. Although we found

that ENSA is a novel negative regulator of NEP in vitro, the function of ENSA in vivo is largely

unknown. We therefore generated ENSA knock out (Ensa KO) mice using CRISPR/Cas9

technology. Dual adjacent single-guide RNAs (sgRNAs) were designed that targeted exon 1 of
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the Ensa gene including the initiation codons (Extended Data Fig. 2a). This strategy facilitates

CRISPR-mediated genome targeting'®. We injected sgRNA1-Ensa-Exonl (30 ng/ml) and

sgRNA2-FEnsa-Exonl (30 ng/ml) together with Streptococcus pyogenes Cas9 (SpCas9) mRNA

(60 ng/ml) into WT mouse zygotes. Sanger sequencing analysis and PCR-based genotyping

indicated the deletion of exon 1, including the initiation codons (Extended Data Fig. 2b,c).

Expression of ENSA in homozygous F2 mutant lines, generated by crossbreeding the

heterozygous F1 mutant lines, was fully deleted (Extended Data Fig. 2d,e). To assess the oftf-

target effects of CRISPR/Cas9 in the founder, we searched for potential off-target sites using

COSMID, with 55 candidate sites being identified (Supplemental Table 1)'°. Of note, there was

no off-target mutation on chromosome 3, which contains the Ensa gene. PCR-based genotyping

and Sanger sequencing analyses for each candidate site revealed that founder had an off-target

mutation in an intergenic region of chromosome 2 which was removed by backcrossing the

mutant mice with WT mice (Extended Data Fig. 2f, g).

NEP efficiently degrades AP, in the presynaptic region rather than inside secretary vesicles'.

To determine whether a deficiency of ENSA affects the localization of NEP, we used

immunohistochemistry to analyze the expression of NEP and vesicular GABA transporter
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(VGAT; a presynaptic marker) in the brains of EFnsa KO mice. We found that NEP signals in the

outer molecular layer of the dentate gyrus (OMo) were significantly increased (Fig. 2a,b), and

that colocalization of NEP and VGAT these mice was increased in both the lacunosum molecular

layer (LM) and OMo (Fig. 2a,c). Next, we measured NEP activity in hippocampal membrane

fractions from Ensa KO mice and found that a deficiency of ENSA paralleled that of a

significantly increased NEP activity (Fig. 2d). We then quantified AB4 and AP levels in the

hippocampi of Ensa KO mice by enzyme-linked immunosorbent assay (ELISA) and found that

AB4> levels were significantly reduced compared to those of control mice (Fig. 2f), with APao

levels remaining relatively stable (Fig. 2¢). This reduction of AB4, was reproduced in another line

of Ensa KO mice (Ensa KO #2) that was generated by CRISPR/Cas9 with different sgRNAs

(Extended Data Fig. 3). These results are in agreement with the effect of somatostatin deficiency'’.

A4z levels in ENSA and NEP double knock out (Ensa/Mme dKO) mice did not differ from those

of single Mme KO mice (Fig. 2g), indicating that NEP mediated the reduction of A4, in the

hippocampi of Ensa KO mice.

We next investigated whether the deficiency of ENSA affected the processing of A} production

or expression of other AB-degrading enzymes. We performed Western blot analysis of full-length
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APP, its C-terminal fragments generated by a-secretase (CTF-a)) and B-secretase (CTF-B), insulin-

degrading enzyme (IDE), and endothelin converting enzyme 1 (ECE-1). No significant

differences were observed in the expression levels of these proteins and fragments (Extended

Data Fig. 2h). Mitogen-activated Protein Kinase/Extracellular Signal-regulated Kinase (ERK1/2)

and protein phosphatase 1 (PP1) regulates NEP’s cell surface localization thorough modulation

of phosphorylation status in intracellular domain of NEP?. The phosphorylation statuses of

ERK1/2 at the threonine 202 and tyrosine 204 and PP1 at the threonine 320 residues, which

indicate their activity condition respectively*'**, however, remained unchanged in Ensa KO mice

(Extended Data Fig. 4a-c).

To examine the effect of ENSA deficiency on A pathology, we next crossbred Ensa KO mice

with App™-FNF Knock-in (App™ ) mice. App™* mice harbor two familial AD-causing

mutations (Swedish (KM670/671NL) and Beyreuther/Iberian (I716F)) in the endogenous 4App

gene as well as humanized AP sequences, and develop amyloid pathology in the hippocampus

and cortex from around 6 months of age'’. The percentage of amyloid plaque deposition in

L

hippocampal molecular layer area was significantly reduced in App™**/Ensa KO mice, where

NEP expression was elevated (Fig. 2h,i). This result was confirmed in A ELISA experiments on

10
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the hippocampi of these mice which showed that AP, was significantly decreased (Fig. 2j,k). We

consistently found that NEP expression in the LM and OMo of App™*/Ensa KO mice was

upregulated, particularly in the presynaptic region of OMo (Fig. 2l-n). Taken together, these

observations suggest that ENSA is a negative regulator of NEP activity in vivo and that a

deficiency of ENSA attenuates AP pathology by allowing NEP activity to be upregulated.

NEP activity was also measured in cardiac fractions from Ensa KO mice given that LCZ696,

a dual-acting angiotensin-receptor-neprilysin inhibitor drug, has been approved and is being used

to treat heart failure.”** NEP activity was unaltered in the heart and kidney of Ensa KO mice

compared to WT controls (Extended Data Fig. 5a,b). Indeed, NEP expression in the kidney was

much higher than that in the heart, which is consistent with a previous report stating that the

kidney expresses the highest level of NEP among all the mammalian organs®.

Feedback mechanism regulating NEP activity. Previously, several substrates for NEP such as

enkephalin, neuropeptide Y and AP were identified***°. SST is an endogenous upregulator of NEP

and is also degraded by NEP in a substrate-dependent feedback manner'®. We hypothesized that

NEP might also directly degrade ENSA in a similar feedback manner. Co-incubation of

11
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recombinant ENSA with NEP resulted in a remarkable decrease in ENSA levels (Fig. 3a). Several

NEP inhibitors such as thiorphan, phosphoramidon and EDTA attenuated this effect, indicating

that NEP degrades ENSA in vitro (Fig. 3a). In contrast, NSG-1 and NUCKS-1 were not cleaved

by NEP (Extended Data Fig. 6a). To identify the NEP-mediated cleavage sites in ENSA, we

performed MALDI-TOF analysis after incubation of recombinant ENSA with NEP. Several

ENSA fragments were detected in the NEP-treated sample, but not in a sample treated in the

presence of thiorphan (Fig. 3b, ¢ and Extended Data Fig. 7). We determined the amino acid

sequences of these fragments by LC-MS/MS analysis (Supplemental Table 4), and found that

NEP partially cleaved ENSA on the amino-terminal side of hydrophobic amino acids in a manner

similar to that of other NEP substrates, including AB (Fig. 3d).

ENSA levels in the brains of Mme KO mice were subsequently examined by Western blotting

and we observed that ENSA was significantly increased in the hippocampi and cortices of these

animals (Fig. 3e,f and Extended Data Fig. 6b,c). We then overexpressed WT and inactivated

mutant NEP in the hippocampi of WT mice using the Semliki Forest virus (SFV) gene expression

system’. Exogenously expressed active NEP, but not the inactive mutant, significantly lowered

ENSA as well as APs; in hippocampi (Fig. 3g-i Extended Data Fig. 6d). We also performed

12
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immunohistochemical analyses of ENSA and NEP and found that these two proteins co-localized

in the CA3 region (Fig. 3j). These results suggest that NEP directly contributes to the degradation

of ENSA in vivo and that NEP activity is regulated by a substrate-dependent feedback mechanism.

Elevated ENSA levels in an AD mouse model and in AD patients. To explore the involvement

of ENSA in the etiology of AD, we analyzed ENSA levels in an AD mouse model and in

postmortem brain of patients with AD. Western blot analyses revealed that ENSA expression was

MFmice, but

significantly increased in the cortices and hippocampi of 12- and 24-month-old App
not in those of 2-month-old mice which do not yet exhibit amyloid deposition (Fig. 4a-d and
Extended Data Fig. 8a-h). In immunohistochemical analyses, ENSA signals in the cerebral

M- mice were also increased at 24 months

cortices and hippocampal CA1 and CA3 regions of App
(Fig. 4e,f). Consistent with these observations, ENSA levels were markedly increased in the
cortices of patients with AD (Fig. 4i-1). In contrast, the mRNA levels of ENSA in App™*" mice
did not differ from those of WT mice at the age of 12 and 24 months (Fig. 4g,h and Extended

Data Fig. 8i,j), implying that the proteostasis of ENSA was perturbed in the brains of AD mice.

While WT A4, inhibited the NEP-mediated degradation of ENSA in a dose-dependent manner

13
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in vitro (Fig.4 m,n and Extended Data Fig. 8k,m), mutated AP, with the Arctic mutation, that

escapes proteolytic degradation by NEP*', failed to exert such an effect (Fig.4 m,n and Extended

Data Fig. 81,m) . Consistent with this, another AD mouse model, App™-*-6F Knock-in (4pp™

@F), that harbors the Arctic mutation in addition to the Swedish and Beyreuther/Iberian mutations

and exhibits a more aggressive AP pathology than App"*” mice, showed ENSA levels in the

cortex and hippocampus at 6 months (Fig. 4o-r) that were indistinguishable from those of WT

mice. ENSA levels in 24-month-old App™*“" mice with more aggressive inflammation than

NL-F

App"~ mice were significantly reduced (Extended Data Fig. 8n-r). These results suggest that the

elevation of ENSA levels in AD is due to a competitive inhibition between ENSA and AP4, of

NEP-mediated degradation.

Improvement of AP pathology and memory function by diazoxide in an AD mouse model.

ENSA is known to function as a blocker of the Karp channel. To investigate whether the Karp

channel modulates NEP activation, we incubated mouse primary neurons with diazoxide (Dz), a

Karp channel agonist, and found that this activated NEP in a dose-dependent manner (Fig. 5a). As

16,17

Dz has been reported cross the blood brain barrier, ™' we treated WT mice by oral administration

14
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of Dz for 1 month. This treatment significantly increased NEP activity in the anterior cortex and

hippocampus (Fig. 5b) of these animals, with elevated levels of NEP expression also seen in the

anterior cortex (Fig. 5c,d). In line with this, Dz significantly lowered A4 levels in the anterior

cortex and hippocampus, where NEP was activated (Fig. 5¢), whereas Dz treatment had no effect

on AP4 levels in the anterior cortex and hippocampus of Mme KO mice (Fig. 5f). These results

suggest that Dz decreased A4, levels in a NEP-mediated manner.

NL-F

We next investigated the therapeutic effect of Dz on App™ " mice by carrying out contextual

fear-conditioning tests to assess memory function after 3 months of Dz treatment from the age of

15 months. Dz treatment recovered the freezing ratio of App™*™"

mice to a level comparable to
that of WT mice (Fig. 5g). We also performed open field tests to assess the anxiety phenotype as
it has been shown that anxiety may affect performance in spatial memory tasks*?. Dz treatment in
WT and App™" mice did not alter the amount of time spent in the central region of the open field
maze (Extended Data Fig. 9a), indicating that Dz had no effect on psychological status. In contrast,

NE-F mice, and also

the Dz treatment improved abnormal spatial memory function in aged App

decreased AP plaque deposition in the cortex, subiculum and hippocampal molecular layer (Fig.

5h,i). APs; levels in the cortex and hippocampus of these animals were also reduced (Fig. 5j).

15
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Immunohistochemical analyses indicated an increase in NEP expression in the anterior cortex of

these mice (Extended Data Fig. 9b,c). In addition, co-localized signals of NEP and VGAT were

also increased in the presynaptic regions of the hippocampal LM and OMo (Fig. 5k-m). Dz had

no effect on behavior (Extended Data Fig. 9d,e) or AB pathology in App™*/Mme KO mice

(Extended Data Fig. 9f,g). Taken together, these results suggest that Dz improves A3 pathology

NL-F

and memory impairment in App™" mice by upregulating NEP activity.

Discussion

In the present study, we used in vitro and in vivo experimental paradigms to identify ENSA as

a negative regulator of NEP activity. A genetic deficiency of ENSA increased NEP activity and

markedly lowered A4 levels. In addition, ENSA was identified as a substrate for NEP,

suggesting a potential feedback mechanism for the regulation of NEP activity. Consistently,

ENSA levels were found to be increased in AD model mice and AD patients. Moreover, while

ENSA functions as an endogenous blocker of the Karp channel, using Dz as an agonist of the

channel prevented AP deposition via the activation of NEP and improved memory function in AD

model mice. The key findings in this study are schematized in Extended Data Fig.10.

33-35

While ENSA plays an important role in cell cycle regulation in several cell types™™, its
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function in the central nervous system however remains largely unknown. Our experiments

suggested that ENSA is involved in the AP catabolic pathway, achieving its effects via the

modulation of NEP activation. A deficiency of ENSA accelerates the translocation of NEP from

intracellular secretary vesicles to the presynaptic surface, and while the exact mechanism by

which this occurs is unclear, our data indicate that phosphorylation levels of ERK and PP1 in

Ensa KO mice did not differ from those of WT mice (Extended Data Fig. 4a-c), suggesting that

an alternative mechanism regulates the localization of NEP in vivo, which remains to be explored.

SST mRNA levels were reported to decrease in brain with aging and in AD****°, As such,

ENSA, a downstream protein of SST signaling, may be related to the etiology of AD. Indeed, we

showed elevation of ENSA levels in the cortices and hippocampi of 12- and 24-moth-old App™"-

¥ mice as well as in the cortices of AD patients (Fig. 4a-f,i-l and Extended Data Fig. 8e-h).

Moreover, in vitro and in vivo experiments revealed that NEP degraded ENSA as a substrate,

suggesting that NEP and ENSA form a negative feedback loop. This hypothesis is based on the

fact that opioids and substance P, cell-specific ligands in monocytes and bone marrow cells,

respectively**?, regulate NEP via a feedback mechanism. It is possible that AB and ENSA

compete against each other in the NEP-mediated degradation, additively exacerbating this
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feedback-loop and inducing a vicious cycle.

A selective agonist of the Karp channel such as Dz could serve as a beneficial approach to break

this vicious cycle given that it is used as a drug for antihypertensive and hypoglycemic properties,

and has the potential in the preclinical setting to improve behavioral abnormalities and AP

pathology in AD'®!7. A previous study showed that Dz treatment reduced the extracellular

accumulation of AP in 3xTg mice which display both amyloid and tau pathology due to

overexpression of mutated APP and MAPT genes on a mutant PSENI background**. The

mechanism by which Dz attenuated AP plaque deposition was, however, unclear. Our findings

M-F mice via the regulation of NEP activity in

indicate that Dz reduced amyloid deposition in App
the anterior cortex and hippocampus. This regional selectivity of NEP regulation by Dz may be
dependent on the dopaminergic system in the brain. The Karp channel is highly expressed in
dopaminergic neurons in the midbrain and regulates dopamine release. These neurons project to
the frontal cortex and hippocampus*~°. Recently we confirmed that dopamine regulates NEP
expression and/or activity in the anterior cortex and hippocampus region (N.W, N.K. & T.C.S

unpublished data). To further elucidate the mechanism for the regulation of NEP activity, it will

be necessary to investigate pathways downstream of ENSA. Likewise, it is important to clarify
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which Karp channel subtypes are involved in the regulation of NEP activity in the brain to avoid

off-target effects given that different Karp channel subtypes are expressed in vascular smooth

muscle cells, cardiac muscle cells and pancreatic B-cells’’. In addition to promoting NEP-

mediated AP degradation, Karp channel agonists may have beneficial effects in AD. Dz treatment

prevents AB-induced neurotoxicity induced by oxidative stress and inflammatory damage and

also shows neuroprotective effects against apoptosis in vitro®*>®. Compared to Ap-targeting

immunotherapies, synthetic agonists for the Karp channel are less expensive and would be more

acceptable in aging societies around the world. Taken together, we have demonstrated here a new

preventive approach at the preclinical stage of AD based on the function of ENSA. This negative

regulator of NEP and Karp channel (via which its effects are mediated) could be a new therapeutic

target for lowering Ap.

Materials and Methods

Animals

All animal experiments were conducted according to guidelines of the RIKEN Center for Brain

Science. Srif KO and Sst; KO mice were kindly provided by Ute Hochgeschwender, Oklahoma

Medical Research Foundation as previously described''. Sst; KO mice were purchased from
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Jackson laboratory''. Mme KO mice were used as negative controls®’. C57BL/6J and ICR mice

were used as zygote donors and foster mothers. C57BL/6J mice were also used for backcrossing

NL-F

with Ensa KO mice. App

mice harbor the humanized sequence of AP, and the Swedish

(KM670/671NL) and Iberian (1716F) mutations, while 4pp™*“* mice harbor the Arctic (E693G
pp

mutation in addition to the humanized sequence of AP, and Swedish (KM670/671NL) and Iberian

(I716F) mutations as previously described'”. Male mice were used in all experiments.

Antibodies

Antibodies used in this research are listed in Supplemental Table 7. The specificity of ENSA

antibody was confirmed using the Ensa KO mouse.

Primary neurons

Neurons from the cerebral cortex, hippocampal and basal ganglia regions of brains from

embryonic day (E) 16-18 C57BL/6Ncr mice were isolated and cultured. Briefly, brains were

excised and placed in culture plates (FALCON) containing neurobasal medium (Thermo Fisher

Scientific). The aforementioned brain regions were excised by scalpel and treated with 5 ml of

0.25% trypsin solution (Nacalai tesque 32777-44) at 37°C for 15 minutes. 250 ul of 1% DNase |

was added by pipette and mixed. Subsequently, centrifugation was performed at 1500 rpm for 5
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minutes and 5 ml of Hank’s buffered salt solution containing 250 pl of 1% DNase I was added to

the pellet and incubated in a water bath at 37°C for 5 minutes. An additional 10 ml of Hank’s

buffered salt solution was added to the mixture and centrifuged at 1500 rpm for a further 5 minutes.

The resulting pellet was added to neurobasal medium with B27 Plus Supplement (Thermo Fisher

Scientific 17504044) and 25uM glutamine (Thermo Fisher Scientific 05030-149). The cells were

filtered using a cell strainer with 100 um nylon mesh (Falcon 2360), and seeded on 6- or 96-well

plates (Falcon 353046 or Corning 356640). Cortical/hippocampal and basal ganglia neurons were

mixed in a 9:1 ratio as co-cultured neurons.

Neprilysin activity

NEP activity measurements were performed on primary neurons after 15-28 days of in vitro

(DIV15-28) culture as previously described”. Somatostatin (Peptide institute 4023), TT232

(Tocris 3493), recombinant ENSA (abcam ab92932), recombinant NSG-1 (Creative BioMart

NSG1-332H), recombinant NUCKS-1 (Creative BioMart NUCKS1-10956M) and diazoxide

(Wako 364-98-7) were added as appropriate concentrations, and cells were incubated for a further

24 hours. Neurons were then incubated with substrate mixture (50 uM suc-Ala-Ala-Phe-MCA

(Sigma S8758), 10 nM benzyloxycarbonyl Z-Leu-Leu-Leucinal (Peptide institute 3175-V) and
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cOmplete EDTA-Free-Protease inhibitor (Roche Diagnostics 4693132) in 0.2 M MES buffer

(pH6.5) with or without Thiorphan (Sigma T6031) for 1 hour at 37°C. Following this, 0.1 mM

phosphoramidon (Peptide Institute 4082) and 0.1 mg/ml leucine aminopeptidase (Sigma L-5006)

were added, and the reaction mixture was incubated at 37°C for a further 30 minutes. 7-Amino-

4-methylcoumarin fluorescence was measured at excitation and emission wavelengths of 380 nm

and 460 nm, respectively. Centrifugal 10 and 30 kDa filters (Merck UFC503096, 501096) were

used to separate conditioned media obtained from cortical/hippocampal neurons.

Preparation of membrane fractions from brain tissue

Brain tissues were homogenized in Tris-buffer (50 mM Tris pH 8, 0.25 M sucrose, EDTA-free

cOmplete protease inhibitor cocktail (Roche Diagnostics 05056489001)) and centrifuged at 3600

rpm and 4°C for 30 minutes. Collected supernatants were centrifuged at 70,000 rpm at 4°C for 20

minutes. Resultant pellets were solubilized in Tris-buffer containing 1% Triton X-100 and

incubated on ice for 1 hour before centrifugation at 70,000 rpm at 4°C for 20 minutes. Protein

concentrations of membrane fractions in collected supernatant samples were measured by BCA

protein assay kit (Thermo Fisher Scientific 23225).

LC-MS/MS analysis
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50 mM Ammonium bicarbonate, 10% acetonitrile and 20 mM dithiothereitol were added to the

conditioned media and incubated for 30 minutes at 56°C. Samples were then treated with 30 mM

iodoacetamide and incubated for 30 minutes at 37°C and digested by incubation with 100 ng/ul

trypsin overnight at 37°C. Peptide sequences were determined by Q Exactive Orbital Mass

Spectrometers (Thermo Fisher Scientific)’®. We used Proteome Discoverer Software (Thermo

Fishier Scientific) for identification of proteins and peptides. Proteins identified in conditioned

media are listed in Table 1.

Preparation for Cas9 and sgRNAs

For synthesis of Cas9 mRNA in vitro, plasmid vector pCAG-T3-hCAS-pA (Addgene 48625) was

linearized by Sph I, then transcribed with T3 RNA polymerase (Promega) in the presence of Ribo

m’G Cap Analog (promega) as previously described™. The MEGAshortscript T7 (Thermo Fisher

Scientific AM1354) and MEGAclear (Thermo Fisher Scientific AM1908) kits were used for in

vitro transcription of sgRNAs, while the CRISPR Design tool was used for creating sgRNAs®.

All oligonucleotide sequences used for in vitro transcription are listed in Supplemental Table 3.

Microinjection of mouse zygotes

The SpCas9 mRNA (60 ng/ul) and sgRNAs (30 ng/ul) were injected into the cytoplasm of
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C57BL/6J zygotes. After incubation at 37°C for 24 hours, embryos developed to the 2-cell-stage

were transplanted into host ICR mice.

Off-target analysis

Off-target sites that accepted up to three mismatches were determined by COSMID

(https://crispr.bme.gatech.edu/)'’. Target sites were amplified from tail genomic DNA by PCR

using the Ex Taq Polymerase kit (Takara RRO01A) with primers listed in Supplemental Table 2.

Target sequencing was performed using a DNA sequencer (ABI 3730x1).

Genotyping

Genomic DNA was extracted from mouse tail using lysis buffer (100 mM Tris pH 8.5, 5 mM

EDTA, 0.2% SDS, 200 mM NacCl, 20 pg/pl Proteinase K) and PCR performed using the specific

primer set listed in Supplemental Table 6. PCR products were analyzed by MultiNa (Shimadzu)

to evaluate the efficiency of the CRISPR-mediated deletion of the Ensa gene. Sanger sequencing

analyses were conducted using a DNA sequencer (ABI 3730x1).

Western blot analysis

Mouse brains were homogenized with lysis buffer (50 mM Tris pH 7.6, 0.15 M NaCl and

cOmplete protease inhibitor cocktail (Roche Diagnostics 11697498001)) using a Multi-bead
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shocker MB (Yasui-Kikai). Samples were rotated at 4°C for 1 hour and centrifuged at 15000 rpm

for 30 minutes. Supernatants were collected as lysates and then subjected to sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a PVDF or

nitrocellulose membranes. For detection of ENSA and CTF-APP, membranes were boiled in PBS

for 5 minutes, treated with ECL prime blocking buffer (GE healthcare RPN418) for 1 hour and

incubated with antibody at 4°C. Dilution ratios of antibodies are listed in Supplemental Table 7.

Immunoreactive bands were visualized by ECL Select (GE Healthcare RPN2235) and a LAS-

3000 Mini Lumino image analyzer (Fujifilm).

Co-incubation of ENSA and NEP

25 ng/pl of ENSA were co-incubated with 2.5 ng/ul NEP, 0-500 nM AP, (Peptide Institute 4420-

s) and arctic AP4> (Peptide Institute AF-721), 0.1 mM thiorphan, 1 mM phosphoramidon, and 10

mM EDTA at 37°C for 24 hours in 0.2 M MES buffer pH 6.5.

Immunohistochemical analysis

After deparaffinization of paraffin-embedded mouse brain sections, antigen retrieval was

performed by autoclaving at 121°C for 5 minutes. Sections were then treated with 0.3% H»O; in

methanol to inactivate endogenous peroxidases. Next, sections were rinsed several times with
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TNT buffer (0.1 M Tris pH 7.5, 0.15 M NacCl, 0.05% Tween20), blocked for 30 min (TSA Biotin

System kit), and incubated overnight at 4°C with primary antibody diluted in TNB buffer (0.1 M

Tris pH 7.5, 0.15 M NaCl). Sections were rinsed several times and incubated for 1 hour at room

temperature with biotinylated secondary antibody (Vector Laboratories). Next, sections were

incubated with HRP-conjugated avidin for 30 minutes and tyramide-enhanced FITC or rhodamine

for 10 minutes. Finally, sections were treated with DAPI (Cell Signaling Technology 4083S)

diluted in TNB buffer before mounting with PermaFluor (Thermo Fisher Scientific TA-030-FM).

Sections were scanned on a confocal laser scanning microscope FV-1000 (Olympus) and a

NanoZoomer Digital Pathology C9600 (Hamamatsu Photonics) followed by quantification with

Metamorph Imaging Software (Molecular Devices) and Definiens Tissue Studio (Definiens).

Enzyme-linked immunosorbent assay

Mouse cortices were homogenized in TBS buffer (50 mM Tris pH 7.6, 150 mM NaCl, protease

inhibitor cocktail) by a Multi-bead shocker (YASUI KIKAI), centrifuged at 70000 rpm for 20

minutes, and supernatants collected as Tris-soluble fractions. Pellets were rinsed with TBS buffer

following which 6M guanidine-HCI solution was added and mixed with a Pellet Pestle (KIMBLE).

The mixture was then incubated for 1 hour at room temperature. Next, samples were centrifuged
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at 70000 rpm for 20 minutes and supernatants collected as guanidine-soluble fractions. Tris-

soluble fractions and guanidine-soluble fractions were applied to 96-well plates. APso and A4

levels were measured with the aid of an AB-ELISA kit (Wako 294-62501,294-62601).

Determination of amino acid sequence of NEP-cleaved ENSA

After co-incubation of ENSA and NEP with or without thiorphan, MALDI-TOF analysis was

performed using Autoflex speed (BRUKER) to detect the specific fragment of ENSA cleaved by

NEP. LC-MS/MS analysis was then performed to determine the specific amino acid sequences.

Data from LC-MS/MS analyses are listed in Supplemental Table 4.

SFV injection

WT mice (3 months) were used for this experiment. SFV-NEP vectors (active and inactive forms)

were developed previously™. Mice were anesthetized with a triple mixed anesthetic (Domitor 0.3

mg/Kg, Dormicum 4 mg/kg, Bettlefar 5 mg/kg), with SFV then injected into the bilateral

hippocampus (stereotaxic coordinates: anteroposterior, -2.6 mm; mediolateral, +3.1 mm;

dorsoventral, -2.4 mm) in a total volume of 1 pl using a Hamilton syringe (Altair Corporation),

at a constant flow rate of 0.1 pl/min using a Legato 130 syringe pump (KD Scientific, Hollistoon,

MA). After injection, mice were administrated with Antisedan 3 mg/kg and maintained for 48
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hours in cages with free access to food and water.

RNA extraction and semi-quantitative RT-PCR

Total RNA was extracted from the cortex and hippocampus of brains using RNAiso Plus (Takara

9109) according to the manufacturer’s protocol. Reverse transcription was performed using

ReverTra Ace (TOYOBO FSQ-301). Primer pairs are listed in Supplemental Table 6. Semi-

quantitative RT-PCR was conducted using a QuantStudio system (Thermo Fisher Scientific).

Diazoxide treatment of mice

Diazoxide was diluted in drinking water and administered to WT and App™**

mice (10
mg/kg/day). For the short-term treatment, diazoxide was administrated to 3-month-old WT mice
for 1 month, while in the long-term treatment, diazoxide was administrated to 15-month-old WT

NL-F

and App™~" mice for 3 months. After diazoxide treatment for 3 months, mice were subjected to
behavioral tests followed by brain dissection.
Open field test

NL-F

WT mice and App™™" mice were placed individually in a white noise box for at least 1 hour before

starting the test. They were then placed in the middle of an open field maze (600x600 mm) and

allowed to explore in the area for 10 minutes. The amount of time that mice spent in the central
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region was measured as an anxiety parameter.

Contextual fear conditioning test

Before the start of test, the mice were put in the white noise box for at least 1 hour. Subsequently,

the mice were placed into a sound-attenuating chamber and allowed to explore the chamber for 5

minutes. The percent freezing time was measured until mice received an electric shock (7.5mA)

to the foot after 4 minutes. As a long-term retention test, the same conditioning experiments were

repeated daily for 4 days. The training box was cleaned with water and wiped dry with paper

toweling before the next mouse was placed in the chamber. Mice were returned to their cages and

provided with free access to food and water.

Human tissues

Brain samples were kindly provided by Dr. John Trojanowski (University of Pennsylvania) in

compliance with RIKEN ethics committee guidelines (approval number Wako3 30-4(2)). Other

human samples were obtained from Bio Chain and Tissue solutions. All samples are listed in

Supplemental Table 5.

Statistics

All data are shown as the mean +SEM. For comparisons between two groups, data were
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analyzed by Student’s or Welch’s #-test. For comparisons among more than three groups, we

used one-way analysis of variance (ANOVA) followed by Dunnett’s post hoc analysis or

Tukey’s post hoc analysis. In the contextual fear conditioning test, we used two-way ANOVA

followed by Tukey’s post hoc analysis. All data were analyzed by Prism7 software (San Diego,

CA, USA).
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Figure legends

Fig.1 Identification of ENSA as a regulator of NEP activity in vitro. a-c, NEP activity after

treatment of co-cultured cells with 1 pM somatostatin or TT232 for 24 hours.

Cortical/hippocampal (Ctx&Hip) neurons (n = 12 wells per treatment), co-cultured neurons (n =

10 wells per treatment), and basal ganglia neurons (n = 8 or 9 wells per treatment) were used. d-

f, NEP activity in co-cultured neurons after the replacement of the culture medium with

conditioned media from Ctx&Hip and basal ganglia neurons treated with 1 M somatostatin
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for 0-6 hours. n = 6-10 wells per treatment in co-cultured neurons. g-i, NEP activity in co-

cultured neurons after incubation with ENSA, NSG-1 and NUCKS-1 recombinant proteins for

24 hours. n = 8-10 wells per treatment in co-cultured neurons. j-1, Inmunoblotting of ENSA in

3-month-old WT, Ss#,/Sst, dKO and Srif KO mice (n = 4 for each group). Values indicated in the

graph show ENSA band intensities normalized to that of f-actin. m-p, Immunostaining of ENSA

in the cortices and hippocampal CA1 and CA3 regions from 3-month-old WT, Ss¢,/Sst; dKO, and

Srif KO mice (n = 6 for each group). Data represent the mean +SEM. *P<0.05, **P<0.01,

*#%P<0.001 (one-way ANOVA with Dunnett’s post-hoc test).

Fig.2 Elevation of NEP activity in Ensa KO mice. a, Inmunostaining of NEP (Red) and VGAT

(Green) from hippocampi of 3-month-old WT and Ensa KO mice. Scale bar is 100 um in low

magnification image and 50 um in high-magnification image. b, Statistical analysis of NEP

immunoreactivity (n = 5 for each group). LM: lacunosum-molecular layer, Omo: Outer

molecular layer and MMo: middle molecular layer. ¢, Statistical analysis of co-localized NEP and

VGAT signals (n = 5 for each group). d, NEP activity in membrane fractions from hippocampi

of 3-month-old WT and Ensa KO mice (WT: n = 7, Ensa KO: n = 6). e, APs ELISA of
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hippocampi of 3-month-old WT and Ensa KO mice (WT: n=5, Ensa KO: n=0). f, APs> ELISA

of hippocampi of 3-month-old WT and Ensa KO mice (WT: n =5, Ensa KO: n = 6). g, AP

ELISA of hippocampi of 3-month-old Mme KO mice and Ensa/Mme dKO (Mme KO: n = 4,

Ensa/Mme dKO: n = 5). h,i, Immunostaining of Ap (Green), NEP (Red) and DAPI (blue) from

18-month-old App"*" and App"™**/Ensa KO mice. Statistical analysis of amyloid plaque area in

18-month-old App™** and App"**/Ensa KO mice (n = 6 for each group). Scale bar is 100 um j,

AP42 ELISA of Tris-HCI-buffered saline-soluble (Ts) hippocampal fractions from 18-month-old

App™t and App™*t/Ensa KO mice (App™": n =7, App™*/Ensa KO: n = 6). kK, APs, ELISA of

guanidine-HCl-soluble (GuHCI) hippocampal fractions from App™*" and App™*/Ensa KO mice

(App™":n=1, App"*/Ensa KO: n = 6). 1, Inmunostaining of NEP (Red) and VGAT (Green) in

NL-F

hippocampi of 18-month-old App™* and App™*/Ensa KO mice. Scale bar is 100 um in low-
magnification image and 50 um in high-magnification image. m, Statistical analysis of NEP
immunoreactivity (n = 4 for each group). n, Statistical analysis of co-localized NEP and VGAT
signals (n = 4 for each group). Scale bar is 100 pm in low-magnification image and 50 pm in

high-magnification image. Data represent the mean £SEM. *P<(.05, **P<0.01, ****P<0.0001

(Student’s or Welch’s ¢-test).
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Fig.3 Identification of ENSA as a substrate for NEP. a, Immunoblotting of ENSA incubated

with or without NEP and mentioned inhibitors for 24 hours at 37°C. Thio: Thiorphan, Phos:

Phosphoramidon. b, Specific peak of full-length of ENSA after incubation with or without NEP

and thiorphan. ¢, Specific peak of cleaved ENSA after incubation with or without NEP and

thiorphan. d, Sequence of full-length of ENSA. Arrowheads indicate cleavage site by NEP. e,f,

Immunoblotting of ENSA from hippocampi of 6-month-old WT and Mme KO mice. Values

indicated in the graph show ENSA band intensities normalized to that of B-actin (n = 5 for each

group). g-i, Immunoblotting of NEP and ENSA from hippocampi of 3-month-old WT mice after

overexpression of active or inactive mutant NEP by SFV gene expression system. Values

indicated in the graph show NEP and ENSA band intensities normalized to that of B-actin (n = 4

for each group). j, Immunostaining of ENSA (Green), NEP (Red) and DAPI (Blue) in CA3 from

3-month-old WT, Ensa KO and Mme KO mice. Scale bar is 50 pm in low-magnification image

and 10 pm in high-magnification image. White arrows indicate co-localized signals. Data

represent the mean £SEM. *P<(.05, ****P<0.0001 (Student’s or Welch’s #-test).
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Fig.4 Increased levels of ENSA in AD model mouse and postmortem brain tissue from

patients with AD. a-d, Immunoblotting of ENSA in cortices and hippocampi of 24-month-old

WT and App™"" mice. Values indicated in the graph show ENSA band intensities normalized to

that of B-actin (n = 4 for each group). e,f, Immunostaining of ENSA (Red) and Ap (Green) in

NL-F

cortex, and hippocampal CA1 and CA3 regions of 24-month-old WT and App™ " mice (n =4 for

each group). Scale bar is 100 um. g,h, Semi-quantification of ENSA mRNA levels in cortices and

NL-F

hippocampi of 24-month-old WT and App™™ " mice. Values indicated in the graph show ENSA
band intensities normalized to that of G3PDH (n = 4 for each group). i,j, Immunoblotting of
ENSA in cortices of healthy controls and AD patients. Values indicated in the graph show ENSA
band intensities normalized to that of B-actin (healthy controls: n = 3, AD patients: n = 5). k,l,
Immunostaining of ENSA in cortices of healthy controls and AD patients (healthy controls: n =
5, AD patients: n = 6). Scale bar is 500 pm in low-magnification image and 100 pm in high-
magnification image. m,n, Immunostaining of ENSA incubated with or without NEP, Thiorphan,
A4z and Arctic A4 for 24 hours at 37°C (n = 7-8 for each group). o-r, Immunoblotting of ENSA

NL-G-F

in cortices and hippocampi of 6-month-old WT and App mice. Values indicated in the graph

show ENSA band intensities normalized to that of B-actin (n = 4 for each group). In ,b,d,f,j,1 the

41


https://doi.org/10.1101/2020.10.07.329318
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.07.329318; this version posted October 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

data represent the mean +SEM. *P<0.05, **P<0.01, (Student’s ¢-test). In n, the data represent the

mean £SEM. **P<(.01, ****P<(0.0001 (one-way ANOVA with Turkey’s multiple comparison

test). Information concerning human samples is given in Supplemental Table 5.

NL-F

Fig.5 Improvement of AP pathology and memory function in App

mice via enhancement

of NEP activity by Dz treatment. a, NEP activity after treatment of co-cultured neurons for 24

hours with different doses of diazoxide (Dz) (n = 9-10 for each group). b, NEP activity in

membrane fractions from anterior cortex (Ctx), posterior Ctx and hippocampus (Hip) of 4-month-

old WT mice treated with or without Dz (n = 6 for each group). ¢,d, Immunoblotting of NEP in

anterior Ctx of 4-month-old WT mice treated with or without Dz. Values indicated in the graph

Values indicated in the graph show NEP band intensities normalized to that of B-actin (n = 4 for

each group). e, AP4 ELISA of GuHCI fractions from anterior Ctx and Hip of 4-month-old WT

mice with or without Dz (Dz (-): n = 6, Dz(+): n = 7). f, A4, ELISA of GuHCI fractions from

anterior Ctx and Hip of 6-month-old Mme KO mice with or without Dz (n=8 for each group). g,

Freezing ratio of 18-month-old WT and App™"" mice treated with or without Dz (WT Dz (-): n =

12, WT Dz (+): n = 13, App™** Dz (-): n = 10, App™*" Dz (+): n = 11). h,i, Immunostaining of
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AP (Green) and NEP (Red) in Ctx, Subiculum and Molecular layer from 18-month-old App™*"

with or without Dz (n = 7 for each group). Scale bar in cortical image = 500 pm and hippocampal

image =200 um. j, AP4 ELISA of GuHCI fractions from cortices and hippocampi of 18-month

NEE with or without Dz (n = 8 for each group). k, Immunostaining of NEP (Red) and

old App

VGAT (Green) in hippocampi from 18-month old App™* with or without Dz. Scale bar is 100

um in low-magnification image and 50 um in high-magnification image. j, Statistical analysis of

immunoreactivity of NEP (n = 5 for each group). LM: lacunosum-molecular layer, Omo: Outer

molecular layer and MMo: middle molecular layer. k, Statistical analysis of co-localized signals

of NEP and VGAT (n = 5 for each group). In a, the data represent the mean £SEM. *P<0.05,

*#%P<0.001 (one-way ANOVA with Dunnett’s post-hoc test). In b, d, e, i, j, I, m, the data

represent the mean £SEM. *P<(.05, **P<0.01, (Student’s #-test). In g, the data represent the

mean +£SEM. On day 3, WT Dz (+) vs App™*" Dz (-) *P<0.05. On day 4, WT Dz (-) vs App™*"

Dz (-) *P<0.05, WT Dz (+) vs App"*" Dz (-) **P<0.01, App"*" Dz (-) vs App"*" Dz (+) *P<0.05

(two-way ANOVA with Turkey’s multiple comparison test)
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Tablel. Proteins identified in LC-MS/MS analysis of conditioned media

wr Control +ssT +TT232
Accession Description score  coverage  peptide  PSMs score  coverage  peptide  PSMs score  coverage peptide  PSMs  MW(Da)
Q91XV3 |Brain acid soluble protein 1 0S=Mus musculus GN=Basp1 PE=1 SV=3 - [BASP1_MOUSE] 604.47 | 72.12 10 16 23184 | 57.96 8 8 38212 | 5841 9 1 22.
26645 alanine-rich C-kinase substrate 0S=Mus musculus GN=Marcks PE=1 SV=2 - [MAH 35646 | 36.25 3 7 51.49 5383 1 1 13372 | 11.00 2 3 256
PO6837_|Neuromodulin OS=Mus musculus GN=Gap43 PE=1 SV=1 - [NEUM_MOUSE] 25968 | 33.04 8 11 3755 13.66 2 2 12171 | 18.06 4 5 236
Q9QWL7_|Keratin, type I cytoskeletal 17 OS=Mus musculus GN=Krt17 PE=1 SV=3 - [K1C17_MOUSE] 447.27 24.02 14 18 423.10 21.02 1 15 23434 9.47 5 7 48.1
Q6IFX2_|Keratin, type I cytoskeletal 42 OS=Mus musculus GN=Kt42 PE=1 SV=1 - [K1C42_MOUSE] 37820 | 21.90 11 14 46864 | 21.68 10 15 16893 | 1549 7 7 50.1
P20065 |Thymosin beta-4 OS=Mus musculus GN=Tmsb4x PE=1 SV=1 - [TYB4_MOUSE 31.72 24.00 1 1 5.7
Q922U2_|Keratin, type 11 5 0S=Mus musculus GN=Krt5 PE=1 SV=1 - [K2C5_MOUSE] 53727 | 20.17 7 25 37543 | 14.66 12 16 21191 | 14.66 13 14 617
Q9Z2K1_|Keratin, type T 16 0S=Mus musculus GN=Krt16 E—1 SV=3 - [K1C16_MOUSE] 288.16 | 16.63 8 10 21631 | 10.45 7 9 11222 | 1194 7 7 516
02798 i 0S=Mus musculus GN=Mt2 PE=1 SV=2 - IOUSE] 48.67 19.67 1 1 44.46 1967 1 1 0.00 61
02802 i 1 0S=Mus musculus GN=Mt1 PE=1 SV=1 - T1 IOUSE] 5293 1967 1 1 6232 1967 1 1 60
P50446 _|[Keratin, type II cytoskeletal 6A OS=Mus musculus GN=Krt6a PE=1 SV=3 - [K2C6A_MOUSE] | 496.88 | 19.17 15 20 288.12 9.40 6 10 14701 | 10.13 8 8 593
28184 0S=Mus musculus GN=Mt3 PE=1 SV=1 - [MT3_MOUSE] 60.08 17.65 1 1 0.00 5993 17.65 1 1 7.0
Q9CQH7_|Transcription factor BTF3 homolog 4 OS=Mus musculus GN=Btf314 PE=2 SV=1 - [BT3L4_MOUY 24.10 16.46 1 1 17.3
P08228_|Superoxide dismutase [Cu-Zn] 0S=Mus musculus GN=Sod1 PE=1 SV=2 - [SODC_MOUSE] 77.10 15.58 2 2 40.26 844 1 1 5057 844 1 1 159
Q64387_|Prepronociceptin OS=Mus musculus GN=Pnoc PE=2 SV=1 - [PNOC_MOUSE] 33.65 14.44 1 1 2444 14.44 1 1 209
P07309_|[Transthyretin OS=Mus musculus GN=Ttr PE=1 SV=1 - [TTHY_MOUSE] 20.04 10.20 1 1 0.00 34.18 4.08 1 1 158
26350 in alpha 0S=Mus musculus GN=Ptma PE=1 SV=2 - [PTMA_MOUSE] 30303 | 1351 3 4 17544 | 1261 2 2 79.55 1261 2 2 122
P02535_[Keratin, type I cytoskeletal 10 OS=Mus musculus GN=Krt10 PE=1 SV=3 - [K1C10_MOUSE] 37856 | 10.53 7 11 347.81 | 10.88 7 10 27276 | 12.11 10 577
P60710_|Actin, cytoplasmic 1 OS=Mus musculus GN=Actb PE=1 SV=1 - [ACTB_MOUSE] 3955 267 1 1 32.89 8.00 1 1 5431 160 1 417
P70663 |SPARC-like protein 1 0S=Mus musculus GN=Spard1 PE=2 SV=3 - [SPRL1_MOUSE] 15595 | 12.15 6 6 0.00 77.66 323 1 722
QD038 ’Farath mosin 0S=Mus musculus GN=Ptms PE=1 SV=3 - [PTMS_MOUSE] 66.86 11.88 1 2 27.56 1188 1 1 3269 11.88 1 114
Polyubiquitin-B 0S=Mus musculus GN=Ubb P S 0.00 11.80 1 1 343
19.98 11.57 1 1 0.00 133
- [CMGA_MOUSE] 192.67 972 5 6 36.09 238 1 1 11524 58 518
=15V=1- [K2C1B MOUSE] | 21979 542 3 10 35042 962 7 11 106.97 54 613
P60041 | Somatostatin OS=Mus musculus GN=Sst PE=3 SV: IOUSE] 61.79 9.4 12.7
QBVEDS_|Keratin, type IT 79 0S=Mus musculus GN=Krt79 PE=2 SV=2 - [K2C79_MOUSE] 176.08 9.42 9 10 176.51 8.10 6 7 120.99 7.1 57.5
Q6NXH9_|Keratin, type IT 73 05=Mus musculus GN=Krt73 PE=1 SV=1 - [K2C73_MOUSE] | 315.22 9.28 3 10 298.41 594 3 s 17753 9.2 58.9
Q6PBI4_|PEST proteolytic signal-containing nuclear protein OS=Mus musculus GN=Pcnp PE=1 SV=1 - [§28.53 899 1 1 19.0
Q02257 _[Junction plakoglobin 0S=Mus musculus GN=1up P! V=3 - [PLAK_MOUSE] 73.17 617 4 4 85.59 4.03 2 2 2739 242 1 1 817
P10639 | Thioredoxin 0S=Mus musculus GN=Txn PE=1 SV=3 - [THIO_MOUSE] 65.29 857 1 1 117
P17897 |Lysozyme C-1 OS=Mus musculus GN=Lyz1 PE=1 SV=1 - [LYZ1_MOUSE] 73.64 811 1 1 168
P54227 |Stathmin OS=Mus musculus GN=Stmn1 PE=1 SV=2 - [STMN1_MOUSE] 24.90 8.05 1 1 0.00 17.3
Q2YFS2_|Paired in-like type 2 receptor beta OS=Mus musculus GN=Pilrb PE=1 SV=1 - [PILRB_MOUSE' 13.93 7.59 1 1 25.2
Q3UV17_[Keratin, type 1T 2 oral 0S=Mus musculus GN=Kt76 PE=2 SV=1 - [K220_MOUSE] | 146.24 7.41 3 6 7934 303 2 4 95.76 758 7 7 62.8
Q8CCT4 elongation factor A protein-like 5 0S=Mus musculus GN=Tceal5 PE=2 SV=1 - [Tq_ 21.23 7.00 1 1 220
Q03517 -2 0S=Mus musculus GN=Scg2 PE=1 SV=1 - [SCG2_MOUSE] 88.34 697 4 4 5925 340 2 2 706
Q3TTY5_|Keratin, type I 2 epidermal 0S=Mus musculus GN=Krt2 PE=1 SV=1 - [K22E_MOU{ 197.40 665 5 10 164.08 537 3 B 13174 665 B 9 709
P28667 |MARCKS-related protein OS=Mus musculus GN=Marcksl1 PE=1 SV=2 - [MRP_MOUSE] 18.69 .50 1 1 0.00 0.00 20.2
PO1325 [Insulin-1 0S=Mus musculus GN=Ins1 PE=1 SV=1 - [INS1_MOUSE] .00 0.00 19.76 6.48 1 1 122
e I cytoskeletal 1 0S=Mus musculus GN=Krti PE=1 SV=4 - [K2C 409.24 .44 8 15 561.17 644 7 16 25249 644 7 9 656
Q62092 55.54 .95 1 1 209
QBIME9_|Keratin, type II cytoskeletal 72 0S=Mus musculus GN=Krt72 PE=3 SV=1 - [K2C72_MOUSE] | 102.92 577 4 6 53.09 173 1 2 7338 4.04 3 3 567
P17742_|Peptidyl-prolyl cis-trans isomerase A 0S=Mus musculus GN=Ppia PE=1 SV=2 - [PPIA_MOUSE]| 23.63 549 1 1 2897 5.49 1 1 180
Q8C854 | Myelin expression factor 2 0S=Mus musculus GN=Myef2 PE=1 SV=1 - [MYEF2_MOUSE 131.79 5.25 2 2 0.00 77.58 5.25 2 2 633
Q80XU3 60.60 513 1 1 263
Q62446 _| Peptidyl-prolyl cis-trans isomerase FKBP3 0S=Mus musculus GN=Fkbp3 PE=1 SV=2 - [FKBP3 | 23.66 451 1 1 25.1
Q9QXV0_|ProSAAS OS=Mus musculus GN=Pcskin PE= =2 - [PCSK1_MOUSE 44.67 4.65 1 1 0.00 43.12 4.65 1 1 273
P07724_|Serum albumin OS Mus musculus GN=Alb PE=1 SV=3 - [ALBU_MOUSE] 73553 444 2 20 344.25 444 2 10 819.12 444 2 2 68.6
P16014 g - [SCG1_MOUSE 125.24 443 2 2 0.00 72558 443 2 2 779
P47867 -3 OS Mus musculus GN=5cg3 PE=1 SV=1 - [SCG3_MOUSE 23.88 4.03 2 2 533
P35700 il 1 0S=Mus musculus GN="Prdx1 P S - [PRDX1_MOUSE] 38.52 4.02 1 1 222
P17182 |Alpha-enolase OS=Mus musculus GN=Eno1 PE=1 S| - [ENOA_MOUSE] 0.00 .92 2 2 47.1
P46737 _|Lys-63-specific deubiquitinase BRCC36 OS=Mus musculus GN=Brcc3 PE=. 2 SV=1 - [BRCC3_MQ 24.85 3.44 1 1 00 333
22005 0S=Mus musculus GN=Penk PE=2 SV=2 - [PENK_MOUSE] 36.02 336 1 1 3160 36 1 1 2855 336 1 1 310
90557 | Desmoplakin OS=Mus musculus GN=Dsp PE=1 SV=1 - [DESP_MOUSE] 10083 094 3 3 183.37 71 7 7 0.00 332.7
Q8BLK3_|Limbic system-associated membrane protein OS=Mus musculus GN=Lsamp PE=1 SV=1 - [LSAN 36.84 323 1 1 38.1
P20152 |Vimentin OS=Mus musculus GN=Vim PE=1 SV=3 - [VIME_MOUSE] 37.76 3.22 2 2 0.00 24.29 1.50 1 1 53.7
P07356 |Annexin A2 OS=Mus musculus GN=Anxa2 PE=1 SV=2 - [ANXA2_MOUSE] 26.60 2.95 1 1 38.7
P30681_|High mobility group protein B2 OS=Mus musculus GN=Hmgb2 PE=1 SV=3 - [HMGB2_MOUSE][ 30.54 2386 1 1 1362 8 1 1 241
Q99L43 2 0S=Mus musculus GN=Cds2 PE=1 SV=1 - [CDS2_MOUSE 41.62 .7 1 1 513
Q9ROP9_|Ubiquitin carboxyl-t termmal hydrolase isozyme L1 OS=Mus musculus GN=Uchl1 PE=1 SV=1 - 28.81 2.69 1 1 .0 248
P16858 ph ,, 0S=Mus musculus GN=Gapdh PE=1 SV=2 - [G3P_MOUSE] 0.00 2345 2.40 1 1 .0 358
P61979 uclear in K 0S=Mus musculus GN=Hnrnpk PE=1 SV=1 - [HNR[ 38.12 238 1 1 509
P13595 | Neural cell adhalon mclecule 1 05=Mus musculus GN=Ncam1 PE=1 SV=3 - [NCAM1_MOUSE]| 7758 224 3 3 43.85 126 1 1 42.97 126 1 1 1194
P11499_[Heat shock protein HSP 90-beta OS=Mus musculus GN=Hsp90ab1 PE=1 SV=3 - [HS90B_MOU{ 52.00 221 1 1 832
Q7TQF7 0S=Mus musculus GN=Amph PE=1 SV=1 - [AMPH_MOUSE] 1.49 219 1 1 75.0
Q9D518 | Protein FAM227B OS=Mus musculus GN=Fam227b PE=2 SV=3 - [F2278_MOUSE] 6.57 2.07 1 3 0.00 207 1 1 62.7
QOOPI9_[F nuclear in U-like protein 2 0S=Mus musculus GN=Hnrnpul2 PE{ 52.24 1.88 1 1 0.00 84.9
Q9CPTO_|Apoptosis facilitator Bcl-2-like protein 14 OS=Mus musculus GN=Bcl2|14 PE=1 SV=1 - [B2L14 MOUSE] 2759 1.83 1 1 37.0
P99024 | Tubulin beta-5 chain O lus musculus GN=Tubb5 PE=1 SV 1 UBBS MOUSE] 6.58 1.80 1 1 49.6
P68368_| Tubulin alpha-4A chain OS=Mus musculus GN=Tuba4a PE: - [TBA4A_MOUSE] 36.44 179 1 2 1891 179 1 1 2687 179 1 2 499
Q61316_|Heat shock 70 kDa protein 4 0S=Mus musculus GN=Hspa4 P s - [HSP74_MOUSE] 60.05 1.66 1 1 94.1
Q7TSG5_|SH3 domain-containing protein 21 0S=Mus musculus GN=Sh3d21 PE=2 SV=1 - [SH321_MOU{ 83.21 164 1 7 2613 164 1 1 286.16 4 1 18 603
Q7TPCL_[Corneodesmosin OS=Mus musculus GN=Cdsn PE=2 SV=2 - [CDSN_ MOUSE] 28.45 1.60 1 1 0.00 .00 543
P35396 | Peroxisor -activated receptor delta OS=Mus musculus GN=Ppard PE=2 SV=1 - [PPARD_MOU _ 0.00 0.00 21.71 .59 1 1 49.7
Q7TQK5_|Coiled-coil domain-containing protein 93 0S=Mus musculus GN=Ccdc93 PE=2 SV=1 - [CCD93_MOUSE' 17.50 .59 1 1 72.6
P12023 _|Amyloid beta A4 protein OS=Mus musculus GN pp PE=1 SV=3 - [A4_MOUSE] 60.64 156 1 1 64.68 156 1 1 3870 156 1 1 867
BOEKR1 |Receptor-type tyrosine-p: eta 0S=Mus musculus GN=Ptprz1 PE=1 SV=1 - [|_133.65 134 2 2 53.02 052 1 1 61.17 052 1 1 2542
Q9EPL2 |Calsyntenin-1 OS=Mus musculus GN=! Clstnl PE=1 SV=1 - [CSTN1_MOUSE] 23.86 133 1 1 2573 133 1 1 108.8
Q61147 _|Ceruloplasmin 05=Mus musculus GN=Cp PE=1 5V=2 - [CERU_MOUSE] 19.22 12 2 2 1211
Q61495 _|Desmoglein-1-alpha 0S=Mus musculus GN=Dsg1a PE=2 SV=: OUSE. 25.67 12 1 1 0.00 1145
Q8C3X4_|Translation factor Guf1, mitochondrial OS=Mus musculus GN=Guf1 PE=2 SV=1 - [GUF1_MOUY _ 0.00 1.0¢ 1 1 0.00 0.00 724
PO8113 [Endoplasmin OS=Mus musculus GN=Hsp90b1 PE=1 SV=2 - [ENPL_MOUSE] 42.74 1.0 1 1 0.00 1831 1.00 1 1 924
Q99P72_|Reticulon-4 OS=Mus musculus GN=Rtn4 PE=1 SV=2 - [RTN4_MOUSE] 2241 0.86 1 1 126.5
P20357_|Microtubule-associated protein 2 05=Mus musculus GN=Map2 PE=1 SV=2 - [MTAP2_MOUSE] | 19.13 0.66 1 1 199.0
Q8CGK3_[Lon protease homolog, mitochondrial OS=Mus musculus GN=Lonp1 PE=1 SV=2 - [LONM_MOU__0.00 063 1 1 1058
P01027_|Complement C3 OS=| 21.28 060 1 1 2427 060 1 1 186.4
Q9WTL4_|Insulin receptor-related protein OS: 0.00 0.54 1 1 144.8
P11627 |Neural cell adhesion molecule L1 OS=Mus musculus GN Llcam PE=1 SV=1 - [L1CAM_MOUSE] 0.00 30.68 0.48 1 1 140.9
Q9CWL2 |Zinc finger protein castor homolog 1 0S=Mus musculus GN=Casz1 P! SV=3 - [CASZ1_MOUSE 0.00 0.40 1 1 191.1
Q81102 |Ankyrin repeat domain-containing protein 26 0S=Mus musculus GN=Ankrd26 PE=1 SV=2 - [A]_JZ7 70 038 1 1 0.00 0.00 1805
Q60841_|Reelin 0S=Mus musculus GN=Reln PE=1 SV=3 - [RELN_MOUSE] | 3347 0.29 1 1 387.2
QIQVX7_|Protein piccolo 0S=Mus musculus GN=Pclo PE=1 SV=4 - [PCLO_MOUSE] [ 0.00 0.00 1947 018 1 1 5505
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Sot,/Sat, KO Control vssT T2
score coverage _peptide PSMs score coverage _peptide PSMs score coverage _peptide PSMs MW(kDa)
Q91XV3_|Brain atld SO|UB|E DrO(EIn 1 05 Mus musculus GN: BaSDl PE=1 SV=3 - [BASP1_MOUSE' 216.17 2 6 253.04 1.7] 8 237.87 46.02 5 6 22.1
P08228 |Supero» wtase [Cu-Zn] 122.39 2338 3 3 105.38 4.6! 4 148.60 24.68 3 5 159
P06837 0S=| MUS mUSCUNS GN= 53943 PF* 'NEUM_MOUSE' 130.16 19.82 3 4 150.53 9.8: 5 158.96 24.67 4 5 23.6
P02798 il lus musculus GN: MT2_MOUSE] 24.08 19.67 1 1 48.¢ 9.6 1 6.1
P02802 ioneil 0 lus musculus Gl MOUSE] 55.98 19.67 1 1 63.77 19.67 1 1 42.90 19.67 1 1 6.0
Q9QXV0_|ProSAAS 0S=Mus musculus GN=Pcskin PE=1 9681 | 1860 3 3 6401 | 1047 2 2 1735 | 1860 3 3 273
P28184 i 05=Mus musculus GN=ME3 P 48.20 17.65 1 1 59.43 17.65 1 1 7.0
QIQWL7_|Keratin, type I cytoskeletal 17 OS=Mus musculus GN: 1C17_MOUSE] 17537 878 5 3 189.10 | 13.63 6 6 23172 | 1501 7 8 48.1
Q922K1_|Keratin, type I cytoskeletal 16 OS=Mus musculus GN=| 1C16_MOUSE] 123.37 7.04 4 5 189.63 14.07 6 7 306.07 15.35 7 1 516
Q6IFX2_|Keratin, type I cytoskeletal 42 0S=Mus musculus GN=! 1C42_MOUSE 15717 | 1350 6 7 148.55 9.07 5 5 12848 | 1571 7 7 501
Q922U2 |Keratin, type II cytoskeletal 5 0S=Mus musculus GN= C5_MOUSE] 274.04 13.10 10 13 238.84 11.72 8 9 206.09 10.34 7 10 61.7
P70663_|SPARC-like protein 1 0S=Mus musculus GN=Spard1 L1_MOUSE] 11128 | 10.00 4 4 11605 | 1015 0 0 16505 | 1538 7 s 722
P50446 |Keratin, type II cytoskeletal 6A OS=Mus musculus Gl - [K2C6A_MOUSE] 266.68 10.13 8 1 229.41 10.67 7 8 212.89 11.39 7 10 59.3
Q64387 i tin 0S=Mus musculus GN=Pnoc PE: JSE] 27.74 14.44 1 1 3387 14.44 1 1 63.70 14.44 1 1 209
P26350 |Prothymosin alpha OS=Mus musculus GN=Ptma P¥ TMA_MOUSE] 182.72 13.51 2 4 257.78 12.61 2 3 285.13 13.51 3 6 122
726339 |C 05=| = SV=1- [CMGA_MOUSE] 29459 | 1058 7 8 B3z | 84z 5 6 22238 | 1296 7 8 518
Q9D0J8 in O [PTMS_MOUSE] 3478 11.88 1 2 7591 11.88 1 2 2395 11.88 1 2 114
P02535 |Keratin, type I cytoskeletal 10 0S=Mus musculus GN=Krt10 PE=1 SV=3 - [KIC10_MOUSE 28346 | 1175 8 8 21123 | 1035 6 6 24760 | 930 6 7 577
39.26 11.57 1 1 3247 11.57 1 1 68.48 11.57 1 1 133
P21460_|Cystatin-C 0S=Mus musculus GN=Cst3 PE=2 SV=2 - [CYTC_MOUSE] 4665 | 1143 1 1 155
P26645 alanine-rich C-kinase substrate OS=Mus musculus GN=Marcks PE=1 SV=2 - [MARCS_MOUSE] 5736 | 550 1 T 5658 | 1036 2 p) 6557 | 550 T T 256
Q02257 |Juncion plakoglobin OS=Mus musculus GN-Jup PE=1 5V=3 - [PLAK_MOUSE] 2022 | 336 2 2 1346 | 161 T T 8178 | 644 7 0 817
P16014 0S=Mus musculus GN=Chgb S\ - [SCG1_MOUSE 58.83 443 2 2 73.81 443 2 2 60.54 9.60 5 5 77.9
P6004L in OS=Mus musculus GN=Sst PE=: 3 sv 1- [SMS_MOUSE] 2594 | 948 T T 5983 | 948 T T 5593 | 948 T 1 127
Q3TTY5 |Keratin, type II cytoskeletal 2 epidermal OS=Mus musculus GN=Krt2 PE=1 SV=1 - [K22E_MOUSE 217.27 8.63 9 10 191.84 8.49 8 9 232.60 7.36 7 9 709
P62264_|40S ribosomal protein 514 0S=Mus musculus V=3 - [RS14_MOUSE] 1641|861 T T 163
P54227_|Stathmin OS=Mus musculus GN=Stmn1 PE=1 MN1_MOUSE] 2787 | 805 T T 173
POCOS6_|Histone H2A.Z 0S=Mus musculus GN=H2afz P! - [H2AZ_MOUSE] 2665 | 781 T T 2452 | 781 T T 1676 | 781 T T 35
QBVEDS _[Keratin, type II cytoskeletal 79 O PE=2 SV=2 - [K2C79_MOUSE] 18340 | 546 4 6 15081 | 7.7 5 6 18123 | 772 5 6 575
QENXH9_|Keratin, type I1 cytoskeletal 73 Of - [K2C73_MOUSE] 14652 | 761 3 7 15185 4 4 14262 54 4 4 589
P35564_| Calnexin OS=Mus musculus GN=Canx PE=1 SV=1 - [CALX_MOUSE] 2732 | 338 T T 4487 1 2 5647 54 3 4 672
P28667 | MARCKS-related protein OS=Mus musculus GN=Marcksl1 PE=1 SV=2 - [MRP_MOUSE] 2584 | 650 T T 243 50 T 1 202
P01325_|Insulin-1 0S=Mus musculus GN=Ins1 PE=1 SV=1- [INS1_MOUSE] 2520 | 648 T T X 174 48 T 12
P10923_|Osteopontin OS=Mus musculus GN=S5; SV=1- [0STP_MOUSE: 216 46 T 324
P04104_|Keratin, type I1 cytoskeletal 1 0S=Mus musculus GN=Krt1 PE=1 SV=4 - [K2C1_MOUSE] 23285 44 3 E 22551 a4 3 5 29838 44 5.6
87.12 .9 1 1 67.68 . 1 1 54. 9! 209
P63101 14 3 3 protein zeta/delta OS=Mus musculus GN=Ywhaz PE=1 SV=1- [14337_MOUSE 17 7 278
P60710 lasmic 1 0S=Mus musculus GN=Actb PE=1 SV=1 - [ACTB_MOUSE] 662 2 7 3 T 37 a7
34.6¢ 1 64.¢ 26.
Q61171 dredoxin-2 OS=Mus musculus GN=Prdx2 PE=1 5V=3 - [PRD)(Z MOUSE] 234 1 21
Q8C854_|Myelin expression factor 2 0S=Mus musculus GN=Myef2 P - [MYEF2_MOUSE] 757 5423 2 2 G
Qu3517 in-2 0S=Mus musculus GN=Scg2 PE=1 SV=1- [sccz,Mouss] 75 . 88.90 2 2 7
QSRIPA subunt lpha type-1 05=Mus musculus GN=Psial PE=1 SV=1 - [PSAL_MOUSE] 25 54 3 54 1927 54 1 T
Q62446 _|Peptidyl-prolyl cis-trans isomerase FKBP3 OS=Mus musculus GN=Fkbp3 PE= [FKBP3_MOUSE] 4 451
Q3UVI7_|Keratin, type IT cytoskeletal 2 oral 0S=Mus musculus GN=Krt76 PE=2 SV: 220_MOUSE] 82 455 8482 | 286 3 3 303
Q06335_|Amyloid-like protein 2 0S=Mus musculus GN=Aplp2 PE=1 SV=4 - [APLP2_MOUSE] © 453 4066 | 453 2 2 453
P08226 E 0S=Mus musculus GN=Apoe PE=1 SV=2 - [APOE_MOUSE] 4.50 5
P07724_|Serum albumin OS=Mus musculus GN=Alb PE=1 SV=3 - [ALBU_MOUSE] 35987 | 4a4 2 13| 39942 [ 230 1 10 444 2 .6
QSDAR7 | m7GpppX diphosphatase OS=Mus musculus GN=Dcps PE=1 5V=1 - [DCPS_MOUSE 444 0
P07356_| Annexin A2 0S=Mus musculus GN=Anxa2 PE=1SV=2 - [ANXA2_MOUSE] 413 7
QSIME9_|Keratin, type I cytoskeletal 72 0S=Mus musculus GN=Krt72 PE=3 SV=1 - [K2C72_MOUSE] 5232 73 2 2 9584 2] 04 7
P11499_|Heat shock protein HSP 90-beta OS=Mus musculus GN=Hsp90abi PE=1 SV=3 - [HS90B_MOUSE] 79.39 87 2 2 143.38 2
Q61147 _|Ceruloplasmin OS=Mus musculus GN=Cp PE=1 SV=2 - [CERU_MOUSE] 4845 .54 T T 739 211
P63017_|Heat shock cognate 71 kDa protein OS=Mus musculus GN=Hspa8 PE=1 SV=1 - [HSP7C_MOUSE] .00 : 708
P49312 nuclear ribonucleoprotein AL OS=Mus musculus GN=Hnrnpal PE=1 SV=2 - [ROA1_MOUSE] 2399 44 i 1 Z 44 342
P12023_|Amyloid beta Ad protein 0S=Mus musculus GN=App PE=1 SV=" 3 [A4 MOUSE] 4257 56 1 p) B I ¥ I 867
'Q993F8_|PC4 and SFRS1-interacting protein OS=Mus musculus GN=Psi SV=1- [PSIP1_MOUSE L X X . 557
Q64299 _[Protein NOV homolog 0S=Mus musculus GN=Nov PE=2 SV=1- [NOV MOUSE] . 54 389
P168S8 0S=Mus musculus GN=Gapdh PE=1 SV=2 - [G3P_MOUSE 1728|240 i 1 358
P80560_[Receptor-type yrosine-protein phosphatase N2 OS=Mus musculus GN=Ptpr2 PE=1 SV=2 - [PTPR2_MOUSEL 1665 | 210 1 T 1114
QEPL2_|C: in-1 05=Mus musculus GN=Clstn] PE=1 SV=1 - [CSTN1_MOUSE] 2491 133 T T 0.00 214 | 072 T T 1088
‘QOOPIS nuclear ribonucleoprotein U like prctem 2 05 Mus musculus GN=Hnrnpul2 PE=1 SV=2 - [HNRL2_M( 44.04 1.88 1 1 4272 1.88 1 1 44.78 1.88 1 1 84.9
E9Q557 |Desmoplakin OS=Mus musculus GN=Ds =] 42.65 0.52 1 1 0.00 5743 135 5 5 3327
Q03157_|Amyloid-like protein 1 0S=Mus musculus G plp1 PE=1 sv 1- [APLPI MOUSE] 5338 | 184 1 1 2% | 184 1 T 4241 184 T T 727
P20152_|Vimentin OS=Mus musculus GN=Vim PE=1 5V=3 - [VIME_MOUSE] 0.00 4135 | 172 T T 537
Q61316 _|Heat shock 70 kDa protein 4 05=Mus musculus GN=Hspa4 PE=1 SV=1 - [HSP74_MOUSE] 1995 | 166 T T 941
P35396 |Peroxisome proliferator-activated receptor delta O u: 2 SV=1 - [PPARD_MOUSE] 27.94 1.59 1 1 35.81 159 1 1 24.81 1.59 1 1 49.7
QI9MRE [Serrate RNA effector molecule homolog 0S=Mus musculus GN=Srrt PE=1 SV=1 - [SRRT_MOUSE] 4037 | 149 1 1 3423 | 149 T T 2583 | 149 T T 1004
P28862 05=Mus musculus G 2 5V=2 - [MMP3_MOUSE] 2967 | 147 T T 324|147 T T 4491 147 T T 538
P12960 |Contactin-1 O lus musculus Gl - [CNTN1_MOUSE 26.63 137 1 1 1133
P38647_|Stress-70 protein, mitochondrial 05=Mus musculus GN Hspas PE=1 svf - [GRP75_MOUSE] 2359 | 133 T T 0.00 734
P13595 leural cell adhesion molecule 1 OS=Mus musculus GN=Ncar i ‘=3 - [NCAM1_MOUSE 4179 1.26 1 1 3849 1.26 1 1 119.4
Q61495 _|Desmoglein-1-alpha 0S=Mus musculus GN=Dsg1a PE=2 Svez- [DSGIA MOUSE] 0.00 2141 123 T T 1145
QIEPMO | Disheveled-associated activator of morphogenesis 1 0S=Mus musculus GN=Daami PE=1 SV=4 - [DAAM1_MOUSE] 1678 | Li1 T T 1233
070228 _[Probable phospholipi ATPase 1IA 0S=Mus musculus GN=Atpda PE=2 SV=3 - [ATPOA_MOUSE] 0.00 0.00 105 T T 1185
P97350_|Plakophilin-1 0S=Mus musculus GN=Pkp1 PE=2 SV=1- [PP1_MOUSE] 0.00 0.96 T 1 0.00 808
Q9972 |Reticulon-4 0S=Mus musculus GN=Rtn4 PE=1 5V=2 - [RTN4_MOUSE] 1652 | 086 T T 2555 | 086 T T 1265
BSEKRL_|Receptor-type tyrosine-protein phosphatase zeta O5=Mus musculus GN=Ptprz1 PE=1 SV=1 - [PRPTZ_MOUSE] 3412 | 052 T T 2542
QOQXST_|Plectin OS=Mus musculus GN=Plec PE=1 SV=3 - [PLEC_MOUSE] 1760 | 017 T T 5339
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Figure 5
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Supplemental data (Extended data)

Extended data 1
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Extended data Fig.1 Identification of ENSA as a regulator of NEP activity in vitro. a-c, NEP
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activity after treatment of primary neurons derived from Ss¢;/Sst4 dKO mice with 1 uM SST or

TT232 for 24 hours. Cortical/hippocampal (Ctx&Hip) neurons (n = 9-10 wells per treatment), co-

cultured neurons (n = 10 wells per treatment), and basal ganglia neurons (n = 9-10 wells per

treatment) were used. d, e, NEP activity of co-cultured neurons from Ss¢;/Sst; dKO mice after

replacement of the culture medium with conditioned media derived from SST-treated Ctx&Hip

neurons from WT mice (n = 9-10 for each group). f-j, NEP activity of co-cultured neurons after

replacement of the culture medium with separated conditioned media from Ctx&Hip neurons

treated with SST or TT232. 10 and 30 kDa centrifugal filters were used for the separation (n = 7-

8 for each group). k, NEP activity of co-cultured neurons derived from Ss¢;/Sst; dKO mice after

treatment with different doses of recombinant ENSA protein (n = 9-10 for each group). 1, NEP

activity of co-cultured neurons after neutralizing ENSA with 100 ng/ml of ENSA-specific

antibody (GTX101493) (n = 9 for each group). g, NEP activity of co-cultured neurons derived

from Ensa KO mice after neutralizing ENSA with 100 ng/ml ENSA-specific antibody

(GTX101393) (n = 10 for each group). Information concerning Ensa KO mice is given in

Extended Data Fig.2. In h, i, k, the data represent the mean +SEM. *P<0.05, **P<0.01,

**%P<0.001 (one-way ANOVA with Dunnett’s post-hoc test). In e, I, the data represent the mean
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+SEM. *P<0.05 (Student’s ¢-test).
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Extended data 2
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Extended data Fig.2 Generation of ENSA-deficient mouse using CRISPR/Cas9. a, Schematic

image for CRISPR/Cas9-mediated ENSA deficiency. b, Sanger sequence chromatograms near
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exon | of Ensa gene in WT and Ensa KO mice. Arrowheads show Cas9 cleavage sites. ¢, PCR-

based genotyping results of WT, heterozygous and homozygous Ensa KO mice. Genotyping was

performed using mouse tail genome. d, Immunoblotting of ENSA in WT and Ensa KO mice. e,

Immunostaining of ENSA in WT and Ensa KO mice. ENSA immunoreactivity is absent in Ensa

KO mice. Scale bar = 500 pm. Inset Scale bar = 50um. f, PCR-based genotyping results of off-

target sites in WT and founder Ensa KO mice. Genotyping was performed using mouse tail

genome. g, Sanger sequence chromatograms of off-target sites in WT, founder mouse and F2 Ensa

KO mouse. h, Immunoblotting of APP, CTFs, IDE and ECE-1 in 3-month-old WT and Ensa KO

mice. i-m, Values indicated in graphs show band intensities for APP, CTFs, IDE and ECE-1

normalized to that of B-actin (n = 4 for each group). Results are expressed as the mean +SEM.
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Extended data 3
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Extended data Fig.3 Generation of 2nd line ENSA-deficient mouse using CRISPR/Cas9. a,

Schematic image for CRISPR/Cas9-mediated ENSA deficiency. b, Sanger sequence

chromatograms near exon 1 of Ensa gene in WT and Ensa KO #2 mice. Arrowheads show

cleavage sites by Cas9. ¢, PCR-based genotyping results of WT and Ensa KO #2 mice.

Genotyping was performed using mouse tail genome. d, Immunoblotting of ENSA in WT and

Ensa KO #2 mice. e, Immunostaining of ENSA in WT and Ensa KO #2 mice. ENSA
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immunoreactivity was absent in Ensa KO #2 mice. Scale bar = 500 um. Inset scale bar = 50 pm.

f, AB42 ELISA of hippocampi from 3-month-old WT and Ensa KO #2 mice (WT: n=15, Ensa KO

#2: n = 6). Results are expressed as the mean £SEM. **P<(.01 (Student’s ¢-test).
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Extended data 4
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Extended data Fig.4 Mechanism for translocalization of NEP in Ensa KO mice. a-c,
Immunoblotting of phospho-ERK, ERK, phospho-PP1 and PP1 in hippocampi of 3-month-old
ENSA KO mice. Values indicated in b show phospho-ERK band intensities normalized to those

of ERK and in ¢, phospho-PP1 band intensity normalized to that of PP1 (n = 5 for each group).

Results are expressed as the mean £SEM.
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Extended data 5
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Extended data Fig.5 Cardiac and renal NEP activity in Ensa KO mice. a, NEP activity in

membrane fractions from cardiac tissue of 3-month-old WT and Ensa KO mice (n =4 for each

group). b, NEP activity in the membrane fractions from kidney tissue of 3-month-old WT and

Ensa KO mice (n = 4 for each group). Results are expressed as the mean =SEM.
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Extended data 6
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Extended data Fig.6 Identification of ENSA as a substrate for NEP. a, Immunoblotting of

NSG-1 or NUCKS-1 incubated with or without NEP and thiorphan for 24 hours at 37°C. The

specific band is detected by Myc-tag antibody. b, Immunoblotting of ENSA in cortices from 6-

month-old WT and Mme KO mice. Values indicated in the graph show the intensity of ENSA

bands normalized to that of B-actin (n = 5 for each group). ¢, APs> ELISA of Tris-HCl-buffered

saline-soluble fractions containing 1% Triton-X from hippocampi of WT mice after

overexpression of active or inactive mutant NEP by the SFV gene expression system (n = 4 for

each group). Results are expressed as the mean +SEM. *P<0.05 (Student’s #-test).
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Extended data Fig.7 Specific peaks of ENSA cleaved by NEP. a-d, MALDI-TOF analyses

showing specific peaks of cleaved ENSA after incubation in the presence or absence of NEP and

thiorphan for 24 hours at 37°C. LC-MS/MS analysis was used to determine specific amino acid

sequences (Supplemental Table 3).
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Extended data Fig.8 ENSA levels in App™" and App™*- %" mice. a-d, Inmunoblots of ENSA
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NL-F

in cortices and hippocampi of 2-month-old WT and App™™ mice. Values indicated in the graph

show the intensities of ENSA bands normalized to that of B-actin (n = 4 for each group). e-h,

NF mice.

Immunoblots of ENSA in cortices and hippocampi from 12-month-old WT and App
Values indicated in the graphs show the intensities of ENSA bands normalized to that of f-actin
(n = 4 for each group). i,j, Semi-quantification of ENSA mRNA levels in cortices and

NL-F

hippocampi of WT and App™ ™ mice at 12 months. Values indicated in the graphs show ENSA
levels normalized to that of G3PDH (n = 4 for each group). k-m, Immmunoblots of ENSA
incubated with NEP and specified levels of AP or Arctic ABs (n = 4 for each group). n-q,

NL-G-F

Immunoblots of ENSA in cortices and hippocampi of 24-month-old WT and App mice.
Values indicated in the graph show ENSA band intensities normalized to that of B-actin (n = 4 for
each group). r, Immunostaining of AB, GFAP and Ibal in 24-month-old WT, 4pp™** and App™"
“F mice. Scale bar = 100 pm. In f, h, o, q, results are expressed as the mean +SEM. *P<0.05,

*#P<0.01, (Student’s #-test). In m, results are expressed as the mean £SEM. *P<0.05, **P<0.01,

*#*%P<0.0001 (two-way ANOVA with Turkey’s multiple comparison test).
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Extended data Fig.9 Improvement of A pathology in AD model mouse via enhancement of
NEP activity by diazoxide treatment. a, Statistical analysis of open field test to measure time

NL-F

in central region. 18-month-old WT and 4App™ ™" mice were treated with or without Dz for 3

months (WT Dz (-): n= 12, WT Dz (+): n = 13, App™*" Dz (-): n =10, App"** Dz (+): n = 11).
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M mice treated with or

b,c¢, Immunostaining of NEP in cortices of 18-month-old WT and App

without Dz for 3 months (n = 7 for each group). Scale bar = 500 pm. d, Freezing ratio of 15-

month-old App™"*/Mme KO mice treated with or without Dz for 3 months (4pp"*"/Mme KO Dz

(-): n=9, App"*/Mme KO Dz (+): n = 10). e, Statistical analysis of open ficld test to measure

time in central region of maze. 15-month-old App™*/Mme KO were treated with or without Dz

for 3 months (4pp™"*/Mme KO Dz (-): n =9, App™*/Mme KO Dz (+): n=10). f, Inmunostaining

of AB (Green) in cortex, subiculum and molecular layer of 15-month-old App™**/Mme KO mice

with or without Dz for 3 months. Scale bar in cortical image = 500 um and in hippocampal image

=200um. g, Statistical analysis of amyloid plaque area in 15-month old App™"*/Mme KO treated

with or without Dz for 3 months (n = 8 for each group). Results expressed as the mean £SEM.

*#P<0.01 (Mann-Whitney test).
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Extended data 10
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Extended data Fig.10 Schematic of key findings of this study.
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SST-induced NEP activity is regulated by the interaction between cortical/hippocampal and basal

ganglia neurons in vitro (i). ENSA is a negative NEP regulator (ii). NEP activity may be regulated

by a substrate-dependent feedback mechanism (iii). AP and ENSA compete with each other in

NEP-mediated degradation (iv). ENSA is elevated in aged App"™*" mice and in patients with

AD(v). Karp channel modulator diazoxide increases NEP activity and decreases amyloid

NL-F

deposition in App™™" mice resulting in improvement of memory function (vi).
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