Neuron

Cognitive rejuvenation through partial

reprogramming of engram cells

Graphical abstract

Aging/AD

o A Y.
SO A Engram reactivation  / G )
v T\

A Cell identity \

A Heterochromatin *

m A Engram genes 7 ﬁ

| Y  Alzheimer's genes A
/ g ,J-”Lﬁ \ 4 Hyperactivity A Jﬂ.

A Learning and memory *

Highlights
® Partial reprogramming of engram cells restores youthful
markers in age and AD

@ In AD mice, it rectifies epigenetic, transcriptional, and
excitability aberrations

@ Learning improvements across ages and disease suggest
cognitive rejuvenation

Berdugo-Vega et al., 2026, Neuron 774, 1-15

March 18, 2026 © 2025 The Author(s). Published by Elsevier Inc.

https://doi.org/10.1016/j.neuron.2025.11.028

Authors

Gabriel Berdugo-Vega, Cesar Sierra,
Simone Astori, ...,

Marianne Julie Scoglio, Carmen Sandi,
Johannes Graff

Correspondence

gabriel.berdugovega@epfl.ch (G.B.-V.),
johannes.graeff@epfl.ch (J.G.)

In brief

Berdugo-Vega et al. combine partial
reprogramming and engram technologies
to achieve molecular rejuvenation of
learning-associated neuronal ensembles.
Engram reprogramming counteracts
molecular, cellular, and
electrophysiological signs of aging and
disease and is associated with behavioral
improvements that are consistent with a
rejuvenation of learning and memory
capacities.

¢? CellPress


mailto:gabriel.berdugovega@epfl.ch
mailto:johannes.graeff@epfl.ch
https://doi.org/10.1016/j.neuron.2025.11.028

Please cite this article in press as: Berdugo-Vega et al., Cognitive rejuvenation through partial reprogramming of engram cells, Neuron (2025), https://
doi.org/10.1016/j.neuron.2025.11.028

Neuron ¢? CelPress

OPEN ACCESS

Cognitive rejuvenation through partial
reprogramming of engram cells

Gabriel Berdugo-Vega,'-* Cesar Sierra,” Simone Astori,’-? Veronika Calati,’ Jules Orsat,’ Marianne Julie Scoglio,’
Carmen Sandi,?® and Johannes Graff!.3:4*

1Laboratory of Neuroepigenetics, Brain Mind Institute, School of Life Sciences, Ecole Polytechnique Fédérale Lausanne, 1015 Lausanne,
Switzerland

2L aboratory of Behavioral Genetics, Brain Mind Institute, School of Life Sciences, Ecole Polytechnique Fédérale de Lausanne, 1015
Lausanne, Switzerland

3Synapsy Center for Mental Health Research, School of Life Sciences, Ecole Polytechnique Fédérale de Lausanne, 1015 Lausanne,
Switzerland

4Lead contact

*Correspondence: gabriel.berdugovega@epfl.ch (G.B.-V.), johannes.graeff@epfl.ch (J.G.)
https://doi.org/10.1016/j.neuron.2025.11.028

SUMMARY

Counteracting cognitive decline is a declared goal of regenerative medicine. Recently, partial cellular reprog-
ramming has emerged as a promising strategy to promote tissue regeneration and restore cellular function,
but whether this approach bears fruit when targeted to cell populations underlying cognitive processes re-
mains unknown. Here, we report that partial reprogramming of engram neurons—bona fide memory trace
cells—by OSK-mediated gene therapy reversed the expression of senescence- and disease-related cellular
hallmarks in aged mice and models of Alzheimer’s disease (AD), re-established aberrant epigenetic-tran-
scriptional patterns pertaining to synaptic plasticity, and counteracted AD-typical neuronal hyperexcitability.
Importantly, irrespective of the brain area targeted or the behavioral paradigm employed, engram reprogram-
ming also recovered learning and memory capacities to levels of healthy young animals, suggesting cognitive
rejuvenation. These results posit that partial reprogramming of specific cell populations in the brain can be

exploited for cognitive restoration in aging and disease.

INTRODUCTION

Partial cellular reprogramming has emerged as one of the most
promising strategies in regenerative medicine. Cyclic expression
of the four Yamanaka factors (Oct4, Sox2, KlIf4, and cMyc—
OSKM), or a partial combination thereof (OSK), holds the poten-
tial to orchestrate rejuvenation of cellular function in aging
while at the same time preventing changes in cell identity and
tumorigenesis.'+? Partial reprogramming has been used at the
whole-body or entire tissue level in mice to successfully extend
lifespan,®* to promote regeneration of pancreatic, hepatic, and
muscle tissue,*°® and to restore vision in models of blindness.”*®
Recently, beneficial effects of partial reprogramming ap-
proaches, starting from a young age, have also been observed
to preserve cognitive abilities during aging and disease,” '° but
whether mnemonic functions can be rescued by partial reprog-
ramming after the onset of cognitive decline remains unknown.

Memories are encoded in sparse neuronal ensembles termed
engrams,'*'® which are found in different brain regions, with
specific contributions to recall during memory consolidation.
Thus, engrams in the hippocampus, and in particular in the den-
tate gyrus (DG), are predominantly important for learning and
recent recall,’®'” whereas engrams in the medial prefrontal cor-

tex (mPFC) become gradually more relevant for remote memory
expression.'®'? Importantly, during physiological aging and in
mouse models of Alzheimer’s disease (AD), engram impairments
interfere with memory recall,”>?® suggesting that engram
dysfunction may underlie age- and disease-related memory
decline. However, the molecular changes leading to engram
malfunction in aging or AD have not been explored, and, conse-
quently, sustained means to counteract these deficits and
rescue memory remain to be identified.

RESULTS

Partial reprogramming of engram cells rescues
age-related impairments in learning and memory

We first investigated the potential of partial cellular reprogram-
ming of engram cells, defined as learning-activated c-Fos* en-
sembles, to ameliorate cognitive function during physiological
aging. For this, we stereotaxically delivered adeno-associated
viruses designed to label (c-Fos:ttA + TRE::GFP) and to partially
reprogram (+TRE::OSK) engram cells responsible for learning in
the hippocampal DG of aged mice (here defined as 9-10 months
old) and, as controls, young wild-type (WT) mice (2-3 months
old) (Figure 1A). With this tet-off system, engram identification
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Figure 1. Partial reprogramming of engram cells rescues age-related cellular hallmarks and memory

(A) Scheme depicting the experimental design for engram reprogramming during physiological aging, including the viral constructs used for DG engram targeting,
functioning of the tet-off conditional expression system, and behavioral protocol. Note that conditional transgene expression was directed exclusively to engram
cells activated by learning (c-Fos*) through removal and re-introduction of Dox around the fear conditioning experience.

(B) Percentage of freezing at recent recall (2 days after conditioning) of young (dark green) and aged mice injected with GFP (dark blue) and OSK (light blue),
showing decreased freezing in GFP-injected aged mice and recovery upon OSK expression.

(C) Immunofluorescence picture with magnifications and quantification for reactivation (c-Fos*) in OSK-injected aged mice of non-reprogrammed (GFP*KIf4~) vs
reprogrammed (GFP~KIf4* and GFP*KIf4*, yellow arrowhead) DG engrams.

(D-G) Immunofluorescence picture with magnifications (top; representative Kif4~ and Kif4* in white and red insets, respectively) and quantifications (bottom) of
cell identity (Prox1, D) and age-related markers (H3K9me3, E; LaminB1, F; circularity, G) of OSK-injected aged mice. Intensity data are shown as raw values per

(legend continued on next page)
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and the induction of the reprogramming factors can be tempo-
rally controlled by doxycycline (Dox) withdrawal from the
drinking water, which triggers the expression of the tetracy-
cline-responsive element (TRE), driving GFP and OSK. We syn-
chronized Dox withdrawal to the learning phase of a contextual
fear conditioning paradigm, an associative memory task, after
which animals were immediately re-introduced on Dox. RNA-
scope analysis in animals sacrificed 90 min after learning
confirmed simultaneous OSK expression in DG-activated en-
sembles (Figures S1A-S1E), as well as their downregulation
to background expression levels after Dox re-introduction
(Figures S1F-S1H).

We assessed the effect of OSK-mediated reprogramming on
memory with a recall test 2 days after learning, a time at which
reprogrammed and non-reprogrammed engrams can be identi-
fied by KIf4 and GFP protein immunoreactivity, respectively
(Figures S11, S1J, and S2A). We found that aged control mice in-
jected with GFP showed decreased freezing compared with
young mice (Figure 1B), indicative of age-related impairments
in fear memory. This behavioral phenotype was associated
with decreased engram reactivation in the DG (Figure S2B), in
line with previous reports.® In contrast, memory in OSK-injected
aged animals was rescued to that of young mice (Figure 1B).
Furthermore, we observed that reprogrammed KIf4* engrams
were preferentially reactivated over non-reprogrammed en-
grams (Figure 1C), indicating that engram-specific overexpres-
sion of OSK can rescue against age-related deficits in associa-
tive memory.

Next, we studied the effect of OSK induction on several age-
related cellular markers. First, we quantified the levels of
Prox1, a cell-type-specific identity determinant for DG granule
neurons,”* in KIf4* and KIf4~ cells in order to exclude that partial
cellular reprogramming would lead to cellular de-differentiation.
Instead, we found that partial reprogramming consistently
increased expression levels of Prox1 compared with non-re-
programmed cells (Figure 1D) as well as with non-reprogrammed
engrams (Figure S2C). This was due to a decrease in the propor-
tion of low-expressing Prox1* cells among the KIf4* population
(Figure S2D, left), thereby ameliorating deficits in Prox1 expres-
sion observed in engrams of aged GFP-injected animals
(Figure S2D, right). These results suggest that OSK induction
does not lead to a loss in cell identity but rather strengthens it.
Subsequently, we examined the expression of H3K9me3,
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LaminB1, and nuclear circularity, which are markers related
to heterochromatin and the nuclear architecture known to
decrease during aging.”*>° We observed increased expression
of H3K9me3 (Figure 1E) and LaminB1 (Figure 1F), as well as
increased nuclear circularity (Figure 1G), in reprogrammed
engram cells (Figure S2E). Together, these results indicate that
OSK-mediated partial engram reprogramming counteracts the
expression of age-related parameters without leading to a loss
in cellular identity.

We then sought to assess the potential of OSK to also rescue
more durable, so-called remote, forms of memory. For this, we
targeted engrams in the mPFC, which have been shown to be
relevant for remote memory recall (i.e., 2 weeks after
learning).®'® Cortical engrams of young and aged mice were
tagged and reprogrammed during fear conditioning as before
(Figure 1H). RNAscope analysis confirmed OSK expression in
learning engrams as well as downregulation to background
levels after Dox re-introduction (Figures S3A-S3H). When tested
for remote memory retention 2 weeks later, we found that while
GFP-injected aged mice showed a decrease in freezing, indi-
cating remote memory impairment, OSK-injected aged animals
no longer displayed such impairment (Figure 1l). Furthermore,
reprogrammed engrams in the mPFC, identified by KIf4 immuno-
reactivity (Figures S3l, S3J, and S4A), showed increased reacti-
vation upon recall (Figure 1J).

At the cellular level, we noticed that OSK-expressing viruses
predominantly infected engram cells in deeper layers of the
mPFC (Figure S4B). Consequently, we quantified the levels of
Ctip2, a marker of deeper layer neurons, and found its expres-
sion to be enhanced upon partial reprogramming (Figures 1K
and S4C). Additionally, we observed that OSK infection led to
an increase in H3K9me3 and LaminB1 (Figures 1L and 1M)
and a reduced percentage of low-circularity neurons in deeper
layers (Figures 1N and S4C). Taken together, these results sug-
gest that partial cellular reprogramming also promotes cortical
engram functions in the aged brain, without leading to a loss in
cell identity, and improves the retention of remote memories.

Partial reprogramming of engram cells rescues spatial
learning and memory deficits in AD

We next investigated whether partial engram reprogramming
would also be beneficial in the context of age-related neurode-
generative disorders, such as AD. For this, we used APP/PS1

cell, with intra-section comparisons between Klf4~ (black) and KIf4™ (red) of one example animal (left), as well as median value of KIf4~ and KIf4* cells per an-

imal (right).
(H) Scheme and experimental design for mPFC engram targeting.

(I) Percentage of freezing at remote recall (2 weeks after conditioning) of young and aged mice injected with GFP and OSK, as indicated, showing decreased
freezing in GFP-injected aged mice and recovery upon OSK expression.

(J) Immunofluorescence with magnifications and quantification for reactivation (c-Fos*) in OSK-injected aged mice of non-reprogrammed (GFP*KIf4™) vs. re-
programmed (GFP~KIf4* and GFP*KIf4*, yellow arrowhead) mPFC engrams.

(K-N) Immunofluorescence with magnifications (top; representative Kif4~ and Kif4* in white and red insets, respectively) and quantifications (bottom) of cell
identity (Ctip2, K) and age-related markers (H3K9me3, L; LaminB1, M; circularity, N) of OSK-injected aged mice. Intensity data are shown as per cell, with intra-
section comparisons between Kif4~ (black) and KIf4* (red) of one example section (left), as well as median value of KIf4~ and KIf4* cells per animal (right) in deeper
layers. Scale bars: 100 (C-F), 200 (J-M), or 10 (G and N) pm. Data are represented as bar graphs, with individual animal values (dots; N > 8 male WT mice for
behavior and reactivation), median intensity value in arbitrary units per animal (N > 3), or as individual cells (n > 300) with median (red line). Error bars indicate SD.
****p < 0.0001; **p < 0.001; **p < 0.01; *p < 0.05; ns, non-significant, by tests as indicated in Table S7.

See also Figures S1-54.
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mice, an extensively used model of AD that expresses human
mutations for the App and Pseni genes (coding for the amy-
loid-B precursor and presenilin 1 proteins, respectively) and
that is characterized by early plaque deposition and cognitive
impairments from middle age onward.*° Using the same exper-
imental setup as before, we observed increased expression of
the cell identity markers Prox1 and Ctip2 in DG and mPFC en-
grams of aged APP/PS1 mice upon partial engram reprogram-
ming (Figure S5A), as well as an increased expression of
LaminB1 in both brain areas (Figure S5B), which is known to
be downregulated in APP/PS1 mice.®' These findings extend
the previously observed beneficial effects of partial engram re-
programming at the cellular level from aging to an AD context.

Consequently, we tested whether engram reprogramming
would also rescue learning and memory in APP/PS1 mice.
Because this mouse strain does not show impairments in
fear memory (Figure S5C),*> we employed a water maze navi-
gational paradigm, a method of choice when assessing mem-
ory loss in mouse models of AD,**** with the added benefit of
being able to reveal changes in learning strategies. We first
performed DG reprogramming experiments, in which the la-
beling window for the tagging of putative engram cells was
opened at the beginning of a 5-day-long water maze training
protocol, designed to allow for transgene expression and eval-
uate differences during learning (Figure 2A). As mice learn to
locate the hidden position of the submerged platform, they
normally progress from the use of random and non-spatial
strategies to more efficient and spatially directed ones that
depend on hippocampal functioning (Figure 2B).°**® We
observed that GFP-injected APP/PS1 mice showed reduced
use of hippocampal strategies and longer path lengths relative
to GFP-injected WT controls (Figures 2C and 2D), indicative of
impaired navigation. In contrast, OSK-injected APP/PS1 mice
no longer displayed this impairment and showed a signifi-
cantly increased contribution of hippocampal strategies
throughout the learning phase (Figures 2C and 2D), suggesting
that spatial learning in APP/PS1 mice can be improved upon
DG engram reprogramming.

Subsequently, we investigated whether partial engram re-
programming could also recover spatial memories. For this, we
injected OSK into the mPFC of APP/PS1 mice and used a shorter
and more exhaustive, 3-day-long water maze learning paradigm,
in which the engram-labeling window was targeted to the last
learning day (Figure 2E; see STAR Methods). In this paradigm,
GFP-injected APP/PS1 mice also showed reduced use of hippo-
campal learning (Figure 2F), which resulted in an absence of
spatial memory as assessed by target quadrant preference in a
probe test at recent and remote times (Figures 2G and 2H).
Conversely, we found that OSK-injected APP/PS1 mice, which
also showed impaired learning and recent memory (Figures 2F
and 2G), displayed a significant preference for the target quad-
rant that was comparable to that of WT mice when tested
2 weeks after learning (Figure 2H), indicating restored spatial
memory. Importantly, targeting OSK expression to cells active
during exploration of a novel environment prior to the water
maze training did not result in spatial memory restoration, sug-
gesting that the effects of engram reprogramming are memory
specific (Figure S5D). Altogether, these results show that engram

4 Neuron 174, 1-15, March 18, 2026

Neuron

reprogramming in APP/PS1 mice can recover both spatial
learning and memory retention.

Partial reprogramming of engram cells rescues
molecular signatures of AD

To better understand the molecular mechanisms mediating the
OSK-induced improvements in engram cells, we next assessed
gene expression and chromatin accessibility changes by single-
nucleus (sn) multiome sequencing (consisting of RNA
sequencing [snRNA-seq] and assay for transposase-accessible
chromatin sequencing [snATAC-seq]). To that end, we isolated
mPFC nuclei of GFP-injected WT and APP/PS1 mice, as well
as OSK-injected APP/PS1 mice, 1 day after the last recall ses-
sion of the water maze paradigm (Figure 3A). After quality control
(Figures S6A and S6B), all expected neuronal and glial subtypes
of the mPFC were retrieved in proportions similar to those previ-
ously described (Figures 3B, S6C, and S6D).>"*® In order to
identify engram cells, we mapped RNA reads to the sequence
of the viral vectors and detected them mostly among excitatory
neurons (Figures 3C and S6E). Thus, in the following, we focused
our analysis on excitatory engrams, henceforth referred to as
WT, APP/PS1, or OSK (for other cell types; see Figure S6F and
Table S1).

First, we analyzed transcriptional changes pertaining to
cellular identity, engram formation, and AD pathology (see
STAR Methods and Table S2). Supporting the notion that AD re-
sults in progressive cell de-differentiation,>**™*' we found that
APP/PS1 engrams showed decreased expression of identity
genes, which was fully rescued upon partial reprogramming
(Figures 3D, left, and S6G). Next, we used genes differentially ex-
pressed either between engram and non-engram cells in WT an-
imals or, alternatively, between WT and APP/PS1 engrams
(referred to as WT and AD engram signatures, respectively;
see Table S2), to score cells in pseudotime trajectories. In line
with the presence of functional impairments in AD engram
cells,”® we found that APP/PS1 engrams showed a reduced
engram score, which, upon OSK treatment, was partially
restored (Figure 3D, center). A similar restoration by OSK was
also observed for the AD engram score (Figure 3D, right), albeit
in a different direction. These results suggest that OSK-mediated
reprogramming rescues, at least in part, transcriptional impair-
ments of engram cells in APP/PS1 mice.

From a gene ontology perspective, the AD engram signature
was enriched in terms pertaining to synaptic and neuronal func-
tion, compared with those found in the overall APP/PS1 excit-
atory population (Figure S6H), and was largely reversed in OSK
engrams (Figure S6l; Table S3). This restoration was also
confirmed by gene set enrichment analysis (GSEA), with the ma-
jority of the signatures affected in APP/PS1 being reversed in
OSK, which included cell-death, immune, translation, and syn-
aptic pathways (Figures 3E and S6J; Table S4).

At the level of individual differentially expressed genes
(DEGs), a significant fraction of both down- and upregulated
DEGs in APP/PS1 were rescued upon OSK treatment
(Figures 3F and 3G). These OSK-rescued genes belonged to
the categories of synapse organization and potassium ion
transport for the aberrantly downregulated genes in APP/PS1,
including several voltage-gated ion channels and neuregulin 1
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Figure 2. Partial reprogramming of engram cells rescues AD-related impairments in spatial memory

(A) Scheme depicting the experimental design for DG engram reprogramming in the context of AD. The labeling window opened from the start of a water maze
navigational protocol, consisting on 5 days of spatial learning, 4 trials per day, with different starting positions each day.

(B and C) Drawings exemplifying color-coded searching trajectories, including non-spatial and spatial (i.e., hippocampal) strategies (B), and their mean
contribution during the learning phase in WT and APP/PS1 mice injected with GFP or OSK, as indicated (C). Changes with odds ratios (ORs) in grouped spatial
(green) and non-spatial (yellow) learning strategies are depicted and compared in GFP-injected APP/PS1 vs. WT (top) mice, as well as in OSK- vs. GFP-injected
APP/PS1 (bottom) mice.

(D) Evolution of path length (cm) of GFP-injected WT (blue), GFP-injected APP/PS1 (red), and OSK-injected APP/PS1 (orange) mice throughout the 5 learning
days. Note the significant increase in distance of GFP-injected APP/PS1 vs. WT mice on days 3 and 4 (in red), correlating with reduced use of spatial strategies (in
C), and partial rescue upon OSK induction in DG engrams. N = 14 (WT GFP), 11 (APP/PS1 GFP), and 13 (APP/PS1 OSK) female mice.

(E) Experimental design for mPFC engram reprogramming in AD. The labeling window opened at the end of a shorter water maze protocol (3 days of spatial
learning, 6 trials per day) with re-introduction of Dox after learning and including recent and remote memory recall.

(F) Contribution and changes of spatial learning strategies between groups, showing impaired spatial navigation in APP/PS1 mice.

(G and H) Heatmaps (top) and quantifications (bottom) displaying quadrant preference (T, target; O, opposite; F, front) during the probe test at recent (G) and
remote (H) times. Note the lack of preference for the target quadrant of all APP/PS1 mice at recent time and specific recovery of OSK-injected mice to WT levels at
remote time. N =13 (WT GFP) and 10 (APP/PS1, GFP and OSK) female mice. Data are represented as means + SEM of each day (D) and as box-whisker plots with
individual animals (G and H). ***p < 0.0001; **p < 0.001; **p < 0.01; *p < 0.05; ns, non-significant, by tests as indicated in Table S7.

See also Figure S5.

(Nrg1),*=** and to amyloid beta response and negative regula-
tion of long-term potentiation for the aberrantly upregulated
genes in APP/PS1, encompassing key markers of AD neuropa-
thology such as App and prion protein (Prnp)*® (Figure 3G).

Altogether, these findings suggest the presence of multifaceted
deviations in the transcriptional landscape of APP/PS1 en-
grams, which were corrected upon partial reprogramming
(Figure S7; Data S1).
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Then, to explore changes in chromatin accessibility, we per-
formed a differential accessibility analysis of all major cell types
(Figures S8A-S8C; Table S5) and observed that a significant pro-
portion of the differentially accessible regions (DARs) in APP/PS1
engram cells were reversed by OSK (Figure 3H). In order to eluci-
date whether and how these changes might mediate the DEGs,
we analyzed the correlation between ATAC and RNA signals.
Focusing first on promoters, we found that although transcrip-
tional start site (TSS) accessibility positively correlated with
gene expression changes in APP/PS1 engram cells (Figure 3lI,
red), this was not the case in OSK engrams (Figure 3, orange),
indicating a decoupling of chromatin openness with transcrip-
tional activity. Moreover, we noticed that genes downregulated
upon OSK had a more accessible TSS (Figure 3J), suggesting
that OSK might repress gene expression through the recruitment
of transcriptional regulators to open chromatin. Accordingly,
when we used transcription factor enrichment analysis
(ChEA3%) to identify factors associated with downregulated
genes upon OSK, we found as the top candidate a homolog of
Oct4 (Pou5f1b), alongside several other transcriptional regula-
tors (Figure 3K; Table S6). One example of an OSK-rescued
gene without accessibility changes at its TSS and associated
with Pou5f1b was Prnp (Figure 3L). This mechanism is in line
with previous reports showing that Oct4 can bind to open chro-
matin and promote the recruitment of transcriptional co-
repressors.*’ ™9

Expanding the analysis beyond promoters, we observed that
the majority of OSK-induced gained peaks occurred in regions
further away from the TSS (Figures 3M and S8D), which is in
line with the reported binding of OSK factors to distal elements
during full reprogramming.®® Thus, we re-analyzed the correlation
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between ATAC and RNA changes, focusing exclusively on peaks
defined as linked to the DEGs (see STAR Methods) but located
outside of the promoters. This analysis yielded a positive correla-
tion between accessibility and transcription in OSK engrams
(Figure 3N, orange), which implies that OSK-mediated changes
in gene expression also occur via accessibility gains in distal re-
gions. Interestingly, these gained accessibility peaks were partic-
ularly enriched for Kif4 (Figure 30), suggesting that this factor
could act as the main mediator behind these changes (see also
Figures SBE-S8G). One example of an OSK-rescued distal peak
containing the KIf4 motif with concomitant increased gene
expression concerned Kcnj3 (Figure 3P). This gene codes for
the potassium inwardly rectifying channel Kir3.1, which is impor-
tant for maintaining membrane excitability°' and has previously
been linked to synaptic plasticity and memory®>>° as well as
AD.*>*°° Taken together, these results show that OSK mediates
chromatin accessibility changes differently at proximal and distal
genetic regions, with both contributing to the potential rescue of
transcriptional aberrations in engram cells.

Partial reprogramming counteracts hyperexcitability in
AD engram cells

Beyond these OSK-induced epigenetic-transcriptional changes
in AD engrams, we asked whether their electrophysiological
properties might also be altered. Intrinsic excitability (IE) is a cen-
tral neuronal property for engram physiology during memory for-
mation and recall,”®~>° known to be aberrantly increased in AD
pyramidal neurons.®®®® We therefore examined whether AD
engram cells exhibit increased IE and the extent to which
OSK-induced reprogramming could counteract these alter-
ations, namely by performing ex vivo patch-clamp recordings

Figure 3. Partial reprogramming of engram cells rescues molecular signatures of AD

(A) Scheme depicting the experimental design for single-nucleus multiome assessment of mMPFC engram reprogramming, including dissected mPFC of GFP-
injected WT (N = 3), APP/PS1 (N = 3), and OSK-injected APP/PS1 (N = 4) female mice.

(B and C) Uniform manifold approximation and projection (UMAP) representing clusters of mPFC cell types extracted after quality control (B) and engrams within

those (C).

(D) Quantification of cell identity, engram, and AD engram scores (see STAR Methods) in WT (blue), APP/PS1 (red), and OSK (orange) engrams (average per group

with SEM; n > 1,213 engrams).

(E) GSEA depicting rescued transcriptional changes and related ontologies between APP/PS1 (APP/PS1 vs. WT) and OSK (OSK vs. APP/PS1) engrams (color

coded as in Figure S6J).

(F and G) Analysis of DEGs in APP/PS1 engrams and their rescue upon OSK induction. Line-plot graphs represent genes with significantly changed expression in
APP/PS1 relative to WT engrams and the corresponding change of the same genes in OSK engrams. Venn diagrams represent the intersection between sig-
nificant DEGs of APP/PS1 (red) and OSK (orange) engrams (F). (G) Heatmaps of rescued genes in the three groups, with gene ontologies at the bottom.

(H) Analysis of DARs in APP/PS1 engrams and their rescue upon OSK induction, with line-plots and Venn diagrams as in (F).

(I) Correlation between RNA (DEGs) and ATAC (peaks in promoters) signals, in APP/PS1 (red) and OSK (orange) engrams.

(J) Chromatin accessibility in WT for DEGs found in APP/PS1 (top) and in APP/PS1 for DEGs found in OSK (bottom) engrams, with signal centered around the TSS.
(K) Top four ChEA3-extracted transcription factors expressed in engram cells and enriched among downregulated genes in OSK, with number of associated
genes and ChEA3 score.

(L) Gene track of Prnp, as an example of an OSK-mediated rescued gene without changes in promoter accessibility, including peak signal and levels of gene
expression in WT (blue), APP/PS1 (red), and OSK (orange) engrams.

(M) Genomic locations of gained peaks in APP/PS1 and OSK engrams, color coded as indicated.

(N) Correlation between RNA (DEGs) and ATAC (linked peaks located outside of promoters) signals, of groups as in (l).

(O) Heatmap of OSK factors’ motif enrichment among gained peaks in APP/PS1 and OSK engrams.

(P) Gene track of Kcnj3, as an example of an OSK-mediated rescued gene with accessibility changes outside the TSS, including the location of its linked peak
containing the KIf4 motif (gray area) and levels of gene expression in WT (blue), APP/PS1 (red), and OSK (orange) engrams. Data are shown with significance and
fold enrichment as indicated. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns, non-significant, by tests indicated in the STAR Methods section. CT, cortico-
thalamic; CR, Cajal-Retzius; DAM, disease-associated microglia; Endo, endothelial cells; IT, intratelenchephalic; L, layer; NP, near projecting; OPCs, oligo-
dendrocyte precursors; PT, pyramidal tract; Pvalb, parvalbumin; PVM, perivascular macrophage; SMC-Peri, smooth muscle cells—pericytes; Sst, somatostatin;
VLMC, vascular and leptomeningeal cell.

See also Figures S6-S8.
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Figure 4. Partial reprogramming of engram cells rescues AD-related hyperexcitability
(A) Representative merged infrared and fluorescent images of GFP* pyramidal neurons patched in the prelimbic region of the mPFC from GFP-injected WT, APP/
PS1, and OSK-injected APP/PS1 mice (top, N = 5 female mice per group), with example voltage traces showing action potential firing in response to somatic

depolarization via ramped current injections (bottom).

(B and C) Mean firing frequency elicited by increasing depolarizations in WT (blue), APP/PS1 (red), and OSK (orange, identified as Klf4*) engrams (B) and rheobase
values (C), indicating hyperexcitability in APP/PS1 and normalized response in OSK engrams.

(D and E) Example voltage recordings showing the change in membrane potential upon perfusion of the Kir3.1 channel activator ML-297 (D) and mean values of
ML-297-induced hyperpolarization (E). Note the restored membrane hyperpolarization in OSK engrams. Data are represented as mean per group (B; n = 21 for
WT and APP/PS1 and 20 for OSK engrams) and bar graphs with individual dots indicating patched cells (C and E; n > 5). Scale bar: 20 pm. Error bars indicate SEM.

*p < 0.05, by tests as indicated in Table S7.
See also Figure S9.

in mPFC pyramidal engram cells (i.e., GFP* neurons) from WT,
APP/PS1, and OSK mice. We found that APP/PS1 engram cells
displayed hyperexcitability, consistent with previous observa-
tions in non-engram pyramidal neurons.®®®" Specifically,
APP/PS1 engram cells fired significantly more action potentials
in response to depolarizing current injections (Figures 4A
and 4B), which was accompanied by a reduced rheobase
(Figure 4C) compared with WT engrams. Passive membrane
properties were comparable between conditions, although
APP/PS1 engrams exhibited a more hyperpolarized resting
membrane potential (Figure S9A). Notably, OSK treatment
rescued |IE by normalizing firing frequencies (Figure 4B) and
rheobase (Figure 4C) of APP/PS1 neurons toward WT levels.
This normalization was also observed when comparing Kif4*
and Kif4~ engram cells within the same OSK-injected animals
(Figures S9B-S9D), suggesting that IE was rescued specifically
in reprogrammed engram cells.

Next, guided by the results from our multiome analysis
(Figure 3P), we specifically investigated the role of Kir3.1
(coded by the Kcnj3 gene) as a potential mediator of the
observed electrophysiological changes. For this, we evaluated
the effect of the Kir3.1 channel activator ML-297°*°* on mem-
brane potential (Figure 4D). We found that although ML-297
reliably hyperpolarized WT engrams, it failed to do so in APP/
PS1 engram cells (Figure 4E), consistent with Kcnj3 downregu-
lation driving hyperexcitability.®* By contrast, OSK-reprog-
rammed engrams exhibited restored hyperpolarization
following ML-297 application (Figure 4E), underscoring the
OSK-rescued expression of Kcnj3 as a contributing factor in
the normalization of IE in AD engrams. These results exemplify
how OSK-mediated restoration of molecular aberrations trans-
lates into neurophysiological properties important for engram
function in AD neurons.
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Partial reprogramming of engram cells leads to
cognitive rejuvenation across ages and disease

Finally, we wondered whether the behavioral changes observed
upon engram reprogramming during physiological aging
(Figure 1) and in AD (Figure 2) reflect a more generalizable, and
thus quantifiable, restoration of learning patterns toward those
of younger mice. For this, we first assessed whether the animals’
chronological age could be predicted from behavioral perfor-
mance alone and, if so, whether the learning patterns of reprog-
rammed mice are reflective of a younger predicted age. Thus,
we generated a regression model that maximized the correlation
between chronological age and different spatial learning metrics
(Figure 5A; see STAR Methods), which provided a multiparametric
dataset richer than quadrant occupancy or freezing levels alone.
We used four different age groups of GFP-injected WT mice,
ranging from 16 to 90 weeks of age (N = 39 mice), which were
trained in the same water maze protocol used in DG engram re-
programming experiments (Figure 2A). The resulting model,
which we termed “cognitive clock,” had a correlation of R =
0.57 (p < 0.001) and predicted age accurately with a median error
of 10 weeks (Figures S10A and S10B), suggesting that chronolog-
ical age can be inferred from spatial learning patterns. Then, to
test whether engram reprogramming would lead to a deceleration
of the cognitive clock, we used behavioral data from OSK-in-
jected WT mice spanning a wide age range (either 40 or 90 weeks
old, N = 15 and 7, respectively), which showed spatial learning
and memory improvements compared with their GFP-injected
counterparts (Figures S10C and S10D). We found that OSK-in-
jected mice showed a significant reduction in predicted vs. chro-
nological age (Figure 5B), in particular for the mice of advanced
age, indicating that the cognitive clock accurately reflected the
memory improvements upon engram reprogramming in
aged mice.
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Next, we interrogated whether the cognitive clock would also
reflect cognitive impairments in AD and, by extension, improve-
ments upon AD engram reprogramming. For this, we used the
water maze learning data from APP/PS1 (Figure 2) and, addition-
ally, 5xFAD mice, another mouse model of AD expressing five
AD-linked human mutations.®® Similar to APP/PS1 mice,
5xFAD mice showed impairments in navigational learning, espe-
cially at the level of spatial precision (Figures S10E and S10F),
which were rescued upon DG engram reprogramming
(Figure S10G and S10H). We found that GFP-injected APP/
PS1 and 5xFAD animals (N = 11 each) showed a significant in-
crease in predicted vs. chronological age (Figures 5C, left, and
5D), reflecting an accelerated ticking of the cognitive clock in
AD mice. In contrast, predicted age returned to chronological
age levels in OSK-injected APP/PS1 and 5xFAD mice (N = 13
and 12, respectively, Figures 5C, right, and 5D), recapitulating

Predicted age (weeks)

Eucledian distance to WT GFP 16w
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Figure 5. Partial engram reprogramming
leads to cognitive rejuvenation across
ages and disease

(A) Scheme depicting the experimental design for
the generation of the cognitive clock. GFP-in-
jected WT female mice of 16, 42, 60, and 90 weeks
of age were tested in the same water maze para-
digm as for DG engram reprogramming experi-
ments (Figure 2A), and spatial learning metrics
were regressed to their chronological age (in
weeks) using an ordinary least-squares model
adjusted for multicollinearity (see STAR Methods).
(B) Comparison of chronological and predicted
ages of OSK-injected WT female mice (aged and
old, on average 42 and 90 weeks old, respec-
tively), showing a significant decrease in predicted
age (left) and the magnitude of the difference
(shaded area, right).

(C) Intra-group comparison of chronological and
predicted ages, with estimation plots, of GFP-in-
jected (left, in brown) and OSK-injected (right, in
orange) AD (APP/PS1 female and 5xFAD male)
mice.

(D) Inter-group comparison between predicted
ages of GFP- (brown) and OSK-injected (orange)
42-week-old AD mice, showing restoration to
chronological age levels in OSK AD mice.

(E and F) Principal-component analysis (E) of
spatial learning performance and clustering for all
trained mice (N = 105, single dots), highlighting the
group centroids (colored stars). Different ages,
genotypes, and treatments are color coded as
indicated. Note the displacement of the centroid
of OSK-injected mice in each group toward that of
young GFP-injected mice (quantified in F). Data
are represented as correlation (A) and bar graphs
(D, mean + SD), as well as principal-component
plots, with individual dots indicating mice (E) or
groups of mice (F). **p < 0.01; *p < 0.05; ns, non-
significant, by tests as indicated in Table S7.

See also Figure S10.
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(Figure S10I). Importantly, non-spatial
parameters contained within the clock to predict age, such as
swimming speed, were not changed in OSK-injected mice
(Figure S10J), suggesting that OSK-derived cognitive improve-
ments are the result of rejuvenated learning patterns rather
than improved physical fitness. Thus, the cognitive clock devel-
oped here can accurately predict cognitive decline associated
with both age and AD, as well as cognitive rejuvenation upon
partial engram reprogramming.

Lastly, in order to confirm this cognitive rejuvenation with a
different method, we performed an unbiased dimensionality
reduction analysis pooling all spatial metrics across groups of
experiments (N = 105 mice). We found that spatial-learning-
based clustering separated groups of individual mice, with prin-
cipal component (PC)1 and PC2 mostly reflecting age and geno-
type, respectively (Figures 5E and S10K). Furthermore, we
observed that middle-aged AD mouse lines clustered further
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from the oldest WT mice in the PC1 space, supporting an accel-
erated aging in mice with AD pathology, whereas the two trans-
genic AD lines clustered away from each other in the PC2 space,
supporting the presence of navigational impairments distinctive
to each model. Remarkably, irrespective of age and disease
stage, centroids of the clusters of all OSK-injected mice signifi-
cantly moved away from their respective GFP-injected counter-
parts and toward that of young GFP-injected mice (Figure 5F).
Altogether, these results reinforce the notion that partial engram
reprogramming leads to cognitive rejuvenation across ages and
in AD.

DISCUSSION

Here, we report that partial reprogramming of engram cells by
OSK-mediated gene therapy results in cognitive rejuvenation
through changes at the cellular, molecular, electrophysiological,
and behavioral level. These beneficial effects occurred in two
conditions characterized by cognitive decline, i.e., in aged
mice and mouse models of AD; were observed irrespective of
the targeted brain area, i.e., the DG and mPFC; and did not
lead to a loss in cellular identity but rather to a strengthening
thereof. Together with a recent report of recovered vision in a
mouse model of blindness upon expression of OSK in retinal
ganglion cells,” this study suggests that higher-order brain func-
tions, i.e., memory, can be successfully restored when OSK is
targeted to the underlying impaired cell type, i.e., engram cells.

Directing molecular rejuvenation to the impaired neuronal sub-
population represents a significant advantage over less specific
and longer-lasting approaches, for which cognitive improve-
ments can be confounded by motor or systemic factors and
which present an increased risk of de-differentiation by manipu-
lating more cells for extended periods of time, respectively. As
such, the engram-specific rescue strategy presented here ex-
pands previous reprogramming approaches at the whole-body
or tissue level, which were shown to delay the onset of age-
related memory impairments®'® but were started before the
onset of cognitive decline and lasted for several months. Impor-
tantly, the present findings show that the controlled expression
of OSK achieved by a one-time induction wave at the time of
learning is sufficient for cellular rejuvenation while at the same
time preventing de-differentiation.

For engrams in the context of aging and AD, this implies that
cognitive capacities are not lost but merely constrained and
can thus be recovered. Although similar results have been ob-
tained when engram activity was temporarily and extrinsically
reinstated by optogenetic activation for recent memories,?*’
here engram function was more permanently reprogrammed,
as evidenced by remote memory rescue. How long the beneficial
effects of engram reprogramming can last beyond 2-week
remote memories, and whether reprogrammed engrams cross-
talk with neighboring cells or influence downstream circuits
outside the targeted areas, remains, however, to be determined.

Upon OSK-mediated reprogramming, the transcriptional ab-
erration of AD engram cells—comprising mainly synapse- and
immune-response-related categories—was partly restored,
although this restoration was most often not paralleled by alter-
ations in chromatin accessibility. This could indicate that epige-
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netic changes induced by OSK occur at an earlier time and pre-
cede the transcriptional alterations, as has been reported for
enhancer occupancy during full reprogramming.“®*° Alterna-
tively, OSK might affect other epigenetic modalities, such as
H3K9me3, the overall levels of which were increased in reprog-
rammed engrams (Figures 1E and 1L), or DNA methylation,
which is reportedly altered in both age and AD.%%¢”

Irrespective of its precise epigenetic mechanisms, our findings
indicate that partial engram reprogramming likely rectifies signs
of epigenetic erosion in age®® and AD.*" This is exemplified by
the epigenetic and transcriptional profile of Kcnj3 upon OSK
treatment (Figure 3P), which directly translated into rescued
engram hyperexcitability in AD (Figure 4). Because neuronal
excitability is a prerequisite for proper engram functioning and
memory recall,*®%° but notoriously increased in AD,?°® it is
likely that AD-related memory impairments were restored
because of epigenetically altered electrophysiological properties
of reprogrammed engrams. In turn, this implies that epigenetic
engram plasticity is a prerequisite for proper mnemonic func-
tions not only in the healthy®®° but also in the AD brain.

Lastly, in trying to better understand the nature of OSK-
derived memory improvements, we developed a cognitive clock
that was sensitive to memory decline and rescue. This clock al-
lowed us to recognize OSK-mediated behavioral changes not
just as mere improvements in discrete parameters but rather
as a re-adoption of learning patterns typical of young mice, sug-
gesting cognitive rejuvenation even upon reprogramming of a
sparse engram population. By extension, this clock also
provides a non-invasive biomarker to detect the presence of
age-related deficits in mice, which could be used to quantify
the effect of different therapeutic approaches or be applied in
other disease models.

Taken together, our findings provide a proof of concept that
targeting OSK to engram cells in the aged and diseased brain
can help to recover cognitive functions. Although far from being
readily translatable, such cell-type-specific approaches could in
future studies also be applied to engrams with different func-
tions, such as those in the insular cortex that coordinate immune
responses,’’ to different cell types constrained in memory dete-
rioration, or to different neurological disorders characterized by
cognitive impairments.

Limitations of the study

In this study, we have exclusively used amyloid AD mouse
models, as opposed to tau models, for which disease progres-
sion and underlying pathophysiological changes differ. In addi-
tion, our multi-omic and electrophysiological investigation of
engram reprogramming has been restricted to a single time point
(2 weeks after OSK-induction) and focused exclusively on AD-
dependent changes and rescues thereof. Thus, the extent to
which some of the beneficial phenotypes are secondary to other
transcriptional and accessibility changes triggered by OSK was
not investigated. Given our engram-targeting approach, we
cannot exclude the possibility that a small fraction of non-re-
programmed cells were identified as engrams in our sequencing
experiment, thus diluting our effects. Future work should addi-
tionally explore molecular changes occurring early after OSK in-
duction and include young animals to unravel OSK’s mode of
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action at even higher resolution. Further, including different cell
types such as DG engrams in these analyses would hint at
whether OSK induces cell-type-specific or cell-type-agnostic
rejuvenation trajectories. Finally, while fear conditioning and
spatial learning are commonly used to assess cognitive decline,
the effect of engram reprogramming in behavioral tests less
commonly used in the engram field, such as novel object recog-
nition tasks, was not addressed.
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Cat# A-31573; RRID:AB_2536183
Cat# A48272TR; RRID:AB_2896338
Cat# ab175758

Bacterial and virus strains

AAV8 TRE::OSK

AAVS cFos::tTA

This paper; produced at EPFL’s
Bertarelli Foundation Gene Therapy

Platform

EPFL’s Bertarelli Foundation Gene

Therapy Platform

N/A

Addgene plasmid #66794, gift
from William Wisden

AAV8 TRE::GFP UNC Vector Core N/A

Chemicals, peptides, and recombinant proteins

ML-297 Abcam Cat# ab143564
Doxycycline Sigma-Aldrich Cat# CAS 24390-14-5
Streptavidine AlexaFluor 647 Thermo Fisher Cat# S32357

TSA Opal520
TSA Opal570
TSA Opal650

Akoya Biosciences
Akoya Biosciences
Akoya Biosciences

Cat# FP1487001KT
Cat# FP1488001KT
Cat# FP1496001KT

Critical commercial assays

RNA Scope Multiplex Fluorescent V2 kit

Chromium Next GEM Single Cell Multiome
ATAC + Gene Expression

ACD Bio
10x Genomics

N/A
N/A

Deposited data

Gene expression + ATAC multiome profiling
of mPFC engram cells after OSK partial reprogramming

Code used to analyze the single-nuclei multiome dataset

This paper

This paper

GEO: GSE276656

github.com/cesarsierran/multiome_OSK

Experimental models: Organisms/strains

Mouse APP/PS1 (B6.Cg-Tg(APPswe,PSEN1dE9)85Dbo/
Mmijax)

Mouse 5xFAD (B6.Cg-
Tg(APPSwFILon,PSEN1*M146L*L286V)6799Vas/Mmijax)

Jackson Laboratory

Jackson Laboratory

MMRRC_034832-JAX

MMRRC_034848-JAX
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

RNAscope™ HiPlex Probe - Mm-Pou5f1-02 Bio-Techne Cati# 1247361-C1
RNAscope™ HiPlex Probe - Mm Kfl4-O1 Bio-Techne Cat# 813851-C2
RNAscope™ HiPlex Probe - Mm Sox2-O1 Bio-Techne Cat# 1247371-C3
Software and algorithms

Qupath 0.5.1 Bankhead et al.”” N/A

Fiji (v2.14.0) ImageJ N/A

Adobe lllustrator 2025 Adobe N/A

Adobe Photoshop 2025 Adobe N/A

Graphpad prism 10 Graphpad N/A

RStudio 2023.06.1 R N/A
CellRanger-arc software (v2.0.0) 10x Genomics N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANTS DETAILS

Mice

All animals and procedures were approved by the Veterinary Office of the Federal Council of Switzerland under the animal
experimentation licenses VD3662. APP/PS1 and 5xFAD mouse lines were bred in house in the C57BI/6JR background, and trans-
genic and non-transgenic (wild-type littermates) offspring of either sex was used as experimental mice at young (2-4 months), aged
(9-10) or old age (18-20 months old). For behavior, fear conditioning experiments were performed in male WT mice (Figure 1),
whereas navigational learning was performed in female WT and APP/PS1 (Figures 2, S10C, and S10D), as well as in male 5xFAD
(Figures S10E and S10G), mice. Sequencing (Figure 3) and electrophysiology (Figure 4) experiments were performed after naviga-
tional learning in female WT and APP/PS1 mice. Animals were housed in a 12 h light/dark cycle with water and food available ad /i-
bitum, habituated to the experimenter for 2-3 days prior to the experiments and randomly assigned to experimental groups. Dox
(0.2 mg/mL) was provided through the drinking water at least 7 days before surgeries and only ceased 2 days before the opening
of the labelling window for engram tagging, after which it was immediately reintroduced.

METHOD DETAILS

Cloning, viral constructs and stereotaxic injections

The TRE::OSK construct was generated from pHAGE2-TetOminiCMV-OSK (a gift from Hans Schéler, addgene plasmid #1365527°)
subcloned into a modified pAAV backbone that includes a short expression cassette CW3SL (gift from Bong-Kiun Kaang, addgene
plasmid #614637%), to ensure an appropriate size for AAV packaging. Viral particles were generated in house (EPFL’s Bertarelli Foun-
dation Gene Therapy Platform) for the TRE::OSK and cFos::tTA (gift from William Wisden, addgene plasmid #66794°) in the AAV8
serotype at a titer of 2.5x10"3 VG/mL and 2.8x10"® VG/mL respectively. AAV8-TRE::GFP viruses were provided by UNC Vector Core,
at a titer of 4.1x10"2 VG/mL.

For surgeries, mice were anesthetized with an intraperitoneal mix of fentanyl (0.05 mg/kg) midazolam (5 mg/kg), and metedomidin
(0.5 mg/kg) followed by fur shaving and subcutaneous injection above the head of an analgesic mix including lidocaine (6 mg/kg) and
bupivacaine (2.5 mg/kg). Mice were then placed in the stereotaxic frame (Kopf Instruments), and their skin was disinfected and
opened. Once the skull was cleaned and its orientation adjusted, holes were drilled at the desired positions according to the injection
area. Viruses were injected bilaterally through pulled micropipettes (Blaubrand, intraMARK, 708707) at a rate of 0.2 pl/min in the
following coordinates and volumes: DG, AP -1.9 mm, ML = 1.3 mm, DV -2.0 mm; 300 nl per side; mPFC, AP +2.0 mm, ML +
0.35 mm, DV 2.25 mm; 250 nl per side. Needles were left at the injection site for 5 min and then slowly pulled up to prevent backflow.
After suturing the wound, mice were given atipamezole (2.5 mg/kg) to reverse anesthesia and placed in a heated cage with painkiller
in the drinking water (Dafalgan 2 mg/ml) for recovery. Behavioral experiments started no sooner than 2 weeks after surgeries, and
mis-injected animals, defined as those with poor transduction efficiency (<2% positive cells) or clearly mistargeted, were excluded
from further analyses.

Fear conditioning

Fear conditioning was performed using a Multi Conditioning System (TSE) as previously described.”® Briefly, on the day of condition-
ing, mice were acclimatized to the behavioral room for 30 min and then explored the conditioning box for 3 min. After this, mice
received electric footshocks (2x0.6 mA or 3x0.8 mA, 2 s as indicated in the figures), and were moved to a holding cage 15 s later.
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Recall occurred 2 days or 2 weeks afterwards (recent or remote, respectively), by exposing mice to the same conditioned context for
3 min without shocks. Freezing was used as a proxy for fear memory and quantified automatically by infrared beam cutting detection
and using 1 s of immobility as threshold.

Water maze

Navigational experiments were performed using a Morris water maze as previously described.”” Briefly, the maze consisted of a
round pool of 165 cm diameter filled with opaque white water and containing an invisible platform (12 cm diameter, 2 cm from the
surface). Sessions were recorded and tracked using Ethovision System (Noldus). The dropping position was shifted every day for
atotal of 3 days (6 trials per day) or 5 days (4 trials per day), as indicated in the figures. At the end of each trial (2 min) mice were gently
guided to the top of the platform and then placed in holding cages under warm light. Swimming metrics and trajectories during the
learning phase were analyzed automatically using Rtrack.”® For the analysis of swimming strategies, one predominant strategy was
assigned to every trial, including among spatial (hippocampal-dependent) and non-spatial (non-hippocampal) strategies. For navi-
gational precision analysis, comparisons on the contribution between hippocampal and spatially precise- (corrected and direct path)
vs imprecise- (directed search) scored trials, or metrics within them, were performed. Probe tests consisted of a single trial of 1 min
duration without platform in which quadrant occupancy was evaluated (Ethovision software). For the reprogramming of spatial en-
grams in mPFC experiments (3-day protocol), Dox was removed after the first learning day in order to direct the window of engram
labelling and reprogramming towards the third and last learning day, and re-introduced in the diet until the end of the experiment. For
the tagging of engrams different from those involved in spatial learning, Dox was removed 2 days before exploration of a novel envi-
ronment prior to water maze training. Briefly, animals were left to freely-explore a novel 40x40 cm box in a room adjacent to the water
maze room for 15 min, after which Dox was immediately re-introduced and the water maze paradigm started 5 days later. Finally, for
DG-targeting experiments aimed at studying changes during the learning phase itself, Dox was removed 2 days before the beginning
of the protocol and learning extended for 5 days.

EXx vivo electrophysiology

GFP-injected WT and APP/PS1 mice and OSK-injected APP/PS1 were used for ex vivo electrophysiology two weeks after the 3-day-
long water maze learning paradigm. Animals were anaesthetized with isoflurane and decapitated, and the brain was quickly removed
and placed in oxygenated (95% O, / 5% CO,) ice-cold N-Methyl-D-glucamine (NMDG)-based medium,”® containing (in mM): 110
NMDG, 2.5 KCl, 1.2 NaH,PO4, 30 NaHCO3, 20 HEPES, 10 MgCl,, 0.5 CaCls, 25 glucose, 5 L(+)-ascorbic acid, 2 thiourea, 3 Na-py-
ruvate (titrated to pH 7.2-7.3 with HCI). Acute coronal slices containing the mPFC (250 pm thick) were cut using a vibrating tissue
slicer (Campden Instruments). After cutting, slices recovered for 1 h at 35°C and subsequently at room temperature in a storage so-
lution containing (in mM): 92 NaCl, 2.5 KCI, 1.2 NaH,PO,4, 30 NaHCO3, 20 HEPES, 2 MgCl,, 2 CaCl,, 25 glucose, 5 L(+)-ascorbic acid,
2 thiourea, 3 Na-pyruvate (titrated to pH 7.2-7.3 with NaOH). In the recording chamber, slices were superfused with oxygenated stan-
dard artificial cerebrospinal fluid (aCSF) containing (in mM): 130 NaCl, 25 NaHCOg, 2.5 KCl, 1.25 NaH,PQy,, 1.2 MgCl,, 2 CaCl,, 18
glucose, 1.7 L(+)-ascorbic acid.

Whole-cell patch clamp recordings were performed in visually identified GFP-positive neurons at nearly physiological temperature
(80-32°C), with borosilicate pipettes (3-4 M) filled with (in mM): 130 Kgluconate, 10 KCI, 10 HEPES, 10 phosphocreatine, 0.2 EGTA,
4 Mg-ATP, 0.2 Na-GTP, 0.1% biocytin (290-300 mOsm, pH 7.2-7.3). Current-clamp recordings were conducted using bridge
compensation. To elicit neuronal firing, cells were held at -60 mV with direct current injections, and somatic current injections of
increasing amplitude were provided using ramps of 5 s (6 ramps with final amplitude ranging from 50 pA to 300 pA). Input resistance
(Ry) and cell capacitance (C,,) were assessed by the passive current response to a -10 mV hyperpolarizing step while cells were held
at -60 mV. Resting membrane potential (V,mp) and neuronal firing were measured within the first 5 min from the establishment of the
whole-cell condition. The rheobase and the firing threshold were measured as the level of current and voltage, respectively, that
induced the first action potential in the ramp protocol. The Kir3.1 channel activator ML-297 (AB143564) was dissolved in 50%
DMSO/ 50% aCSF to 5 mM and perfused at a final concentration of 10 pM.>*®* The effect of membrane potential was assessed
by measuring mean voltage values in 1 min periods prior to and > 8m min after perfusion of the compound.

Signals were acquired through a Digidata1550A digitizer, amplified through a Multiclamp 700B amplifier, sampled at 20 kHz and
filtered at 10 kHz for whole-cell recordings, or sampled at 4 kHz and filtered at 1 kHz for field recordings, using Clampex10 (Molecular
Devices).

At the end of the recording, the patch pipette was carefully withdrawn from the cell body to facilitate membrane resealing. Brain
slices were then fixed in 4% PFA overnight at 4°C, followed by transfer to a 30% sucrose solution in PBS. Thereafter, slices were
washed three times for 5 min in PBS before being processed for immunofluorescence as detailed below, using the KIf4 primary anti-
body for identification of reprogrammed cells and streptavidin Alexa 647 (1:500, Thermo Fisher Scientific, S-32357) during secondary
antibody incubation for identification of patched neurons. The final datasets comprise pyramidal neurons with confirmed localization
in the deeper layers of the prelimbic cortex

Principal-component analysis and cognitive clock

Output files from Rtrack for every single water maze experiment were loaded in Python and further filtered for relevant spatial metrics
(numerical with no missing value). Next, values for every metric were averaged over all trials resulting in one value per metric and per
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mouse. Every metric was individually standardized by subtracting the mean and dividing by the standard deviation of each metric
across individuals. Finally, a principal component analysis (PCA) model with two principal components was fitted using the scikit-
learn python library and individual animals plotted in the two-dimensional space. Centroids were calculated as the averaged value
per group of the first and second principal components. Euclidean distances to the centroid of young mice were calculated for GFP-
and OSK-injected centroids, and these were compared by one-tailed paired t test.

To generate the cognitive clock, different regression models were trained to find the best predictor of age from spatial metrics,
including ordinary least squares, ordinary least squares adjusted for multicollinearity and elastic net. Briefly, the training data con-
sisted of a combination of relevant spatial metrics extracted from Rtrack for GFP-injected mice from 2 to 20 months old of age, which
were assumed to reflect physiological age-related changes in learning. These metrics included: Median distance from goal, effi-
ciency, goal crossings, initial trajectory error, path length, roaming entropy and velocity (see Rtrack documentation for a detailed
explanation of each metric). Importantly, velocity was included among the relevant parameters used by the clock because differ-
ences in swimming speed exist between young, old and AD mice that help predict age from performance. However, velocity was
not one of the parameters affected by OSK (Figure S10J). To select the most appropriate model, we allocated 30% of the training
data to a test set and trained each of the three models with all of the remaining training set. Performance of the different models
was assessed by R? value as well as mean squared error (MSE) on the training and test sets. The best performing model was the
ordinary least squared adjusted for multicollinearity (Training MSE 19.365, Training R%: 0.452. Test MSE: 22.686), in which highly
correlated variables were removed based on their variance inflation factor value (VIF, >5 used as exclusion criteria). Once chosen,
the whole training dataset was used to fit the final model in order to increase prediction accuracy.

Histology

Ninety minutes after the last recall session mice were administered a lethal dose of pentobarbital (150 mg/kg) and transcardially
perfused with PBS followed by 4% paraformaldehyde (PFA) in PBS. Extracted brains were further fixed by overnight immersion in
PFA, cryoprotected in 30% sucrose in PBS and stored at-80°C. Brains were cut at 30 pm in a cryostat and sections serially collected
and preserved in antifreezing solution (30% ethylene glycol, 15% sucrose, 0.02% azide in PBS) until staining. For stereological quan-
tifications using immunofluorescence one every six sections per brain area (for total of 6-10 sections) were used. Briefly, sections
were first blocked and permeabilized in blocking solution (1% BSA, 0.3% Triton X-100 in PBS) for 2 h and then incubated with primary
antibodies overnight at 4°C. The primary antibodies used were goat anti-GFP (AB6673, 1:1000), rabbit anti-GFP (AB290, 1:1000),
mouse anti-GFP (AB1218, 1:1000), goat anti-KIf4 (AF3158, 1:400), guinea-pig anti-cFos (Sysy 226308, 1:4000), rabbit anti-Prox1
(AB101851, 1:1000), rabbit anti-H3K9me3 (AB176916, 1:500), rabbit anti-LaminB1 (AB229025, 1:1000), rat anti-Ctip2 (AB18465,
1:400). The following day, sections were washed three times in PBS and then incubated with secondary antibody (Invitrogen or Jack-
son Immunoresearch, 1:800) in blocking solution for 3 h. Finally, sections were washed in PBS, counterstained with DAPI (1:5000 in
PBS, Invitrogen H3570) and washed three more times before mounting on glass slides and covered with Fluoromount-G medium to
preserve fluorescence. For antibodies requiring antigen retrieval (H3K9me3 and Ctip2), sections were first mounted and dried on
glass slides overnight. The day after, slides were rehydrated in PBS, submerged in 10mM citrate buffer pH = 6 and heated to
95°C for 20 min. After cooling in PBS, the normal staining protocol was performed on the slide, using a wet chamber. RNA scope
was performed by the EPFL Histology Core Facility using the RNA Scope Multiplex Fluorescent V2 kit (ACD Bio) according to man-
ufacturer’s instructions. Briefly, Mm Pou5f1-0O2 (Bio-techne, 1247361-C1), Mm Kfl4-O1 (Bio-Techne, 813851-C2) and Mm Sox2-O1
(Bio-Techne, 1247371-C3) probes were hybridized simultaneously at 40°C for 2 h and signal was revealed with TSA Opal520 (Akoya
Biosciences, FP1487001KT), 570 (FP1488001KT) and 650 (FP1496001KT) diluted 1:1500. Slides were next processed for additional
antibody immunofluorescence as explained above.

Nuclei preparation for 10x multi-omics

For multi-omics, mice were sacrificed one day after the remote recall session of the water maze and the mPFC microdissected, flash-
frozen in dry ice and finally stored in —80°C until processing. Nuclei were extracted as previously described.®° Briefly, tissue of indi-
vidual animals was kept on ice throughout the protocol and first homogenized in 600 pl of homogenization buffer (250 mM sucrose,
25 mM KCl, 5 mM MgCI2, 10 mM Tris-HCI, pH 7.4, 1 mM DTT, 1X protease inhibitor, 1 U/ul RiboLock RNAse inhibitor, 0.1% NP-40, in
H>0), gently filtered through a 40 pm cell strainer and washed with 1500 pl nuclei isolation medium (without NP-40). Samples were
centrifuged for 8 min at 1000g and pellet resuspended in 210 pl of isolation medium and then added 290 pl of 50% iodixanol (optiprep,
IDM 1X, 1 mM DTT, 1X protease inhibitor 50X, 1 U/ul RiboLock RNAse inhibitor). Nuclei suspension was carefully transferred to a
Beckman tube (ref: 344090) and completed with 100 pl of nuclei isolation medium layered on top before ultracentrifugation at
100009 for 22 min using a SW 55 Ti rotor, for debris separation. The nuclei pellet was resuspended in 100 pl of permeabilization buffer
(nuclei isolation medium plus 0.01% Tween, 0.001% digitonin, 0.01% NP-40, 0.5% BSA), kept on ice for 2 min at 4°C and finally
washed in 500 pl of nuclei isolation buffer plus 0.5% BSA. Samples were centrifuged at 1000g for 10 min at 4°C, pellets resuspended
in diluted nuclei buffer (Chromium nuclei isolation kit, 10X Genomics) and nuclei filtered through a 40 pm Flowmi strainer before
counting (average yield of 4000 nuclei/pl). Finally, nuclei were processed for Chromium Next GEM Single Cell Multiome ATAC +
Gene Expression sequencing by the Gene Expression Core Facility (EPFL). One library was generated for each brain sample. Sam-
ples from all groups were processed in two different batches. In each batch, all libraries were pooled and sequenced on NovaSeq
6000 to an average depth of ~40000 reads per cell.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Imaging and quantifications

For cellular quantifications, images from at least 3 sections per animal were acquired using an Olympus SlideScanner VS120 L100
with 10x (for mPFC, 0.65 pm pixel size) or 20x (for DG, 0.32 pm pixel size) objectives. Quantifications in DG experiments was restricted
to the dorsal DG (from Bregma -1.5 to -2.5 mm; Figure S1J), whereas mPFC quantifications were restricted to the anterior cingulate,
prelimbic and infralimbic regions of the mPFC, rostral to the callosal junction (from Bregma 2.25 to 1.45mm; Figure S3J). Cell numbers
for engram reactivation analyses were extracted using QuPath automatic cell detection and co-localizations scripts. Briefly, cells
positive for individual channels (e.g., GFP*, KIf4*, cFos*) were first detected according to manually pre-set thresholds relative to
the background noise and later classified as double or triple positive by proximity. Total numbers of cells were estimated via detection
of DAPI™ cells, which was then used to calculate densities and chance probabilities.

For cellular intensity measurements, images from at least 3 different sections per animal were acquired using a Upright Leica DM6
CS confocal microscope for protein immunofluorescence (40x immersion objective at 221.95 nm pixel size) or a Zeiss LSM980 in-
verted confocal microscope for RNAscope (40x at 82 nm pixel size or 63x at 71 nm pixel size for mPFC and DG, respectively). Scan-
ning was performed sequentially to prevent bleed-through signal between channels, and tilescans of the interest areas were stitched
using Leica LAS-X software. In the event of poor antibody penetration or irregular signal at the selected confocal plane, images were
acquired as z-stacks (1.1 pm step size) and then projected on the focal point with most regular signal using the LocalZprojection plu-
gin in Fiji. Final images for intensity quantifications were analyzed using QuPath.”? First, nuclei were detected using the StarDist plu-
gin set to the acquired pixel size and measurements per cell including signal intensities and circularities were exported and finally
filtered and analyzed using custom R scripts (v. 4.3.2). Only nuclei bigger than 35 pm? were used for quantifications. When needed,
nuclei were additionally classified as positive or negative for the specific channel (e.g., GFP*, KIf4* or probe™) according to a manually
pre-set threshold.

Raw cell intensity signals (for intra-section comparisons) or normalized by DAPI (for inter-animal comparisons) were used. In the
case of LaminB1, only the signal ranging from the nuclear membrane to 5 pixels inwards was quantified. For intensity classification,
raw intensities of all cells per animal were transformed to z-scores [(observed cell signal — mean signal of all cells) / standard deviation
of all cells] and divided using the third and first quartile in high, medium and low expressing cells, among which percentages of pos-
itive and negative cells (KIf4, GFP or probe) were calculated. Data is expressed per cell or per animal, as indicated.

Statistics and reproducibility

Quantification of cell numbers and intensity analyses were performed on independent biological replicates (N = mice and n = cells
counted per mouse) and depicted as medians, means + SDs, ratios or log-transformation of ratios for data linearization, box-whisker
and violin plots, as indicated in the figure legends. Statistical analyses were performed in Prism 10 (GraphPad) and significance was
assessed by two-tailed, unpaired (different animals) or paired (same animal or group) Student’s t test and ANOVA (one or 2-way) or
non-parametric version. Behavioral analyses were performed on 7-15 mice per group (as indicated in figure legends) from at least 2
different batches. Data is depicted as area or bar charts (navigational strategies), bar graphs (freezing), means + SEM (path length
and velocity) and box-whiskers plots (probe tests). Statistical significance was calculated by Wald test of odds ratios assessed by
logistic regression (navigational strategies), one-way (freezing and quadrant occupancy) or repeated measures 2-way (path length,
velocity) ANOVA. Electrophysiological analyses were performed on N = 5 mice per group. Data are depicted as means + SEM for
firing frequencies and as bar graphs with average per patched cell. Statistical significance was calculated by ANOVA (one or
2-way) or non-parametric version. Table S7 includes the statistical test and significance of all cellular, behavioral and electrophys-
iological analyses in the manuscript. Statistics used in the multiome analyses are detailed in their respective sections below.

10X data processing and quality control

Single-nucleus RNA and single-nucleus ATAC sequencing (snRNA-seq and snATAC-seq) libraries were processed with CellRanger-
arc software (v. 2.0.0) using a custom mouse reference genome built from the mm10 genome and combined with the injected viral
constructs for identification of infected GFP* and OSK™* cells.

Downstream analysis was performed using custom R scripts. To create a multiomic Seurat object with paired gene expression and
DNA accessibility profiles for each sample, Seurat (v 5.0.3)%" and Signac (v. 1.13.0)%? pipelines were followed with the default settings
unless specified. For chromatin accessibility, MACS2%° was used to call peaks from the fragment files. Peaks on nonstandard chro-
mosomes overlapping annotated genomic blacklist regions from the mm10 genome were removed. Fragment counts for each peak
per cell were then quantified using the FeatureMatrix function in Signac. Per-cell quality control metrics for each modality were
computed, including mitochondrial percentage, nucleosome signal, TSS enrichment score and percentage of reads in peaks.
Next, the individual Seurat objects from each sample were combined into one single object using the merge function in Seurat.

For gene expression downstream analyses, quality control filtering was done by retaining cells with total RNA-seq count >500 and
<30000, features detected >200 and <9000 and mitochondrial percentage <2%. A total of 34,603 cells were kept for snRNA-seq.
Gene expression values [E (1, j)] for gene | in cell j were then calculated by dividing UMI counts for gene | by the sum of the UMI counts
in nucleus j, to normalize for differences in coverage, and then multiplying by 10,000 to create TP10K (transcript per 10000) values,
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and finally computing logo(TP10K + 1) using the NormalizeData function from Seurat. The normalized data was scaled using the
ScaleData function from Seurat, yielding the relative expression of each gene by scaling and centering.

For chromatin accessibility, additional quality control filters were applied, retaining cells with total ATAC-seq count >1000 and
<75000, nucleosome signal <2, TSS enrichment score >3 and a fraction of peaks mapping to blacklisted regions <0.1. Peaks that
were detected in <10 cells were removed. A total of 32,150 cells were kept for snATAC-seq. ATAC-seq peaks were then normalized
using the log-TF version of the term frequency-inverse document frequency (TF-IDF) transformation by using the RunTFIDF function
in Signac (parameter setting: “method = 3”).

Dimensionality reduction and cell type identification
The scaled gene expression matrix restricted to the top 1000 variable genes was used for PCA, using the RunPCA method in Seurat (a
wrapper for the irlba function), computing the top 35 principal components. Scores from these principal components were used as
the input to downstream clustering and visualization by Uniform Manifold Approximation and Projection (UMAP). Clustering was per-
formed using the Seurat functions FindNeighbors and FindClusters (resolution = 0.4). No batch effects were observed in the UMAP
visualization of the gene expression data. Cell types were annotated in an unsupervised manner by the SingleR package®* using the
Allen Brain Atlas whole cortex and hippocampus dataset®” and using the Wilcoxon ranked sum test to identify the top markers for
each pairwise comparison between labels (see Table S2 for excitatory neuron markers). Cell type identities were confirmed by visual
inspection of the top marker genes of each cluster obtained using the FindAlIMarkers function from Seurat. Two clusters were manu-
ally annotated: Disease Associated Microglia (DAM), which shows a clear enrichment for DAM markers®*®" and oligodendrocyte
precursors, which shows a high expression of Pdgfra gene, a marker of this cell type.®® Additionally, cells with at least one RNA-
seq read mapping to either of the TRE::GFP or OSK viral constructs were labelled as engram cells. Cell type and engram identifica-
tions were used both for gene expression and chromatin accessibility downstream analyses

For ATAC-seq, the top 25% most frequently observed peaks of the TF-IDF matrix were then selected by the FindTopFeatures func-
tion for singular value decomposition using the RunSVD function in Signac. The 2:20 first LSI components were used for batch
correction using Harmony®® and for visualization in UMAP.

Cellular proportion analysis

To gain insight into cell type alterations, the relative proportion of the number of nuclei in each cell type was normalized to the total
number of nuclei captured from each library. To determine if any changes in cell-type proportion were statistically significant, single-
cell differential composition analysis (scDC)°° was implemented to bootstrap proportion estimates for our samples. We employed a
linear mixed model (random effect of subject) to determine if any changes in cell-type proportion were present.

Differential expression analysis

All clusters identified as belonging to the same major cell type (excitatory neurons, interneurons and non-neurons) were merged for
differential gene expression analyses. Within each cell type, WT and APP/PS1 and APP/PS1 OSK samples were compared for dif-
ferential gene expression using the logistic regression framework implemented in Seurat’s FindMarkers function to minimize false
positives.?’ Batch and count number of each cell were added as latent variables in the analysis. Only genes expressed in at least
10% of the cells from one of the groups for that cell type were included in the analysis. After correcting for multiple testing, only genes
with a p adjusted value < 0.05 and an absolute log, fold-change greater or equal to 0.1 were considered for downstream analyses.
The significance of the overlap of differentially expressed genes between comparisons was tested using the GeneOverlap R pack-
age, setting the genome.size to the number of genes detected in the cell type of interest. Table S1 contains all differentially ex-
pressed genes.

Generation of identity, engram and AD engram scores

The identity score was calculated by computing the Spearman correlation value for SingleR-identified cell-type-specific markers be-
tween each cell and the reference Allen Brain Atlas dataset. For the generation of the engram score, we first identified genes relevant
for engram formation upon differential expression analysis of engram vs. non engram cells of WT mice (WT engram signature). Simi-
larly, for the generation of the AD engram score, we identified genes differentially expressed in AD engrams from the analysis of APP/
PS1 vs. WT engram cells (AD engram signature). These genes were then used to infer the engram and AD engram pseudotimes of
WT, APP/PS1 and OSK engram cells using the Monocle 2 package.®” The pseudotime score of each cell was used as its engram and
AD engram scores. Table S2 contains all the genes used for the generation of each score.

Gene Ontology and gene set enrichment analysis

Differential expression signatures were tested for enriched Gene Ontology processes, using a hypergeometric test (shinyGO,
v0.80),%® and corrected for multiple hypotheses by false discovery rate (FDR). Biological processes with p adjusted value < 0.05
were reported as significantly enriched. The list of genes detected in each cell type was used as the universe for the hypergeo-
metric test of each comparison. Table S3 contains all significant GO processes identified in the different comparisons. Addition-
ally, to identify pathways that change in APP/PS1 and OSK-mediated reprogramming, the gene list obtained by logistic regression
was ranked by decreasing log,FC score, and then pathway enrichment was performed using the GSEA algorithm implemented in
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the Genekitr R package, and GO mouse pathways limited to the “Biological Process” category. Table S4 contains the output of the
GSEA analysis.

Differential accessibility analysis

Following cell type annotation, a new set of peaks was called grouping cells by cell type and group. Peaks were annotated with an-
notatePeak from the R package ChlPseeker (v1.38.0),%* using the library TxDb.Mmusculus.UCSC.mm10.knownGene. For each cell
type, WT and APP/PS1 and APP/PS1 OSK samples were compared for differential chromatin accessibility using the logistic regres-
sion framework implemented in Seurat’s FindMarkers function. Batch and fragment number were added as latent variables in the
analysis. Only peaks present in at least 5% of the cells from one of the groups for that cell type were included in the analysis. Peaks
with a p value < 0.001 and an absolute log fold-change > 0.25 were considered as significant. Table S5 contains all differentially
accessible regions.

Transcription factor motif enrichment, activity and footprint analysis

For each comparison, significant peaks were tested for overrepresentation of each DNA motif from the JASPAR 2020 database® by
using the FindMotifs function in Signac. The resulting p values were FDR adjusted. To investigate transcription factor enrichment
among downregulated genes upon OSK reprogramming, the ChEA3 API platform was used with default settings, and ChEA3 score
calculated as the inverse of the ChEA mean rank. Table S6 contains all ChEAS3-identified transcription factors. The per-cell motif ac-
tivities were inferred using the Signac wrapper for chromVAR,”® which identifies motifs associated with variability in chromatin acces-
sibility between cells. The differences in motif activity between groups were tested using the logistic regression framework imple-
mented in Seurat’s FindMarkers function, including batch as a latent variable. To compute and plot the footprint of each factor, a
complementary readout of transcription factor activity, the Footprint and PlotFootprint Signac functions were used.

Gene expression - chromatin accessibility correlation
To investigate how chromatin accessibility changes influenced gene expression in the dataset, log,FC of significant DEGs were
correlated to logoFC of promoter or linked peaks. For gene-promoter associations, only peaks located by ChlPseeker in the pro-
moters of the DEGs were included in the analysis. Linked peaks were determined using Signac’s LinkPeaks function with a
150 kb window for a gene’s TSS. For both comparisons, the log,FC of all associated peaks were averaged and used to calculate
the Pearson correlations using cor.test in R.

Coverage plots were generated using the Signac function CoveragePlot, which displays linked peaks and normalized ATAC signals
obtained by calculating the averaged frequency of sequenced DNA fragments for the different groups of cells.
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