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Development of a brain-penetrant G9a
methylase inhibitor to target Alzheimer’s
disease-associated proteopathology
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Current Af-targeting therapeutics for Alzheimer’s disease (AD) only slow
cognitive decline due to poor understanding of AD pathogenesis. Here we
describe a mechanism of AD pathogenesis in which the histone methyl-
transferase G9a noncanonically regulates translation of hippocampal proteins
associated with AD pathology. Correspondingly, we developed a brain-
penetrant inhibitor of G9a, MS1262, which restored both age-related learning
& memory and noncognitive functions in multiple AD mouse models. Further,
comparison of AD pathology-correlated mouse proteomes with those of AD
patients found G9a regulates pathological pathways that promote Ap and
neurofibrillary tangles. This mouse-to-human overlap of G9a regulated AD-
associated pathologic proteins supports at the molecular level the efficacy of
targeting G9a translational mechanism for treating AD patients. Additionally,
MS1262 treatment reversed the AD-characteristic expression or phosphor-
ylation of multiple clinically validated biomarkers of AD that have the potential
to be used for early-stage AD diagnosis and companion diagnosis of indivi-
dualized drug effects.

Alzheimer’s disease (AD), the most common form of dementia in older
adults, is a neurodegenerative disorder characterized by progressive
decline in cognition, memory, and emotional states”. The hetero-
geneity and multifaceted nature of AD prevents clear mechanistic
understanding of disease pathogenesis, which hinders development of
effective therapy. The amyloid-beta (AB) hypothesis has guided

current approaches to AD therapeutics’. However, AB-targeting drugs
showed limited specificity and efficacy toward AD in the clinic because
(i) the primary drug effect is slowing cognitive decline at the earliest
AD stages, but there are no biomarkers to conclusively diagnose early-
stage AD, (ii) drug effects were determined primarily based on dose-
dependent reductions in plaques measured by positron emission
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tomography (PET), yet large amounts of amyloid plaques are appar-
ently present in healthy, non-demented individuals*, and (iii) no bio-
markers other than AP plaque size are available to measure effects of
these drugs on AD progression. Meanwhile, multiple pathological
brain alterations other than formation of AP plaque and neurofibrillary
tangles (NFTs) occur during AD pathogenesis, most of which are not
readily measurable due to lack of corresponding biomarkers’. Thus,
new mechanism-based drugs are urgently needed for both effective
medication of AD and for derivation of new biomarkers to precisely
assess drug effects.

Despite the identification of a few AD-related genetic risk factors®,
the exact etiology of AD pathogenesis remains obscure. The histone
methyltransferases G9a (EHMT2) and G9a-like protein GLP (hereafter
G9a will represent both proteins in their functional dimerized form)”*
were among the histone-modifying enzymes associated with beha-
vioral abnormalities’. Elevated activity of G9a exists in post-mortem
brain tissues from AD patients and familial AD (5xFAD) mice’, which
implicated G9a activity in AD pathogenesis. In AD, G9a functioned as
an epigenetic (transcriptional) suppressor by catalyzing the dimethy-
lation of lysine 9 of histone 3 at specific genes associated with synaptic
transmission such as glutamate receptor genes’. Recently, Johnson et
al. revealed that AD has a proteopathic nature or is a proteomic
disease'?, i.e., AD pathology and cognitive decline strongly correlated
with altered expression of a broad spectrum of proteins. However, the
canonical transcriptional silencing function of G9a did not explain how
expression or post-translational modification of specific proteins is
regulated in AD in which G9a was constitutively active. That is, the G9a-

regulated mechanism responsible for AD-related proteomic altera-
tions (‘proteopathology”) has yet to be established.

Using our chromatin activity-based chemoproteomics (ChaC)-mass
spectrometry (MS) approach” with UNC0965, a biotinylated version of a
G9a inhibitor?, to dissect G9a pathways in AD, we revealed a non-
canonical G9a-regulated translation mechanism that contributes to AD
proteopathology. Particularly, we detected increased interaction
between G9a and several regulators of Né-methyladenosine (m°A)
modification, including METTL3, an RNA methyltransferase that cata-
lyzes m°A modification of select mRNAs in AD”™, Based on this G9a-
regulated mechanism of proteopathology a new AD therapeutics was
developed with a brain-penetrant inhibitor of G9a on multiple AD mouse
models. In parallel, we conducted an AD pathology-correlated multio-
mics analysis to discover a MSI262-reversed, AD mouse-to-patient
conserved proteome where multiple clinically validated biomarkers of
AD were also identified. Our mechanistic findings show that G9a reg-
ulates translation or post-translational modifications (phosphorylation)
of a broad range of proteins associated with AD pathology, which
putatively suggests that targeting G9a can provide an effective ther-
apeutic for AD patients in the clinic.

Results

In our overall experimental design (Fig. 1A), in vivo ChaC-MS dissection
of AD brain tissues revealed a G9a-mediated translational mechanism
that limits or reverses AD progression and pathogenesis. Using three
AD mouse models, including 5.5-month-old 5xFAD, 5.5-month-old
APPMF K", and 12.25-month-old 3xTg mice that recapitulate age-
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Fig. 1| Investigating the role of G9a translational mechanisms in AD pathology.
A The overall design for deciphering G9a-mediated AD pathogenesis and the

mechanism of G9a-target drug action. B ChaC-MS revealed a noncanonical function
of G9a in the translational regulation of AD pathogenesis. The networks shared by

139 G9a (EHMT?2) interactors that were identified in at least 3 of 4 ChaC experiments
from 5XFAD mouse hippocampus and AD organoids (human). (See also Figures. S1-
S3 & S6; Data S1A-C).
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induced memory deficits”*® we linked MS1262 treatment-induced
improvements in behavior/synaptic function to multiomics changes in
the hippocampus m°A epitranscriptome, proteome, and phospho-
proteome. Further, we compared these AD mouse data with human AD
patient data to identify mouse-to-human conserved changes reversed
by MS1262. These results enabled us to ascertain the mechanistic role
of G9a activity in AD pathogenesis. Consequently, new protein bio-
markers are mechanistically derived to evaluate the drug effects on
individual patients for precision medication of AD.

Constitutively active G9a regulates a translation mechanism of
AD pathogenesis

We used the biotin-tagged G9a inhibitor UNC0965 with label-free
quantitation (LFQ)"?° ChaC-MS" to identify G9a-interacting proteins
in the hippocampus of the 5XFAD mice and cerebral organoids derived
from an AD iPSC line FO33K with the amyloid precursor protein (APP)
V7171 mutation?. The samples from 5xFAD and WT mice were collected
at 3.5 months and 5.5 months. The organoid groups at 88 and 102 days
represented early AD (MCI) pathology. Based on LFQ ratios (log, > 1, t-
test: p value <0.05) that are proportional to the relative binding of
individual proteins to G9a, UNC0965 ChaC identified 100 proteins that
had enhanced interaction with G9a in the hippocampus of 5xFAD mice
and 182 in MCI/AD organoids. Principal component analysis identified
a few clusters of G9a interactors. The clusters of G9a interactors from
healthy human organoids compared to AD organoids were distinctly
separated. The pulldown products from WT mice using UNC0965
formed tighter clusters than those from 5xFAD or 5xFAD MSI1262-
treated mice, likely due to varying levels of AD progression in SXFAD
mice and their responses to MS1262 (Figure. S1, Supplementary
Data SIA, B). We identified heightened H3K9me2 in the dentate gyrus
(DG) of both 5xFAD and APPMF mice (Figure. S2A-F). In parallel
MSI1262 treatment reduced AS plaque sizes, although this reduction
was not highly statistically significant (Figure. S2G-I). These results
indicated the high specificity of UNC0965 ChaC-MS to dissect AD
heterogeneity with mixed cell types, i.e., UNC0965 captured G9a
interactors specifically from AD-related cells that had aberrant G9a
activity and associated Af plaques.

The predominant functional networks (mapped by STRING)"
overrepresented by 65 conserved G9a interactors in both 5XFAD hip-
pocampus and the MCI/AD organoids were primarily associated with
major translational or post-translational processes such as alternative
splicing, RNA modification and processing, translation initiation and
elongation, ribosome biogenesis, and protein degradation
(proteostasis®) (Fig. 1B, Supplementary Data SIC). Particularly,
UNCO0965 ChaC-MS identified most known cofactors of METTL3,
including HNRNPA2B1, which showed enhanced interaction with G9a
in AD-related samples. Jiang et al. reported that progression of tauo-
pathy was mediated by interaction of tau with HNRNPA2B1 and m°A
RNAZ, Similarly, the ChaC-identified interactions of G9a with the
METTL3-HNRNPA2BI translation machinery** implicated a function of
G9a in translation associated with tauopathy or AD pathology. More
broadly, the combined ChaC-MS data predicted that, via AD-
phenotypic interactions with key regulators of m°A translation such
as HNRNPA2B1 and other regulators of ribosomal biogenesis, G9a has a
noncanonical (nonepigenetic) function in translational and post-
translational regulation of AD pathogenesis.

Also, to determine the clinicopathological relevance of these
Chac findings of the 65 G9a interactors in mouse AD and human AD
organoids (listed in Supplementary Data S1A), we used our multiomics
approach® to retrospectively analyze the mRNA expression of the G9a
interactors in blood samples from MCI and AD patients compared to
control samples from the AddneuroMed Cohort (batch 1) study (GEO
Accession: GSE63060)*. We identified 10 and 7 G9a interactor mRNAs
that had interaction-correlated overexpression patterns® in the blood
of 80 MCI and 145 AD patients, respectively, compared with a healthy

population (n=104) (Fig. S3, panels A & B). These results indicated
select mRNAs although showing small changes in expression are
translated into functional proteins as the MCI/AD-characteristic G9a
interactors.

MSI1262 is a highly potent, selective, brain-penetrant inhibitor of
G9a and GLP

We previously discovered potent and selective G9a/GLP inhibitors
UNC0642 and UNC1479%. We and others also reported that the
replacement of the quinazoline core with the quinoline core led to
higher inhibitory potency toward G9a and GLP, likely due to higher
basicity of N-1 of the quinoline core that is crucial for G9a binding?®°,
Based on these findings, we designed and synthesized MS1262, a novel
G9a/GLP inhibitor that contained the quinoline core substituted with a
morpholino group at the 2-position (Fig. 2A). In biochemical assays,
MS1262 (G9a: IC55 =19 +14 nM; GLP: ICso=6 +1nM) showed 23-fold
and 37-fold higher potency than UNC0642 (G9a: ICso =433+ 6 nM;
GLP: IC5o =223 + 46 nM) for G9a and GLP, respectively (Fig. 2B). Using
isothermal titration calorimetry, we confirmed that MS1262 had high
binding affinities to G9a (Ky=74+10nM) and GLP (K4y=19 +5nM)
(Fig. 2C); these affinities were approximately 3-fold higher than the
binding affinities of UNC0642 (G9a: Ky=230+17nM, GLP:
Kq=62+16 nM)*°. Moreover, MS1262 displayed excellent selectivity
for G9a and GLP, lacking significant inhibition (<20% at 1 uM) for any
of the 21 other methyltransferases tested (Fig. 2D). Similarly, MS1262
effectively reduced histone H3 lysine 9 dimethylation in cells in a
concentration-dependent manner, indicating the strong intracellular
inhibitory activity of MS1262 (Fig. 2E). Importantly, MS1262 showed
good brain penetration in an in vivo mouse pharmacokinetic study.
Following a single 5 mg/kg intraperitoneal (i.p.) injection of MS1262 in
C57BL/6 mice, MS1262 displayed brain/plasma ratios of 0.64 and 0.73
at 2 and 4 hours post-injection (Fig. 2F). Taken together, these results
indicate that MS1262 is a highly potent, selective, brain penetrant G9a/
GLP inhibitor suitable for in vivo efficacy studies in AD mouse models.

MS1262 inhibition of G9a activity rescues AD-related deficits in
behavior and synaptic function

The 5xFAD and APPMF mice experience memory and affective beha-
vioral deficits that progressively worsen with age® . Previously, we
showed that 5xFAD mice exhibited a series of hippocampus-
dependent memory and affective deficits, including impaired spatial
memory in the novel place recognition (NPR) test, elevated innate
anxiety in the open field and zero maze tests, and increased
depression-like behavior in the forced swim test®. Therefore, we
assessed these behaviors in response to long-term, intermittent G9a
inhibition by MS1262 (Fig. 3A and B). Locomotion in an open field was
unaltered between wild-type (WT) controls and either 5xFAD or
APPMSF mice in response to MS1262 or vehicle treatment (Fig. 3C and
H), indicating that G9a inhibition did not affect locomotion. For the
NPR test to assess spatial memory, animals treated with MS1262
showed a significant preference for the object in the novel location
measured by the discrimination ratio (5XFAD: p<0.0001, APPMCF:
p<0.001), indicative of improved spatial memory (Fig. 3D and I).
Notably, the discrimination ratio of MS1262-treated mice was rescued
to the level of age-matched WT animals for both AD mouse models
(Fig. 3D and I). 5XFAD mice were also tested in the Barnes maze as an
additional spatial memory measure (Figure. S4A, B). 5XFAD animals
treated with MS1262 displayed significantly faster escape latencies
than 5xFAD animals that received vehicle treatment, further demon-
strating improved spatial memory (Figure. S4C). Notably, 5xFAD—
MSI1262 mouse performance in the Barnes maze were similar to those
of WT control animals (Figure. S4C). For open field and zero maze tests
to assess anxiety-like behavior, MS1262 treatment showed no effects
on the amount of time 5XFAD mice spent in the center of an open field
(Fig. 3E) but MS1262 treatment increased the time APPM°F mice spent
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Fig. 2 | MS1262 is a highly potent, selective, and brain-penetrant inhibitor of
G9a and GLP. A Discovery of MS1262. B Concentration-dependent inhibition of
G9a (left) and GLP (right) by MS1262 in G9a and GLP enzymatic assays. UNC0642
was used as a control. Data shown are the mean + SD from four independent
experiments. C ITC titrations of MS1262 into G9a (top) and GLP (bottom). The
calculated values represent the means + SD from two independent experiments.
D Activity of MS1262 against 21 other methyltransferases at 1 M. Data are the

means + SD from two duplicate experiments. E Concentration-dependent reduc-
tion of the H3K9me?2 level by MS1262 in K562 cells. K562 cells were treated with
MS1262 at the indicated concentrations for 48 h. Western blot results are repre-
sentative from at least two independent experiments. F Plasma and brain con-
centrations of MS1262 over 4 h following a single 5 mg/kg intraperitoneal injection
of MS1262 in mice. Data shown are the mean + SD from three tested mice per
time point.

in the center of the open field as compared with both wildtype and
vehicle-treated controls (Fig. 3J). MS1262 treatment further increased
the time 5xFAD and APPM°F mice spent in open arms in the zero maze,
bringing them closer to wild-type control animals (Fig. 3F and K). These
results suggest G9a inhibition has anti-anxiolytic effects in multiple AD
mouse models. MS1262-treated animals also spent less time immobile
in the forced swim test compared with vehicle-treated animals, sug-
gestive of less depression-like behavior (Fig. 3G and L). Together, these
results suggest that G9a inhibition effectively rescued both learning
and memory as well as affective deficits in these AD mouse models.
Since 5xFAD and APPMCF mice are accelerated AR deposition
models of AD, we also utilized 12.25-month-old 3xTg mice, which are a
slower onset model of AD that is characterized by both AB plaque

deposition and tau tangle formation and better accounts for the nat-
ural physiological aging process'%. 3xTg mice also display behavioral
deficits associated with memory loss and affective behavior dysfunc-
tion. We assessed the behavior of 12.25-month-old 3xTg mice that
received 6-week intermittent G9a inhibition by MS1262 in the open
field, NPR, Barnes maze, elevated zero maze, and forced swim test
(Figure. S5A, B-H and I). Locomotion in an open field was unaltered
between 3xTg mice in response to MS1262 or vehicle treatment (Fig-
ure. S5C), indicating that G9a inhibition did not affect locomotion. For
the NPR test assessing spatial memory, 3xTg animals treated with
MSI1262 showed a significant preference for the novelly-located object
measured by the discrimination ratio compared to vehicle treated
controls (p<0.01), indicative of improved spatial memory
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Fig. 3 | Treatment of 5XFAD mice with MS1262 rescues behavioral deficits.

A Experimental timeline for drug administration and novel place recognition test.
B Depiction of the paradigm used to test memory and affective related behavior.
C Locomotion in an open field was unaffected under wild-type, SxFAD, vehicle,
and chronic MS1262 treatment. D Preference for the novel-located object during
retrieval was significantly reduced in SXFAD mice compared with wild-type con-
trols and was completely rescued by chronic MS1262 treatment, as measured by
discrimination ratio (see “Methods” for calculations). E Time spent in the center
of an open field was unaffected under wild-type, SXFAD, vehicle, and chronic
MSI1262. F MS1262 administration rescued anxiety-like behavior in 5XFAD mice
back to wild-type levels demonstrated by increased time spent in the open arms
of a zero maze. G Depressive-like behavioral deficits in 5XFAD mice were rescued
to wildtype levels after chronic MS1262 treatment as measured by immobile time
during the forced swimming paradigm. H Locomotion in an open field was
unaffected under wildtype, APPM%, vehicle, and chronic MS1262 treatment.

I Preference for the novel-located object during retrieval was significantly

reduced in APPM mice compared to wildtype controls and was rescued by
chronic MS1262 treatment as measured by discrimination ratio. ] Time spent in
the center of an open field was unaffected under wildtype, APPN°F, while chronic
MS1262 treatment led to an increase in time spent in the center. K MS1262
administration rescued anxiety-like behavior in APPM°" mice back to wildtype
levels demonstrated by increased time spent in the open arms of a zero maze.
L Depressive-like behavioral deficits in APPN-°" mice were rescued to wildtype
levels after chronic MS1262 treatment as measured by immobile time during the
forced swimming paradigm. Data are visualized as mean +/- SEM with each indi-
vidual displayed as a point. Wildtype (C57BL/6]) (n=7), 5XFAD (n=10), 5xFAD
vehicle (n=14), 5xFAD MS1262 (n=12) and Wildtype (C57BL/6J-A*Y/)) (n=7),
APPMF vehicle (n =10), APPM°F MS1262 (n =10), mice were utilized for behavioral
studies. Significance was assessed by ANOVA and two-sided Tukey’s posthoc test
between each condition. ns = not significant, *p < 0.05, **p < 0.01, **p < 0.001,
****p < 0.0001. (See also Figures. S4 & S5 & Data S3).

(Figure. S5D). 3xTg mice were also tested in the Barnes maze as an
additional spatial memory measure. 3xTg animals treated with MS1262
displayed significantly faster escape latency than 3xTg animals that
received vehicle treatment, further demonstrating improved spatial
memory (Figure. S5J). For open field to assess anxiety-like behavior,
MS1262 treatment showed no effects on the amount of time 3xTg mice
spent in the center of an open field (Figure. S5E). However, the MS1262-
treated 3xTg mice spent significantly more time in open arms of the
zero-maze compared with vehicle-treated control animals. (Fig-
ure. S5F). These results suggest the anti-anxiolytic effects by G9a
inhibition in AD mice. For the forced swim test to assess depression-

like behavior, MS1262-treated 3xTg animals spent less time immobile
compared with vehicle-treated animals, suggestive of less depression-
like behavior (Figure. S5G). Together, these results suggest that G9a
inhibition effectively rescued learning, memory, and affective deficits
in the 3xTg AD mouse model that displays both plaque and tau tangle
pathology, further implying broad applicability of effective AD treat-
ment by MS1262.

Additionally, to assess the effect of MS1262 treatment on synaptic
transmission and intrinsic properties of hippocampal cells, we recor-
ded evoked action potential and pharmacologically isolated sponta-
neous excitatory postsynaptic currents (SEPSCs) of hippocampal
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dentate granule cells (GCs) from vehicle- and MS1262-treated 5xFAD
mice. The rationale of selecting dentate gyrus GCs for recording was
based upon our previous findings showing that the hippocampus-
dependent behaviors mentioned above were dentate gyrus
dependent®. No significant differences were observed between vehi-
cle and MS1262-treated animals in membrane capacity, input resis-
tance, resting membrane potential, and intrinsic excitability (Fig. 4A-

D). Interestingly, while sEPSC amplitude was unaffected, the frequency
of SEPSCs recorded from dentate GCs in vehicle-treated 5XFAD mice
was significantly decreased compared to WT control mice, and was
reversed by MS1262 treatment (Fig. 4F-1). These results suggested that
long-term G9a inhibition by MS1262 in 5xFAD mice increased excita-
tory glutamatergic synaptic transmission onto the dentate GCs. With
the improvement in learning and memory, as well as increased GC
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Fig. 4 | Intermittent MS1262 treatment increases frequency but not amplitude
of sEPSCs in DG granule cells of 5XFAD mice without altering intrinsic excit-
ability. A Quantification of membrane capacity between WT mice and 5xFAD mice
treated with vehicle and MS1262 (n =15/21/22 cells for WT/Vehicle/MS1262) ANOVA
followed by Tukey’s test visualized as mean + SEM. B Quantification of input
resistance between WT mice and 5xFAD mice treated with vehicle and MS1262
(n=15/21/22 cells for WT/Vehicle/MS1262) ANOVA followed by Tukey’s test visua-
lized as mean + SEM. C Quantification of resting membrane potential between WT
mice and 5XFAD mice treated with vehicle and MS1262 (n=15/21/22 cells for WT/
Vehicle/MS1262) ANOVA followed by Tukey’s test visualized as mean + SEM.

D Mean (= SEM) number of action potential elicited in response to increasing step
current from dentate granule cells of WT mice and 5xFAD mice injected with
vehicle (black) or MS1262 (blue). (n =15/21/22 cells for WT/Vehicle/ MS1262. ANOVA
followed by Tukey’s test. E Representative traces of SEPSCs recorded from dentate

granule cells derived from WT mice and 5xFAD mice injected chronically with
vehicle (left) or MS1262 (right). F, G Cumulative probability (f) and average
amplitude distribution (g) of SEPSCs (WT, n=15 cells from 3 mice, 5XFAD-Vehicle,
n=16 cells from 3 mice; 5XFAD-MS1262, n =15 cells from 3 mice) ANOVA followed
by Tukey’s test visualized as mean + SEM. H, I Cumulative probability distribution
(h) and average frequency (i) of SEPSCs (WT, n=15 cells from 3 mice, SxFAD-
Vehicle, n =16 cells from 3 mice; 5XFAD-MS1262, n =15 cells from 3 mice.
P=0.0004, Kruskal-Wallis test, Dunn’s test for multiple comparisons p <0.0001
and p =.0453) visualized as mean + SEM. J, K fEPSP slope (J) as measured as a
percent of baseline and LTP visualized in a bar graph (k). (WT, n =8 slices from 3
mice, S5XFAD-vehicle, n =4 slices from 3 mice; 5xFAD-MS1262, n =9 slices from 4
mice. ANOVA followed by Tukey’s test *p < 0.05, ***p < 0.0001 Data are visualized
as mean + SEM. (See also Data S3).

sEPSC frequency, we thought to interrogate hippocampal long-term
potentiation (LTP), which has been shown to be essential for the
consolidation of spatial memory”>°. LTP in the CAl of the hippo-
campus, an electrophysiological measure of synaptic functioning for
learning and memory was lost in 5XxFAD mice compared to wildtype
animals, and completely restored after intermittent MS1262 treatment
(Fig. 4)-K). These results suggested that long-term G9a inhibition by
MSI1262 in 5xFAD mice increased excitatory glutamatergic synaptic
transmission onto the dentate GCs and restored healthy LTP, which
results in rescued spatial memory function after MS1262 treatment.

G9a activity regulates translational machinery, including
m°A-mediated translation, to contribute to AD-related protein
networks
To dissect a G9a-mediated mechanism of AD pathogenesis and the
corresponding action mechanism of MS1262 reversal of AD symptoms,
we performed multiomics experiments, including ChaC-MS, m°A RNA
immunoprecipitation (MeRIP)-seq, and tandem mass tag (TMT)-based
quantitative  proteomics/phosphoproteomics®*°  using  micro-
dissected hippocampal samples from the same mouse cohorts used
for the aforementioned behavioral studies (Fig. 3 and Fig. 4). These
samples included AD mouse lines (5xFAD or APPMCF KI) and age-
matched wild-type mice with or without MS1262 treatment. Because
the hippocampus is the primary brain area affected by AD, the MS1262-
induced changes in G9a binding or changes in the hippocampus m°A
epitranscriptome or proteome/phosphoproteome revealed AD-rela-
ted, G9a-associated pathways and reflected the inhibitor effects on AD
pathogenesis at the molecular level.

First, ChaC-MS analysis revealed that MS1262 treatment reversed
G9a binding to most regulators of translation, RNA processing, and
ribosome biogenesis (correlation coefficient =-0.483, Figure. S6 and
Supplementary Data S1C). Meanwhile, MS1262 reversed AD-related
binding of G9a to major translation regulators, which confirmed the
dependence of G9a translational function on its activity in AD. Speci-
fically, most of ChaC-identified G9a-interacting m°A regulators with
translation functions were implicated in AD or neurodegenerative
diseases. For example, increased m°A writer (METTL3, RBM15) and
decreased m°A eraser (FTO, ALKBHS5) expression were reported along
with an overall increase in m°A modification with age/AD-progression
in the hippocampus and cortex of various mouse models (APP/PS1,
APPNL-G-F/MAPTP301S) and AD patients™">***°, Similarly, oligomeric
tau was shown to complex with m°A-modified transcripts through
HNRNPA2B1, a m°A reader, to regulate translation and promote
neurodegeneration®. In addition, MS1262 inhibition also reversed AD-
characteristic G9a interactions with proteins involved in postsynaptic
neurotransmitter receptor internalization such as Rabphilin-3 A
(Rph3A), a synaptic vesicle protein”, Mecp2****, and clathrin-
dependent endocytosis**. Thus, combined ChaC results revealed that
G9a activity associates m°A translation regulatory complexes with AD-
dysregulated synaptic processes.

Because of our recent finding that G9a is the upstream regulator
of METTL3/mfA-mediated translation axis in chronic inflammatory
conditions* we utilized MeRIP-seq to investigate whether/how inhi-
bition of G9a activity by MS1262 treatment affects the genome-wide,
AD-characteristic m°A distribution. As expected, we observed a global
increase in m®A modification in the hippocampus of 5XFAD mouse
line, compared to age-matched wild-type controls (Fig. 5A, Supple-
mentary Data S2A-B). Specifically, increased m°A was observed
around the 5-UTR and coding sequence (CDS) of transcripts with
concomitant reduction around the 3-UTR region (Figure. S7A). Nota-
bly, G9a inhibition reversed AD-driven changes to m°A methylome, as
evidenced by negative overall correlation of -0.59 (Fig. 5B), with
MS1262 treatment reducing m°®A around the 5-UTR and CDS of AD-
dysregulated transcripts with concomitant increase around the 3-UTR
(Figure. S7A). Overall, these AD-dysregulated, MS1262-reversed
mCA-tagged transcripts are primarily involved in synaptic signaling
and brain development (Fig. 5C, S7B & Supplementary Data S2C) and
are also in various central/peripheral nervous system disorders (Fig-
ure. S7C). Importantly, these MeRIP-seq results indicated that AD-
activated G9a is an upstream regulator of the m°A-mediated transla-
tion of AD-related neuropathologic processes.

In parallel, we performed AD-correlated proteomic and phos-
phoproteomic experiments using micro-dissected hippocampus tis-
sue from a large cohort of 5XFAD mice exhibiting mid/late-stage AD
(C57BL/6J; n=4) with or without MS1262 treatment, along with age
matched wild type controls (C57BL/6J; n=3), resulting in identifica-
tion of 7899 proteins and 14,788 phosphorylated sites (in 4262 protein
groups) in total. Similar experiments in a second mouse model of AD,
i.e., wild type (C57BL/6J-A"/J; n=3) mice versus APPN°F KI (C57BL/6}-
AYY/J; n=4) mice with or without MS1262 treatment identified 6576
proteins and 13,6687 phosphorylated sites (in 3854 protein groups)
across all hippocampal samples (Fig. 6A and Supplementary Data S1D).
Principal component analysis showed not only good separation of
wild-type, AD (5xFAD/APP-NLFG), and MSI1262-treated AD (5xFAD/
APP-NLFG) samples but also showed high quantitative reproducibility
between biological replicates (Figure. S8A).

In line with AD-characteristic, MS1262-reversed m°A distribution
(Fig. 5B), we observed increased expression of m°A writers (e.g.,
METTL3), reduction in m°A erasers (e.g., FTO) and dysregulation of
several m°A readers (e.g., HNRNPA2BI) in the hippocampus of 5XFAD
and/or APP-NLGF mice, compared to age matched controls; with
MS1262 treatment reversing AD-dysregulated expression of several
mPA regulators (Figure. S8B). In addition, approximately 47% (5xFAD)
and 42% (APP-NLGF) of proteins that showed AD-characteristic dys-
regulation that was reversed following MS1262 treatment, classified as
‘AD/G9a-coregulated’ proteins, were translated from m°A-tagged RNAs
(Figure. S8C) further confirming the function of constitutively active
G9a in regulating translation of AD-related proteins.

Overall, 9764 entities (global = 1346; phosphosites = 8418;
log2FC+ 0.2 and P < 0.05) were differentially regulated (Fig. 6B), with
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Fig. 5| MS1262 treatment reverses AD-driven changes to the hippocampal m°A
methylome. A Violin plot showing an increase in m°A level in the hippocampus of
5x-FAD mice compared to age-matched wildtype controls (AD vs. WT), which is
reversed upon MS1262 treatment (AD-tr vs. AD). Hippocampus tissue from four
wild type (WT) mice, four 5x-FAD (AD) mice, and four 5x-FAD mice treated with
MS1262 (AD-tr) was used for m°A sequencing. A two-tailed paired t-test

(***p < 0.0001) was used, with the number of transcripts (n =3172) for which the
mCA modification ratio could be calculated for both comparisons indicated at the
top. B A three-way comparison showing that MS1262 treatment reverses AD-
mediated changes in the m°A methylome of hippocampus. Hippocampus tissue
from four wild type (WT) mice, four 5x-FAD (AD) mice, and four 5x-FAD mice
treated with MS1262 (AD-tr) was used for m°A sequencing. Weighted fold-change,
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from all m°A peaks mapping to a gene, is shown for AD vs WT (x-axis) and AD-tr vs
AD (y-axis) mice. Select transcripts with higher (red, n = 461) or lower (blue, n =57)
mCA-modification in the hippocampus of AD mice, compared to age matched
wildtype controls, that was reversed following MS1262 treatment are highlighted.
Linear regression showing overall trend (blue line with 95% CI highlighted by grey
shading on either side), Pearson correlation (R) and associated P-value are shown.
(C) Enrichment analysis for AD-dysregulated, MS1262 reversed, m°A modified
transcripts highlighted in (B). Top 20 terms with significant over-representation are
shown, with grey cells indicating a lack of significant enrichment. P-values were
calculated using cumulative hypergeometric distribution followed by Benjamini-
Hochberg correction to account for multiple testing. (See also Figure. S7 & Data S2).
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treated with MS1262 (AD-tr; n=4). Samples were TMT-labeled and run in quad-
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comparison of AD vs WT and AD-MS1262 treated vs AD mice. C Heatmap sum-
marizing pathway activity z-scores, calculated by Ingenuity Pathway Analysis (IPA)
using differentially regulated proteins and phospho-sites shown in (B) for indicated
comparisons (AD vs WT & AD-MS1262 treated vs AD) in 5x-FAD and APP-NLFG mice.
MS1262 treatment reverses/ameliorates pathway activity changes seen in both
mouse models of AD, when compared to age matched wild-type (WT) controls.
D Heatmap summarizing MS1262-affected diseases and functions based on dys-
regulated proteins/phosphosites shown in (B). Z-scores were calculated using
Ingenuity Pathway Analysis (IPA). E The network of indicated signaling pathways
(see also Figures. S8-S9 & Data SID-E).
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two major clusters of proteins whose expression or phosphorylation
levels were either up- or downregulated in 5xFAD and/or APP-NLGF
mice compared to age matched controls; a pattern that was reversed
following MS1262 treatment (Figure. S8E and Supplementary
Data S1D). Because MS1262 specifically inhibited AD-activated G9a,
proteins with MS1262-reversed expression or phosphorylation were
classified as ‘AD/G9a-coregulated’. Notably, these AD/G9a-coregulated

proteins showed more pronounced phosphorylation changes than
their expression changes, which confirmed that G9a activity broadly
regulates AD pathogenesis at the translational or post-translational
(i.e., phosphorylation) levels. Further, we estimated pathway activity
scores to find AD-dysregulated (i.e., AD versus wild type) and MS1262-
reversed (i.e., treated AD versus AD) biological processes/pathways in
the hippocampus of 5xFAD and APP™F mice (Fig. 6C, S9 &
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Supplementary Data S1E). Notably, most AD/G9a coregulated proteins
that were conserved in both 5xFAD and APPMF KI mice over-
represented the pathways closely associated with dysregulated
synaptic functions (Fig. 6D, S9B-E & Supplementary Data SID). As
examples, MS1262 suppressed AD-characteristic expression of pro-
teins associated with synaptic structure and function, such as NRP1**,
tenascin-c*®, and SHANK3* (Figure. S8E). Also, two of these AD/G9a-
coregulated proteins were microtubule-associated protein products of
MAPT genes (Figure. S8D)**". We observed that MS1262 treatment
suppressed Tau peptide expression that is characteristically increased
in AD brains. Because NFTs composed of abnormally hyperpho-
sphorylated Tau are a hallmark of AD%, this result demonstrated the
specificity of MS1262 in targeting AD tauopathy.

G9a-associated pathways mechanistically contribute to both
cognitive and non-cognitive symptoms of AD

Broadly on the basis of MS1262-induced phosphorylation changes, we
observed that MS1262 reactivated the interactive pathways involved in
calcium signaling, CREB signaling in neurons, and synaptogenesis
signaling (Fig. 6E), which are suppressed during AD pathogenesis®* .
Specifically, SHANK3 is a scaffolding protein in the postsynaptic den-
sity; phosphorylated forms of SHANK3 have different synaptic
properties®’. We found that MSI1262 reversed CaMKIl-mediated
phosphorylation of SHANK3* and another synaptic protein GIuN2A-
subunit-containing  NMDAR* (Figure. S9C) in correlation with
improved cognition and rescued synaptic function of MS1262-treated
AD mice (Figs. 3 and 4). In addition, other AD-suppressed, MS1262-
reactivated signaling pathways (Fig. 6C) included i) the CDKS5 pathway
that has critical functions in synaptic functions and memory
consolidation® (Figure. S9D), ii) Dopamine- and cAMP-regulated
phosphoprotein (DARPP-32) that robustly integrates dopamine and
glutamate signals involved in synaptic plasticity and long-term
memory®® (Fig. 6C & S9D), iii) Opioid signaling whose activation lim-
ited the production of AR®*** (Figure. S9D), iv) actin-based motility
signaling that is associated with synaptic loss®***, and v) the signaling
involving the SNARE complex, oxytocin in spinal neurons, and endo-
cannabinoid system that contributes to neurodegeneration and asso-
ciated impairments in learning, memory, and cognition® (Figs. 6C, 6E
& S9).

In correlation with the observation that injection of oxytocin
reversed some damages caused by amyloid plaques®, MS1262 treat-
ment reactivated oxytocin in spinal neurons or brain by reversing the
phosphorylation states of proteins related to synaptic plasticity and
memory formation®. Also, MS1262 treatment upregulated protein
components of brain pyrimidine biosynthesis and pyrimidine salvage
pathways that are essential for synapses production®® (Figs. 6C, 6E &
S9). Other proteins abnormally expressed in AD and restored to nor-
mal levels by MS1262 were gonadotropin releasing hormone, a neu-
ropeptide central regulator of neurogenic and neuroprotective
functions and an activator of cAMP-mediated signaling®’®, and
G-protein coupled receptors involved in numerous key neuro-
transmitter systems in the brain that were disrupted in AD”""* (Fig. 6C &
S9). Similarly, MS1262 reversed activation states of numerous AD-
associated signaling pathways (Fig. 6C, S9A & S9D), including (i) HIF1a
signaling related to microglia dysfunction in AD”?, (i) Granulocyte-
macrophage colony-stimulating factor contributing to AD-related
neuroinflammation’, (jii) Triacylglycerol biosynthesis™, (iv) RHOGDI
that regulates the actin cytoskeleton and spine dynamics™, (v)
Impaired PI3K-AKT-GSK-3beta-mTOR pathway in AD-associated
microglia”’, and (vi) Mitochondrial dysfunction”®”’ (Figure. S9D-E).

In parallel with MS1262-reduced noncognitive AD-like neu-
ropsychiatric behaviors such as depression and anxiety (Fig. 3), we
identified numerous phosphoproteins with MS1262-reversed phos-
phorylation involved in Relaxin signaling that contains markers of
depression in AD*® (Fig. 6C & S9D). Moreover, MS1262 reinstated

gustation pathways whose dysregulation was indicative of impaired
sensory systems®** because auditory and visual measures were used
to detect prodromal AD® (Figure. S9D).

In sum, our proteomic/phosphoproteomic analysis identified the
proteins showing AD-regulated, MSI1262-reversed expression or
phosphorylation in multiple interconnected pathways that synergisti-
cally contribute to synaptic plasticity or/and synaptic transmission and
whose deficits in multiple AD mouse models were rescued by MS1262.
Simultaneous effects of MSI1262 treatment on these pathways
demonstrated that G9a is an upstream translation regulator of pro-
teins that contribute to AD pathology and associated AD symptoms.

MS1262 reversed protein expressions or phosphorylation that
mark early-stages of AD
To determine the clinical relevance of G9a-translational mechanism
that regulates AD proteopathology, and to predict MS1262 efficacy for
treating AD patients, we compared our proteomic and phosphopro-
teomic data from non-treated versus MS1262-treated AD mice with the
proteomic data of different cohorts of AD patients. We first examined
the proteomic data of brain autopsy samples® from (i) control indi-
viduals with low pathology of plaques and tangles, (ii) controls with
high AP pathology but no detectable cognitive defects, (iii) MCI per-
sons with AP pathology and slight but measurable defect in cognition,
and (iv) AD patients. As shown in Fig. 7A, the expression of eighteen
proteins including MAPT that mark AD patients was reversed in
MSI1262-treated AD mice. For example, like the effect of IL-33 injection
that reversed cognitive deficits in APP/PS1 mice®, MS1262 inhibition of
G9a upregulated IL-33 expression. Notably, multiple MS1262-affected
proteins were the known biomarkers of AD, e.g., ADCYAP1 was iden-
tified as a diagnostic biomarker of AD with high discriminatory ability
(AUC =0.850) and validated in AD brains (AUC =0.935). PBXIP1 is a
CSF marker of AD. In addition, we found that MS1262 reversed phos-
phorylation of the protein products of 33 AD-risk genes®*® (Figure. S9C).
Further, to identify mouse-to-patient conserved biomarkers for
companion diagnosis at a stage when MS1262 treatment could be
effective, we compared our mouse profiles of G9a/AD-coregulated,
MSI1262-reversed proteins with CSF protein biomarkers of AD
progression®’. Notably, MS1262 treatment reversed AD-characteristic
expression of multiple CSF biomarkers of early-stage AD (Fig. 7B &
Supplementary Data SIF). For example, the level of SMOCI, an A
plaque-associated synaptic protein®*®® was found elevated in early-
stage AD CSF¥. Other CSF markers®” showing MSI262 affected/
reversed expression (Fig. 7B) included GMFB, a newly characterized
G9a-regulated factor in the regulation of neuronal growth and
differentiation®®, and SCGC, which is a marker of prodromal AD’’. We
also noticed that two CSF markers showed AD-upregulated, MS1262-
suppressed expression in the hippocampus of AD mice but decreased
abundance in patient CSF, e.g., neuronal pentraxin receptor (NPTXR/
NPTX2) which was identified as a biomarker of AD progression for CSF-
based liquid biopsy”. These discrepancies of AD-related expression
were probably due to different sample origins from the hippocampus
or CSF, respectively. Nevertheless, simultaneous identification of these
CSF biomarkers of AD as MS1262/G9a-regulated proteins suggested
that these clinically validated biomarkers together can be used to
stratify appropriate patients who may have maximum response to
MS1262 treatment and to determine individual effects of MS1262
treatment.

MS1262 reversed multiple AD-specific brain pathological pro-
cesses that mediate AB plaque and NFT pathology

Notably, 148 out of 348 of AD/G9a-coregulated, MS1262-affected
proteins (Fig. 8A-C and Supplementary Data S1D) showed A} peptide
(residues 6-28) correlated expression in the brain of AD patients
(Fig. 8D & S10A and Supplementary Data S1G). The Ap-correlated
expression or phosphorylation of AD/G9a-coregulated proteins
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Fig. 7 | MS1262 treatment reversed expression or phosphorylation of protein
markers of AD risk or early AD stage. A Heatmap of select AD-risk markers
showing patient-correlated protein expression in the hippocampus of 5x-FAD &
APPMSF mice whose expression was reversed following MS1262 treatment. Global
proteomics data from three age-matched wild-type controls (WT), four 5x-FAD/
APPMSF mice at mid-/late-stage Alzheimer’s (AD), and four AD mice treated with
MS1262 (AD-tr), with each sample run in quadruplicate. Rows are clustered into
three groups based on pattern of inhibitor effect: (1) “down_up” = markers down in
AD mice, compared to WT controls, whose expression is back up following MS1262
treatment, (2) “up_down” = markers whose expression increases in AD mice,
compared to WT controls, but is back down upon treatment, and (3) “not_affected”
= inhibitor did not affect expression of these markers. The left annotation column
(mouse_model) shows the proteomics dataset (orange = 5x-FAD, green = APPNF) a
marker belongs to. Right annotation columns [log2(AD/WT) & log2(AD-tr/AD)]
show fold change for indicated comparisons. Rightmost heatmap shows AD-
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marker expression in 39 patients from the Banner Sun cohort (LPC=12, HPC=6,
MCI =6, and AD =15) that were pooled and measured in duplicate using TMT-LC-
MS/MS. LPC = controls with low pathology of plaques and tangles; HPC = controls
with high AP pathology but no detectable cognitive defects; MCI = mild cognitive
impairment with AB pathology and a slight but measurable defect in cognition; AD
= late-stage AD with high pathology scores of plaques and tangles; FC = fold change.
B MS1262 reversed cerebrospinal fluid (CSF) proteome of early-stage AD. Heatmap
showing AD markers (identified from CSF of symptomatic/non-symptomatic AD
patients) dysregulated in 5XFAD and APPM-"® mice, compared to DMSO treated wild-
type controls, whose expression is reversed following MS1262 treatment. The
annotation column on right indicates ‘up’ (red) or ‘down’ (blue) regulation of said
marker in symptomatic AD patients compared to age matched non-symptomatic
patients. Protein names highlighted in red have AD-dysregulated and G9a reversed
expression pattern that shows mouse-to-human conservation. (see also Data S1F).
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confirmed that G9a activity is closely associated with AD pathology
and promotes the formation of Af plaques.

Next, by comparing AD/G9a-corregulated proteins identified in
5xFAD/APP-NLGF mice with “modules” (M) of co-expressed proteins
showing dysregulation in brains of AD patient’® we identified 204
entities with AD-related, MS1262-reversed expression or phosphor-
ylation changes (Fig. 8E & Supplementary Data SIH). Notably, 15 out of
38 of these AD/G9a-corregulated ‘modules’ were only dysregulated at
the protein level without concomitant change in transcriptomic net-
works in the AD patient samples (Fig. 8E, highlighted in cyan). This
finding, along with the observation that nearly half of the AD/G9a-
corregulated proteins are encoded by m°A-tagged transcripts (Fig-
ure. S4C), confirmed the translational function of active G9a.

In the networks of patient protein modules (Fig. 8E), SMOCI,
whose level in CSF or in postmortem brain was associated with AD
pathology, was an MS1262-targeted component of the M42 matrisome
module strongly correlated with AD neuropathology and cognition.
The Tau family microtubule-associated proteins® and STIM2 respon-
sible for neuronal impairment®* were MSI1262-targeted components of
module M7 MAPK signaling and metabolism that is highly associated
with the rate of cognitive decline. Plasma glial fibrillary acidic protein,
an astrocyte reactivity biomarkers for AD*® and nitric oxide synthase 1
for synaptic transmission and neuroplasticity’® were MS1262-targeted
components of modules M5 post-synaptic density or Mil cell-ECM
interaction, respectively, again, major modules strongly correlated to
AD neuropathology and cognition. In addition, MS1262 treatment
reversed the phosphorylation of components of modules M29, gly-
cosylation/ER, and M42, matrisome, that were correlated with AD
endophenotypes, and elevated tau microtubule-binding domain pep-
tide levels correlate with the other MS1262-affected components of
M42 matrisome and M11 cell-ECM modules. Overall, AD/G9a-corregu-
lated co-expression modules were involved in neuronal signaling, RNA
metabolism and translation, protein transport, cellular energetics, and
immune response.

Further, we examined spatial relationships between MSI1262-
reversed AD patient proteome and Af plaques and NFTs, the hallmarks
of AD neuropathologies. In addition to MS1262 reversal of the phos-
phorylation of SMOCI1 in M42 matrisome, MS1262 reversed the phos-
phorylation of many module components found in A plaques or/and
NFTs, including M1 and M4 components enriched in both Ap plaques
and NFTs, M7 components primarily associated with Ap plaque, and
M13 and M29 components uniquely enriched in NFTs.

Discussion
Epigenetic mechanisms involving G9a are thought to regulate AD
pathogenesis. However, few pathways strongly correlated with AD
pathology were identified by transcriptomic analysis of G9a inhibitor
(UNCO0642)-treated 5xFAD mice””. Using G9a inhibitors as the
mechanistic probes in combined approaches including chemical pro-
teomics, animal behavioral analysis, and AD-correlated proteomics, we
discovered a noncanonical function of aberrantly activated G9a in the
translation-regulatory mechanism that underlies AD proteopathology.
Accordingly, we have developed this mechanism-based, brain-
penetrant small molecule therapeutic that readily crosses the blood-
brain barrier to reverse this G9a-mediated proteome in AD.

While no mouse model of AD perfectly recapitulates all aspects of
AD pathology, we addressed this limitation through the utilization of
three distinct mouse models at multiple ages to show the broad
applicability of our treatment; while SXFAD mice and APPM** KI mice
demonstrate accelerated amyloid pathology and behavior deficits as
seen in AD patients, 3xTg mice display both amyloid and tau pathol-
ogies. Further, taking the natural aging process into account, we used
12.25-month-old 3xTg mice to recapitulate age-induced memory defi-
cits and tau pathology. Notably, the high efficacy of MS1262 treatment
on AD-associated behavioral deficits was consistently observed for all
three AD mouse models that comprehensively recapitulate major
pathological features of AD patients (Figs. 3 and 4, Fig. S4 & S5),
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strengthening our claim that MS1262 may be useful for the treatment
of AD in aging patients.

Our electrophysiological experiments (Fig. 4) clearly demon-
strated that MS1262 effectively rescues the early (up to 60 minute)
stages of LTP, which indicated that this potentiation may underly the
long-term memory benefits observed in the behavioral experiments.
However, without conclusive evidence of late-stage LTP enhancement,
this conclusion remains predominantly suggestive. Furthermore, we
are limited in our understating of whether MS1262 exerts pathways
specific enhancement of synaptic plasticity, as that would require
additional control fEPSP recordings from the same hippocampal sec-
tions during the treatment.

Presently, an absence of clinically validated protein makers
for AD diagnosis prevents assessment of drug effects from animal
studies. We overcome this challenge by comparing the AD-rela-
ted, MS1262-affected mouse multiomics data with those from AD
patients of statistical significance (>1000 biospecimen)™. Firstly,
our multiomics results validated that the constitutively active G9a
regulates the translation and post-translational modification
(phosphorylation) of a broad range of AD-related proteins that
were preserved across the mouse and human/patient samples
(Fig. 8), e.g., the AD-characteristic expression or phosphorylation
of these mouse-to-patient conserved proteins were affected or
reversed by MSI1262 treatment while the levels of mRNAs
encoding these proteins also showed little change in AD patients.
Mechanistically, our m°A RNA-to-protein correlation analysis
identified 21 G9a/AD-coregulated m°A mRNAs (Fig. 6B) whose
protein translation was reversed by MS1262 treatment of AD mice
(Fig. 7A & 7E), indicating that G9a activity translates these m°A
modified transcripts into AD-related proteins. Secondly,
MS1262 showed multifaceted, therapeutic effects on AD as AD-
activated G9a broadly and simultaneously regulated major sig-
naling pathways that mechanistically contribute to both cognitive
and non-cognitive symptoms of AD. Thus, MS1262 effects are not
‘one target (G9a) at a time’ but, instead, the drug effect (target) is
proteome-wide. As supporting evidence, Pao et al. reported’® that
targeting CDKS5 hyperactivity ameliorated neurodegenerative
phenotypes. Accordingly, we identified CDKS5 signaling as one of
many G9a/AD-coregulated pathways that were simultaneously
reversed by MS1262 treatment. This identification of CDKS con-
firmed that G9a is a broad regulator of AD proteopathic land-
scape, hence, MS1262 rescued a range of AD-dysregulated
pathways that define multiple AD pathological hallmarks such as
AP plaque and NFT pathology. In addition, AD mice treated with
MS1262 for six weeks did not show any signs of toxicity; general
appearance, activity, and behavior were all normal or improved.
Outward normality was consistent with MS1262 reversal of AD
proteome and phosphoproteome of the hippocampus. On a sys-
tems evaluation of MS1262 side effects, our AD pathology-
correlated proteomic/phosphoproteomic results demonstrated
that MS1262 specifically and effectively inhibited G9a that was
aberrantly activated in AD-related cells but not non-AD related
cells in diseased brain so that little, if any, off-target toxicity was
observed. Thirdly, in parallel with the observation that MS1262
rescued AD-related behavior, MS1262 treatment reversed the
proteopathologic landscape in AD patients, which was evidenced
by the greater number of phosphoproteins in the protein co-
expression modules highly correlated with broad AD pathology
and cognitive deficits. These proteomic identifications of AD
mouse-to-patient conservation (Fig. 7&8) revealed multiple
MS1262-affected, clinically validated biomarkers of AD which can
be used to evaluate evidence of downstream disease modification
and to assess the relation between biomarker changes and clinical
outcomes.

Methods

Experimental model and subject details

Human cerebral organoid cultures. A familial AD patient-derived
iPSC line with the APP V7171 mutation (FO33K; male) and a sex- and age-
matched healthy control (C-03; male) iPSC line (provided by Dr.
Chadwick Hales’ laboratory at Emory University) were cultured on
irradiated MEFs in human iPSC medium composed of D-MEM/F12
(Invitrogen), 20% Knockout Serum Replacement (KSR, Invitrogen), 1X
Glutamax (Invitrogen), 1X MEM Non-essential Amino Acids (NEAA,
Invitrogen), 100 uM [-mercaptoenthanol (Invitrogen), and 10 ng/ml
human basic FGF (bFGF, PeproTech) as described”**'®, Forebrain-
specific organoids were generated as described”'°*'?", Briefly, human
iPSC colonies were detached from the feeder layer with 1 mg/ml col-
lagenase treatment for 1hour and suspended in embryonic body
medium composed of FGF-2-free iPSC medium supplemented with
2 uM Dorsomorphin and 2 uM A-83 in nontreated polystyrene plates
for 4 days with a daily medium change. On days 5-6, half of the medium
was replaced with induction medium consisting of DMEM/F12, 1X N2
Supplement (Invitrogen), 10 pg/ml Heparin (Sigma), 1X Penicillin/
Streptomycin, 1X Non-essential Amino Acids, 1X Glutamax, 4 ng/ml
WNT-3A (R&D Systems), 1 uM CHIR99021 (Tocris), and 1 uM SB-431542
(Tocris). On day 7, organoids were embedded in Matrigel (BD Bios-
ciences) and continued to grow in induction medium for 6 more days.
On day 14, embedded organoids were mechanically dissociated from
Matrigel by pipetting up and down onto the plate with a 5 ml pipette
tip. Typically, 10-20 organoids were transferred to each well of a 12-well
spinning bioreactor (SpinQ) containing differentiation medium, con-
sisting of DMEM/F12, 1X N2 and B27 Supplements (Invitrogen), 1X
Penicillin/Streptomycin, 100 uM -mercaptoenthanol (Invitrogen), 1X
MEM NEAA, 2.5 pg/ml Insulin (Sigma). At day 71, differentiation med-
ium was exchanged with maturation medium, consisting of Neuroba-
sal (Gibco), 1X B27 Supplement, 1X Penicillin/Streptomycin, 1X f-
mercaptoenthanol, 0.2 mM Ascorbic Acid, 20 ng/ml BDNF (Pepro-
tech), 20 ng/ml GDNF (Peprotech), 1ng/ml TFGpB (Peprotech), and
0.5 mM cAMP (Sigma). All media were changed every other day.

Experimental animals. All animal procedures were conducted in
accordance with the NIH Guide for the Care and Use of Laboratory
Animals and with the approval of the Institutional Animal Care and Use
Committee at the University of North Carolina at Chapel Hill. The
SxFAD (C57BL/6 ) and wild-type (C57BL/6 ) littermate controls (16-24-
weeks-old) were obtained from the Jackson laboratory. All 5XFAD mice
were heterozygous. APPN%F (C57BL/6J-A"Y/)) and wild-type (C57BL/6J-
A"Y/]) mice were obtained from Dr. Mohanish Deshmukh. All APPN-F
mice were homozygous. Both male and female mice were used, and
sex was matched in the various groups. 3xTg mice (129S54) were
obtained from Dr. Leon Coleman Jr. Both male and female mice were
used, and sex was matched in the various groups. No immune defi-
ciencies or other health problems were observed in these lines, and all
animals were experimentally and drug-naive before use. Animals were
group housed and bred in a dedicated husbandry facility with 12/
12 hour light-dark cycles with ad libitum food and water. All mice were
under veterinary supervision. Behavioral experiments were performed
in the light phase. Once drug or vehicle administration began, animals
were moved to a satellite housing facility with the same light-
dark cycle.

Behavioral tests
Handling. Mice were handled five days a week for 6 weeks for 5 min/
day leading up to behavioral testing.

Open field and habituation. On days 1 and 2, mice were placed in an
empty open field environment (45cm square plastic chamber) for
10 minutes. After each test, the chamber was cleaned with 70% ethanol
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to eliminate scents from previously tested mice. The first 5 minutes of
the day-1test was analyzed by Noldus Ethovision XT to monitor animal
position and locomotion. A 25 cm square was used to indicate the
center of the chamber when analyzing the recordings. Both total
locomotion and time spent in the center of the open field were
quantified by the Noldus Ethovision XT program.

Novel place recognition. On day 3 of behavioral testing, also known as
the encoding phase, two identical glass cylinders (height 4 cm, base
diameter 1.5cm) were fixed to the chamber floor (to prevent object
movement) on the same side of the chamber 20 cm apart from each
other. Animals were allowed to freely explore the chamber for 5 min-
utes and could interact with the objects while being recorded. Most
animals showed no preference for a single object and the locations of
the objects were randomized across mice. On day 4 of behavioral
testing, also known as the retrieval phase, the position of one of the
objects was moved to the opposite side of the chamber, and animals
were recorded for 5 minutes while freely exploring the chamber and
interacting with the objects. Videos were scored manually using a
separately trained researcher who was blinded to the treatment group.
Time spent with each object in both encoding and retrieval were
scored. Any mouse that showed a preference for one object over the
other (defined by interacting with one object for more than double the
time of interacting with the other) during the encoding phase was not
included in the analysis. Furthermore, mice that did not spend at least
2 seconds of total object interaction time (IT) were not included in the
analysis. The discrimination ratio (DR) was calculated in the following
way:

DR= (lTnovel Iocation_leamiliar Iocation)/(ITnovel location * leamiliar Iocation)

A DR of 0 indicated no preference for either object, and a DR of
0.33 indicates spending twice as much time with the object in the novel
location compared with the object in the familiar location.

Elevated zero maze. The apparatus was an elevated white plastic ring
platform (width of ring 6 cm, outer diameter 60 cm). The entire ring
was elevated 60 cm off the ground. Each animal was placed in the
closed arm to start the trial and was recorded for 5 minutes. Time spent
in the open arm sections was scored by a trained, blinded researcher.
After each trial, the apparatus was cleaned with 70% ethanol.

Forced swim. The apparatus was an acrylic cylinder (diameter 20 cm,
height 30 cm) filled with room temperature (23 +1°C) water to a depth
of 20 cm. Each mouse was recorded during a 5-minute swimming trial,
and the video was later scored manually by a trained, blinded
researcher for time spent immobile. Time spent immobile was defined
as when all four paws of the mouse remained immobile. After each
trial, the apparatus was filled with fresh water.

Barnes maze. The apparatus was white plastic circular platform with
20 even spaced holes near the outer rim (diameter 120 cm, elevated
80 cm of the ground). Only one of the 20 holes had an escape chamber
that was made dark and comfortable with bedding. Our protocol was
adapted from'®, Each mouse participated in a 5 minute habituation
trial that began in the escape chamber. The mouse was then moved to
the center of the platform and allowed to explore for 5 minutes or until
escape. At the end of the 5 minutes if the mouse had not found the
chamber, it was placed back in the escape chamber. The next following
4 days were the acquisition phase where the mice were placed in the
center of the platform and were recorded during a 3-minute trial, and
the video was later scored manually by a trained, blinded researcher
for time to escape latency. After each trial, the apparatus was cleaned
with 70% ethanol.

Method details

Drug treatment. The G9a inhibitor MS1262 was dissolved in DMSO to
10 mg/mL and aliquoted into single doses and stored at -20 °C.
Immediately prior to injection, these aliquots were thawed and diluted
in 0.9% saline. The final solution that was injected intraperitoneally
consisted of 1% DMSO and equated to a 1 mg MSI1262/kg of animal
weight. Control animals received 1% DMSO in 0.9% saline at weight
matched volumes. Mice were randomly selected for MS1262 or vehicle
treatment and received 1 injection every 3.5 days for 6 weeks.

Microdissection of hippocampi. After 6 weeks of intermittent MS1262
or vehicle treatment, animals were anesthetized with a 5% isoflurane in
oxygen mixture until the animal was no longer responsive to a toe
pinch. Animals were then transcardially perfused with ice-cold PBS and
the brain was isolated. The brain was sliced bilaterally across the
sagittal midline. Each half was then taken, and the hippocampus was
carefully dissected. Both hippocampi were placed in a cryogenic tube
and flash frozen in liquid nitrogen and placed at -80°C.

Chromatin activity-based chemoproteomics (ChaC) with
UNCO0965. Human organoids or mouse hippocampus were lysed in a
lysis buffer (50 mM Tris (pH7.5), 150 mM Nacl, 0.5%DOC, 0.5% Igepal
CA630, 5% Glycerol) containing protease inhibitor cocktail and 1 mM
PMSF, then sonicated three times for 5 seconds each. The lysate was
centrifuged and the supernant was incubated with UNC0965-bound
NeutrAvidin agarose at 4 °C overnight; NeutrAvidin agarose alone
served as the control. The samples were washed three times with lysis
buffer and three times with detergent-free buffer. On-bead trypsin
digestion followed, and peptides were collected and desalted before
MS analysis. The experiment used three normal and two AD human
organoids, conducted twice. For 5XFAD mouse hippocampi, two mock-
treated and three MS1262-treated mice were used in the first experi-
ment, and three of each in the second.

Proteomics sample preparation. The mouse hippocampus tissues
were resuspended in 8 M urea, 50 mM Tris-HCI pH 8.0, reduced with
dithiothreitol (5 mM final) for 30 min at room temperature, and alky-
lated with iodoacetamide (15mM final) for 45min in the dark at
ambient temperature. Samples were diluted 4-fold with 25 mM Tris-
HCI pH 8.0, 1 mM CaCl, and digested with trypsin at a ratio of 1:100 (w/
w, trypsin: protein) overnight at ambient temperature. There were
three wild-type (WT) controls, 4 AD, and 4 AD-treated with MSI1262.
Peptides were cleaned by homemade C18 stage tips and the con-
centration was determined (Peptide assay, Thermo 23275). One hun-
dred microgram each was used for labeling with isobaric stable
tandem mass tags (TMT", Thermo Fisher Scientific, San Jose, CA) fol-
lowing supplier instruction. The mixture of labeled peptides was
desalted on Cep-Pak light C18 cartridge (Waters). Phosphopeptides
were enriched with High-Select Fe-NTA Phosphopeptide Enrichment
Kit (Thermo Scientific). One hundred microgram of peptides was
fractionated into 20 fractions on C18 stage tip with 10 mM trimethy-
lammonium bicarbonate (TMAB), pH 8.5 containing 5-50%
acetonitrile.

Mass spectrometry. Dried peptides were dissolved in 0.1% formic
acid, 2% acetonitrile. One microgram phosphopeptides or 0.5 pg of
peptides from each fraction was analyzed on a Q-Exactive HF-X cou-
pled with an Easy nanoLC 1200 (Thermo Fisher Scientific, San Jose,
CA). Peptides were loaded on to a nanoEase MZ HSS T3 Column (100 A,
1.8 um, 75um x 250 mm, Waters). The phosphopeptides were sepa-
rated with 240-min gradient: a linear gradient of 5 to 20% buffer B over
140 min, 20 to 31% over 50 min, 31 to 75% over 30 min, followed by a
ramp to 100% B in 1min and 19-min wash with 100% B. Analytical
separation of unphosphorylated peptides was achieved with 110-min
gradient, a linear gradient of 5 to 10% buffer B over 5 min, 10% to 31%
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buffer B over 70 min, 31% to 75% buffer B over 15 followed a ramp to
100%B in 1min and 19-min wash with 100%B, where buffer A was
aqueous 0.1% formic acid, and buffer B was 80% acetonitrile and 0.1%
formic acid. The flow rate was kept at a 250 nl/min. Mass spectrometry
experiments were also conducted in a data-dependent mode with full
MS (externally calibrated to a resolution of 60,000 at m/z 200) fol-
lowed by high energy collision-activated dissociation-MS/MS of the
top 10 most intense ions with a resolution of 45,000 at m/z 200. High
energy collision-activated dissociation-MS/MS was used to dissociate
peptides at a normalized collision energy of 32 eV in the presence of
nitrogen bath gas atoms. Dynamic exclusion was 45 seconds.

A brief gradient was used for ChaC-UNC0965 products: a linear
increase from 5 to 30% buffer B over 29 minutes, then from 30 to 45%
over 6 minutes, followed by a quick rise to 100% B in 1 minute and a 14-
minute wash with 100% B. Mass spectrometry was performed in data-
dependent mode with full MS (externally calibrated to a resolution of
60,000 at m/z 200), followed by high energy collision-activated dis-
sociation-MS/MS of the 15 most intense ions at a resolution of 15,000
at m/z 200. This technique used a normalized collision energy of 27 eV
with nitrogen bath gas, and dynamic exclusion was set to 20 seconds.

Raw proteomics data processing and analysis. Peptide identification
and quantification with TMT reporter ions were performed using the
MaxQuant software version 2.1.0.0 (Max Planck Institute, Germany).
Protein database searches were performed against the UniProt human
protein sequence database (UP0O00005640) or Mus musculus
(UPO00000589). A false discovery rate for both peptide-spectrum
match and protein assignment was set at 1%. Search parameters
included up to two missed cleavages at Lys/Arg on the sequence,
oxidation of methionine, protein N-terminal acetylation, and phos-
phorylation of serine, threonine, and tyrosine as dynamic modifica-
tions. Carbamidomethylation of cysteine residues was considered as a
static modification. Peptide identifications are reported by filtering of
reverse and contaminant entries and assigning to their leading razor
protein. Data processing and statistical analysis were performed on
Perseus (Version 1.6.10.50). Protein quantitation was performed on
biological replicates and a two-sample t-test statistics was used with a
p-value of 5% to report statistically significant protein or phospho-
peptide abundance fold-changes.

Analysis of ChaC MS data. The analysis identified statistically
significant candidates with a p-value < 0.05 and log2FC >1 as potential
specific G9a interactors by comparing UNC0965 pulldown to the
negative control. For biological analysis, only those conserved in both
5xFAD mouse hippocampi and human organoids across all ChaC-
UNC0965 experiments were considered, and this analysis was per-
formed using STRING.

m°A RNA immunoprecipitation sequencing (m°A/MeRIP-Seq) and
data analysis. The m®A/MeRIP-Seq was performed as described with
some modifications [2]. Briefly, total RNA was extracted from hippo-
campus of 5x-FAD (AD, n=4), MS1262 treated 5x-FAD (AD-tr, n=4),
and age matched wildtype (WT, n=4) controls using TRIzol (Life
Technologies) followed by purification using illustra™ RNA spin Mini
kit (GE Healthcare, UK). Then, mRNA was isolated from 10 pg total RNA
using Dynabeads Oligo (dT),s (Thermo Fisher; 61006) according to
manufacturer’s instructions. 10% of a total of 150 ng mRNA was used as
input, while the rest was incubated with 3 ug anti-m°A polyclonal
antibody (Synaptic Systems; 202003) that was pre-conjugated to
Dynabeads Protein A (Thermo Fisher; 10001D) in 500 uL IP buffer
(50 mM Tris, pH 7.4, 150 mM NaCl, 0.1% Igepal CA-630) for 2 hours at
4 °C. After washing the beads twice with IP-buffer and twice with high-
salt wash buffer (50 mM Tris pH 7.4, 500 mM NacCl, 0.1% Igepal CA-630)
for 5min each, the m°A-tagged mRNA was eluted using 100 uL IP-
buffer containing 6.7 mM Né-Methyladenosine (Sigma-Aldrich; M2780)

and 40 U RNase Inhibitor (NEB, M0314S) followed by recovery using
RNA Clean and Concentrator-5 spin columns (Zymo; R1015).

The input and m°A-IPed mRNA were subjected to library genera-
tion using SMART-seq protocol as described [3]. For first strand cDNA
synthesis, the mRNA was mixed with 0.25 uL RNase inhibitor and 1L
CDS primer (5-AAGCAGTGGTATCAACGCAGAGTACT30VN-3’) and
heated to 70 °C for 2min. Then the mixture containing 0.5puL of
100 mM DTT, 0.3 pL of 200 mM MgCl,, 1L of 10 mM dNTPs, 0.25 uL
RNase inhibitor, 1uL of 10uM TSO primer (5-AAGCAGTGGTAT-
CAACGCAGAGTACATrGrGrG-3), 2 uL of 5X SMARTScribe RT buffer
and 0.5 L SMARTScribe reverse transcriptase (Takara, 639536) was
added to perform reverse transcription. The cDNA was then amplified
by Advantage Polymerase Mix (TAKARA, 639201) with IS primer (5-
AAGCAGTGGTATCAACGCAGAGT-3). After purification with 0.8X
AMPure XP beads (Fisher Scientific, A63880), the fragmentation of
100 pg cDNA was performed with EZ Tn5 Transposase (Lucigen,
TNP92110). Fragments of cDNA were amplified by KAPA HiFi hotstart
readymix (EMSCO/FISHER, KK2601) with the Nextera i7 primer and
Nextera i5 primer. The DNA was purified with 0.8X AMPure XP beads
and quantified by qPCR with KAPA Library Quantification Kit (Fisher,
NC0078468). The DNA from different samples was pooled at equal
molar amounts, and the final sequencing library was loaded at con-
centrations of 2.7 pM and sequenced on a NextSeq 550 (Illumina) for
single-end sequencing.

Raw sequencing data were de-multiplexed using bcl2fastq2
v2.17.1.14 (Illumina) and adapters were removed using Trimmomatic-
0.32 software. Then, single-end reads from input and mé6A IP samples
were mapped to the GRCm38/mm10 mouse reference genome using
STAR version 2.7.6a [4]. The resulting bam files from the STAR align-
ment were sorted and indexed using SAMtools version 1.10 [5] and
MACS?2 version 2.1.2 [6] was used to call m6A peaks using the bam files
for each m6A-IP/input pair. The R packages GenomicRanges v1.36.1
and AnnotationHub v.3.4.0 were used to identify genes overlapping
the peaks determined by MACS2, and CHIPseeker v.1.30.3 was used to
create profile plots. Weighted average fold-change, from all m°A peaks
mapping to a gene, was used to identify AD/G9a-coregulated m6A-
modified transcripts and enrichment analysis was carried out using
metascape.

Immunohistology, image acquisition, and imaging analysis. Mice
were perfused with PBS and brain samples were collected following
perfusion and fixed with 4% paraformaldehyde (PFA). Briefly, mice
were exposed to a lethal dose of isoflurane in an incubation chamber.
At cessation of breathing, the chest cavity was exposed, a 27 G needle
inserted into the left ventricle and PBS (-20ml) first instilled by
peristaltic pump. The brain was extracted and incubated in 10 ml of 4%
PFA for 48 hours and then switched to 30% sucrose for 72 hours days,
until fully submerged. Brains were sectioned on a microtome at a
thickness of 40pum and then stored in antifreeze solution at —20 °C
until further usage. Free-floating antibody staining was conducted on
brain slices. Free-floating antibody staining was conducted on brain
slices. Specifically, a 30-minute incubation in 0.3% Triton-X in PBS. A
blocking step was then performed using 5% donkey serum in 0.1%
PBST. Sections were then transferred to the primary antibody solution
in 0.1% PBST and kept at 4 °C for 48 h, with intermittent brief periods of
shaking. After primary incubation, sections were subjected to three 30-
min wash steps in 0.1% PBST. Sections were then transferred to a
secondary antibody solution in 0.1% PBST for 24 h at 4 °C, with inter-
mittent brief periods of shaking. Sections were washed three times for
30 min each in 0.1% PBT. Sections were mounted on charged glass
slides using Diamond prolong gold mounting medium (Thermo Fisher
Scientific, no. P36961) and no. 1.5 glass coverslips (Electron Micro-
scopy Sciences, no. 72204-02). The following primary antibodies were
used at the following concentrations: mouse anti-H3K9me2 1:250
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(Sigma Aldrich, 05-1249), a rabbit AB antibody (Cell Signaling Tech-
nology, #9888) was used at 1:1000. All brain slices were imaged with an
Olympus FV3000 microscope. Imaging volumetric analysis was per-
formed using Imaris. Specifically, A region of interest (ROI) surface was
drawn around the hippocampus, and their volumes were recorded.

Slice preparation. Acute slices were prepared from 5.25 month-
5.5 month male 5XFAD mice treated with MS1262 (1 mg/kg) or vehicle
as described previously. Animals were anesthetized with isoflurane (5%
in O,) and transcardially perfused with ice-cold oxygenated artificial
cerebrospinal fluid (ACSF) containing the following items (in mM): 92
NMDG, 30 NaHCOj;, 25 glucose, 20 HEPES, 10 MgS0O,4, 5 sodium
ascorbate, 3 sodium pyruvate, 2.5 KClI, 2 thiourea, 1.25 NaH,PO,, and
0.5 CaCl, (pH 7.3, 310 mOsm). Brains were rapidly removed, and acute
transverse hippocampal slices (280 pum) were cut using a Leica vibra-
tome (VT1200, Germany). Next, slices were warmed to 34.5°C for
8 minutes. Then, slices were maintained in the holding chamber con-
taining HEPES ACSF (in mM): 92 NaCl, 30 NaHCO;, 25 glucose, 20
HEPES, 5 sodium ascorbate, 3 sodium pyruvate, 2.5 KCI, 2 thiourea, 2
MgSO,, 2 CaCl,, 1.25 NaH,PO, (pH 7.3, 10 mOsm) at ambient tem-
perature for at least 1hour before recording. Electrophysiological
recordings were made at 32°C using a heater controller (TC-324C,
Warner Instruments) in ACSF containing (in mM): 125 NaCl, 26
NaHCO;, 20 glucose, 2.5KCl, 2 CaCl,, 1.3 MgS0y,, 1.25 NaH,PO,, (pH 7.3,
310 mOsm). The flow rate was 2 ml/min.

Electrophysiology. Slices were visualized on a fixed-stage upright
microscope (Olympus BX51WI) equipped with x4 and x40 objectives
and differential interference contrast optics, infrared illumination, and
an infrared-sensitive camera. Whole-cell patch-clamp recordings were
performed with glass pipettes with resistance of 4.0-6.0 MQ when
filled with internal solution containing (in mM): 130 K-gluconate, 20
HEPES, 4 MgCl,, 4 Na-ATP, 2 NaCl, 0.5 EGTA, 0.4 Na-GTP (pH 7.2,
290 mOsm). Series resistance (Rs) was monitored throughout all
experiments, and cells with Rs changes over 20% were discarded. All
recordings were made from granule cells located in the middle or
outer layer of the dentate gyrus. For spontaneous excitatory post-
synaptic currents (SEPSCs) recordings, dentate granule cells were held
at -70 mV in voltage-clamp mode and bicuculine (20 uM; GABA,
receptor antagonist; Tocris Bioscience) was added to the ACSF.
Intrinsic cellular properties were recorded in current-clamp mode. To
test neuronal input resistance, hyperpolarizing current pulses (20 pA,
200 ms) were applied to the neurons. Resting membrane potential was
measured as the membrane potential baseline value obtained in
current-clamp mode in the absence of current injection. The current-
voltage relationship experiments (to evaluate action potential firing
rate) consisted of a series of current injections (500-ms duration)
between O pA and +240 pA in 20 pA delivered in step-wise increments.
Data were acquired with a Multiclamp 700B amplifier and digitized
with a Digidata 1440 A using pCLAMP 10.7 acquisition software
(Molecular Devices). If the data failed a normalcy test, then a non-
parametric test was used in its place.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data needed to evaluate the conclusions in the paper are present in
the paper or the Supplementary Materials. The GEO accession to the
RNA/m6A-seq datasets is publicly available with GSE278032. The
secure token is ifqdamkubraffgf. ProteomeXchange dataset has also
been made public via the PRIDE database (ProteomeXchange acces-
sion: PXD047045). Raw files and any other data required for reanalysis

are available from the corresponding author (X.C.) upon
request. Source data are provided with this paper.
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