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Background: Presenilins regulate multiple cellular pathways by controlling transcription.
Results: Presenilins repress neurotrypsin expression by preventing CREB recruitment to its promoter.
Conclusion: A new strategy utilized by presenilins to regulate CREB signaling relies on preventing CREB recruitment to gene

promoters.

Significance: Learning how presenilins control CREB signaling will help understanding their physiological/pathological roles.

Presenilins, the catalytic components of the y-secretase com-
plex, are upstream regulators of multiple cellular pathways via
regulation of gene transcription. However, the underlying
mechanisms and the genes regulated by these pathways are
poorly characterized. In this study, we identify Tequila and its
mammalian ortholog Prss12 as genes negatively regulated by
presenilins in Drosophila larval brains and mouse embryonic
fibroblasts, respectively. Prss12 encodes the serine protease
neurotrypsin, which cleaves the heparan sulfate proteoglycan
agrin. Altered neurotrypsin activity causes serious synaptic and
cognitive defects; despite this, the molecular processes regulat-
ing neurotrypsin expression and activity are poorly understood.
Using y-secretase drug inhibitors and presenilin mutants in
mouse embryonic fibroblasts, we found that a mature y-secre-
tase complex was required to repress neurotrypsin expression
and agrin cleavage. We also determined that PSEN1 endoprote-
olysis or processing of well known vy-secretase substrates was
not essential for this process. At the transcriptional level,
PSEN1/2 removal induced cyclic AMP response element-bind-
ing protein (CREB)/CREB-binding protein binding, accumula-
tion of activating histone marks at the neurotrypsin promoter,
and neurotrypsin transcriptional and functional up-regulation
that was dependent on GSK3 activity. Upon PSEN1/2 reintro-
duction, this active epigenetic state was replaced by a methyl

CpG-binding protein 2 (MeCP2)-containing repressive state
and reduced neurotrypsin expression. Genome-wide analysis
revealed hundreds of other mouse promoters in which CREB
binding is similarly modulated by the presence/absence of pre-
senilins. Our study thus identifies Tequila and neurotrypsin as
new genes repressed by presenilins and reveals a novel mecha-
nism used by presenilins to modulate CREB signaling based on
controlling CREB recruitment.

Presenilins are ubiquitously expressed transmembrane
aspartyl proteases that play essential roles in development and
disease (1, 2). Presenilin functions as the catalytic component
of the larger y-secretase complex, which cleaves hundreds of
transmembrane proteins (3). Generally, y-secretase cleavage of
transmembrane substrates results in the release of intracellular
domains and small extracellular fragments. Both types of frag-
ments can initiate a cascade of signaling events often culminat-
ing in regulation of transcription (3, 4).

Besides presenilin, there are three other y-secretase compo-
nents, nicastrin, anterior pharynx-defective 1 (Aphl),* and pre-
senilin enhancer 2 (Pen2), that are required to form a mature
and active <y-secretase complex (1). The prevalent idea for
assembly of the complex is that Aphl functions as a scaffold
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“The abbreviations used are: Aph1, anterior pharynx-defective 1; PSEN, pre-
senilin; CREB, cyclic AMP response element-binding protein; CBP, CREB-
binding protein; Sp1; specificity protein 1; GSK3, glycogen synthase kinase
3; P-S9-GSK3, GSK3 phosphorylated at serine 9; APP, amyloid precursor
protein; CTF, C-terminal fragment; cad, cadherin; MeCP2, methyl CpG-
binding protein; MEF, mouse embryonic fibroblast; FAD, familial Alzheimer
disease; Pol, polymerase; RT-gPCR, real time quantitative PCR; ChIP-seq,
ChIP coupled with next generation sequencing; dKO, double KO; Tegq,
Tequila; APLP2, amyloid precursor-like protein 2; H3, histone 3; me3, tri-
methylation; SEA, sea urchin sperm protein, enterokinase, and agrin; APPL,
amyloid precursor protein-like; IWR, inhibitor of Wnt response; Psn, prese-
nilin; TM, transmembrane; PrP, prion protein; Bis-Tris, 2-[bis(2-hydroxyethyl)-
amino]-2-(hydroxymethyl)propane-1,3-diol; hPSEN, human PSEN; TSS,
transcriptional start site; H3K9ac, acetylation of histone 3 at lysine 9;
H3K27ac, acetylation of histone 3 at lysine 27; P-CREB-5129, CREB phos-
phorylated at serine 129; Agrn, agrin.

VOLUME 288+NUMBER 49-DECEMBER 6, 2013



subunit and initiates a subcomplex together with nicastrin (5).
Nicastrin, which might contain the substrate recognition and
binding site, promotes maturation and proper trafficking of the
other +y-secretase components (5). Subsequently, presenilin
binds to the Aph1-Nicastrin subcomplex, and finally, incorpo-
ration of Pen2 to the complex appears to trigger autocatalytic
endoproteolytic cleavage of the presenilins and therefore for-
mation of a mature and active y-secretase complex (5). In mam-
mals, the heterogeneity of the y-secretase complex is achieved
by the existence of two presenilins, presenilin-1 (PSEN1)
and presenilin-2 (PSEN2), and two Aphl forms (AphlA and
Aph1B), each being alternatively spliced (5). Additionally and
contributing to this heterogeneity, other non-core components
(e.g. transmembrane trafficking protein, 21-KD TMP21 and
y-secretase-activating protein gSAP) interact with subsets of
y-secretase complexes and appear to differentially modulate
their proteolytic activity over specific y-secretase substrates (5).

Several signaling pathways regulated by y-secretase activity
involve the transcription factor cAMP response element-bind-
ing protein (CREB). Specifically, y-secretase-generated N-cad-
herin and E-cadherin intracellular domains (N-cad/CTF2 and
E-cad/CTF2, respectively) can bind to and promote protea-
somal degradation of the coactivator CREB-binding protein
(CBP), which presumably results in poor association with stim-
ulated CREB and therefore reduced CREB-regulated transcrip-
tion (6, 7). However, this regulatory mechanism must be more
complex because inhibition rather than activation of CREB-de-
pendent transcription has been observed in some presenilin-
deficient systems (8, 9). Similarly, the y-secretase-generated
amyloid B peptide, which is released from amyloid precursor
protein (APP) after sequential processing by B-site APP-cleav-
ing enzyme 1 (BACEL1) and y-secretase, may also impair CREB-
dependent transcription via inhibition of protein kinase A
(PKA) and other kinases (10, 11). Amyloid B has also been
shown to inhibit CREB activity by decreasing intracellular cal-
cium influx, which reduces phosphorylation of the CREB
coactivator CRTC1 (12). Whereas a connection between prese-
nilins and CREB signaling has been well established, the list of
genes regulated by this connection has not been fully explored
and is generally limited to the study of the c-Fos gene, a well
known CREB target.

In experiments to identify new presenilin-regulated genes,
we discovered that Tequila (Teq) and its mammalian ortholog
Prss12 are negatively regulated by presenilins in Drosophila lar-
val brains and mouse embryonic fibroblasts (MEFs), respec-
tively. Prss12 encodes the serine protease neurotrypsin, which
cleaves the heparan sulfate proteoglycan agrin. Teq/neurotryp-
sin is of particular interest as a presenilin target given its likely
role in memory and cognition. Specifically, Teq mutants in Dro-
sophila have defects in memory formation, and neurotrypsin
itself has been implicated in processing of agrin, which is an
important synaptic component (14, 15) Finally, neurotrypsin
mutations in humans cause mental retardation (16). Mechanis-
tically, we found that in MEFs the presence of a mature y-secre-
tase complex, but not the autocatalytic endoproteolysis of
PSENT or the processing of well known y-secretase substrates,
is required to repress neurotrypsin and agrin cleavage. At the
chromatin level, we found that presenilins modulated the tran-
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scriptional and epigenetic state of the neurotrypsin promoter.
Specifically, presenilins prevented CREB/CBP binding to the
neurotrypsin promoter and induced a repressive epigenetic
state characterized by binding of MeCP2 in some instances.
Furthermore, we found that in Psen1/2 double KO (dKO) cells
GSK3 activity was required to maintain high levels of neuro-
trypsin expression. Intriguingly, we identified hundreds of
other promoters whose CREB occupation was also blocked by
the presence of presenilins. Altogether, we have uncovered a
novel strategy utilized by presenilins to regulate CREB-depen-
dent transcription via suppression of CREB binding to specific
promoters in the mouse genome. For Prss12/neurotrypsin, this
regulatory process had direct effects on the biological activity of
its encoded protein as measured by agrin cleavage.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Antibodies generated against
agrin (R132), neurotrypsin (G95), and amyloid precursor pro-
tein-like (APPL) as well as purified Wnt3a were described pre-
viously (15, 17, 18). The anti-a-tubulin (DM1A), anti-APP
(22C11) to detect full-length APP, anti-PSEN1 (MAB5232),
anti-GSK3 (07-1413), anti-actin (MAB1501), anti-H3K27me3
(07-449), anti-H3K4me3 (07-473), and anti-H3K9ac (07-352)
antibodies were purchased from Millipore. The anti-APP anti-
body to detect APP C-terminal fragment (CTF) was purchased
from Zymed Laboratories Inc./Invitrogen. The anti-nicastrin
(PA1758) antibody was purchased from Affinity Bioreagents.
The anti-N-cadherin (610920) and B-catenin (610153/4) anti-
bodies were purchased from BD Transduction Laboratories.
The anti-PSEN2 (2192) and anti-GSK3 phosphorylated at ser-
ine 9 (P-S9-GSK3pB) (9336) antibodies were purchased from
Cell Signaling Technology. APLP2 (171616) was purchased
from Calbiochem. The anti-CREB1 (C-21), anti-CBP (C-20,
451, A-22, and H-300), and anti-RNA polymerase (Pol) II
(H-224) antibodies were purchased from Santa Cruz Biotech-
nology. The anti-MeCP2 (M9317) antibody was purchased
from Sigma. The anti-H3K9me3 (ab8898) and anti-H3K27ac
(ab4729) antibodies were purchased from Abcam. The mouse
c¢DNA clone containing CMV-neurotrypsin was purchased
from Origene. The small interfering RNAs (siRNAs) for mouse
Mecp2 and mouse neurotrypsin were purchased from Dharma-
con. Compound E (565790) was purchased from Calbiochem
and dissolved in DMSO. Lithium chloride (LiCl) (5852) was
purchased from Mallinckrodt Baker. Factor XV (Santa Cruz
Biotechnology) and IWR (EMD Millipore) were dissolved in
DMSO.

Cell Culture and Treatments—Immortalized wild-type (con-
trol), Psenl/2 dKO, Psenl/2 dKO (+wild-type human PSEN1),
Psen1/2 dKO (+wild-type human PSEN1/2), Psenl/2 dKO
(+D257A human PSENI+wild-type PSEN2), Psen1/2 dKO
(+AE9 human PSENI), Psenl/2 dKO (+M146L human
PSENI), Psenl knock-out (KO), and Psen2 KO MEFs were
described previously (19, 20). An independent set of wild-type
(control) and Psen1/2 dKO lines also used have been described
(13). Nicastrin KO and corresponding wild-type control MEFs
were described previously (21). Transfections with plasmids or
siRNAs were performed using Lipofectamine 2000 (Invitrogen)
following the manufacturer’s instructions. Drug concentration
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and exposure time are indicated in corresponding figure
legends.

Drosophila Stocks—Flies were reared in standard Drosophila
medium at 25 °C. Drosophila stocks psn’*? and controls Ore-
gon R (OrR) were from Bloomington. The psn’* allele contains
a short genomic deletion that removes amino acids 136 —224 of
presenilin (Psn) (22). This stretch of amino acids contains the
transmembrane (TM) domains TM2, TM3, and TM4. It was
shown previously that this deletion prevents the generation of
Notch intracellular domain (22) and similarly induces strong accu-
mulation of APPL CTF (Fig. 1A, right panel). Drosophila UAS-
Psn lines and expression of the transgene were induced by
Appl©™™* as reported previously (23).

Mouse Strains—Tg-A246EPSENI®™ mice expressing the
A246E human PSENI mutation under the prion protein (PrP)
promoter and maintained in a C57/BL/6] background were
described previously (24). Transgenic mice were hemizygous
with respect to the mutation. Nontransgenic littermates served
as controls. Brain samples from neurotrypsin-deficient mice
expressing a truncated form of murine neurotrypsin lacking the
proteolytic domain and from mice overexpressing human neu-
rotrypsin under the thymus cell surface antigen-1 (Thy-1) pro-
moter (Tg-PRSS12™ ') and corresponding controls were gen-
erously provided by Dr. Sonderegger (15, 25). Brain samples
from embryonic day 15 Psenl, and postnatal day 11 Psen2 KO
mice were provided by Dr. Strooper (13) and Jayadev et al. (26),
respectively.

Gene Expression Quantification—Total RNA was extracted
from a pool of 5-10 third instar Drosophila larval brains, MEFs
cells, or mouse dissected hippocampus using the RNeasy kit
(Qiagen) or PARIS kit (Ambion). RNA was subjected to DNase
I digestion using the TURBO DNA-free kit (Ambion). Reverse
transcription was performed with SuperScript First Strand
¢DNA (Invitrogen). Real time quantitative PCRs (RT-qPCRs)
were performed on an Applied Biosystems 7300 real time PCR
system using FastStart Universal SYBR Green Master (Roche
Applied Science). All primers used in this study were checked
for nonspecific genomic cross-reactivity using UCSC Genome
Browser PCR tool, and single band amplification was checked
by a 1.2% agar, ethidium bromide gel. Primer sequences can be
provided upon request.

Chromatin Immunoprecipitation (ChIP) and ChIP Coupled
with Next Generation Sequencing (ChIP-seq)—ChIP and ChIP-
seq assays were carried out and analyzed as described previ-
ously (27, 28). Primer sequences used in these assays can be
provided upon request. ChIP-seq data sets for H3K4me3 and
RNA Pol II were reported previously (29, 30). The ChIP-seq
data have been deposited in the NCBI Gene Expression
Omnibus.

Immunoblots—Proteins were extracted using the PARIS kit
(Ambion) following the manufacturer’s instructions. Equal
amounts of cell extracts were loaded on 4-12% gradient
NuPAGE Bis-Tris precast gels (Invitrogen), transferred to
nitrocellulose (Whatman Protran) or PVDF Immobilon-FL
membranes (Millipore), and immunoblotted with correspond-
ing primary antibodies followed by HRP- or infrared (IR) dye-
conjugated secondary antibodies. Pierce ECL Western blotting
substrate, SuperSignal West Dura extended duration substrate,
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or SuperSignal West Femto Maximum Sensitive substrate
(Thermo Scientific) was used as needed to detect the signal.
IRDye-immunoreactive bands were scanned and quantified
using Odyssey infrared imaging system (Li-Cor) following the
manufacturer’s instructions.

Gene Ontology Analysis—Functional annotations were
obtained with Genomic Regions Enrichment of Annotations
Tool, or GREAT (31). As “test regions,” we used the chromo-
some location of each identified CREB site. As settings, we used
the default “basal plus extension” rules adjusting the distal dis-
tance to up to 5 kb and the whole mouse genome as back-
ground. GREAT annotations and p values for the three classes
were downloaded and visualized with Microsoft Excel.

Statistical Analysis—All results are given as mean = S.E. and
were obtained from at least three biological experiments. Two-
tailed unpaired Student’s £ test was used to determine statistical
differences between two groups of data. p < 0.05 was consid-
ered to be statistically significant.

RESULTS

Presenilin Inhibits Expression of Teq and Its Mammalian
Ortholog Neurotrypsin—In a genome-wide expression analysis
(data not shown), we discovered that Teq might be a presenilin-
dependent gene in Drosophila larval brains. Drosophila con-
tains a single Psn gene as well as ortholog/homolog genes for
each of the other core components of the y-secretase complex
(32-34). To test whether Teq expression is modulated by pre-
senilin, we used larval brains carrying the loss-of-function pre-
senilin mutant psn’*? (see “Experimental Procedures”). These
brains exhibit low Psn expression (Fig. 1A, left panel) and
reduced y-secretase activity as shown by robust accumulation
of the APPL C-terminal fragments (Fig. 14, right panel). RT-
qPCR analysis revealed ~3.5-fold Teg mRNA up-regulation
compared with wild-type brains (Fig. 1B). Conversely, brains of
Psn-overexpressing larvae (Fig. 1C, left panel) showed no
changes in APPL CTF (Fig. 1C, right panel), and exhibited
~45% Teq mRNA down-regulation when compared with con-
trol (Fig. 1D). Thus, presenilin is a negative regulator of Teq
expression in vivo in Drosophila larval brains.

The proposed mammalian ortholog of Teq is Prss12 (also
known as neurotrypsin or motopsin (14)), a serine protease
recently reported to cleave the heparan sulfate proteoglycan
agrin (15). To test whether neurotrypsin expression is modu-
lated by presenilins, we assessed whether neurotrypsin is up-
regulated in Psenl KO mouse brains. Psenl deficiency resulted
in accumulation of APP CTFs in embryonic day 15 brains (Fig.
1E, left panel). However, we did not observe significant changes
in neurotrypsin mRNA expression when compared with wild-
type littermates (Fig. 1E, right panel). Similarly, Psen2 KO
brains (Fig. 1F) exhibited no changes in neurotrypsin expres-
sion when compared with age-matched wild-type brains (Fig.
1F, right panel). Similarly, no neurotrypsin up-regulation was
observed in MEFs derived from Psenl- or Psen2-deficient mice
(data not shown). However, we found reduced neurotrypsin
expression in the hippocampi of mice overexpressing the famil-
ial Alzheimer disease (FAD) human PSENI mutation A246E
(Fig. 1G; see also Fig. 2D). These findings suggest that although
Psenl or Psen2 single deficiencies are insufficient to induce
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FIGURE 1. Presenilins negatively regulate expression of neurotrypsin and its Drosophila ortholog Teq. A, relative mRNA expression of Psn measured by
RT-gPCR (left panel) and protein levels of full-length APPL (APPL FL), APPL CTFs, and tubulin measured by Western blot (right panel) in OrR (wild-type) and
Psn-deficient (psn’#®) third instar Drosophila larval brains (n = 3 pools of 10 brains each). B, as in A (left panel) but Teqg mRNA expression. C, as in A but App/®*+*
(control) and Psn-overexpressing (Psn®€) brains. D, as in B but App/°** (control) and Psn-overexpressing (Psn®’) brains. E, left panel, Western blot analysis of
APP CTFs, full-length APP (APP FL), PSEN1 CTF, mature (m.) and immature (im.) nicastrin, and tubulin as loading controls of whole mouse brains from embryonic
day 15 Psen1 KO and wild-type (WT) littermates. Right panel, Tbp-normalized neurotrypsin mRNA expression from the same samples. F, left panel, Western blot
analysis of PSEN2 CTF, PSEN1 CTF, APP CTFs, and tubulin as loading controls of whole brains from postnatal day 11 Psen2 KO and aged-matched wild-type (WT)
mice. Right panel, Tbp-normalized neurotrypsin mRNA expression from the same samples as in the left panel. G, Tbp-normalized neurotrypsin mRNA expression
in hippocampi from postnatal day 14 transgenic mice overexpressing human A246E PSEN1 (Tg-A246E PSEN17), and wild-type (WT) littermates. H, RT-qPCR
analysis of Tbp-normalized neurotrypsin mRNA expression in wild-type, Psen1/2 dKO, and Psen1/2 dKO (+hPSEN1/2) cells. I, Western blot analysis of full-length
APP (APP FL), APP CTFs, mature (m.) and immature (im.) nicastrin, full-length N-cad (N-cad FL), and N-cad/CTF1 (left panel) and PSEN1 CTF, PSEN2 CTF, and
tubulin (right panel) from the same cells as in H. Samples were run in the same gel but were cut and pasted to adjust to layout of panel. All experiments shown
in this figure were triplicates (n = 3) except Psen2 KO (n = 2). Representative Western blots are displayed. Mean = S.E. is shown. p values are shown when

significant (Student's t test): ***, p < 0.001. n.s., not significant. Error bars represent S.E.

neurotrypsin up-regulation in mouse brains, PSEN1 overex-
pression and/or expression of an FAD PSEN1 mutation
represses neurotrypsin expression. We then tested the double
Psenl and Psen2 deficiency in MEFs and observed a >50-fold
up-regulation of neurotrypsin expression when compared with
wild-type cells (Fig. 1H). Similar results were obtained in a dif-
ferent set of wild-type and Psen1/2 dKO MEFs (data not shown;
see “Experimental Procedures”). To unambiguously associate
this effect to the combined absence of Psen1/2, we tested neu-
rotrypsin expression in Psenl/2 dKO MEFs in which wild-type
human PSEN1 (hPSENI) and hPSEN2 were simultaneously
reintroduced. These conditions restored the well known
PSEN1-dependent y-secretase activities that were abrogated in
Psenl/2 dKO cells, including nicastrin maturation and process-
ing of APP CTFs and N-cad/CTF1 (Fig. 11, PSENI activities).
The rescue also strongly reduced neurotrypsin expression close
to wild-type/basal levels (Fig. 1H). Together, these results sug-
gest that as with its ortholog in flies neurotrypsin expression is
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negatively regulated by presenilins and that removal of both
presenilin forms is required to induce neurotrypsin expression.

Unfortunately, we could not complement these results by
detecting neurotrypsin protein using multiple available anti-
bodies. Because we were able to detect neurotrypsin in cells
exogenously overexpressing neurotrypsin (data not shown), we
suspect that although relatively up-regulated in Psen1/2 dKO
cells the levels of up-regulation are still below the detection
range of our Western blot conditions. Therefore, to assess
whether altering levels of neurotrypsin expression via preseni-
lins has a functional impact, we tested presenilin-dependent
effects on agrin cleavage, which is the only neurotrypsin-depen-
dent proteolytic activity reported to date (15). Neurotrypsin
cleaves agrin at two sites (a and f3) to generate two fragments,
~90 (agrin-90) and ~22 kDa (agrin-22) (Fig. 24, left path, and
Ref. 15). Agrin is mainly known in a neuronal context; however,
we found that MEFs endogenously expressed and secreted full-
length agrin, which can be detected in conditioned medium as a

JOURNAL OF BIOLOGICAL CHEMISTRY 35225



Presenilins Control Neurotrypsin Expression

IS
A B c & &
e
5 Q
& 8
$ E mwT
SEA domain WT cells Agrin-00 e - 3\@ . Tg-A246E PSEN1PP
N
¢ Empty vector + - — & Agri
) tin-90
aginFL_¥ f CMV-Neurotrypsin = Tubuin | e e - ég?‘ i3 9
T :
N
neurotrypsin o / \SEA? agrin FL | . ' £ N & *x
i B Agrin-g0 | S5 F 5%
- - agrin-110_| o _ 97kDa grin g
agrin-110 agrin-110 X e - i o
/\ﬁneurotrypsf/y\ agrin-90 Tubulin | e—— 2 04
[
i Jo ) in- - =
agrin-90 agrin-22 agrin-90 agrin-22 agrin-22 17kDa PSEN1 CTF | — 00
E F W siControl Agrin-90 Agrin-22
W siNeurotrypsin agin-110
) | agrin- 22
Neurotrypsin Agrin agrin-90
Psen1/2 dKO < 12 = 120
— Rt 512 B " —
WHPSENT - - 4 3 g 2 E .::Ngmrypsn
= o > > i1
+hPSEN2 - - 4 Zos Zos = 8 = 8
agrin-110 = = ] 2
agrin-90 5o4 04 2 40 2 40
. 22 % koK 5 .g ﬁ
agrin- = ] 3 5
€ 0o & 0o o =

FIGURE 2. Presenilin-dependent changes in neurotrypsin expression impact neurotrypsin-dependent cleavage of agrin. A, scheme of neurotrypsin-de-
pendent and potential alternative neurotrypsin-independent and SEA-dependent agrin proteolytic fragmentation pathway. B, Western blot analysis of
full-length agrin (agrin FL) and proteolytic fragments in conditioned medium from wild-type MEFs transfected with an empty CMV vector or CMV-neurotrypsin-
expressing vector. Full-length agrin and agrin proteolytic fragments of ~110 (agrin-110), ~90 (agrin-90), and ~22 kDa (agrin-22) are indicated. C, Western blot
analysis showing agrin-90 and tubulin as a loading control in brain samples from wild-type (WT) mice, neurotrypsin-deficient mice (Prss12 def.), and mice
overexpressing neurotrypsin (Tg-PRSS12™). D, left panel, Western blot analysis showing agrin-90, tubulin as loading control, and PSEN1 CTF in brain samples
from postnatal day 14 WT mice, transgenic mice overexpressing the FAD-associated A246E PSENT mutation (Tg-A246E PSEN17P). Right panel, RT-qPCR analysis
of Tbp-normalized neurotrypsin mRNA expression from the same samples. £, Western blot analysis of agrin fragmentation in conditioned medium from
wild-type, Psen1/2 dKO, and Psen1/2 dKO (+hPSEN1/2) cells. F, RT-qPCR analysis of Tbp-normalized neurotrypsin and Agrn mRNA expression in control siRNA
(siControl)- and neurotrypsin siRNA (siNeurotrypsin)-treated Psen1/2 dKO cells (n = 3, mean = S.E.). G, top panels, Western blot analysis of conditioned medium
from the same cells as in F to detect agrin-90 and agrin-22 proteolytic fragments. Bottom panels, quantification of agrin-90 and agrin-22 levels from triplicate
experiments (n = 3, mean = S.E.). All experiments shown in this figure were at least done in triplicate (n = 3). Mean = S.E. is shown. p values relative to
control/wild type are shown when significant (Student’s t test): **, p < 0.01; ***, p < 0.001. Representative Western blots are shown in each panel. Error bars

represent S.E.

smear of bands of ~250 kDa (Fig. 2B, agrin FL). Exogenous
expression of neurotrypsin induced accumulation of agrin-90
and agrin-22 in conditioned medium but reduced levels of full-
length agrin (Fig. 2B), which suggests that endogenous agrin is
accessible to cleavage by neurotrypsin and that neurotrypsin
activity can be monitored in these cells. We also observed an
agrin band of ~110 kDa (Fig. 2B, agrin-110) potentially gen-
erated from single neurotrypsin-dependent cleavage at the
a-site (Fig. 2A, left path, agrin-110) as reported in other cells
(15). However, agrin-110 might also be generated by neurotrypsin-
independent mechanisms as for instance an endoproteolytic
cleavage at the sea urchin sperm protein, enterokinase, and
agrin (SEA) domain (Fig. 24, right path, and Ref. 35). Thus, to
unambiguously monitor neurotrypsin-dependent agrin cleav-
age, we focused our analysis on agrin-90 and/or agrin-22 (Fig.
2A, right path, agrin-90 and agrin-22). In agreement and con-
firming neurotrypsin specificity, levels of agrin-90 were unde-
tectable in brain samples from neurotrypsin-deficient mice
(Fig. 2C, Prss12 def.), whereas they were increased in neuro-
trypsin-overexpressing mice compared with wild type (Fig. 2C,
Tg-PRSS12™). In hippocampi of FAD PSEN1-overexpressing
mice, we found that reduced neurotrypsin expression (Fig. 1G)
resulted in lower levels of agrin-90 (Fig. 2D). Similarly as for
neurotrypsin expression, we found elevated amounts of both
fragments in conditioned medium derived from Pseni/2 dKO
cells (Fig. 2E). These fragments were drastically reduced in
Psenl/2 dKO rescued with hPSEN1/2 (Fig. 2E). To further con-
firm that agrin fragment accumulation in Psen1/2 dKO cells is
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mediated by a neurotrypsin-dependent activity, we knocked
down neurotrypsin expression by siRNA in these cells (Fig. 2F).
Under these conditions, accumulation of agrin fragments was
strongly reduced without affecting the levels of Agrn expression
(Fig. 2, F and G), which confirms neurotrypsin dependence for
formation of agrin fragments in these cells. Taken together,
these data suggest that presenilin-dependent changes in
neurotrypsin RNA expression in cultured cells and in vivo
may have an impact on the production of the active protease
as measured by accumulation of agrin fragments.

An Active and Mature y-Secretase Complex Is Required to
Repress Neurotrypsin—To investigate the underlying mecha-
nisms involved in presenilin-dependent regulation of neuro-
trypsin expression and function, we focused on MEFs as a
model system. To test whether y-secretase activity is required
to regulate neurotrypsin expression, we treated wild-type cells
with the commonly used +y-secretase inhibitor, Compound E.
After 24 h of treatment with Compound E (0.5 um), efficient
inhibition of y-secretase activity was supported by robust accu-
mulation of APP, APLP2, and N-cad/CTF1 (Fig. 3A4), but treat-
ment had no significant effect on neurotrypsin expression or
accumulation of agrin-90 (Fig. 3B). Different concentrations
(0.1 and 3 uMm) and longer exposure times (48 and 72 h) with
Compound E also showed no significant effects on accumula-
tion of agrin-90 (data not shown). Although these results may
suggest a y-secretase-independent mechanism to regulate neu-
rotrypsin expression, previous studies revealed that drug inhib-
itors of y-secretase are not necessarily equally efficient in block-
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FIGURE 3. The y-secretase complex, but not its proteolytic activity, controls neurotrypsin expression and activity. A, Western blot analysis showing APP,
N-cad, and APLP2 full length (FL) and corresponding CTFs in wild-type cells treated with DMSO (vehicle) or 0.5 um Compound E (CE) for 24 h. Tubulin is shown
asaloading control. B, RT-gPCR analysis of Tbp-normalized neurotrypsin mRNA expression in wild-type cells treated as in A (top panel) and Western blot analysis
of agrin-90 in conditioned medium analyzed (bottom panel) using the same cells as in A. C, Western blot analysis of Psen1/2 dKO (+hPSEN1/2) or Psen1/2 dKO
(+hPSENT D257A/hPSEN2) cells to detect PSENT CTF, PSENT full length (FL), APP full length, APP CTF, N-cad full length (FL), N-cad/CTF1, and mature (m.) and
immature (im.) nicastrin. Tubulin is shown as a loading control. D, RT-gPCR analysis of Tbp-normalized neurotrypsin mRNA expression (top panel) and Western
blot analysis of agrin-90 (bottom panel) in conditioned medium from the same cells as in C. E, Western blot analysis of wild-type (WT) and nicastrin KO cells of
mature (m.) and immature (im.) nicastrin, APP full length (FL), APP CTF, N-cad full length, and N-cad/CTF1. Tubulin is shown as a loading control. F, RT-qPCR
analysis of Tbp-normalized neurotrypsin mRNA expression (top panel) and Western blot analysis of agrin-90 in conditioned medium (bottom panel) from the
same cells asin E. G, Western blot analysis of Psen1/2 dKO and Psen1/2 dKO cells rescued with AE9 mutant hPSENT to detect PSENT full length (FL), CTF, APP full
length, APP CTF, mature (m.) or immature (im.) nicastrin, N-cad full length (FL), N-cad/CTF1, and tubulin as loading control. Both samples were run in the same
gel but were cut and pasted to adjust to layout of figure. APP full length (FL) Western blot for Psen1/2 dKO sample shown in this panel is the same as the one
displayed in Fig. 1/ because samples were run in the same gel. H, RT-qPCR analysis of Tbp-normalized neurotrypsin mRNA expression and Western blot analysis
of conditioned medium to detect agrin fragments from cells as in G. Both samples were run in the same gel but were cut and pasted to adjust to layout of figure.
All experiments shown in this figure were triplicates (n = 3). Mean = S.E. is shown. p values are shown when significant (Student'’s t test): ***, p < 0.001. Error
bars represent S.E.

ing all y-secretase-dependent activities (36 —38). Therefore, to
unambiguously test whether <y-secretase is involved in this
process, we took advantage of the catalytically dead D257A
hPSENI mutant, which is unable to undergo autocatalytic
endoproteolytic cleavage and unable to form a mature high
molecular weight active <y-secretase complex (39, 40). As
expected, unlike reintroduction of wild-type hPSEN1/2, rein-
troduction of D257A hPSENI and wild-type hPSEN2 into
Pseni/2 dKO cells showed no detectable PSEN1 CTFs or
mature nicastrin (Fig. 3C). Also, this mutant, unlike wild type,
was unable to restore PSEN1-dependent activities, including
cleavage of y-secretase substrates APP CTFs and N-cad/CTF1
(Fig. 3C) as well as repression of neurotrypsin and agrin cleav-
age (Fig. 3D). Therefore, these results suggest that an active
form of PSEN1-containing y-secretase complex is required to
repress neurotrypsin expression and function. If this is true, we

asEve
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also expect that cells lacking nicastrin, another core component
of the +y-secretase complex required for normal vy-secretase
complex formation and activity, should show neurotrypsin up-
regulation in MEFs. To test this hypothesis, we used nicastrin
KO cells, which contain PSEN1 and PSEN2 that cannot be
endoproteolytically cleaved or form a mature and active
y-secretase complex (21) (Fig. 3E). As expected, processing of
y-secretase substrates of APP CTFs and N-cad/CTF1 was
impaired in these cells as supported by robust accumulation of
these fragments (Fig. 3E and Ref. 21). Also in agreement with
our prediction, nicastrin KO cells exhibited abnormally ele-
vated neurotrypsin expression and agrin cleavage (Fig. 3F).
Together, these data suggest that it is not the lack of PSEN1 or
PSEN2 per se but either the impaired formation of a mature
active y-secretase complex or the impaired endoproteolytic
cleavage of presenilins that leads to increased neurotrypsin
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FIGURE 4. Psen1/2 dKO-dependent hyperactivation of GSK3 contributes to neurotrypsin up-regulation and enhanced activity. A, Western blot analysis
of P-59-GSK3B and total GSK3Bin WT, Psen1/2 dKO, and Psen1/2 dKO cells rescued with hPSEN1/2 or catalytically inactive D257A hPSENT and wild-type hPSEN2.
Samples were run in the same gel but were cut and pasted to adjust the order of lanes displayed in this panel. B, Western blot analysis of B-catenin and actin
levelsin cellular lysates and agrin-90 and agrin-22 in conditioned medium from Psen1/2 dKO cells treated for 24 h with 50 mm LiCl or vehicle (left panel). RT-qPCR
analysis of Tbp-normalized neurotrypsin (middle panel) and Agrn (right panel) mRNA expression from the same samples is shown. C, as in B but treated for 24 h
with 0.1 um factor XV or vehicle. D, as in B but treated for 24 h with purified Wnt3a and DMSO (vehicle) or Wnt3a and 1 um IWR (IWR). All experiments shown in
this figure were triplicates (n = 3). Representative Westerns are shown. Mean = S.E. is shown. p values relative to control/wild type are shown when significant
(Student's t test): **, p =< 0.01; ***, p < 0.001. n.s., not significant. Error bars represent S.E.

expression and agrin cleavage in Psen1/2 dKO cells. To distin-
guish between these two possibilities, we took advantage of AE9
hPSENI, an FAD-associated PSEN1 mutation that results in a
truncated form of PSEN1 unable to be endoproteolytically
cleaved but still able to form a high molecular weight and active
y-secretase complex (41). Reintroduction of AE9 hPSENI in
Psenl/2 dKO cells, even at low levels, efficiently restored APP
and N-cadherin processing and nicastrin maturation as
reported previously (Fig. 3G and Ref. 42). Furthermore, this
mutant was able to robustly reverse neurotrypsin up-regulation
induced by the double Psen1/2 deficiency (Fig. 3H). Together,
these results suggest that it is the formation of a mature y-secre-
tase complex, rather than endoproteolytic cleavage of PSEN1 or
the proteolytic processing of well known y-secretase substrates
(i.e. APP CTFs, APLP2 CTF, and N-cad/CTF1), that is required
to repress neurotrypsin expression and activity.

GSK3 Is Involved in the Control of Neurotrypsin Expression—
To identify molecules that bridge transmembrane presenilins
to downstream effects regulating the expression of neurotryp-
sin; we focused on the serine/threonine kinase GSK3, whose
activity can be modulated by presenilins (19). Psen1/2 dKO cells
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exhibit “hyperactivation” of GSK3 as measured by lower levels
of the inactive P-S9-GSK3 (Fig. 4A) (19). Interestingly, we
found that as for neurotrypsin expression and levels of agrin
cleavage the low levels of P-S9-GSK3 observed in Psen1/2 dKO
cells could be rescued by the reintroduction of hPSEN1/2 but
not by reintroduction of D257A hPSEN1 in combination with
hPSEN?2 (Fig. 4A). Therefore, we next tested whether GSK3
hyperactivation is directly involved in neurotrypsin up-regula-
tion in Pseni/2 dKO cells.

As expected, inhibition of GSK3 activity in Psen1/2 dKO cells
by either the GSK3 inhibitor LiCl or Factor XV led to accumu-
lation of the GSK3 substrate B-catenin (Fig. 4, B and C, left
panels) (43—45). Significantly, it also attenuated neurotrypsin
up-regulation and agrin cleavage (Fig. 4, B and C, left and mid-
dle panels) without altering the levels of Agrn mRNA (Fig. 4, B
and C, right panels). To determine whether the GSK3 activity
associated with Wnt/B-catenin canonical signaling is also
involved in regulation of neurotrypsin expression, we treated
Pseni/2 dKO cells with purified Wnt3a, which inhibits this
GSK3-dependent pathway (18). As expected, it induced accu-
mulation of B-catenin (Fig. 4D, left panel) as well as attenuation
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of neurotrypsin up-regulation and attenuation of accumulated
agrin-90 with no obvious changes in agrin-22 or Agrn expres-
sion (Fig. 4D). Co-incubation of Wnt3 and the Wnt inhibitor
IWR, known to stabilize the B-catenin destruction complex
(46), partially reversed the Wnt3 effect on B-catenin accumu-
lation and the negative effect on neurotrypsin expression and
agrin cleavage (Fig. 4D, left and middle panels). Thus, these
results suggest that GSK3 activity specifically associated with
the Wnt/B-catenin pathway contributes to some extent to
induce neurotrypsin expression and its activity in Psenl/2 dKO
cells. In sum, our results establish both Wnt-dependent and
-independent GSK3 signaling as intermediate regulators of the
induction of neurotrypsin expression when presenilins are
absent.

To determine whether GSK3 hyperactivation per se is suffi-
cient to induce neurotrypsin expression and activity in wild-
type cells, we inhibited Akt/PKB and PKC activities, which are
known to phosphorylate GSK3 at the Ser-9 residue in other
cells (47, 48). We found PKC, but not Akt/PKB, to efficiently
reduce P-S9-GSK3 levels in wild-type MEFs (data not shown);
however, no parallel induction of neurotrypsin expression was
observed (data not shown). Therefore, these experiments sug-
gest that although GSK3 is required to maintain induced neu-
rotrypsin expression in the absence of presenilins increasing
GSK3 activity per se in wild-type cells (via inhibition of PKC) is
not sufficient to induce neurotrypsin expression.
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Presenilins Control the Transcriptional and Epigenetic State
of the Neurotrypsin Promoter—To test whether increased levels
of neurotrypsin expression in Pseni/2 dKO cells parallel
changes in the transcriptional and epigenetic state of the neu-
rotrypsin promoter under each condition, we first surveyed the
genomic sequence surrounding the transcriptional start site
(TSS) of this promoter. We identified multiple imperfect bind-
ing sites for the transcription factor CREB (49). Intriguingly, we
also observed a long GC-rich region containing numerous CpG
dinucleotides, which may act as binding sites for the repressive
MeCP2 (50, 51), or the transcription factor specificity protein 1
under repressed and active conditions, respectively (e.g. Ref.
52). To test these predictions, we performed ChIP assay in wild-
type, Psenl/2 dKO, and Psen1/2 dKO (+hPSEN1/2) cells focus-
ing on genomic regions around the neurotrypsin TSS (Fig. 54,
locus scheme, B-I) and compared them with genomic regions
farther away from TSS that most likely would lack binding of
proteins tested and would serve as negative controls (Fig. 54,
locus scheme, A, /, and K). Intriguingly, we observed CREB
binding around the neurotrypsin TSS exclusively in Psen1/2
dKO cells, correlating with induced neurotrypsin expression in
these cells (Fig. 54, CREB panel). We observed Sp1 recruitment
in wild-type and Pseni/2 dKO cells (Fig. 54, SpI panel), and
MeCP2 binding was detected primarily in double rescued
Pseni/2 dKO cells, correlating with reduced neurotrypsin
expression in these cells (Fig. 54, MeCP2 panel). In correlation
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with neurotrypsin up-regulation, we observed the strongest
recruitment of RNA Pol II and CREB coactivator CBP in
Pseni/2 dKO cells (Fig. 54, RNA Pol II and CBP panels). Like-
wise, highly elevated levels of CBP-mediated histone post-
translational marks (acetylation of histone 3 at lysine 9
(H3K9ac) and lysine 27 (H3K27ac); Ref. 53) were observed at
the neurotrypsin promoter in these cells (Fig. 54, H3K9ac and
H3K27ac panels). Also in correlation with reduced neurotryp-
sin expression, we observed repressive marks H3K9me3 and
H3K27me3 in double rescued and wild-type cells, respectively
(Fig. 5A, H3K9me3 and H3K27me3 panels). Levels of
H3K4me3, which serves as a valuable indicator of transcrip-
tionally active or poised promoters (29), were observed in all
three conditions with the strongest levels in Psen1/2 dKO cells
in correlation with their up-regulated neurotrypsin expression
(Fig. 5A, H3K4me3 panel). These results suggest the existence
of two inactive epigenetic states and one active epigenetic state
of the neurotrypsin promoter. The two inactive states
(H3K27me3-positive in wild-type cells and H3K9me3/MeCP2-
positive in PSEN1/2 double rescued cells) coincide with the
presence of presenilins, whereas the active state (H3K4me3-
H3K9/27ac/CREB/CBP/RNA Pol Il-positive) coincided with
the absence of presenilins. Together, these results suggest that
neurotrypsin is a target for CREB and MeCP2 and that the
presence/absence of presenilins determines the transcriptional
and epigenetic states of the neurotrypsin promoter in MEFs.

If MeCP2 binding, rather than suppression of CREB/CBP
recruitment in double rescued cells, is responsible for switching
from the active to the inactive state in these cells, we would
predict that reducing MeCP2 in PSEN1/2-rescued cells would
be sufficient to induce neurotrypsin up-regulation. To test this,
we treated double rescued cells with Mecp2 siRNA. We found
that efficient MeCP2 reduction induced only modest neuro-
trypsin up-regulation (Fig. 5B). This finding suggests that
CREB/CBP binding to the neurotrypsin promoter might be the
main determinant of the active state found in Psen1/2 dKO cells
responsible for neurotrypsin up-regulation.

Presenilins Contribute to Defining the Pattern of CREB Bind-
ing in the Mouse Genome—CREB is generally bound constitu-
tively to gene promoters in an inactive form, which upon phos-
phorylation (stimulation) recruits cofactor CBP and activates
transcription of downstream associated genes (54). However,
the underlying mechanisms regulating the actual binding of
CREB to the genome are largely unknown. Our findings suggest
that presenilin might be an upstream regulator controlling
CREB recruitment as observed in the neurotrypsin promoter.
To investigate whether CREB recruitment to other promoters
in the genome is similarly regulated by presenilins, we per-
formed ChIP-seq of CREB in Psenl/2 dKO and Psenl/2 dKO
cells rescued with hPSEN1/2. H3K4me3 is a good indicator of
promoter regions in the genome (29) as also shown here (Fig.
4A, H3K4me3 panel). Thus, we matched the two CREB ChIP-
seq data sets with a published map of H3K4me3 in wild-type
MEFs (29) to help identify promoter regions. We detected more
than 6,000 CREB peaks associated with H3K4me3-positive
regions (n = 6,011), which show less than a 4-fold CREB inten-
sity difference between both genotypes (Fig. 6B). These pro-
moters include known CREB targets such as c-Fos and Brcal,
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and we defined them as Class I promoters (Fig. 6, A, top two
panels, and B, Class I promoters). We also observed a second
class of H3K4me3-marked promoters (n = 2,456) that show a
>4-fold CREB signal in double rescued when compared with
Psen1/2 dKO cells (Fig. 6B, Class II promoters). Finally, we con-
firmed our findings of CREB binding within a short range of the
neurotrypsin TSS exclusively in Psenl/2 dKO cells (Fig. 64,
middle panel). More importantly, we identified an additional
set of H3K4me3-marked promoters where CREB peaks were
exclusively detected in Pseni/2 dKO cells (n = 405 sites), e.g.
Zfp459 and Cxcr6 (Fig. 6, A, bottom two panels, and B, Class 111
promoters). Some of these peaks were validated by conven-
tional ChIP (Fig. 6C).

To further characterize Class III promoters, we matched the
three classes of CREB-occupied promoters with available RNA
Pol IT ChIP-seq data from wild-type MEFs (30). Although Class
I and II promoters contain high levels of RNA Pol II and
H3K4me3, likely revealing their transcriptionally active state
(Fig. 6B, Class I and Class II, RNA Polll and H3K4me3 panels),
Class III promoters were essentially negative for RNA Pol Il and
poorly enriched in H3K4me3 in wild-type cells, thus likely rep-
resenting transcriptionally inactive promoters (Fig. 6B, Class
III, RNA Polll and H3K4me3 panels). These observations agree
with our ChIP data in Fig. 5 showing barely detectable RNA Pol
II recruitment and lower H3K4me3 intensity at the neurotryp-
sin promoter in PSEN1/2-rescued and wild-type cells when
compared with Pseni/2 dKO cells (Fig. 54, RNA Polll and
H3K4me3 panels). Together, these results suggest that CREB
recruitment to most CREB gene targets in MEFs (Class I and II
promoters) is unaffected by presenilins. However, for a signifi-
cant subset of mouse promoters (Class III), presenilins appear
to prevent CREB recruitment to their promoters. Finally, func-
tional analysis based on annotated gene ontology and other
databases (see “Experimental Procedures”) reveals that the
repertoire of genes associated with Class II and III promoters
are predicted to be functionally linked to embryonic lethality
and developmental defects and appear to be highly expressed in
neuronal tissues. Overall, our data suggest that presenilins may
induce CREB signaling to a subset of genes (Class II promoters)
and suppress the existence of a specific repertoire of CREB
binding sites (Class III promoters) in MEFs that includes the
neurotrypsin promoter. These findings suggest a potential
physiological relevance of this presenilin-dependent regulatory
process because these promoters are linked to genes involved in
the control of embryogenesis and neuronal functions.

DISCUSSION

Presenilins facilitate multiple normal cellular processes,
including transcriptional regulation, often via their associated
y-secretase activity. Some or all of these activities may be
altered in Alzheimer and other diseases by mutation or modu-
lation of presenilins. Here, we identify Prss12/neurotrypsin and
its Drosophila ortholog Teq as new genes negatively regulated
by presenilins in neuronal tissues ix vivo and in cultured MEFs.
The finding that Teg/neurotrypsin is regulated by presenilins is
of particular interest given the likely role of presenilins in
Alzheimer disease and thus in memory and cognition. This
potential role is strengthened by the finding that Teq mutants in
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(dark green results from overlapping signals derived from both cells). The ChIP-seq signal (tags), annotated genes, and genomic scale for each image are shown.
B, distribution of CREB ChlIP-seq signal within =3-kb windows around ChlP-seg-identified CREB sites. ChIP-seq data aligned with respect to the center of the
CREB site (left top panels) identified in Psen1/2 dKO cells or identified in Psen1/2 dKO (+hPSEN1/2) cells (left middle and bottom panels). Three classes of CREB
binding sites were identified by ChIP-seq: Class | (left top panel), “non"-affected by presenilins (change =4-fold; n = 6,011); Class Il (left middle panel), promoted/
enhanced by the presence of presenilins (change >4; n = 2,456); and Class lll (left bottom panel), suppressed by the presence of presenilins (change >4; n =
405). Right panels depict the distribution of H3K4me3 and RNA Pol Il ChIP-seq signals within =3-kb windows around CREB sites in wild-type cells (29, 30). C,
relative occupancy of CREB1 determined by ChlIP analysis around the indicated loci and compared with genomic control region A (see Fig. 4A, scheme) in
Psen1/2 dKO (gray columns) and Psen1/2 dKO + hPSEN1/2 (colored columns) cells. Error bars represent S.E. FDR, false discovery rate.

Drosophila have defects in memory formation (14) and by neu-
rotrypsin itself being implicated in processing of the synaptic
regulator agrin (15), which may be important in synapse mod-
ulation and/or maintenance (55). Finally, the finding that neu-
rotrypsin mutations in humans cause mental retardation (16)
further supports a role for the pathway we discovered leading
from presenilin to neurotrypsin as potentially playing a role in
normal cognition, which may fail in a variety of disease states.
To date, little is known about the mechanisms regulating the
expression of neurotrypsin or its orthologs. In situ studies show
that levels of neurotrypsin expression are dynamic in non-neu-
ronal and neuronal tissues in developing mice, suggesting roles
for neurotrypsin in morphogenesis of non-neuronal tissues as
well as in neuronal processes, such as synaptogenesis (56, 57).
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Our findings reveal that one aspect of neurotrypsin transcrip-
tion regulation can be traced to its promoter, which in wild-
type conditions belongs to a select group of so-called “bivalent”
promoters that are defined by the co-occurrence of H3K4me3/
H3K27me3 (58). Bivalent promoters frequently control line-
age-specific and cell fate genes by being developmentally poised
for activation (58). As described in more detail below, our data
suggest a model in which presenilins control neurotrypsin
expression by preventing CREB/CBP binding to the neurotryp-
sin promoter and by maintaining an inactive epigenetic state of
its promoter (Fig. 7). Consequently, lack of presenilins induces
CREB/CBP/RNA Pol II recruitment to the neurotrypsin pro-
moter and induction of an active epigenetic state of the pro-
moter. Under these conditions, an aberrant increase in GSK3
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FIGURE 7. Model for presenilin-dependent regulation of neurotrypsin expression and activity. Wild-type MEFs expressing endogenous PSEN1/2 maintain
basal levels of neurotrypsin and neurotrypsin-dependent proteolytic activity (left panel). Under these conditions, Sp1 is recruited to the neurotrypsin promoter
(left panel). The simultaneous presence of repressive H3K27me3 and activating H3K4me3 defines neurotrypsin as a bivalent promoter (left panel). Upon
presenilin removal, CREB/CBP/RNA Pol Il join Sp1 at the neurotrypsin promoter, and repressive H3K27me3 is replaced by the activating H3K9/27ac marks
(middle panel). These epigenetic changes promote neurotrypsin expression and activity in these cells as shown by increased extracellular accumulation of the
neurotrypsin-dependent generated agrin-90 and agrin-22 fragments (middle panel). GSK3 activity is required for this regulatory shift and to maintain high
levels of neurotrypsin expression and activity in Psen1/2 dKO cells (middle panel). Previous reports showing that presenilins inhibit GSK3 activity and that GSK3
can phosphorylate and activate CREB together with our own data suggest that GSK3 might bridge the presenilins and regulation of neurotrypsin expression
via CREB modulation in Psen1/2 dKO cells (middle panel). When Psen1/2 dKO cells are rescued with hPSEN1/2, neurotrypsin expression and activity return to
basal levels via acquisition of a new repressive epigenetic state at the neurotrypsin promoter such that MeCP2 and the repressive H3K9me3 mark are recruited

to the neurotrypsin promoter (right panel).

activity is required to maintain high levels of neurotrypsin
expression. A functional consequence from changes in neuro-
trypsin expression likely is the proteolytic processing of agrin.
Although neurotrypsin activity and agrin proteolysis have been
mainly studied in neuronal systems (59, 60), neurotrypsin and
agrin are also expressed in non-neuronal tissues with unknown
functional consequences (57).

A Mature y-Secretase Complex but Not Its Proteolytic Activ-
ity Regulates Neurotrypsin Expression and Function—Preseni-
lin-regulated functions often rely on its y-secretase activity. It is
generally expected that treatment with y-secretase inhibitors
will mirror presenilin removal when assaying those presenilin
functions involving processing of y-secretase substrates. Our
study, however, shows that although removal of presenilins
strongly induced neurotrypsin expression and activity, phar-
macological inhibition of y-secretase activity in wild-type cells
did not mimic this effect. Similar results have been reported for
other presenilin-dependent functions. For instance, removal of
presenilins, but not pharmacological inhibition of y-secretase
activity, delays EGF receptor turnover and signaling and pro-
motes integrin-B1 maturation (20, 61). Our data rule out major
contributions of well known vy-secretase substrates, such as
APP, APLP2, and N-cadherin, in presenilin-dependent regula-
tion of neurotrypsin expression. However, we cannot com-
pletely exclude the possibility that processing of other y-secre-
tase substrates, unaffected by the inhibitory drug and
conditions tested here, could contribute to this regulation. In
fact, several reports have suggested that drug inhibitors of
y-secretase activity do not necessarily block all y-secretase-de-
pendent activities equally efficiently (36 —38). Similarly, we can-
not exclude the possibility that short term pharmacological

35232 JOURNAL OF BIOLOGICAL CHEMISTRY

treatments might not completely mimic the permanent
removal of PSENs in MEFs derived from Psenl/2 dKO mice.
For instance, the presence of y-secretase substrates with turn-
over kinetics longer than the time of treatment with y-secretase
inhibitors tested here could continue repressing neurotrypsin
expression. Alternatively, y-secretase activity could trigger a
delayed rather than an immediate sequence of events culminat-
ing in alterations of the transcriptional and epigenetic states of
the neurotrypsin promoter at later times than those examined
in our pharmacological studies.

Intriguingly, our data suggest an alternative possibility in
which formation of a mature y-secretase complex, but not pre-
senilin endoproteolytic cleavage or proteolytic processing of
substrates, is necessary for presenilins to inhibit neurotrypsin
expression and activity. The evidence for this view includes the
following observations. 1) D257A PSENI, which could not
restore neurotrypsin up-regulation induced by the double defi-
ciency, is incapable of endoproteolytic cleavage and is unable to
assemble into a mature <y-secretase complex (40). 2) The
uncleavable AE9 hPSEN1 mutant form, which is still able to
associate and form a mature 7y-secretase complex (41), effi-
ciently restored neurotrypsin expression in Psen1/2 dKO cells.
3) Finally, cells containing presenilins but unable to form a
mature active y-secretase complex due to lack of nicastrin also
exhibited induced neurotrypsin expression and activity.

In line with this model, most y-secretase drug inhibitors,
including the one used in our study, abrogate cleavage of
y-secretase substrates by interfering with substrate binding or
with its transit to the active site in the complex (62) but are
unlikely to interfere with presenilin endoproteolysis or forma-
tion of a mature y-secretase complex. Indeed, non-transition
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state analog inhibitors like Compound E can interact with pre-
senilin fragments when forming a mature y-secretase complex
(63). In the case of presenilin-dependent repression of the neu-
rotrypsin gene, our data may suggest that it is independent of
substrate cleavage but that it requires the formation of a mature
y-secretase complex.

Presenilins Regulate CREB Recruitment to Multiple Gene
Promoters Including That of Neurotrypsin—Presenilin and
CREB signaling were previously linked when the y-secretase-
generated N-cad/CTF2 fragment was shown to inhibit CREB
signaling by promoting CBP degradation (6). However, our data
suggest that N-cad/CTF2 is unlikely to repress neurotrypsin
expression because changes in formation of the N-cad/CTF2
fragment were independent of changes in neurotrypsin expres-
sion. Another study found that reduced CREB-dependent sig-
naling in immortalized Psen1/2 dKO MEFs was not rescued by
reintroduction of hPSEN1, leading the authors to conclude that
CREB-mediated transcriptional changes in these cells were
independent of presenilins (64). However, the authors did not
test whether simultaneous reintroduction of both PSEN1 and
PSEN2 would rescue this effect. In agreement with the afore-
mentioned study, ChIP-seq in Pseni/2 dKO cells compared
with PSEN1/2-rescued Psenl/2 dKO cells revealed a general
reduction in CREB binding intensity for most CREB sites (Fig.
6, A and B). This reduced CREB binding could result in partial
inhibition of CREB signaling in Psen1/2 dKO cells and support
the hypothesis that presenilins are positive modulators of CREB
signaling for most CREB-regulated promoters in MEFs (Fig. 6B,
Class I and II promoters). More importantly, we propose that
presenilins might also function as selective suppressors of
CREB binding and activity for a previously unreported reper-
toire of CREB-regulated promoters (Fig. 6B, Class III), includ-
ing neurotrypsin. In sum, our data provide evidence for a new
strategy utilized for presenilins to regulate CREB signaling by
preventing CREB recruitment to gene promoters.

Our findings may aid in the understanding of how the CREB
binding program (or cistrome) is established and regulated in
mammalian cells. The prevalent view is that CREB constitu-
tively sits at its binding sites in the genome and upon phos-
phorylation triggered by multiple stimuli, including GSK3,
CREB recruits CBP and activates transcription (49, 65). How-
ever, besides the requirement of CREB-regulatory elements in
the genome, how CREB and subsequently CBP recruitment is
restricted to a subset of CREB-regulatory element available
sites in the genome is not well understood even in well studied
targets like c-Fos. Our study adds the new concept that prese-
nilins contribute to define the CREB cistrome in the mouse
genome by “masking” a subset of promoters to be occupied.
How presenilins accomplish this mechanistically is unknown at
this point, but analysis of our ChIP-seq data reveals exclusive
enrichment of other cis-regulatory elements in the ~400 pro-
moters where CREB recruitment is prevented by presenilins
(data not shown). We speculate that presenilins may alter the
binding of one or more of the transcription factors surrounding
CREB sites, which in turn alters accessibility of CREB-regula-
tory elements specifically in these promoters. Examples sup-
porting similar control of defining cistromes have been recently
shown for other transcription factors (66).
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Once CREB is bound to the neurotrypsin promoter (i.e. in
Psenl/2 dKO cells), we provide evidence implicating GSK3 as a
required intermediary player to maintain high levels of neuro-
trypsin expression and consequently neurotrypsin-dependent
agrin cleavage in Psenl/2 dKO cells. GSK3 is known to phos-
phorylate CREB at Ser-129 to activate CREB signaling (67-70).
Indeed, we found reduced levels of P-CREB-S129 in Psenl/2
dKO cells treated with GSK3 inhibitors (data not shown). Also
in preliminary experiments, we found P-CREB-5129 bound to
the neurotrypsin promoter in Psenl/2 dKO cells (data not
shown). Therefore, it is possible that once CREB is bound to the
neurotrypsin promoter it can be stimulated by GSK3-depen-
dent phosphorylation. In contrast, in conditions where CREB is
not recruited to the neurotrypsin promoter (e.g. wild-type
MEFs), we found that increasing GSK3 activity via PKC inhibi-
tion was not sufficient to induce neurotrypsin expression (data
not shown). Together, our data suggest that the transcriptional
and epigenetic state of the neurotrypsin promoter defined by
presenilins determines the responsiveness to upstream regula-
tors like GSK3.

Potential Pathological Relevance—Loss of presenilins in mice
leads to early embryonic lethality, which is attributed to defi-
ciencies in signaling of the y-secretase substrate Notch (13, 71,
72). However, loss of presenilins leads to more profound and
broad developmental defects that might be caused by addi-
tional mechanisms (72). Based on our findings, it is tempting to
speculate that besides Notch deficiency a combination of ame-
liorated CREB-dependent transcription for many genes and de
novo CREB-dependent control of other genes caused by prese-
nilin deficiency may contribute to Pseni/2 dKO embryonic
lethality and neuronal developmental defects. Perhaps in agree-
ment, the two data sets of genes whose CREB recruitment
might be affected by presenilins (Fig. 68, Class II and III pro-
moters) are linked to embryonic lethality. In this regard,
although still controversial, some studies suggest that preseni-
lin deficiency induces premature neuronal differentiation of
neuronal precursor cells (73-76). Therefore, an intriguing pos-
sibility is that changes in the differentiation state caused by
presenilin removal might be induced, at least in part, by prese-
nilin-dependent changes in the CREB cistrome. Cistrome
reprogramming events are emerging as important contributors
to development and disease (66).

Finally, the FAD PSEN1 mutation (AE9 PSEN1) acts as a
more potent repressor of neurotrypsin expression and activity
than PSEN1 wild type because AE9 PSEN1 expression alone
was able to rescue the effects induced by the absence of
PSEN1/2, whereas wild-type PSEN1 could not unless PSEN2
was also present (data not shown). Recent work using recom-
binant PSEN1 reconstituted on liposomes suggests that unlike
wild type reconstituted AE9 PSEN1 exhibits y-secretase activity
on its own (77). Our model suggests that AE9 PSEN1 may dis-
play unique properties of exacerbated (gain-of-function)
PSEN1 not shared by wild-type PSEN1 and therefore could
bypass the absence of PSEN2 in the regulation of neurotrypsin
expression and agrin cleavage. FAD-associated PSEN1 mutants
are generally believed to act as “loss-of-function” forms (78, 79);
however, a few “gain-of-function” activities have also been
reported (80 —82). Similarly, unlike wild-type PSEN1, reintro-
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duction of another FAD-associated PSENI mutation, M146L,
into Psenl/2 dKO cells also repressed neurotrypsin expression
and activity in the absence of PSEN2 (data not shown). Further-
more, we found reduced neurotrypsin expression and agrin
cleavage in hippocampi of mice overexpressing another FAD
PSEN1 mutation (i.e. A246E PSEN1). These mice overexpress
human A246E PSEN1 on top of endogenous levels of Psenl/2
(~1.5-fold increase in PSEN1 CTF; Fig. 2D), but this small
effect only translates to ~10% reduced APP CTF (data not
shown). Therefore, although we cannot rule out the possibility
that other y-secretase substrates might be more affected and
lead to y-secretase-dependent exacerbated repression of neu-
rotrypsin expression, together, our results suggest that some
FAD PSEN1 mutations act as y-secretase-independent gain-of-
function forms by being stronger repressors of neurotrypsin
expression than wild type. Although it is beyond the scope of
this study to establish a direct connection between Alzheimer
disease and neurotrypsin dysfunction, these results provide
intriguing insights that motivate future research in the context
of Alzheimer disease especially because defective CREB signal-
ing has been associated with the disease and neurotrypsin defi-
ciency leads to mental retardation and serious synaptic defects
(16, 60, 83).
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