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Partial reprogramming (pulsed expression of reprogramming transcription
factors) improves the function of several tissues in old mice. However,

itremains largely unknown how partial reprogramming impacts the old
brain. Here we use single-cell transcriptomics to systematically examine
how partial reprogramming influences the subventricular zone neurogenic
nichein aged mouse brains. Whole-body partial reprogramming mainly
improves neuroblasts (cells committed to give rise to new neurons) in the
old neurogenic niche, restoring neuroblast proportion to more youthful
levels. Interestingly, targeting partial reprogramming specifically to

the neurogenic niche also boosts the proportion of neuroblasts and

their precursors (neural stem cells) in old mice and improves several
molecular signatures of aging, suggesting that the beneficial effects of
reprogramming are niche intrinsic. In old neural stem cell cultures, partial
reprogramming cell autonomously restores the proportion of neuroblasts
during differentiation and blunts some age-related transcriptomic
changes. Importantly, partial reprogramming improves the production

of new neuronsinvitroand in old brains. Our work suggests that partial
reprogramming could be used to rejuvenate the neurogenic niche and
counter brain declinein old individuals.

Longthoughttobeirreversible,agingisinfactamalleableprocess.Several
interventions can slow or even reverse aspects of aging' *. Among these,
partial reprogramming has emerged as a potentially powerful way
to restore function in old tissues”°. Expression of reprogramming
transcription factors (OCT4 (POU5F1or OCT3/4),SOX2, KLF4, c-MYC
or ‘OSKM’), which converts somatic cells into embryonic-like stem
cells, erases many hallmarks of aging in vitro' . Thisis likely because
reprogramming mimics aspects of the resetting process between gene-
rations that naturally occurs during gametogenesis and fertilization.
However, for in vivo applications, full reprogramming to embryonic-like
stem cells would be detrimental because of loss of cell identity and

increased tumorigenic potential®®, Interestingly, the ‘rejuvenating’
effects of reprogramming can be uncoupled from loss of cell identity
by controlling expression of reprogramming factors through pulsed
or cell type-targeted expression (‘partial reprogramming’)'~*. Partial
reprogramming improves functionin avariety of tissues in mice?>**,
including pancreas and muscle, to different extents depending on the
cell type?***. Inthe central nervous system, partial reprogramming has
shown promising effectsin the spinal cord of old mice? and in the optic
nerve, hippocampus and striatum of young to middle-aged mice?®*%*3*,
However, the impact of partial reprogramming on the brains of older
mice remains largely uncharacterized. The brain has a remarkably
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large number of different cell types, and unbiased characterization at
single-cell resolution is critical to understand how different cells are
impacted by in vivo partial reprogramming.

The adult brain contains neurogenic niches in the hippocampus
and the subventricular zone (SVZ) that are unique regions to examine
the effects of brain aging and rejuvenation®*°. In particular, the SVZ
neurogenic niche encompasses many cell types (neural stem cells
(NSCs), neuroblasts, microglia, endothelial cells, etc.) and has regene-
rative potential, as NSCs from this niche can give rise to newborn neu-
rons (neurogenesis) and glia throughout adulthood in mammals*'~*°.
Normally quiescent, NSCs can also activate and proliferate and commit
to neuronal precursors (neuroblasts)****. In mice, SVZ neuroblasts
migrate a long distance to the olfactory bulb and differentiate into
newborn neurons, which are important for olfactory discrimination
and learning**~". NSCs from the SVZ are also critical for repair after
brain injury or stroke*>**. However, the process of SVZ neurogenesis
declines strikingly with age* . Rejuvenation strategies such as
parabiosis (the sharing of blood between young and old mice), exercise
and rapamycin have been shown to improve old neurogenic niches
with various degrees of efficacy® *, suggesting that aspects of these
age-related changes are malleable.

Here, we show that partial reprogramming in old mice, either
in the whole body or targeted to the SVZ niche itself, restores the
neuroblast proportion to a younger level and reverses several
molecular signatures associated with aging. Partial reprogramming
also improves the proportion of neuroblasts during differentiation
in old primary NSCs, suggesting a cell-autonomous effect. Finally,
partial reprogramming improves the production of new neurons
both in vitro and in old brains, a characteristic of youthfulness. Our
work raises the possibility that partial reprogramming in already old
individuals could rejuvenate the neurogenic niche and counter brain
decline with aging or neurodegeneration.

Results

Partial reprogrammingboosts neuroblast proportionin old
mice

We leveraged single-cell transcriptomics to unbiasedly examine how
partial reprogramming affects the SVZ neurogenic niche in old mice.
To this end, we generated aging cohorts of a genetically engineered
mouse line® that allows doxycycline-inducible expression of the four
reprogramming factors OCT4, SOX2, KLF4 and c-MYC in the whole
body (Fig.1a) (hereafter iOSKM mice). In these iOSKM mice, areverse
tetracycline transactivator (rtTA) is constitutively and ubiquitously
expressed (fromthe ROSA26locus), and doxycycline treatmentinduces
expression of OCT4,S0X2, KLF4 and c-MYC (from the Collal locus)®®.
We first verified induction of the reprogramming factors both in vivo
andinculture. Treatment of iOSKM mice with doxycycline for2 dled to
increased expression of OCT4 in the whole SVZ niche and the olfactory
bulb by western blot analysis (Fig.1b) as well asin more than ten other
tissues at varying levels (Extended Data Fig. 1a). We also confirmed
SOX2 expression by western blot (Extended Data Fig. 1b). To assess
OSKM expression in SVZ NSCs in these iOSKM mice (and not solely
in blood cells present in the tissue, for example), we isolated NSCs
from the brain and added doxycycline to these primary NSC cultures.
Western blot analysis showed that rt TA was constitutively expressedin
NSCs from iOSKM mice and that OCT4 was induced by doxycyclineina
dose-and time-dependent manner (Extended DataFig.1c,d). Reverse
transcription followed by quantitative PCR (RT-qPCR) confirmed
expression of Oct4 (Pou5fI) and the polycistronic OSKM messenger
RNA (mRNA) (primers specific for Oct4-P2A, Sox2-T2A and E2A-c-Myc)
upondoxycycline treatment iniOSKM NSCs (Fig. 1c). Expression of the
reprogramming factors declined following doxycycline withdrawal
(Extended Data Fig. 1e). Thus, the iOSKM mouse model allows pulsed
expression of reprogramming factorsin culture andin vivo in multiple
tissues, including the SVZ neurogenic niche.

To unbiasedly examine how partial reprogramming affects the
SVZ neurogenic niches of old mice in vivo, we aged cohorts of iOSKM
mice for ~2 years and performed single-cell transcriptomics upon
pulsedinduction of the reprogramming factors. Old iOSKM mice (two
independent cohorts,18-20 months for cohort1and 24-26 months for
cohort2) were treated witha partial reprogramming regimen of 2 d of
doxycyclinein drinking water, followed by 5 d of withdrawal, repeated
threetimes (Fig.1d and Extended DataFig. 2a,b). A pulsed doxycycline
regimenwas chosenbecause it was shown toimprove pancreas repairin
middle-aged mice and lifespanin an accelerated aging disease model"”.
We verified that this regimen did not negatively impact weight or sur-
vival of old iOSKM mice during treatment (Extended Data Fig. 1f,g).
We collected SVZ neurogenic niches from partially reprogrammed old
miceimmediately after thelast 2-d pulse of doxycycline (‘old + OSKM’)
and from untreated old mice as well as from untreated young mice for
cohort 2 and then performed single-cell RNA sequencing (RNA-seq)
(Fig. 1d and Extended Data Fig. 2b). Dimensionality reduction and
clustering (uniform manifold approximation and projection (UMAP)
and Louvain clustering) based on the transcriptomes of single cells
identified the major cell types previously observed®**””?, including
the NSC lineage (astrocytes and quiescent NSCs (QNSCs), activated
NSCs and neural progenitor cells (aNSCs-NPCs) and neuroblasts) and
other cell types (for example, microglia, oligodendrocytes, endothe-
lial cells) (Fig. 1e and Extended Data Fig. 2j, cohort 2; Extended Data
Fig.2d, cohort1).

We examined how partial reprogramming affects cell composition
in old SVZ neurogenic niches (Fig. 1f,h). As previously reported®>’>7¢,
old age led to a decline in neuroblasts and their precursors: aNSCs—
NPCs (Fig. 1g and Extended Data Fig. 2h). This age-dependent decline
was also observed, especially for neuroblasts, when calculated as a
proportion of cellsrecovered from the NSC lineage (astrocytes—qNSCs,
aNSCs-NPCs and neuroblasts), which is less sensitive to variation in
microdissection of the SVZ (Fig. 1h). Interestingly, partial reprogram-
ming in old mice (‘old + OSKM’) led to an increase in the proportion
of neuroblasts that was consistent across both aging cohorts, either
when calculated as a fraction of the entire niche (P=0.11; Fig. 1g and
Extended DataFig.2h) or of the NSC lineage (Fig.1h). We also validated
these cell type proportion changes usingimmunostaining approaches
(Fig.3 and Extended Data Fig. 4). By contrast, reprogramming did not
strongly affect the proportion of neuroblast precursors (aNSCs-NPCs)
in old mice (Fig. 1g,h and Extended Data Fig. 2h). Partial reprogram-
ming also led to an increase in the proportion of mural cells and a
drop in the fraction of oligodendrocyte precursor cells (OPCs) in the
neurogenic niche of old mice, although the total number of these cells
captured was very low (Extended Data Fig. 2h,i). Importantly, partial
reprogramming did notresult in the production of new cell types (for
example, ‘undifferentiated’) (Fig. 1e,f and Extended Data Fig. 2d-g).
Thus, partial reprogramming mainly affects neuroblastsinthe old SVZ
neurogenic niche, increasing their proportion within the NSClineage
to more youthful levels.

To quantify the impact of partial reprogramming on all cell type
proportionsintheold niche, we trained amachine learning model to
predict chronological age by linear regression using as features the
proportions of ten annotated cell types from single-cell RNA-seq data
(astrocytes-qNSCs, aNSCs—-NPCs, neuroblasts, oligodendrocytes,
microglia, etc.) (Methods). For the training data, we leveraged an
independent dataset of single-cell RNA-seq from the SVZ neurogenic
niches of 28 mice spanning an age of 3-29 months””. This cell propor-
tion linear regression model had good accuracy in predicting the
chronological age of the mice (R =0.63, P=0.00035; Extended Data
Fig.2k). Applying this cell proportion model to our single-cell RNA-seq
dataset revealed that partial reprogramming in old mice decreased
median predicted age (‘rejuvenation’) by 2.7 months (Fig. 1i), although
this change was not significant at the mouse level (Fig. liand Extended
DataFig. 2I).
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Fig.1|Effect of whole-body in vivo partial reprogramming on the old SVZ
neurogenic niche by single-cell transcriptomics. a, Transgenic whole-body
‘iI0SKM’” mouse for doxycycline-inducible expression of OSKM reprogramming
factors. P2A, T2A, E2A, self-cleaving peptides; tetO, tetracycline-responsive
operator; UTR, untranslated region. b, Western blot from microdissected

brain regions after in vivo doxycycline (Dox) treatment. OB, olfactory bulb;
arrowheads, OCT4 bands; KPNBI1, karyopherin subunit beta1(loading control).
Normalized densitometry quantification of OCT4 is indicated below each lane.
¢, RT-qPCR on primary NSC cultures treated with doxycycline.n =4 young

(3 months, two males and two females) and n = 4 old (24-26 months, two males
and two females) cultures, each from one mouse. Oct4-P2A, Sox2-T2A, E2A-c-Myc,
primers specific to the polycistronic OSKM mRNA. Each dot represents
oneculture. Mean + s.e.m.; Pvalues, two-sided Wilcoxon rank-sum test.

d-f, Single-cell RNA-seq. n = 2 young (3-4 months, two males), n =3 old (24-26
months, two males and one female) and n =2 old + OSKM (24-26 months, one
male and one female) samples. See Extended Data Fig. 2b-f for another cohort.
d, Experimental design for single-cell RNA-seq of the SVZ after whole-body partial
reprogramming using iOSKM mice. e,f, UMAP on single-cell transcriptomes of

3,857 high-quality cells. Each dot represents one cell. Colors indicate cell type
(e) or condition (f). g-i, Combined results from two independent experiments
(Supplementary Table 1and Source data). n = 2 young (3-4 months, two
males), n=>5old (18-20 months or 24-26 months, four males and one female),
4 old + OSKM (18-20 months or 24-26 months, three males and one female)
samples. g, Proportion of each cell type from single-cell RNA-seq of the SVZ as
afraction of total cells recovered per mouse, normalized as log, (fold change)
over the mean of old control mice per experiment. Each dot, triangle or square
represents one mouse. Bar, mean; Pvalues, two-sided Wilcoxon rank-sum test.
h, Proportion of aNSCs-NPCs and neuroblasts from single-cell RNA-seq, as a
fraction of total cells within the NSC lineage per mouse. Each dot, triangle or
square represents one mouse. Median (center line), upper and lower quartiles
(box limits) and 1.5x interquartile range (whiskers); shape, experimental
cohort; Pvalues, two-sided Wilcoxon rank-sum test. m, months. i, Predicted age
per mouse from alinear regression model of cell type proportions in the SVZ
neurogenic niche, trained on 28 mice at 3-29 months. Each dot, triangle or
square represents one mouse. Line, median; shape, experimental cohort;
Pvalues, two-sided Wilcoxon rank-sum test.

Thus, whole-body partial reprogrammingin vivo can boost neuro-
blast proportioninold mice, countering one aspect of age-associated
cell proportion changes in the SVZ neurogenic niche.

Partial reprogramming improves some signatures of aging

We examined transcriptomic changes for each cell type in the SVZ
after whole-body partial reprogramming. Differential gene expression
analysis revealed significant gene expression changes during aging
(old versus young) and in response to reprogramming (old + OSKM

versus old) across cell types (Fig. 2a,b and Extended Data Fig. 3a). To
examine molecular signatures affected by age and reprogramming,
we performed gene set enrichment analysis (GSEA) and compared
the direction of changes withage and reprogrammingin each cell type
using a scatterplot (Fig. 2c and Extended Data Fig. 3b). Several signa-
tures were increased with age and changed in the opposing direction
withreprogramming (Fig. 2c). As previously reported®®”*”’%, inflamma-
tion and adhesion signatures were upregulated in most cell typesin old
individuals (althoughinflammation was downregulated in neuroblasts
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and adhesion signatures were downregulated in astrocytes—qNSCs
with aging) (Fig. 2e,f and Extended Data Fig. 3d,e). RNA processing
signatures were also mostly upregulated with age (Fig. 2c and Sup-
plementary Tables 3and 4), similar to previous reports”. Interestingly,
reprogramming ‘reversed’ some of these age-dependent signatures
(Fig. 2c). For example, RNA processing and cell adhesion signatures
were reversed by partial reprogramming in aNSCs-NPCs and oligo-
dendrocytes (Fig. 2d,e and Extended Data Fig. 3e). Generally, aNSCs—
NPCs, neuroblasts, endothelial cellsand mural cells had a high fraction
of pathways that trended in opposing directions with aging and after
partial reprogramming (Fig. 2c and Extended Data Fig. 3d-g). By con-
trast, partial reprogramming exacerbated many age-related signatures
in some cell types (microglia, astrocytes—-qNSCs) (Fig. 2¢). Inflam-
mation was further increased by reprogramming in many cell types
including microglia (Fig. 2f k). Thisis consistent with the observation
that cell-specific aging clocks built to predict age from single-cell
transcriptomes’’ did not detect strong ‘rejuvenation’ by partial repro-
gramming (Extended DataFig. 3c), as these clocks include many inflam-
mation genes”’. Differences between cell types could reflect differing
levels of and responses to reprogramming factor expression. Thus,
reprogramming has both positive and negative transcriptomic effects,
with some cells (for example, aNSCs-NPCs) exhibiting more of the
positive effects.

We next specifically examined transcriptomic changes in neuro-
blasts, the main cell type for which the proportion increased upon
partial reprogramming (Fig. 1g), and their immediate precursors,
aNSCs-NPCs. Surprisingly, there were very few significant pathway
changes in neuroblasts with partial reprogramming (Fig. 2h and
Extended Data Fig. 3b). By contrast, aNSCs-NPCs exhibit reversal
in several signatures, including RNA processing and cell adhesion
(Fig. 2d,e,g,i,j), which could contribute to the observed boost in
neuroblast proportion.

Neuroblast proportionincreasesin situ after partial
reprogramming

While single-cell RNA-seq is a powerful tool to capture different cell
types, it requires cell dissociation. As an orthogonal validation
approach, we used immunostaining of the intact SVZ niche. We col-
lected brain sections containing the SVZ niche fromyoung (3-4 months)
and old (20-26 months) iOSKM mice, with or without whole-body
in vivo partial reprogramming (old + OSKM) (Fig. 3a-c and Extended
Data Fig. 4a). Immunostaining with antibodies against DCX, a neuro-
blast marker in the SVZ niche, confirmed that old SVZ niches exhibita
strong decrease in the proportion of neuroblasts compared to young
counterparts (Fig. 3d), as shown previously’***. Importantly, partial
reprogramming in old mice boosted the proportion of DCX* neuro-
blastsinthe SVZ niche (Fig. 3d). This increase was also observed when
we measured DCX" cell density (Fig. 3e and Extended Data Fig. 4b) or
DCX intensity (Extended Data Fig. 4c). Additionally, the results were

similar using PSA-NCAM, another marker of neuroblasts (Fig. 3f-iand
Extended Data Fig. 4f-i). These findings provide orthogonal valida-
tion of the neuroblast proportionincrease observedin our single-cell
RNA-seq data.

By contrast, partial reprogramming did not affect the propor-
tion (and density) of proliferating cells (Ki-67*, which includes aNSCs
and NPCs; Fig. 3b,c and Extended Data Fig. 4d,e) or the proportion
(and density) of epidermal growth factor (EGF) receptor (EGFR)* cells
(aNSCsand NPCs) inthe old SVZ (Fig. 3f,g and Extended Data Fig. 4j k).
This observationis consistent with our single-cell RNA-seq data, which
did not show an increased proportion of aNSCs-NPCs. Hence, the
increasein neuroblasts uponreprogramming may be due toincreased
neuroblast differentiation (and possibly neuroblast survival) rather
than enhanced proliferation.

Thus, partial reprogramming of the whole body restores in part
the proportion of neuroblasts in the SVZ of old mice, which could
improve neurogenesis.

A mouse model for partial reprogramming targeted to the SVZ
In the iOSKM mouse model, reprogramming factors are expressed
not only in the SVZ neurogenic niche but also in other brain regions
and organs, which could thereby influence neuroblast production
indirectly. To test the direct effect of partial reprogramming in the
SVZ niche itself, we established a mouse line to control OSKM expres-
sion in both a spatial and temporal manner. This mouse line has a
lox-STOP-lox cassette before the sequences encoding rtTA (to allow
Cre-dependent cell-and/or tissue-specific expression) and OSKM under
the control of the tetracycline response element (to control timing of
expression with doxycycline) (Fig. 4a). In these mice, expression of
Crerecombinase (which can be spatially restricted) is required to trig-
ger excision of the lox-STOP-lox cassette and subsequent expression
of rtTA and an enhanced green fluorescent protein (EGFP) reporter
(Fig.4a). Doxycycline treatment theninduces expression of the OSKM
reprogramming factors. Thus, thismouse line, when coupled with Cre,
allows for inducible expression of OSKM in specific tissues (hereafter
Cre-dependent and inducible OSKM or ¢+iOSKM).

To target the SVZ neurogenic niche, we delivered Cre by stere-
otaxic viral injection into the lateral ventricle in close proximity to
the SVZ of c+iOSKM mice. We used an adeno-associated virus (AAV)
variant (SCH9) that is capable of infecting adult SVZNSCs (and can also
infect other cells)” to deliver Cre and anmCherry reporter (AAV-SCH9
Efla-mCherry-IRES-Cre or AAV-mCherry-Cre’) (Fig. 4b). Usingimmuno-
staining on brain sections, we verified that stereotaxic AAV injection
delivered Cre and mCherry to the neurogenic niche and that there was
agood overlap between Cre and mCherry (Fig. 4b,c). Co-staining with
cell type markers showed that AAV infection (assessed by mCherry)
occurred in NSCs (GFAP* (also expressed in astrocytes) or SOX2*) and
also other cell types (for example, SOX2™ cells and a small number
of DCX" neuroblasts) in the neurogenic niche (Fig. 4d and Extended

Fig.2| Transcriptomic pathway changes in the old neurogenic niche after
whole-body in vivo partial reprogramming. a, Differential gene expression by
MAST for each cell type from single-cell RNA-seq, comparing old versus young
untreated iOSKM mice. Each dot is the Zscore for one gene. Positive Zscore
indicates upregulation with age. Color indicates false discovery rate (FDR) < 0.2.
b, Asina, but comparing old + OSKM versus old samples. Each dot is the Zscore
for one gene. Positive Zscore, upregulation with whole-body reprogramming;
color, FDR < 0.2. ¢, Scatterplots showing normalized enrichment scores from
GSEA with reprogramming (old + OSKM versus old) versus age (old versus
young) for each cell type. The gene list from MAST was ranked by Zscore, and
enrichment analysis was performed with Gene Ontology (GO) pathways using
fgsea (Methods). Each point is the normalized enrichment score for one pathway.
For c-h, adjusted Pvalues (P,4;) are Benjamini-Hochberg (BH)-adjusted two-
sided fgsea Pvalues. Pathways where P,y < 0.05 for at least one comparison are
shown. Filled circles, significant enrichment (P, < 0.05) after reprogramming.

Pathways in the top left quadrant and bottom right quadrant change in

opposing directions with aging and after reprogramming. d-f, Dot plots of GSEA
comparing the effects of aging and reprogramming on expression of selected
pathways related to RNA processing (d), cell adhesion (e) and inflammation (f)
across cell types. Names of GO pathways are listed on the left. Size of dot reflects
P, values. Color, normalized enrichment score (NES), where positive values (red)
indicate increase with age (‘aging’) or increase with reprogramming (‘OSKM’).
g,h, Dot plot showing normalized enrichment score from GSEA in aNSCs-NPCs
(g) or neuroblasts (h) after reprogramming (old + OSKM versus old). GO pathway
names are listed on the left. Significantly enriched pathways (P, < 0.05) are
shown. Color, P,4. Size of dot reflects the number of genes in the set. i-k, Violin
plots of gene expression in aNSCs-NPCs and neuroblasts from single-cell RNA-
seq. Each dotis the summed expression of genes within the RNA processing (i),
celladhesion molecule binding (j) or inflammatory response (k) GO pathway for
asingle cell. Line, median; Pvalues, two-sided Wilcoxon rank-sum test.
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Fig.3 | Validation of neuroblast proportion changes after whole-body partial
reprogramming. a, Experimental design to assess SVZ neuroblast proportion
insitu after whole-body partial reprogramming. The red rectangle shows the
regioninb.b, Representative images forimmunofluorescence staining of the
SVZin coronal brain sections after in vivo partial reprogramming. Dorsal, up;
lateral, left. Magenta, DCX (neuroblasts); green, Ki-67 (proliferative cells);

blue, 4’,6-diamidino-2-phenylindole (DAPI) (nuclei). The yellow rectangle
istheregionshownintheinsetsinc.Scalebars,100 pm. Note that only tiles
containing the SVZ were imaged; black boxes are areas where no imaging data
were acquired (Methods). ¢, Inset region from b. One optical section of a confocal
image acquired using a x20 objective. Scale bar, 25 pm. d,e, Quantification
ofimmunofluorescence. Multiple optical sections a total of 8 um thick were
acquired for each SVZ, and both hemispheres in five coronal sections at 120-um
intervals were quantified per mouse (Methods). n =11 young (3-4 months, five
males and six females), n = 8 old (20-26 months, three males and five females)
and n=10 old + OSKM (20-26 months, four males and six females) mice over
three independent experiments (for individual experiments, see Source data).
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Each dot represents one mouse. Mean + s.e.m.; Pvalues, two-sided Wilcoxon
rank-sum test. d, Neuroblast proportion (DCX" over DAPI") in the SVZ per mouse,
normalized to the mean of old control mice. e, Neuroblast density (number of
DCX' cells per mm?®) in the SVZ per mouse. f, Representative immunofluorescence
images. Dorsal, up; lateral, right. Magenta, PSA-NCAM (neuroblasts); green, EGFR
(aNSCs-NPCs); blue, DAPI (nuclei). Yellow and orange rectangles are the regions
shownintheinsetsing.Scale bar,100 um. g, High magnification of inset regions
from f. One optical section of a confocal image acquired using a x63 objective.
Scale bars, 25 um. h,i, Quantification of immunofluorescence, as above.n=9
young (3-4 months, four males and five females), n = 8 old (20-26 months, three
males and five females) and n =10 old + OSKM (20-26 months, four males and

six females) mice over three independent experiments (Source data). Each dot
represents one mouse. Mean + s.e.m.; Pvalues, two-sided Wilcoxon rank-sum
test. h, Neuroblast proportion (PSA-NCAM" over DAPI") in the SVZ per mouse,
normalized to the mean of old control mice. i, Neuroblast density (number of
PSA-NCAM' cells per mm®) in the SVZ per mouse.

Nature Aging


http://www.nature.com/nataging

Article

https://doi.org/10.1038/s43587-024-00594-3

a s
IRES IRES o kM
—) Nk @ na —)
tetO +Cre tetO Dox
Colal 3 UTR oct4 I Sox2 I Kif4 I e — oct4 I Sox2 I Kif4 I cMyc —
P2A T2A E2A P2A T2A E2A c+iOSKM mice
b (SVZ targeted)
AAV-mCherry-Cre c e
1 AAV-mCherry
4-6d or AAV-Cre
————>  Immunofluorescence Primary NSCs Passage Dox S
i -q
Composite (c+iOSKM) Overnight 1.5 weeks 72h
Recombination OSKM
. Egfp rtTA Oct4-P2A Oct4
: z 0.0003 00003 8 0003 8 0.003
8 256 0.0003 256 { 0.0003 3 —
E = - = 6 6
- 64 64 E g
2 3 . o
3 . . 16 : o 4 4
> g .
@ . .
5 4q 4 £ . 5
S 1 14 g = | ]
= &L 0 (0]
° Dox - + - + -+ - 4+ -+ -+ -+ -+
@ )
AAV&\ &S o & < & g &
@) o O )
N N N N
f g h Young
old
AAV-Cre 10 4 10 | ® Old + OSKM (SVZ2)
c+OSKM mice “ &
Young (3-4 months, n = 5) g; Astrocyte-qNSC "“"?
aNSC-NPC
7d Untreated 5 1 Neuroblast 51
% Neuron
Old (26-28 months, n = 6) Q’r} o Oligodendrocyte N
7d Untreated a 0 A »4) OpPC X a 0 A1 .
< o 7 Endothelial < ® -
P = Microglia %
Old (26-28 months, n = 6) > > > . 7 Monocyte-macrophage .
+ OSKM (SVZ) 7d -5 * T cell -5 4 ™
Pericyte (mural)
SvZ ] z/ascull)arsmooth muscle
mura
710 ® Ependymal -10 4
10x Genomics single-cell RNA-seq
of microdissected SVZ 10 0 10 10 o 10
UMAP 1 UMAP 1
. o
i 0.002 Cell type proportion ) k Age prediction from cell
0.004  0.004 proportion linear regression model
< . 0,004 aNSC-NPC ‘ Neuroblast ‘ 033 002
2 1 5 A = A ¢ 035 5057 0.79 @z
S o . " 8 00087 ;| 20065 £
s : 4 L £ 0.0 | = ° § 201 .
as %1% - oL o £
o8 @ 025 4 0.6 | [}
Re . 4 “ .A: ® Young z Eﬁ & 10 .
= u ~ o e
£° _ .09 A old 5 020 4 05 4 3 e
g - 0.004 = 0.004 B Old + OSKM k< . ¢ %
2 0.09 T T T T T T T &v2) cg)- 0.15 4 0.4 4 g 01 @ Independent
- = ) A experiments
X @ ? )
& &L F & ¥ S S = :
S & & S ES SN ©® 3% © ¥ 0
& N & & & = E o E & O 5P & O oSe & o oM
& > & <& S X S S S
¥ o® & & & e
S @ & o
Ny

Fig. 4 | Effect of partial reprogramming targeted to the SVZ neurogenic niche
by single-cell transcriptomics. a, Mouse model for conditional and inducible
expression of OSKM (c+iOSKM). Stereotaxic injection of Cre targets expression
ofthe reprogramming factors to the SVZ. b-d, Immunofluorescence of coronal
sections after stereotaxic viral injection (AAV-mCherry-Cre, AAV serotype SCH9
carrying Efla-mCherry-IRES-Cre) into the lateral ventricle. b, Markers of viral
infection (magenta, mCherry; green, Cre); blue, DAPI. Scale bar,100 pm.

¢, Magenta, mCherry; green, Cre. Scale bar, 50 um. d, Magenta, mCherry; yellow,
GFAP (NSCs/astrocytes); green, DCX (neuroblasts); blue, DAPI. Scale bar, 50 pm.
e, RT-qPCRin NSCs isolated from c+iOSKM mice and infected with AAV-mCherry
(AAV-SCH9 Eflia-mCherry) or AAV-Cre (AAV-SCH9 Efla-Cre) inculture.n=4
young (3-4 months, three males and one female) and n = 4 old (20-23 months,
three males and one female) cultures for AAV-Cre, n =3 young (3-4 months,

two males and one female) and n =4 old (20-23 months, three males and one
female) cultures for AAV-mCherry, over one independent experiment. Each
dotrepresents one culture isolated from one mouse. Mean + s.e.m.; Pvalues,
two-sided Wilcoxon rank-sum test. f, Experimental design for single-cell RNA-seq

after SVZ-targeted reprogramming. Stereotaxic injection of AAV-Cre (AAV-SCH9
Efla-Cre) was performed in c+iOSKM mice. n = 5young (two males and three
females), n = 6 old (four males and two females) and n = 6 old + OSKM (SVZ)
(three males and three females) samples over two independent experiments.

g h, Dimensionality reduction (UMAP) on single-cell transcriptomes 0f 16,291
high-quality cells, colored by cell type (g) or condition (h). Each dot represents
one cell. i, Proportion of each cell type from single-cell RNA-seq as a fraction of
total cells recovered per mouse, normalized as log, (fold change) over the mean
of old control mice. Each dot, triangle or square represents one mouse. Bar,
mean; Pvalues, two-sided Wilcoxon rank-sum test. j, Proportion of aNSCs-NPCs
and neuroblasts from single-cell RNA-seq, as a fraction of total cells recovered
from the NSC lineage. Each dot represents one mouse. Median (center line),
upper and lower quartiles (box limits) and 1.5x interquartile range (whiskers);
Pvalues, two-sided Wilcoxon rank-sum test. k, Predicted age per mouse after SVZ-
targeted reprogramming from a linear regression model of cell type proportions
inthe SVZ neurogenic niche. Each dot or triangle represents one mouse; shape
denotes experiment. Line, median; Pvalues, two-sided Wilcoxon rank-sum test.

Nature Aging


http://www.nature.com/nataging

Article

https://doi.org/10.1038/s43587-024-00594-3

Data Fig. 5a-c). There was no AAV infection (assessed by mCherry)
detected in other areas of the brain, including the olfactory bulb and
the cerebellum (Extended DataFig. 5d). InNSCsisolated from c+iOSKM
mice, we confirmed proper excision of the lox-STOP-lox cassette after
invitro infection with AAV expressing Cre (‘AAV-Cre’) (Extended Data
Fig. 5e,f). Flow cytometry and immunofluorescence staining showed
thatboth AAVinfection and Cre recombinationin NSCs were efficient
and dose dependent and that AAV-Cre-infected NSCs expressed EGFP,
indicative of Cre recombination at this locus (Extended Data Fig. 5g-k).
Importantly, doxycycline treatment of cultured NSCs isolated from
c+iOSKM mice after Cre recombination triggered Oct4 expression
from the inducible OSKM transgene as detected by RT-qPCR (Fig. 4e
and Extended Data Fig. 51,m) and western blotting (Extended Data
Fig.5n). Thus, this c+iOSKM mouse system combined with stereotaxic
delivery of Cre allows for targeted reprogramming of cells, including
NSCs, within the SVZ niche.

SVZ-targeted partial reprogramming boosts neuroblast
proportion
To systematically probe the impact of reprogramming targeted to the
SVZ niche, we aged cohorts of c+iOSKM mice for over 2 years and per-
formed single-cell transcriptomics. We stereotaxically injected AAV-Cre
into two independent cohorts of young (3-4 months) and old (26-28
months) c+iOSKM mice and then 7 d later treated them with doxycycline
for another 7 d for targeted expression of OSKM in the SVZ (+OSKM
(SVZ)) (Fig. 4f). Targeted OSKM expression allows for longer continu-
ous doxycyclinetreatment (7 d comparedto 2 d) without the mortality
previously observed for long-term whole-body expression'%253080,
After thisSVZ-targeted partial reprogramming, we performedsingle-cell
RNA-seq of the SVZ niche (Fig. 4f). UMAP and Louvain clustering ana-
lysis indicated that all major cell types were recovered (Fig. 4g,h). We
verified that AAV infection and Cre-mediated recombination indeed
led to expression of r¢ TA-IRES-EGFP, which was detected mostly in the
aNSC-NPC cluster but also in other cell types (Extended Data Fig. 6¢).
We performed cell proportion analysis of single-cell RNA-seq
data, comparing aging and reprogramming. There was a strong
age-dependent decline in the proportion of aNSCs-NPCs and neuro-
blasts in c+iOSKM mice (Fig. 4i and Extended Data Fig. 6a), consistent
with results from other mouse lines®’* 7, The proportions of other cell
typesinthe niche were either not affected by age (astrocytes—-qNSCs)
or increased with age (oligodendrocytes, endothelial cells). Interest-
ingly, SVZ-targeted partial reprogramming led to an increase in the
proportion of both aNSCs-NPCs and neuroblasts in old mice, when
normalized either by total cells (Fig. 4i) or by cells from the NSC lineage
(Fig.4j; P=0.065for neuroblasts).SVZ-targeted partial reprogramming
also led to atrending (P=0.093) decrease in the proportion of astro-
cytes—-qNSCsand endothelial cells (Fig. 4i and Extended Data Fig. 6a).
There was variability between mice in the proportions of mural cells

and oligodendrocytes (Fig. 4i and Extended Data Fig. 6a). Finally, we
noted a high prevalence of immune cells such as T cells in young mice
in this model, perhaps due to an immune response to surgery and/or
viral infection in young mice, which makes interpretation of changes
by reprogramming in immune cells difficult (Fig. 4g,h and Extended
Data Fig. 6a,b). Thus, SVZ-targeted partial reprogramming increases
the proportion of neuroblasts (albeit less than whole-body partial
reprogramming) and their precursors (aNSCs-NPCs) and may also
impact other cellsin the niche.

To quantify the impact of SVZ-targeted partial reprogramming
on all cell type proportions in the old niche, we used our cell type
proportionlinear regression model for predicting age (Extended Data
Fig.2k). This cell proportion modelindicated that SVZ-targeted partial
reprogramming decreased median predicted age (‘rejuvenation’)
by 10.9 months (Fig. 4k and Extended Data Fig. 6d). The rejuvenating
effect of SVZ-targeted reprogramming was larger than that of the whole-
body reprogramming and could be due to the more pronounced effect
on multiple cell types (including aNSC-NPC and astrocyte-qNSC
proportions) in the niche.

Thus, SVZ-targeted partial reprogramming in the neurogenic niche
itselfin old mice leads to an increased proportion of neuroblasts and
their precursors, aNSCs-NPCs. This suggests that partial reprogram-
ming targeted to the SVZ has a direct and intrinsic effect in this niche.

Signatures affected by SVZ-targeted partial reprogramming
We asked which molecular signatures are impacted upon in vivo
partial reprogramming targeted to the SVZ. Analysis of differential
gene expression in our single-cell RNA-seq dataset revealed signifi-
cant transcriptomic changes across cell types with aging and after
SVZ-targeted partial reprogramming (Fig. 5a,b). We compared the
direction of molecular signature changes with age and reprogram-
ming across cell types using scatterplots to identify pathways most
‘rejuvenated’ by this intervention (Fig. 5c and Extended Data Fig. 6c).
These pathwaysinclude chromatinand transcription factorsin neuro-
blasts, oligodendrocytes, endothelial cells and microglia (Fig. 5d,i,
Extended Data Fig. 6g and Supplementary Tables 5 and 6), and path-
ways related to RNA processing and ribosomes in aNSCs-NPCs and
endothelial cells (Fig. 5Se, Extended Data Fig. 6f and Supplementary
Tables 5 and 6). Changes in cell adhesion pathway expression with
age were also reversed by reprogramming in aNSCs-NPCs and oligo-
dendrocytes (Fig. 5f,j). Immune and inflammation pathways increased
inmany celltypes upon SVZ-targeted partial reprogramming, although
they appeared to decrease with age, probably related to immune cell
infiltrationin young mice (Extended Data Fig. 6b,d and Supplementary
Tables 5and 6). As with whole-body reprogramming, cell-specific tran-
scriptomic aging clocks did not show strongimprovements in predicted
age across cell types (Extended Data Fig. 6g), potentially due to these
opposing effects oninflammation.

Fig. 5| Transcriptomic pathway changes after partial reprogramming
targeted to the SVZ. a,b, Differential gene expression by MAST for each cell
type, comparing old versus young (a) or old + OSKM (SVZ) versus old (b). Each
dotrepresents the Zscore for one gene. Color, FDR < 0.2. ¢, Scatterplots showing
normalized enrichment scores from GSEA with SVZ-targeted reprogramming
(old + OSKM (SVZ) versus old) versus age (old versus young) for each cell

type. The genelist from MAST was ranked by Zscore, and enrichment analysis
was performed with GO pathways using fgsea (Methods). Each pointis the
normalized enrichment score for one pathway. For ¢c-h, P,;, BH-adjusted two-
sided fgsea Pvalue. Pathways where P,4; < 0.05 for at least one comparison are
shown. Filled circles indicate P, < 0.05 after reprogramming. Pathways in the
top left and bottom right quadrants change in opposing directions with aging
and SVZ-targeted reprogramming. d-f, Dot plots of GSEA comparing the effects
ofaging and SVZ-targeted reprogramming on expression of pathways related

to chromatinand/or transcription (d), RNA processing (e) or cell adhesion (f)
across cell types. Names of GO pathways are listed on the left. Size of dot reflects

P,g values. Color indicates NES, where positive values (red) indicate increase with
age (‘aging’) or increase with SVZ-targeted reprogramming (‘OSKM’). g,h, Dot
plot showing NES from GSEA in aNSCs-NPCs (g) or neuroblasts (h) after SVZ-
targeted reprogramming (old + OSKM (SVZ) versus old control). GO pathway
names are listed on the left. Color reflects P, values. Size of dot reflects the
number of genes in the set. Pathways are filtered by P,4;< 0.03 for gand P,4; < 0.01
for h, and the top and bottom pathways ranked by NES are shown. cGMP, cyclic
GMP; ncRNA, noncoding RNA; rRNA, ribosomal RNA. i-k, Violin plots of gene
expression from single-cell RNA-seq. Each dot is the summed expression of genes
within the chromatin binding (i), cell-cell adhesion (j) or neuron migration (k)
GO pathway for asingle cell. The line represents median. Pvalues, two-sided
Wilcoxon rank-sum test.l,m, Heatmaps showing NES from GSEA in aNSCs-NPCs
(I) and neuroblasts (m), comparing whole-body (old + OSKM versus old) and
SVZ-targeted (old + OSKM (SVZ) versus old) in vivo partial reprogramming.

GO pathway names are listed on the right. Color reflects NES. Selected

pathways are shown.
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Fig. 6 | Impact of aging and reprogramming on primary NSC differentiation.
a, Experimental schematic for differentiation of primary NSC cultures fromiOSKM
mice with partial reprogramming (c,g,h). PDL, poly-D-lysine. n=8 young

(3-4 months, four males and four females) and n = 8 old (24-26 months, four
males and four females) samples over two independent experiments. Each culture
wasisolated from one mouse. b, Representative image of immunofluorescence
staining for neuroblasts (DCX, magenta) after in vitro differentiation for 4 d. Scale
bar, 50 pm. ¢, Quantification ofimmunofluorescence staining for neuroblasts
(DCX" over DAPI’). Each dot represents the neuroblast proportion for one culture
isolated from one iOSKM mouse. Median (center line), upper and lower quartiles
(box limits) and 1.5x interquartile range (whiskers); Pvalues, two-sided Wilcoxon
rank-sum test. d, Experimental schematic for differentiation of primary NSC
cultures from c+iOSKM mice for 4 d with partial reprogramming. Primary NSCs
were infected with AAV carrying genes for mCherry (control) or Cre and then
passaged to allow for recovery before in vitro differentiation with or without
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old (20-23 months, three males and one female) samples over one independent
experiment. Each culture was isolated from one mouse. e, Quantification of
immunofluorescence staining for neuroblasts (DCX" over DAPI"). Each dot represents
the neuroblast proportion for one culture; each culture wasisolated from one
c+iOSKM mouse. Median (center line), upper and lower quartiles (box limits)

and 1.5x interquartile range (whiskers); Pvalues, two-sided Wilcoxon rank-sum
test. f, Representative images ofimmunofluorescence staining for astrocytes
(GFAP, green) and oligodendrocytes (olig.) and OPCs (transcription factor SOX10,
magenta) after in vitro differentiation for 4 d. Scale bar, 50 um. g,h, Quantification
ofimmunofluorescence staining for astrocytes (GFAP* over DAPI*) (g) and
oligodendrocytes and OPCs (SOX10" over DAPI") (h). Each dot represents the
astrocyte proportion for one culture, and each culture was isolated from one
iOSKM mouse. Median (center line), upper and lower quartiles (box limits) and
1.5xinterquartile range (whiskers); Pvalues, two-sided Wilcoxon rank-sum test.

We next focused on aNSCs-NPCs and neuroblasts (Fig. 5g,h
and Extended Data Fig. 6f,g). SVZ-targeted partial reprogramming
reversed the age-associated increase in single-cell expression of cell
adhesion-related gene signatures in these cells (Fig. 5j) (similar to
whole-body reprogramming for aNSCs-NPCs). In this case, neuroblasts
alsoshowed ‘rejuvenation’ changes in many molecular signatures upon
partial SVZ-targeted reprogramming, including pathways related to
neurondevelopment and morphology, cellmigration and projections
(Fig. 5h,k, Extended Data Fig. 6g and Supplementary Tables 5 and 6).

Finally, we compared the molecular signatures regulated by
whole-body and SVZ-targeted partial reprogramming. We examined
pathways with enrichment scores that were either positive or nega-
tive in both paradigms (Extended Data Fig. 7a,b). Imnmune response
and immune signaling pathways in neuroblasts and endothelial
cells were upregulated by both whole-body and SVZ-targeted
reprogramming strategies (Fig. 5m and Extended Data Fig. 7c,e). Cell
morphogenesis, adhesion and migration pathways in aNSCs-NPCs
and neuroblasts were downregulated by both reprogramming
strategies (Fig. 5I,m and Extended Data Fig. 7d,e). Interestingly,
chromatin-related pathwaysin neuroblasts were downregulated only
in SVZ-targeted reprogramming (Fig. 5m and Extended Data Fig. 7e).

Differences between whole-body and SVZ-targeted partial reprogram-
ming paradigms could reflect the influence of cellnon-autonomous and
systemic factors or differences in the protocols (for example, length
of doxycyclineinduction, use of viruses).

Thus, SVZ-targeted partial reprogramming reverses some aspects
of age-dependent changes within the niche, including cell type
proportion changes and transcriptional signatures in the NSC
lineage, indicating that the effects of reprogramming are at least in
partintrinsic to the neurogenic niche.

Partial reprogramming in old NSCs improves neuronal lineage
differentiation

While stereotaxicinjectionin c+iOSKM mice allows spatial restriction
of reprogramming to the SVZ niche, a key question remains: whether
targeting a single cell type in the NSC lineage could recapitulate
the effects of partial reprogramming. Cell type-specific in vivo repro-
gramming is limited by the tools needed to target only one cell state
within the NSC lineage. We thus leveraged a primary NSC culture
system®*®! to assess how cell-autonomous reprogramming affects
NSCs’ ability to differentiate into neuroblasts, given the increase in
neuroblast proportion uncovered by single-cell RNA-seq.
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Fig. 7| Gene expression in primary NSCs with aging, reprogramming and
differentiation. a, Experimental schematic for bulk RNA-seq time course of partial
reprogramming and differentiationin primary NSC cultures fromiOSKM mice.n=5
young (3-4 months, two males and three females) and n = 4 old (25 months, two
males and two females) samples. Each culture was isolated from one mouse. Inthe
top row (‘NSC’), primary NSCs are treated with doxycyclinefor 6 h,18 hor48 h.In
the bottom row (‘Diff., differentiation), primary NSCs are treated with doxycycline
for 18 hbefore inducing differentiation and doxycycline treatment is continued
foranadditional 6 h,18 hor48 h. b, Table of the number of biological replicates
collected for each condition at each time point for bulk RNA-seq. Each culture
wasisolated from one mouse. ¢, Dimensionality reduction (PCA) on all samples
from bulk RNA-seq. Each dot represents one sample. PC, principal component.

d, Scatterplots showing normalized enrichment scores from GSEA with partial

reprogramming (old + OSKM versus old) versus aging (old versus young) for

each time point. Each point represents the normalized enrichment score for one

GO pathway. For d,e, P,;, BH-adjusted two-sided fgsea Pvalue. Pathways where
P,4;<0.05 for atleast one comparison are shown. Filled circles indicate P,4; < 0.05in
both comparisons. Pathways in the top left quadrant and the bottom right quadrant
changein opposing directions with aging and after reprogramming. e, Dot plots of
GSEA comparing the effects of aging and 6 h, 18 hand 48 h of partial reprogramming
in primary NSCs on expression of pathways related to celladhesion, RNA processing
and chromatin and histone marks. Names of GO pathways are listed on the left. Size
of dotreflects P, values. Color, NES. f, Expression of selected genes in primary
NSCs at the 18-h time point. Each dot represents the normalized count for

one culture. Dashed line, mean expression level in young control samples;

mean +s.e.m.; Pvalues, two-sided Wilcoxon rank-sum test.

Proliferative NSCs in primary cultures can be induced to
differentiate into a mixed population of both neuronal and glial cells
by withdrawal of EGF and basic fibroblast growth factor (bFGF) from
the cell culture medium®. Using immunofluorescence staining, we
first verified that this NSC differentiation protocol led to the
appearance of neuroblasts (DCX"), astrocytes (GFAP*) and oligo-
dendrocytes and OPCs (SOX10") after 4 d (Fig. 6a,b,f and Extended
Data Fig. 8a) and neurons (TUJ1(TUBB3), NeuN"), astrocytes (GFAP")
and oligodendrocytes (04") after 8 d (Extended Data Fig. 8b).

We then analyzed how age and reprogramming influenced
primary NSC differentiation. We isolated primary NSCs from young
(3-4 months) and old (24-26 months) iOSKM mice and verified that
doxycycline also induced OSKM expression in these cells (Fig. 1c and
Extended DataFig.1b-d). Toinduce reprogramming and differentiation
of NSCs, we treated NSC primary cultures with doxycycline overnight
before inducing differentiation and throughout the 4-d differentia-
tion protocol (Fig. 6a). As expected, old NSC cultures produced fewer

neuroblasts than their young counterparts after 4 d of differentiation
(Fig. 6b,cand Extended DataFig. 8k,l). Inline with ourin vivo data, par-
tialreprogramming of old NSCs restored this age-associated deficitin
neuroblast formation (Fig. 6c and Extended Data Fig. 8l). Partial repro-
gramming of young NSCs did not boost the neuroblast proportion
(Fig. 6c and Extended DataFig. 8). Importantly, before differentiation,
reprogramming in old NSCs did notimpact cell type marker expression
(nestin, EGFR) or proliferation status (Ki-67, 5-ethynyl-2’-deoxyuridine
(EdU)) and did notinduce aspuriousincreasein neuroblast differentia-
tion (DCX) (Extended Data Fig. 8c-j). Partial reprogramming did not
increase the proportion of proliferative cells (Ki-67°) after differentia-
tion (Extended Data Fig. 8m), suggesting that this intervention ame-
liorates differentiation (or neuroblast survival) rather than promoting
NSC expansion in differentiation conditions. Partial reprogramming
also increased the neuroblast proportion in NSC cultures from old
¢c+iOSKM mice infected with Cre virus and treated with doxycycline
throughout differentiation (Fig. 6d,e and Extended Data Fig. 80,p).
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females) and n =8 old (24-26 months, four males and four females) samples

over two independent experiments. Each culture was isolated from one mouse.
b, Representative image ofimmunofluorescence staining forimmature neurons
after in vitro differentiation for 8 d. Green, TUJ1 (neurons); magenta, DCX
(neuroblasts and immature neurons); DAPI (nuclei). Scale bar, 50 pm.

¢, Quantification ofimmunofluorescence staining for neurons (TUJ1* over DAPI*).
Each dot represents the neuron proportion for one culture, and each culture

was isolated from one mouse. Box plot indicates median (center line), upper

and lower quartiles (box limits) and 1.5x interquartile range (whiskers).
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reprogramming. Blue bars represent doxycycline treatment (2 d on, 5 d off). EdU
was administered once daily as indicated with brown arrows. i.p., intraperitoneal.
e, Representative image forimmunofluorescence staining of the olfactory bulb.
Dorsalis up. Cyan, EdU; magenta, NeuN (neuronal nuclei); blue, DAPI (nuclei).
The yellow square is the region shownininsets in f. Scale bar, 500 pm.

f, Higher-magnification images of the olfactory bulb. Cyan, EdU; magenta, NeuN
(neuronal nuclei); red, DCX (migrating neurons). Scale bar, 100 pm. g, Number
of newborn neurons (EdU*NeuN" cells per mm?) in the olfactory bulb per mouse.
Both hemispheresin five coronal sections at 120-pm intervals were quantified
per mouse (Methods). n = 6 young (3-4 months, three males and three females),
n=4old (20-22 months, two males and two females) and n =5 old + OSKM (20-22
months, three males and two females) samples. Each dot represents one mouse.
Dataare mean + s.e.m.; Pvalues, two-sided Wilcoxon rank-sum test.

Thus, partial reprogramming in culture boosts the ability of old NSCs
to generate neuroblasts, suggesting a direct, cell-autonomous effect
of reprogramming on old NSCs.

Aging is also accompanied by a ‘glial skew’ of NSCs during
differentiation, with a decrease in the proportion of new neurons
and an increase in the proportion of glial cells (mostly astrocytes)®.
Indeed, after 4 d of differentiation, cultures differentiated from
old NSCs exhibited a large increase in the proportion of astrocytes
(GFAP") compared to young counterparts (Fig. 6f,g and Extended Data
Fig.8n). Partial reprogramming blunted this age-dependentincreasein
astrocytes (Fig. 6g) (and did not affect oligodendrocytes, Fig. 6h).

Hence, partial reprogramming reverses the glial skew of old NSCs,
favoring the production of neuroblasts, a feature of youthful NSCs.
Toidentify transcriptional changes that could mediate the effects
of reprogramming onold NSCs and their differentiation, we performed
bulk RNA-seq on primary NSCs throughout a time course of differ-
entiation and partial reprogramming (Fig. 7a,b and Extended Data
Fig. 9¢). As expected, principal-component analysis (PCA) separated
samples by differentiation time points (Fig. 7c), with a decline in cell
cycle genes (for example, Pclaf, Mki67) and increases in neuronal (for
example, Slclal, Draxin) and glial (for example, Gfap, Mbp) genes
across differentiation (Extended Data Fig. 9a,b). Global GSEA in NSCs
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revealed a host of changes with age, some of which were reversed by
reprogramming (Fig. 7d and Extended Data Fig. 9d,f). Similar toin vivo
findings, primary NSCs exhibited increased expression of cell adhe-
sion, RNA processing and chromatin-related gene pathways with age,
and partial reprogramming in old NSCs reversed expression of these
signatures (Fig. 7e and Extended Data Fig. 9d,j). Interestingly, we identi-
fied acluster of genes for which expressionincreased with age and that
wererestored to ayouthful expression level by partial reprogramming
(Fig. 7f and Extended Data Fig. 9i). These include Lrfn4, involved in
neurite outgrowth and cell motility, DdxI19a, encoding a putative RNA
helicase and the transcriptional regulator encoded by Brd2. Such genes
and pathways may represent interesting candidates that mediate the
age-specific effect of partial reprogramming on old NSC function.

Thus, partial reprogramming of NSCs during differentiation in
culture is sufficient to boost the resulting proportion of neuroblasts,
indicating adirect effect of partial reprogramming on old NSCs. While
invitro assays cannot fully recapitulatein vivo conditions, these results
alsosuggest that the boost in neuroblast proportion afterinvivo partial
reprogramming may be due atleastin part toimproved differentiation
of NSCs.

Newborn neuron production improves with partial
reprogramming
Can partial reprogramming boost not only the production of
neuroblasts butalso the generation of differentiated neurons? We first
tested theimpact of partial reprogramming in NSCs on mature neuron
formationin culture. Using the in vitro differentiation protocol for 8 d
(Fig.8a,b), wefound that old primary NSCsled to fewer neurons (TUJ1*)
thanyoung primary NSCs (Fig. 8c). Partial reprogramming in old NSCs,
starting before and continuing through differentiation, increased the
production of more mature neurons (Fig. 8c and Extended Data Fig. 8q).

In vivo, neuroblasts from the SVZ migrate to the olfactory bulb
where they terminally differentiate into neurons****, To test the effect
of partial reprogramming on the formation of newborn neuronsin the
olfactory bulb in vivo, we injected old mice with EdU to label all proli-
ferating cells (including aNSCs—-NPCs and proliferating neuroblasts)
duringeachcycle of doxycycline treatment (Fig. 8d-f). Asneurons are
postmitotic, EdU-positive neurons (labeled by the neuronal nuclear
marker NeuN) are newly born from these labeled aNSCs and neuro-
blasts. Immunostaining showed that the number of newborn neurons
(EdU*NeuN*) in the olfactory bulb declines dramatically with age, as
has been previously observed (Fig. 8g). Interestingly, partial repro-
gramming in old mice increased the number of newborn neurons in
the olfactory bulb (neurogenesis) (Fig. 8g).

Thus, partial reprogramming in old NSCs and old mice increases
the number of newborn neurons, animportant aspect of youthfulness.

Discussion

Using single-cell transcriptomics and immunostaining validation,
we find that whole-body partial reprogramming in old mice partly
reverses the age-associated defect in neuroblast proportionin the
SVZ neurogenic niche. This ‘rejuvenation’ effect can be recapitulated
by targeting the SVZ itself for partial reprogramming, indicating a
niche-intrinsic phenomenon. Furthermore, partial reprogrammingin
old NSCsin culture cell autonomously improves their differentiation
into neuronal precursors. Our study uncovers the impact of partial
reprogramming in old brains by systematically probing its effect on
multiple different cell types. Previous studies in the nervous system had
found rejuvenation of visual acuity and bulk DNA methylation and tran-
scriptome upon OSK expressionin the optic nerve of 11-12-month-old
mice®’, improvement in remyelination after injury with c-MYC (M)
expressioninoligodendrocyte progenitor cells of 18-month-old mice?,
improvement in epigenetic marks and memory in the hippocampus
of 6-10-month-old mice upon OSKM expression?®, improved neuro-
degeneration phenotypesinan Alzheimer’s mouse model with OSKM

expression in neurons® and improved recovery after ischemic injury
in 2-4-month-old mice with OSKM expression®*. Our study uses older
animals (18-28 months old) and acombination of systematic single-cell
RNA-seqanalysis and immunocytochemistry validation, which reveal
that NSCs and neuroblasts are key cell types influenced by partial repro-
gramming in a neurogenic niche of old brains.

We find that partial reprogramming of the SVZ itself in vivo reca-
pitulates some of the effects of whole-body partial reprogramming,
suggesting that at least some of the beneficial effects areintrinsic tothe
SVZ niche. In muscle stem cells (satellite cells), the intrinsic effects of
partial reprogramming have been assessed with various results'>*>*%*’;
a genetic strategy to target reprogramming to the muscle stem cells
invivo does not seem toimprove their function (inyoung mice)*, while
exvivoreprogramming in old muscle stem cells and reimplantationin
old muscles does seem sufficient to improve repair after injury”. The
levels of reprogramming factor expression?, the exact combination
offactorsused, the age of onset and duration of treatment could all be
important factors to explain differences.

Wedonot observe any appearance of a‘new’ cell type (for example,
embryonic-like stem cell) by single-cell RNA-seq after in vivo partial
reprogramming. However, the possibility that transdifferentiation of
another cell type might contribute to theincrease in neuroblast propor-
tion cannot be excludedinvivo. Using a culture system, we find that par-
tial reprogramming of NSCs is sufficient to rescue the age-associated
declineinneuroblast proportion, suggesting that at least some effects
ofinvivo partial reprogramming are due to improvement of NSCs. An
alternative possibility could be that partial reprogramming factors
directly promote neuronal differentiation® independent of a ‘rejuvena-
tion’ effect. Our observation that the effect of partial reprogramming is
specific toold NSCsinvitro suggests that this is unlikely. Nevertheless,
itwillbeimportant to distinguish the impact of partial reprogramming
onrejuvenation versus cell fate.

Interestingly, reprogramming factors, which normally induce
stemness, promote more fate-committed progenitor cells and boost
the production of new neurons in the context of old mice. This is con-
sistent with the idea that reprogramming factors could rescue aspects
of age-associated defects in the neural lineage, thereby increasing
neurogenesis. Partial reprogrammingin 6-10-month-old mice did not
show increased neurogenesis in the hippocampus?®, perhaps because
mice were too young. However, the authors observed increased neuro-
blast and neuron migration®, reminiscent of the changes in cell adhe-
sion signatures we observe here, and this could be a possible step in
the neurogenesis process affected by reprogramming. Partial repro-
gramming could thus improve aging hallmarks in old NSCs, favoring
their commitment and differentiation toward the neuronal lineage.

Many avenues for future study remain. It remains unknown how
long the effects of reprogramming last and whether pulses of expres-
sionare more beneficial than continuous expression. It would be inter-
esting to examine how long transcriptomic changes persist following
doxycycline withdrawal, in addition to determining whether cell type
proportion changes are stable or dependent on recent OSKM expres-
sion. The long-term effect on survival and the impact of seemingly
negative effects like increased inflammation will be key to determine.
Importantly, the c+iOSKM mouse, combined with strains allowing cell
type-specific expression of Cre, could enable cell type-specific partial
reprogrammingin vivo as well as genetic lineage tracing, which should
help elucidate cell-intrinsic effects, cell fate and population hetero-
geneity. Finally, it willbeimportant to test whether partial reprogram-
minginthe old SVZ leads to beneficial effects on behavior and whether
pathways affected by reprogramming could be directly targeted to
improve neurogenesis.

Systemic rejuvenation interventions (exercise, young blood,
dietary restriction) have different effects on cell proportions within
the SVZ neurogenic niche. Exercise also boosts neuroblast propor-
tion in the aged SVZ, whereas heterochronic parabiosis does not””*,
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There might be some overlapping mechanisms between reprogram-
ming and exercise, and each intervention could improve specific
aspects of aging (for example, neuroblast formation) while also having
detrimental or orthogonal effects on the aging process (for example,
inflammation). Comparing the effect of interventions on different
cell types could help elucidate common or synergistic mechanisms
to counter aging.

Methods

Animal housing and protocols

All animal procedures were performed according to protocols
approved by the IACUC and AAPLAC of Stanford University (protocol
8661). Mice were housed with12-hlight-dark cycles, ad libitum access
tofoodand waterinthe cage, atemperature of 21 °C and ~50% humid-
ity. Mice were maintained under the care of the Stanford Veterinary
Service Center and housed at the Stanford Comparative Medicine
vivarium and the ChEM-H/Neuro vivarium.

Mouse strains, sex and age

Whole-body iOSKM mice (ROSA26(rtTA-M2);Collal(tetO-OSKM))
were generated by the Jaenisch laboratory®®. Mice were obtained from
Jackson Laboratory (JAX 011004) and maintained in an in-house
breeding colony to produce aging cohorts.

c+iOSKM mice were generated in-house by crossing whole-body
OSKM mice (ROSA26(rtTA-M2);Collal(tetO-OSKM)) (JAX 011004)
with a strain allowing Cre-dependent expression of rtTA (ROSA26(
lox-STOP-lox-rtTA-IRES-EGFP)) (Fig. 3a) (JAX 005670, generated by
the Nagy laboratory®). F, heterozygotes were intercrossed to gener-
ate double homozygous mutants. Double homozygous mice (ROSA26
(lox-STOP-lox-rtTA-IRES-EGFP);Collal(tetO-OSKM)) were intercrossed
toestablish the colony. Mice were maintained in anin-house breeding
colony to produce aging cohorts.

We maintained in-house aging colonies of iOSKM mice and
c+iOSKM mice ranging in ages up to 28 months of age. Both male and
female mice were used for this study. Old animals were assigned to
control or treatment conditions such that sexes and mean body weights
atthebeginning of the experiment were balanced between conditions.
Mice were considered young adults at 3 months of age and old after
18 months of age. Specific ages are indicated in the respective figures.
Sexes of mice used in single-cell RNA-seq experiments can be found
inthe mouse metadata table (Supplementary Table 1). Mice that died
or were euthanized before the experiment endpoint (Extended Data
Figs.1gand 6h) were excluded from the study.

Invivo doxycycline administration

Doxycycline (Fisher, ICN19895505) was dissolved in drinking water at
a concentration of 1 mg ml™ and provided ad libitum in amber water
bottles to protect the solution from light. Mouse weight and condition
were monitored three times per week, and no signs of dehydration were
observed. Old mice were assigned to control or doxycycline treatment
conditions such that sexes and mean body weights at the beginning of
the experiment were balanced between conditions.

SVZ dissection for single-cell RNA sequencing

Live cells were isolated from the SVZ for single-cell RNA-seq as previ-
ously published®”’. The experimenter performing dissections was
blinded to the sample condition; mice were takenin analternating fash-
iontominimize impacts of sample processing order. Briefly, mice were
terminally anesthetized with Avertin (0.5 mg g mouse, Sigma-Aldrich,
T48402-25G) in PBS (Corning, 21-040-CV) and then perfused transcardi-
ally with 15 mI PBS with heparin (50 U ml™, Sigma-Aldrich, H3149-50KU)
to remove circulating blood cells. Brains were removed into PIPES
buffer on ice and dissected in ice-cold PIPES buffer. The lateral walls
of the SVZs from both hemispheres were carefully dissected under
a dissecting microscope using forceps, a scalpel with a no. 22 blade

and a 22.5° stab knife. The dissected tissue includes NSCs (which are
within a few cell layers of the ventricle) as well as part of the striatum
(evidenced by the oligodendrocyte population recovered). SVZs were
minced and then digested in papain solution (14 U ml™, Worthington,
LS003119) for10 minat37 °C. After centrifugationat 300g for 5 minat
4°C, liquid was removed, and ovomucoid solution (0.7 mg ml™ ovomu-
coid (Sigma-Aldrich, T9253-1G), 0.5 mg ml™ DNase I (Sigma-Aldrich,
DN25-100MG) in DMEM/F12 (Gibco, 11330057)) was added. Tissue was
triturated witha P1000 pipette to obtain asingle-cell suspension. Cells
were then layered onto 22% (vol/vol) Percoll (Sigma-Aldrich, GE17-0891-
01) in PBS and centrifuged at 700g for 10 min at 4 °C without brakes to
remove myelin debris. The supernatant, containing myelinand debris,
was removed. The cell pellet was then resuspended in FACS buffer
(1% BSA (Sigma, A7979) with 0.1% glucose (Sigma, G7021) in PBS) to
wash and filtered through a 40-um strainer. Cells were centrifuged
at 300g for 5 min at 4 °C and then resuspended in 70 pl FACS buffer
with DAPI (1 pug ml™, Thermo, 62248). Live cells were isolated by flow
cytometry (Extended Data Fig.10a) onaBD Ariallsorter (BD FACSDiva
software version 8.0.1) using a 100-pm nozzle at 20 psi and collected
in 750 pl FACS buffer in a protein low-bind microcentrifuge tube
(Eppendorf,0030108442).

Sample multiplexing with lipid-modified oligonucleotides
Cells were labeled with lipid-modified oligonucleotides (LMOs) at
4°C using a protocol” adapted from MULTI-seq¥. Lipid anchor and
co-anchor reagents were generously provided by the Gartner labora-
tory at the University of California, San Francisco. Customoligonucleo-
tides were purchased from Integrated DNA Technologies. The entirety
of each sample was labeled and used. Cells from two to six mice were
combined after labeling and loaded onto each lane of a10x Genomics
chip. Metadata for all mice used in single-cell RNA-seq experiments,
including sequences of multiplexing oligonucleotides and distribu-
tion of micein each 10x lane, can be found in Supplementary Table 1.

Single-cell library preparation and sequencing

The 10x Genomics Chromium Next GEM Single Cell 3’ kits were used
to perform single-cell RNA-seq chip loading and library preparation
according to the manufacturer’s instructions. Kit version 3 was used
for one experiment (Extended Data Fig. 2b-f); version 3.1 was used
for all other experiments. Gene expression libraries were prepared
according to the manufacturer’s instructions. LMO libraries were
prepared according to the MULTI-seq protocol®. All gene expression
libraries and LMO libraries from anindividual experiment were pooled
andsequenced on the lllumina HiSeq (whole-body OSKM experiments
1 and 2) or the NextSeq (SVZ-specific OSKM experiment) with
paired-end 150-bp reads.

Single-cell RNA-seq data processing and cell type
identification
CellRanger (version3.0.2 for whole-body reprogramming experiments,
version 6.0.2 for SVZ-targeted reprogramming experiments) default set-
tings were used to distinguish cellsfrombackground. Reads were mapped
to a custom genome (mm10), with the following transgene sequences
added asadditional chromosomes: for whole-body iOSKM mice, rtTA-M2;
for c+iOSKM, NeoR and r¢TA-IRES-EGFP. To determine and confirm these
sequences, we performed PCR amplification from genomic DNA using
multiple primer sets tiling the locus, and PCR products were Sanger
sequenced (see ‘Genomic DNA extraction and PCR’); primer sequences
are in Supplementary Table 3. P24, E2A and T2A sequences were also
addedtothe genomeas separate chromosomes, but reads did notmapto
them, likely due to their very short length of 54-60 nucleotides. Seurat®
(version3.1.2) was used for quality control. Cells werefiltered outif they
contained more than10% mitochondrial reads or less than 500 genes.
For LMO libraries, CITE-seq count (version 1.4.5) was used to
map reads to sample barcodes. Samples were demultiplexed using
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HTODemuxinSeurat or the MULTI-seq strategy®. Cells showing strong
expression of multiple sample barcodes were considered doublets
and excluded from subsequent analysis, as were cells that could not
be assigned to any sample barcode.

Seurat was used for SCT normalization, dimensionality reduction,
clustering and marker gene identification. Cell types were manually
annotated as previously described”’. Major cell clusters were identi-
fiedin Seurat using ‘FindClusters()’, and marker genes were identified
using ‘FindAllMarkers()’. Expression of marker genes was used to label
celltypes based onliterature and PanglaoDB®. This analysis identified
13 clusters of cells (depending on the dataset): astrocytes and qNSCs,
aNSCs and NPCs, neuroblasts, neurons, oligodendrocytes, oligoden-
drocyte progenitor cells, endothelial cells, microglia, monocytes and
macrophages, T cells, mural cells (pericytes and vascular smooth
muscle cells) and ependymal cells. Very small cell clusters (fewer than
20 cells, labeled as clusters 27-30) from the whole-body reprogram-
ming experiment were not annotated; they likely contain T cells and
potentially doublets. The top five differentially expressed marker genes
for each cluster areshownin Extended Data Fig. 2j. Full lists of marker
genes are in Supplementary Table 2.

Single-cell RNA-seq cell type proportion analysis

Celltype proportions for aNSCs-NPCs and neuroblasts were calculated
asafractionofthetotal cells within the NSClineage (astrocytes-qNSCs,
aNSCs-NPCs, neuroblasts) because small differences in SVZ microdis-
section could have animpact on the number of other cell types recov-
ered (thatis, oligodendrocytes). Cell type proportions as a fraction of
total cells are also shown for completeness. It is possible that steps in
the protocol, including tissue dissociation, live cell sorting and load-
inginto the microfluidic chip mightinfluence the recovery of specific
cell types relative to others. The following cell types were excluded
from cell type proportion analyses: (1) ependymal cells. Our single-cell
RNA-seq datasets captured a small number of ependymal cells, as
shown previously®””, even though ependymal cells are known to be
more numerous in the SVZ niche. This could be because ependymal
cells fall outside of the scatter gate used in flow cytometry or these
cellsweretoobigtobeuploadedindroplets or were sheared in the 10x
microfluidic device. Thus, ependymal cells were excluded from cell
type proportionanalyses. (2) Neurons. Asmall number of neurons were
capturedinthe SVZ-targeted reprogramming experiments, all of which
originated from old + OSKM (SVZ) mice but only in one independent
experiment.Inthe otherindependent experiment (and inall other mice
inboth experiments), zero neurons were captured. We thus excluded
neurons from cell type proportion analyses.

Single-cell RNA-seq differential expression and pathway
enrichment analysis

MAST (implemented in ‘FindMarkers()’ in Seurat) was used for differ-
ential gene expression analysis for each cell type. Cell types with very
few cells per condition (OPCs and small clusters 27-30 in the iOSKM
experiment) were excluded, as were ependymal cells and neurons as
above. For iOSKM experiments, these analyses were performed with
cohort 2, which included young mice to compare the effects of aging
and reprogramming. To identify pathways that change with aging and
reprogramming, the gene list from MAST was ranked by decreasing 7
score, and then pathway enrichment was performed usingthe Rimple-
mentation of the Broad Institute’s preranked GSEA algorithm (fgsea)
and the pathways provided in MSigDB version 7.1. To compare trends in
whole-body and SVZ-targeted partial reprogramming paradigms, path-
ways were clustered by k-means clustering asimplemented in pheatmap.

Machine learning models to predict age from cell proportion
inthe SVZ niche

A cell proportion linear regression model was trained on previously
acquired single-cell RNA-seq data from the SVZ neurogenic niche of

28 male C57BL/6JN mice spanning 3-29 months of age”’, using the
fraction of each cell type (oligodendrocyte, endothelial, microglia,
macrophage, astrocyte-qNSC,aNSC-NPC, neuroblast, mural (vascular
smooth muscle cells and pericytes), ependymal, OPC) and age of
the mouse of origin. For validation, models were built on 27 of the 28
mice and then tested on the remaining mouse (‘leave-one-mouse-out’
validation). To quantify model performance, the data were presented
as a correlation between the actual chronological age of the mouse
and the predicted age for that mouse (Extended Data Fig. 2k). Each
mouse is represented as a dot. We fitted a linear model (blue line)
through the points as well as the 95% confidence interval (light gray)
using ‘geom_smooth’ (ggplot2). Pearson’s correlation (R) is indicated
on the graph. Model coefficients are as follows: microglia, 176.32;
oligodendrocyte, 106.15; neuroblast, 92.69; astrocyte-qNSC, 132.32;
aNSC-NPC, 49.74; endothelial, 12.34; mural, 174.44; OPC, 65.86;
macrophage, 33.24 (intercept, —94.98).

Protein extraction from tissues and cells for western blotting
Mice were euthanized using CO, inhalation, and then tissues were
immediately extracted and flash frozenin liquid nitrogen. Brains were
immersed in ice-cold PBS while regions were dissected, and then dis-
sected regions were flash frozen. For protein extraction, ice-cold RIPA
buffer (50 mM Tris-HCI, pH 7.4, 150 mM NacCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS) (Alfa Aesar, J62524) with protease inhibitors
(Roche, 11836153001) was added to pieces of frozentissue. Tissues were
homogenized on ice with a handheld electric homogenizer (Fisher,
03-421-215) and a microtube pestle attachment (Fisher, 12-141-364).
Lysates were centrifuged at16,000gfor 20 min at4 °Ctoremove tissue
debris and chromatin, and the pellet was discarded. Protein concen-
tration was quantified using the BCA assay (Thermo Fisher Scientific,
23225).

For protein extraction from primary NSCs, to minimize theimpact
of batch effects and confluency, all NSCs for each experiment were
plated on the same day and collected on the same day. The same num-
ber of cellswas plated per well within each experiment (dose-response,
Extended Data Fig. 1b, 300,000 cells per well in a 12-well plate; time
course, Extended DataFig.1c,500,000 cells per wellinal2-well plate).
Cellswere treated with doxycycline at the dose or timeindicated inthe
respective figures, and then cells were rinsed with PBS and then lysed
directly in the wells using 200 pl RIPA buffer with protease inhibitors
and a cell scraper. Lysates were incubated with rotation for 30 min at
4 °Candthen centrifuged at 16,000gfor 20 min at4 °Ctoremove chro-
matinand debris, and the pellet was discarded. Protein concentration
was quantified using the BCA assay (Thermo Fisher Scientific, 23225).

Laemmlibuffer (Alfa Aesar,}61337) was added to lysates, and pro-
teins were reduced and denatured at 70 °C for 10 min. Proteins were
separated by electrophoresisin MOPS buffer (Invitrogen, NPOOO1) on
precast4-12% Bis-Tris polyacrylamide gels (Invitrogen, NP0323BOX).
Forblots withall tissues (Extended Data Fig. 1a), equal protein amounts
were loaded into each lane. For blots with only brain regions (Fig. 1b),
anequal volume of cleared lysate was loaded in each lane to maximize
signal due to the small size of dissected tissue. For blots from cell cul-
ture, anequal volume of lysate (Extended Data Fig. 1c) or theindicated
protein amount (Extended Data Fig. 1b) was loaded into each lane.
Proteins were transferred onto nitrocellulose membranes. Ponceau
staining was used to visualize protein bands to facilitate cutting the
membraneto probe for loading controls. Membranes were incubated
for 1h at room temperature in blocking buffer (PBS with 5% (wt/vol)
non-fat dry milk and 0.1% Tween-20). Primary antibodies diluted in
blocking buffer were incubated overnight at 4 °C. Primary antibodies
used were as follows: anti-OCT3/0CT4 (1:2,500, Abcam, ab181557,
clone EPR17929), anti-KPNB1 (1:2,500, Abcam, ab2811, clone 3E9),
anti-SOX2(1:1,000, R&D, AF2018, lot KOY0317071) and anti-TetR/rtTA
(1:1,000, Takara Bio, 631132, clone 9G9). We tested other antibodies
(R&D, AF3158; Abcam, ab106629; Santa Cruz, sc-40) that we were
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unable to confidently validate in our hands. After three washes with
PBS with 0.1% Tween-20, secondary antibodies diluted in blocking
buffer were incubated with the membranes for 1 h at room tempera-
ture.Secondary antibodies used were as follows: goat anti-rabbit per-
oxidase (1:10,000, Calbiochem, 401393), goat anti-mouse peroxidase
(1:10,000, Calbiochem, 401215), rabbit anti-goat peroxidase (1:10,000,
Calbiochem, 401515). Membranes were washed with PBS with 0.1%
Tween-20. Detection was performed using SuperSignal West Dura
chemiluminescent substrate (Thermo Fisher Scientific, 34076) and
film (Thermo Fisher Scientific, 34090).

Primary neural stem cell isolation and culture

Primary NSCs from adult mice (either iOSKM or c+iOSKM, see ‘Mouse
strains, sex and age’) were isolated and cultured based on previously
published protocols®**®’!, Briefly, mice were euthanized using CO,
inhalation, and then brains were removed and immersed in PBS (Corn-
ing, 21-040-CV) with 1% penicillin-streptomycin-glutamine (PSQ;
Gibco,10378016) and 0.1% gentamicin (Gibco, 15710064) onice. Both
SVZswere dissected as described previously®. Tissue was minced and
thentransferred toaconical tube onice with fresh PBS with1% PSQand
0.1% gentamicin. After centrifugation at 500g for 5 min, supernatant
was removed, and 5 ml per brain of digestion buffer (HBSS (Corning,
21-021-CV), PSQ (1%), dispase Il (1 U ml™, Stemcell Technologies, 07913),
papain (2.5 U ml™, Worthington, LS003126), DNase 1 (250 U mI™)) was
added. Samples were incubated at 37 °C for 40 minonarocker and then
centrifuged at 300g for 5 min. Supernatant was removed, and samples
were triturated 60x with a P1000 pipette in 1 ml Neurobasal-A (NBA;
Gibco, 10888022) with 1% PSQ and 2% B-27 (minus vitamin A, Gibco,
12587010), hereafter called ‘NBA/PSQ/B-27’, to obtain single cells. After
trituration, an additional 9 ml NBA/PSQ/B-27 was added, and then
cells were centrifuged at 300g for 5 min. The pellet was resuspended
in 5 ml of complete NSC growth medium (NBA/PSQ/B-27 with EGF
(20 ng ml™, PeproTech, AF-100-15) and bFGF (20 ng ml™, PeproTech,
100-18B)) and transferred to a 6-cm dish. Cells were maintained in a
humidified incubator at 37 °C with 5% CO,. Cells were fed every 2 d by
replacing half of the conditioned medium with fresh NBA/PSQ/B-27,
adding EGF and bFGF to afinal concentration of 20 ng ml™ each. To pas-
sage, neurospheres were pelleted by centrifugation at 300g for 5 min
and thenincubated with1 ml Accutase (Millipore, SCROOS5 or Stemcell
Technologies, 07920) for 5 min at room temperature. Neurospheres
weretriturated 20x with aP1000 pipette to dissociate theminto single
cells, and then 5 ml PBS was added before centrifugation at 300g for
5 min. Cells were resuspended in 10 mI NSC growth medium (up to
50% of which can be conditioned medium; EGF and bFGF were at a final
concentration of 20 ng ml™” each) and then platedina10-cmdish. Cells
were fed or passaged every 2 d. For protein extraction, RNA extraction
or AAV infection (see respective sections below), neurospheres were
dissociated into single cells as above, and then cells were plated in
wells precoated with poly-D-lysine (0.05 mg ml™in PBS; Sigma-Aldrich,
P6407) and maintained as adherent monolayer cultures.

Doxycycline treatment of primary NSCs
Doxycycline was dissolved in PBS and added to the culture mediumat
2 ug ml™, unless otherwise indicated.

RNA extraction and reverse transcription followed by
quantitative PCR

For RNA extraction from primary NSCs, to minimize the impact of batch
effects and confluency, all cells for each experiment were plated on
the same day and collected on the same day. For the doxycycline time
course (Extended DataFig.1d), NSCs were plated at 200,000 cells per
well in a six-well plate. For other experiments, NSCs were plated at
250,000 cells per well in a12-well plate. Total RNA from cultured cells
was isolated using the Qiagen RNeasy kit according to the manufac-
turer’s instructions. Cells were washed with PBS and then lysed in the

wellusing Buffer RLT (350 plfor 12-well plates, 600 pl for six-well plates)
with B-mercaptoethanol added and a cell scraper. On-column DNase
digestion was performed to remove genomic DNA. RNA concentration
was determined using a NanoDrop spectrophotometer or a Varios-
kan LUX reader with a pDrop plate. cDNA was synthesized using the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
4368814) using equal input of RNA for each sample within the experi-
ment. cDNA was diluted 1:10 in water, and qPCR was performed using
iTaqUniversal SYBR Green Supermix (Bio-Rad) and run onthe 7900HT
systemor the QuantStudio 12K Flex instrument (Applied Biosystems).
All reactions were performed with two to four technical replicates.
Relative gene expression fold changes were calculated as 2799, nor-
malizing to the geometric mean of housekeeping genes (Gapdh, Hprtl,
Actb). For wells where product was undetected, the maximum cycle
number (40) was used for calculations. Primer sequences are listed in
Supplementary Table9.

Immunohistochemistry on brain sections
Mice were terminally anesthetized with Avertinin PBS and then tran-
scardially perfused with PBS and heparin followed by PBS with 4%
paraformaldehyde. Brains were removed, postfixed in PBS with 4%
paraformaldehyde overnight at 4 °C, washed with PBS and then cryo-
protected in 30% sucrose at 4 °C until they sank. Tissue was embed-
ded in optimal cutting temperature medium (Tissue-Tek, Electron
Microscopy Services, 62550-12) in cryomolds and frozenin adry ice-
ethanol bath. Coronal sections (20 um) were cut with a Leica cryostat
and collected on Superfrost Plus slides (Fisher, 12-550-15).
Coronalsections were washed with PBS, permeabilized inice-cold
methanol with 0.1% Triton X-100 for 15 min and then blocked in 5%
normal donkey serum (ImmunoReagents, SP-072-VX10) with 1% BSAin
PBS for 30 min. Primary antibodies were diluted in blocking buffer and
incubated overnight at 4 °C. Primary antibodies used were as follows:
anti-DCX (1:1,000, Cell Signaling Technology, 4604, lot 7), anti-Ki-67
(1:1,000, Invitrogen-eBioscience, clone SolAl15), anti-mCherry
(1:500, Invitrogen, M11217, clone 16D7), anti-Cre (1:500, Millipore-
Sigma, MAB3120, clone 2D8), anti-GFAP (1:1,000, Abcam, ab53554,
lot GR3402854-1), anti-SOX2 (1:500, R&D, AF2018, lot KOY0317071),
anti-NeuN (1:250, MilliporeSigma, MAB377, clone A60), anti-PSA-NCAM
(1:2,000, Invitrogen, 14-9118-82, clone 12E3), anti-EGFR (1:100,
Millipore, 06-847, lot 3900816). After three washes with 0.1% Tween-
20 in PBS, secondary antibodies and DAPI diluted in blocking buffer
were incubated for 2 h at room temperature. Secondary antibodies
used were as follows: donkey anti-rabbit, donkey anti-mouse, donkey
anti-goat and donkey anti-rat, conjugated to AF 488, AF 568, AF 594
or AF 647 (1:500-1:1,000, Invitrogen), or donkey anti-mouse IgM AF
488 (1:500, Jackson ImmunoResearch, 715-545-020). DAPI was used
at 1pug ml™. Sections were washed three times with 0.1% Tween-20 in
PBS and twice with PBS, and then a coverslip was added with ProLong
Gold antifade mounting medium (Invitrogen, P36930). Images were
acquired onaZeiss LSM 900 confocal microscope using a x20 objective
and ZEN Blue 3.0 software.

Imaging and quantification of in situ neuroblast proportionin
brain sections

For quantification of neuroblastsin the SVZ by immunostaining, 20-pm
coronal brain sections were cut with a Leica cryostat. Every seventh
section was collected onto the same slide, with five sections per slide.
Onesslide per mouse (five coronal sections) was stained as above (see
‘Immunohistochemistry on brain sections’). To quantify the number
of neuroblasts in the SVZ, the entire lateral wall of each lateral ventri-
cle was imaged on a Zeiss LSM 900 confocal microscope using a x20
objective and automatic tiling, taking five optical sections at 2-um
intervals. Only tiles containing SVZ wereimaged; note that ImageJ fills
the non-imaged tiles with O values to make an overall rectangularimage,
andthusthese areas appear asblack boxesinthe representativeimages
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shown. Cell counting was performedin ablinded and semi-automated
manner using QuPath 0.2.3. For this, aregion of interest (ROI) was
manually drawn (on blinded and randomized images) around the SVZ
toexcludeirrelevantareas (ventricle, corpus callosum, striatum) from
total cell counts. Counting was then performed in an automated man-
nerin QuPath. Nuclei were segmented based on DAPIstaining, and then
nuclear masks were expanded by 2 pm to define the cytoplasm. Cells
were identified as DCX" based on a threshold for mean cytoplasmic
DCXintensity and asKi-67* based on athreshold for mean nuclearKi-67
intensity. Cell proportion was calculated as the number of positive
cells over the total number of cells. Cell density was calculated as the
number of positive cells over volume (area of ROI x 8 um, the thickness
ofthe zstack). For quantification of DCX intensity, ImageJ-Fiji version
2.9.0/1.53t was used to generate maximum intensity projections for
eachz-stackimage. Theintegrated density (intensity and area) of DCX
signal above background was measured in an automated manner for
eachimage. Images were blinded and randomized for analysis.

Invivo EAU administration

EdU (Invitrogen, A10044, E10187) was dissolved in sterile PBS to make a
5 mg ml™stock solution and administered by i.p. injection for adose of
50 mgkg'body weight. To count newborn neurons, EdU was injected
once daily for 2 d (concurrent with doxycycline administration), fol-
lowed by a5-d chase, repeated for the duration of the partial reprogram-
mingexperiment. The endpoint for analysis was 16 d after the first EdU
injection and1d after the last EdU injection.

Imaging and quantification of newborn neurons inbrain
sections

For quantification of newborn neuronsin the olfactory bulb by immu-
nostaining, 20-pm coronal brain sections were cut with a Leica cryostat.
Every seventh section was collected onto the same slide, with five
sections per slide. One slide per mouse (five coronal sections) was
stained. EdU detection was performed on brain sections after permea-
bilization and before blocking. Following permeabilization, sections
were washed twice with PBS, and then EdU was detected using the
Click-iT Plus EAU imaging kit (Invitrogen, C10637) according to the
manufacturer’s instructions. Blocking and antibody incubation were
then performed as usual (see ‘lmmunohistochemistry on brain sec-
tions’). Theentirety of each olfactory bulb was imaged on a Zeiss LSM
900 confocal microscope using a x10 objective and automatic tiling,
taking one optical section. Cell counting was performed manually
in QuPath 0.2.3. An ROl was drawn based on DAPI signal around the
centrallayers of the olfactory bulb, up to and including the mitral layer.
DAPI"EdUNeuN’ cells within the ROl were counted manually using a
counting grid overlay in QuPath. Images were blinded and randomized
for analysis.

Generation of adeno-associated virus

Viruses were generated and purified by the Stanford Gene Vector
and Virus Core using the following plasmids. The AAV serotype
SCH9 packaging plasmid’® was kindly provided by D. Schaffer at the
University of California, Berkeley. pAAV-EF1a-mCherry-IRES-Cre was a
gift fromK. Deisseroth at Stanford University (Addgene plasmid 55632,
http://n2t.net/addgene:55632 RRID Addgene_55632). pAAV-EF1a-Cre
was a gift from K. Deisseroth (Addgene plasmid 55636, http://n2t.
net/addgene:55636, RRID Addgene_55636). pAAV-Efla-mCherry was
a gift from K. Deisseroth (Addgene plasmid 114470, http://n2t.net/
addgene:114470, RRID Addgene_114470). Viral titers (viral genomes
(vg) ml™) were as follows: AAV-SCH9 Efla-Cre, 1.66 x 10" (Figs. 4e and
6d,e and Extended DataFig. 5fi,l,m) or 2.75 x 10” (Fig. 4fand Extended
Data Fig. 5Sh); AAV-SCH9 Efia-mCherry, 2.12 x 10" (Figs. 4e and 6d,e
and Extended Data Fig. 5f,i,I,m); AAV-SCH9 Efia-mCherry-IRES-Cre,
1.38 x 10" (Extended DataFig. 5i) or 1.07 x 10*? (Fig. 4b-d and Extended
DataFig. 5h,j,k,m).

Stereotaxic injection of viral vector

To target reprogramming to the SVZ, stereotaxic surgery was per-
formed on c+iOSKM mice (see ‘Mouse strains, sex and age’) to inject
virusinto theright lateral ventricle according to published protocols®™.
Mice were anesthetized with isoflurane and positioned on heating pads
inaKopf(model 940) stereotaxic frame set up witha World Precision
Instruments (UMP3T-1) UltraMicroPump3 and a Hamilton 1710RN
100-pl syringe with a 30G Small Hub RN needle with a point 2 beveled
end. Injections were made into the right lateral ventricles at the fol-
lowing coordinates relative to the bregma: lateral, 1.0 mm; anterior,
0.3 mm; ventral depth, 3.0 mm from the skull surface. After drilling
theskullandinserting the needle into position, we waited 5 min before
injecting virus. We injected 3 pl of virus (AAV-Cre, 2.75 x 102 vg ml%;
AAV-mCherry-IRES-Cre, 1.07 x 102 vg ml ™) atarate of 10 nl s"and then
waited 7 min before removing the needle and suturing the skin. Asingle
dose of buprenorphine SR (0.5 mgkg™) was administered subcutane-
ously for postoperative pain management, and animals were monitored
daily until full recovery.

AAV infection of primary neural stem cells in culture

Primary NSCs were plated at 250,000 cells per well in a 12-well plate
precoated with poly-D-lysine. After 24 h, virus was added to the
cells (1 pl of virus, unless otherwise indicated). After overnight
incubation, medium was replaced with fresh NSC growth medium.
After 48 h, cells were fixed for immunocytochemistry, lysed for
genomic DNA extraction, processed for flow cytometry or dissoci-
ated for passaging.

For immunocytochemistry, 8-mm German glass coverslips
(Electron Microscopy Services, 72296-08) were sterilized in 70%
ethanol, air dried and then placed into each well and precoated with
poly-D-lysine. Primary NSCs were plated onto the coverslips and
infected with AAV as above, and then cells were fixed in 4% PFA in PBS
for 15 min at room temperature and washed twice with PBS before
immunostaining.

For AAV infection followed by passaging, primary NSCs were
plated and infected with AAV as above, targeting 95% infection. Cells
were thendissociated using Accutase, washed and replated in suspen-
sioninsix-well plates. Neurospheres were then cultured and passaged
asusual for 1-2 weeks to allow for recovery from virus and then plated
for RT-qPCR (see ‘RNA extraction and reverse transcription followed
by quantitative PCR’).

Immunocytochemistry of primary neural stem cell cultures

To detect AAV infection of primary NSCs or to test NSC identity and
differentiation by immunostaining, cells were grown on coverslips
and fixed (see ‘AAV infection of primary neural stem cells in culture’
and ‘In vitro differentiation of primary neural stem cells’). Coverslips
were permeabilized with 0.1% Triton X-100 in PBS for 10 minand then
blocked in 2% BSA with 0.2% Tween-20 in PBS (PBST) for 30 min (for
staining using anti-O4 or anti-PSA-NCAM antibody, cells were not
permeabilized and detergent was omitted from all steps). Primary
antibodies were diluted in blocking buffer and incubated for 1 h at
room temperature or overnight at 4 °C. Primary antibodies used
were as follows: anti-DCX (1:1,000, Cell Signaling Technology, 4604),
anti-DCX (1:500, MilliporeSigma, AB2253, lot 3777998), anti-GFAP
(1:1,000, Abcam, ab53554), anti-Ki-67 (1:1,000, Invitrogen-eBiosci-
ence, clone SolA15), anti-mCherry (1:1,000, Invitrogen, clone 16D7),
anti-GFP (1:500, Abcam, ab13970, lot GR3361051-14), anti-Cre (1:500,
MilliporeSigma, MAB3120, clone 2D8), anti-TUJ1 (1:500, BioLegend,
802001), anti-0O4 (1:500, R&D, MAB1326, clone O4), anti-EGFR (1:500,
Millipore, 06-847, lot 3173794), anti-nestin (1:250, BD Pharmingen,
556309, lot 6084618), anti-PSA-NCAM (1:2,000, Invitrogen, 14-9118-
82, clone 12E3). After three rinses with PBST, secondary antibodies
and DAPI diluted in PBS were incubated for 30 min at room tempera-
ture. Secondary antibodies used were as follows: donkey anti-rabbit,
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donkey anti-mouse, donkey anti-goat, donkey anti-rat, conjugated
to Alexa Fluor (AF) 488, 568, 594 or 647 (1:1,000, Invitrogen, A-21206,
A-31573,A10042,A-21202, A-31571,A-21447,A-21208, A-21209, A21247);
donkey anti-mouse IgM AF 488 (1:1,000, Jackson ImmunoResearch, 715-
545-020); goat anti-chicken IgY AF 488 (1:1,000, Invitrogen, A-11039);
donkey anti-chicken IgY AF 488 (1:1,000, Jackson ImmunoResearch,
703-545-155); donkey anti-guinea pig AF 594 (1:250, Jackson Immu-
noResearch, 706-585-148). DAPI was used at 1 pg ml™. Coverslips were
rinsed three times with PBST, twice with PBS and once with water before
mounting onto glass slides with ProLong Gold antifade mounting
medium.

Invitro EdU treatment and detection

EdU was dissolved in sterile PBS to make a10 mg ml™*stock solution.
EdU was added to prewarmed complete NSC growth medium (see
‘Primary neural stem cell isolation and culture’), and then one volume
of this mixture was added to the existing medium in each well for a
final EAU concentration of 10 pg ml™. Cells were incubated for 1 h
before fixation for immunostaining. Following permeabilization,
EdU was detected using the Click-iT Plus EQU imaging kit (Invitro-
gen, C10639) according to the manufacturer’s instructions. After
EdU detection, primary and secondary antibody incubations were
performed as usual (see ‘Immunocytochemistry of primary neural
stem cell cultures’).

Imaging and quantification ofimmunocytochemistry

Samples wereimaged using a x20 objective ona Zeiss LSM 900 confocal
microscope, taking three optical sections at 1-um intervals. Eight fields
of view wereimaged for each coverslip. Maximumintensity projections
were generated in ImageJ-Fiji version 2.9.0/1.53t, and then cell count-
ing was performed in an automated manner in QuPath. Nuclei were
segmented based on DAPI, and then nuclear masks were expanded
by 2 pm to define the cytoplasm. Dead cells were excluded based on
nuclear size and DAPI intensity, and then cells were classified as posi-
tive or negative based on signal intensity thresholds for each antibody.
Images were blinded and randomized for analysis.

Flow cytometry of primary neural stem cells in culture

Primary NSCs were dissociated using Accutase into a single-cell suspen-
sionand washed with FACS buffer (PBS with1% BSA and 0.1% glucose).
Cells were resuspended in FACS buffer with DAPI (1 pg ml™) and filtered
through afilter-cap 5-mI FACS tube before running on a BD LSR1I flow
cytometer. Debris and doublets were excluded based on scatter, and
dead cells were excluded based on DAPI (Extended Data Fig. 10b-d).
Analysis was performed using FlowJo version 10.

Genomic DNA extraction and PCR

To confirm AAV-Cre-mediated excision of the lox-STOP-lox cassette
in c+iOSKM cells, genomic DNA was extracted from primary NSCs in
culture. NSCs were lysed in DirectPCR lysis reagent (Viagen, 101-T) with
proteinase Kadded (1:100, Invitrogen, 25530049) and thenincubated
at 65 °Cfor25minand 95 °Cfor15 min. For PCR, 0.5 pl of crude genomic
DNA extract was used per 25-pl reaction, with 2x Phusion Master Mix
with GC Buffer (Thermo, F-532), 1 uM each primer and 2.5% DMSO.
Primer sequences are listed in Supplementary Table 9. Cycling was
performed on a preheated block as follows: 98 °C for 3 min, 35 cycles
(98°Cfor15s,65.5°Cfor30s,72°Cfor2min30s), 72 °C for 10 min.
The PCR product was mixed with 6x purpleloading dye (NEB) and run
alongside the1 kb Plusladder (NEB) on a1%agarose gel with SYBR Safe.
Images were acquired on a UV gel imaging station (Analytik Jena UVP
UVsolo Touch). To confirm the sequence of transgenes for single-cell
RNA-seq read mapping, portions of the ROSA26 locus and transgene
were amplified by PCR as above, followed by Sanger sequencing using
primerstiling thelocus. All primer sequences are listed in Supplemen-
tary Table 9.

Induction of quiescence in primary neural stem cell culture
Primary NSCs were plated at a density of 250,000 cells per wellina
12-well plate precoated with poly-D-lysine. Two days later, the medium
was replaced with quiescence medium (NBA/PSQ/B-27 with bFGF
(20 ng mI™) and BMP4 (50 ng ml ™, BioLegend)) to induce quiescence™.
Cells were maintained in quiescence medium for atleast 5 d before AAV
infection, replacing the mediumevery2d.

Invitro differentiation of primary neural stem cells

Primary NSCs were freshly isolated from the SVZ and cultured as above
and used atlow passage (passages 3-5), with the exception of the experi-
ment in Fig. 4e (used at passages 9-10 due to passaging of cells after
AAVinfectionto allow recovery fromvirus). To assess differentiation by
immunostaining and microscopy, 8-mm German glass coverslips (Elec-
tron Microscopy Services, 72296-08) were sterilized in 70% ethanol, air
dried and then placed into 12-well plates (four to five per well, arranged
to not overlap). Coverslips were coated with laminin (5 pg ml™, Gibco,
23017015) and poly-D-lysine (50 pg ml™) in PBS, for 4 h to overnight
at 37 °C. Wells were washed twice with PBS before plating cells. NSCs
were plated into prepared wells at a density of 500,000 cells per well
in NSC growth medium with or without doxycycline and incubated
overnight. Next, wells were gently washed once with differentiation
medium (NBA with 1% PSQ and 2% B-27, no growth factors), and then
fresh differentiation medium with or without doxycycline was added
to each well. Half of the medium was replaced with fresh differentiation
medium with or without doxycycline every 2 d, avoiding exposure of
cells toair. Tofix cells forimmunostaining, one volume of 4% PFA in PBS
wasaddedtotheexisting culture mediumin eachwell, and plates were
incubated for 5 minatroomtemperature. Liquid was then removed and
replaced with 4% PFA in PBS for 10 min at room temperature.
Wells were washed with PBS, and plates were stored at 4 °C before
immunocytochemistry.

Sample preparation for bulk RNA sequencing

Primary NSCs were freshly isolated from the SVZ and cultured as above
and used at passage 3. Twelve-well plates were coated with laminin
(5pg ml™, Gibco, 23017015) and poly-b-lysine (50 pg ml™) in PBS. Wells
were washed twice with PBS before plating cells. Primary NSCs were
platedinto prepared wells at a density of 500,000 cells per wellin NSC
growth medium with or without doxycycline, except for the NSC 48-h
time point, for which cells were plated at a density of 250,000 cells per
wellto prevent overgrowth during the experiment. For differentiation
time points, cells were incubated overnight in NSC growth medium
before switching to differentiation medium (see ‘In vitro differentiation
of primary neural stem cells’). One culture isolated from an old mouse
did not expand sufficiently by passage 3 and was thus excluded from
the experiment.

At the appropriate time point, cells were lysed in the well using
350 pl Buffer RLT with B-mercaptoethanol added and a cell scraper.
Lysates were transferred to microcentrifuge tubes, flash frozen in
liquid nitrogen and stored at —80 °C until all samples were collected.
Total RNA was isolated using the Qiagen RNeasy kit according to the
manufacturer’s instructions, with on-column DNase digestion. RNA
concentration and purity were determined using a Varioskan LUX
with a pDrop plate. For samples with A,,,/A,;, <1.7, RNA cleanup was
performed using the Qiagen RNeasy kit according to the manufac-
turer’s instructions. RNA integrity analysis was performed using the
Bioanalyzer for 16 randomly chosen samples.

Library construction was performed using 500 ng of each sample
asinputand thellluminaStranded mRNA Prep (ligation) kit (20040534)
and IDT for lllumina DNA/RNA UD Indexes, plate A index adaptors,
according tothe manufacturer’sinstructions. Insert sizes were verified
using the Bioanalyzer for arandom selection of samples. Concentra-
tions of allindividual libraries were determined using a Qubit, and then
samples were combined into a single pooled library. A final AMPure
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cleanup was performed on the pooled library before quality control
andsequencing. The pooled library was sequenced across three lanes
of anlllumina NovaSeq X Plus with paired-end 150-bp reads.

Bulk RNA sequencing data processing and analysis

Clipping of 5’ T overhangs, quality trimming and adaptor trimming
were performed using Trim Galore (version 0.6.6). Trimmed reads were
mapped to a custom genome (mm10 with r¢74 and each 2A sequence
added as chromosomes) using STAR (2.7.10b), allowing for chimeric
mapping (minimum length of 25). Multimapped reads were removed
with SAMtools, and then features were counted with Subread.

The count matrix was used to analyze gene expression using
DESeq2 (1.40.1) with asingle design variable incorporating time point,
age and treatment. Differentially expressed genes were identified
for pairwise comparisons with Wald test P values as implemented in
DESeq2. Genes were considered significantly differentially expressed
if P,4; < 0.1. Heatmaps, hierarchical clustering and PCA were performed
on VST-transformed values (implemented in DESeq2). To identify
pathways that change with reprogramming, the complete gene list was
ranked by decreasing Zscore (calculated using log, (fold change) and
Pvalues from DESeq2), and then pathway enrichment was performed
using the R implementation of the Broad Institute’s preranked GSEA
algorithm (fgsea) and the GO pathways provided in MSigDB version 7.1.

Statistics and reproducibility

No statistical methods were used to predetermine sample sizes. Data
distribution was not formally tested for normality. Two-sided Kruskal-
Wallis rank-sum test was used to compare more than two groups, and
two-sided Wilcoxon rank-sum test was used for comparison between
specific groups, unless otherwise stated in figure legends. Statistical
tests were performed in R (version 4.0.2) or in GraphPad Prism (ver-
sion 9.3.1). Plots were generated in R (ggplot2, Seurat or UpSetR*)
or Prism. For sequencing experiments and representative images of
immunostaining with quantification, the number of independent
experimentsis listed in the figure legend and all data points are shown
in the figures. For other panels, the numbers of independent experi-
mentsare as follows: Fig.1b, 1; Fig. 4b-d, 2; Fig. 8d-g, 1; Extended Data
Fig.1a,b, 1; Extended DataFig. 4f,g, 1; Extended Data Fig. 5d, 1; Extended
DataFig.5h,1for eachbatch of virus; Extended DataFig. 5n, 1; Extended
Data Fig. 8a,b, 2. For in vivo experiments, group allocation was not
randomized; rather, animals were assigned to experimental versus
control groups based on starting weight and sex to minimize the impact
ofthese differences. For in vitro experiments, randomization was not
performed, aseach culture was splitintobothexperimental and control
groups. Randomization and blinding were performed to minimize bias
from sample preparation for single-cell RNA-seq and image quantifica-
tion. For single-cell RNA-seq, the experimenter performing dissections
was blinded to the sample condition; mice were takeninan alternating
fashion to minimize impacts of sample processing order. For image
quantification, images were blinded and randomized for analysis.

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

Data availability

Raw sequencing reads and processed files for single-cell RNA-seq are
available at the Gene Expression Omnibus under accession number
GSE224438.Processed Seurat objects are available on Zenodo (https://
doi.org/10.5281/zenodo.10626910)*. Raw sequencing reads and count
files for bulk RNA-seq are available at the Gene Expression Omnibus
under accession number GSE245385. Gene mapping was based on the
mm10 mouse genome. Source data are provided with this paper. All
other datasupporting the conclusions of this study are available from
the corresponding author upon request.

Code availability
Code used to process and analyze single-cell RNA-seq data and bulk
RNA-seq data are available on GitHub (https://github.com/gitlucyxu/
SVZreprogramming)®®.
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same OCT4 blot are shown due to varying levels of transgene expression across
tissues. Size inkDa s indicated on the left. Arrowheads indicate OCT4 bands.
Expression differences between tissues may be due to differences in accessibility
of the Collal genomic locus and doxycycline bioavailability. c, Western blot of
primary NSCs from iOSKM mice (n=2 cultures, each from one mouse) treated
in culture with doxycycline at different doses. For NSCs, protein concentration
was equalized within each culture; total amount of protein loaded is indicated
in parentheses. iPSC:induced pluripotent stem cell, as a positive control for
OCT4 expression. Size in kDais indicated on the left. Normalized densitometry
quantification of OCT4 is indicated below each lane. KPNBL is a loading control
for OCT4 and asample processing control for SOX2 and rtTA. d, Western blot of
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Extended Data Fig. 2| See next page for caption.

Nature Aging


http://www.nature.com/nataging

Article

https://doi.org/10.1038/s43587-024-00594-3

Extended Data Fig. 2| Single-cell transcriptomics after whole-body partial
reprogramming. a, Body weight of mice during doxycycline treatment.n=3
old and 6 old+0OSKM, all old (18-20 months) males. b, Experimental design for
first single-cell RNA-sequencing experiment with old (18-20 months) whole-
body iOSKM mice using 10x Genomics v3 kit. n=2 male mice per condition.

¢, Example of expression of the lipid-modified oligonucleotides used for
sample multiplexing of cells from six mice into one lane of a10x Genomics

chip. d-e, Dimensionality reduction of 1194 high-quality cells from single-cell
RNA-seq of cohort1, colored by celltype (d) or condition (e). f, Dimensionality
reduction from single-cell RNA-seq of cohort 1, split by condition. Cell number
isdownsampled to 550 cells per condition. g, Dimensionality reduction from
single-cell RNA-seq of cohort 2, split by condition. Cell number is downsampled
to 732 cells per condition. h, Cell type proportions by single-cell RNA-seq,
asaproportion of total cells recovered per mouse. Each dot represents cell
proportion for one mouse. Bar plotindicates mean. Mice from both independent
cohorts are combined: n=2young (3-4 months; 2 males), 5old (18-20 months
or24-26 months; 4 males and 1female), 4 old+OSKM (18-20 months or 24-26
months; 3 males and 1female), over 2independent experiments (see Fig. 1d,

Extended Data Fig. 2b, Supplementary Table 1). P-values: two-sided Wilcoxon
rank sumtest. i, Cell type proportions for clusters with very few cells, as a
proportion of total cells per mouse, and normalized as log2 fold change over the
mean of old untreated mice within each experiment. Bar is mean, each dot is one
mouse. n=2young, 5old, 4 old+OSKM, over 2 independent experiments, as in
(h). P-values: two-sided Wilcoxon rank sum test. j, Heatmap of the expression of
the top S differentially expressed genes in each cell type cluster. Annotation of
celltypesisindicated on top. Full list of marker genes is in Supplementary Table
2.k, Performance of linear regression model trained to predict age based on

cell type proportions in the SVZ from single-cell RNA-seq of 28 mice from 3-29
months old (see Methods). Scatter plot shows correlation between predicted
age from using leave-one-mouse-out testing vs. actual chronological age of the
mouse. Each point represents one mouse. Ris Pearson’s correlation coefficient.
P-value: two-sided. Blue line s linear model, gray band is 95% confidence interval.
1, Difference between predicted age from cell type proportion model and actual
chronological age for eachmouse. Line represents median.n=2young, 5old,

4 0ld+OSKM, over 2 independent experiments, as in (h). P-value: two-sided
Wilcoxon rank sum test.
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Extended Data Fig. 3| Pathways and transcriptomic clocks after whole-body
partial reprogramming. a, Differential gene expression by MAST for each cell
type fromssingle-cell RNA-seq, comparing old+OSKM vs. young untreated iOSKM
mice. Each dot represents the Z-score for one gene. Positive Z-score indicates
upregulationin old+OSKM. Colorindicates FDR <0.2. b, UpSet plot showing
overlap between significantly changing pathways (BH-adjusted two-sided
FGSEA P-value, padj < 0.05) after whole-body partial reprogramming across cell
types. Purple bars at lower left indicate total number of significant pathways
foreach cell type. Main bar plot shows number of pathways shared between the
celltypesindicated in the matrix below (note that direction of change may be
different). c, Cell type-specific transcriptomic aging clocks previously trained to
predict chronological age using single-cell RNA-seq of the SVZ of 28 mice from

3-29 months old were applied to each cell type after partial reprogramming.
Density plots show the distribution of predicted ages of each cell type from each
condition. The 2 independent experiments (Fig. 1d, Extended Data Fig. 2b) are
shown separately. d-g, Dot plot of gene set enrichment analysis comparing the
effects of aging and reprogramming in neuroblasts (d), aNSCs-NPCs (e), mural
cells (f), and endothelial cells (g). Names of gene ontology (GO) pathways are
listed on the left. padj: BH-adjusted two-sided FGSEA P-value. Pathways that are
significantly enriched (padj < 0.05) in at least one comparison are shown. Size of
dotreflects adjusted P-value (padj). Color indicates normalized effect size (NES),
where positive values (red) indicate increase with age (‘aging’) or increase with
partial reprogramming (‘OSKM’).
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Neuroblasts and proliferation in the intact SVZ after
whole-body partial reprogramming. a, High-magnification images of Fig. 3a.
Immunofluorescence staining of the SVZ in coronal sections of brains after in vivo
partial reprogramming. Dorsal is up, lateral is left. Magenta, DCX (neuroblasts);
green, Ki-67 (proliferative cells). Dashed line indicates border of ventricle. One
optical section (1.0 pm thick) of a confocal image acquired using 63x objective.
Scale bars are 25 um. b-e, Quantification ofimmunofluorescence of the SVZ in
coronal brain sections, related to Fig. 3. Multiple optical sections totaling 8 um
thick were acquired for each SVZ, and both hemispheresin five coronal sections
at120 pmintervals were quantified per mouse (see Methods). n=11young

(3-4 months; 5 males and 6 females), 8 old (20-26 months; 3 males and 5 females),
and 10 old+OSKM (20-26 months; 4 males and 6 females) mice, over
3independent experiments (for individual experiments, see Source Data Table).
Each dot represents value for one mouse. Data are mean +/- SEM. P-values:
two-sided Wilcoxon rank sum test. b, Same as Fig. 3e, but symbols represent
sex. Neuroblast density (number of DCX" cells per mm®) in the SVZ per mouse.
¢, Total DCX fluorescence intensity (intensity x area) per mouse, normalized to
the mean of old control mice. d, Proportion of proliferative cells (Ki-67*

over DAPI") in the SVZ per mouse, normalized to the mean of old control

mice. e, Density of proliferative cells (number of Ki-67* cells per mm®) in the
SVZ per mouse. Right, symbols represent sex. f, Representative images for

immunofluorescence staining of the SVZ. Magenta, DCX (neuroblasts); green,
PSA-NCAM (neuroblasts); blue, DAPI (nuclei). Dorsal is up, lateral is right.
Yellow rectangle is region shownininsetsin (g). Scale baris100 pm. g, High-
magnificationimages of inset region from (f). One optical section of a confocal
image acquired using 63x objective. Scale bars are 25 um. h, Quantification of
immunofluorescence. Fraction of cells expressing DCX or PSA-NCAM that are
positive for one or both markers. Each bar is one image of an SVZ (as shownin ),
n=20images across 2 young mice. i-k, Quantification ofimmunofluorescence
ofthe SVZin coronal brain sections, related to Fig. 3. Multiple optical sections
totaling 8 um thick were acquired for each SVZ, and both hemispheres in five
coronal sections at 120 um intervals were quantified per mouse (see Methods).
n=9young (3-4 months; 4 males and 5 females), 8 old (20-26 months; 3 males
and 5 females), and 10 old+OSKM (20-26 months; 4 males and 6 females) mice,
over 3independent experiments (for individual experiments, see Source

Data Table). Each dot represents value for one mouse. Data are mean +/- SEM.
P-values: two-sided Wilcoxon rank sum test. i, Same as Fig. 3h, but symbols
represent sex. Neuroblast density (number of PSA-NCAM' cells per mm?®) in the
SVZ per mouse. j, Proportion of aNSCs/NPCs (EGFR*PSA-NCAM over DAPI")
inthe SVZ per mouse, normalized to the mean of old control mice. k, Density of
aNSCs/NPCs (number of EGFR'PSA-NCAM per mm?®) in the SVZ per mouse.
Right, symbols represent sex.
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| Characterization of Cre-dependent and inducible
c+iOSKM mice and AAV-SCH9. a-c, Representative images (a-b) and
quantification (c) ofimmunofluorescence staining to detect mCherry (virus),
SOX2 (NSC marker), and DCX (neuroblasts) in the SVZ, 7 days post injection

of AAVinto the lateral ventricle. Scale bars are 50 pm (a) and 25 pm (b). AAV-
mCherry-Cre (AAV SCH9 Efla-mCherry-IRES-Cre) was injected into the lateral
ventricle of the right hemisphere for experimental animals (pink, n =4 mice),
and ipsilateral and contralateral hemispheres relative to injection site were
quantified separately. The right hemisphere was counted for uninjected control
(n=1mouse). In (a), yellow arrows indicate mCherry+SOX2+ cells; mCherry+
population includes both NSCs (SOX2+) and non-NSC cells (SOX2-). Each dot
represents cell counts for oneimage, shape denotes an individual mouse. Box
plotindicates median (center line), upper and lower quartiles (box limits), and
1.5x interquartile range (whiskers). P-values: two-sided Wilcoxon rank sum test.
d, Representative images of immunofluorescence of the olfactory bulb and
cerebellum using an antibody against mCherry (virus), 4-6 days postinjection of
AAV-mCherry-Cre (AAV SCH9 Efla-mCherry-IRES-Cre) into the lateral ventricle.
No mCherry signal was detected. Scale bars are 500 pm. e, Primer sites for PCR
from genomic DNA to detect Cre-mediated recombination of [ox-STOP-lox
cassette in c+iOSKM cells. f, PCR from genomic DNA of NSCs after infection with
AAV (0.125 pl to 1pl, 2-fold dilutions). AAV-mCherry: AAV SCH9 Efla-mCherry.
AAV-Cre: AAV SCHO Efla-Cre. Colored arrows indicate expected size of products
withand without recombination. Equal numbers of cells were plated before
infection; note that we observed a correlation between cell death and high virus
doses thatis reflected in the amount of PCR product (for example, see 3.2 kb band

inmCherry-infected cells). Representative of n=2 cultures. g, Scheme for in vitro
AAV infection of primary NSCs isolated from c+iOSKM mice. All lots of virus were
tested for infectivity/recombination in primary NSC culture by flow cytometry
and/orimmunofluorescence. h, Immunofluorescence staining of NSCs after
infection with the indicated AAVs, showing efficient infection (Cre, mCherry) and
recombination (GFP). Composite includes DAPI (blue). Scale bars are 50 um.

i, Flow cytometry of primary NSCs after infection with AAV carrying mCherry
only, Cre only, or mCherry-IRES-Cre. j-k, Flow cytometry of NSCs after infection
withincreasing doses of AAV mCherry-IRES-Cre (j) and quantification of
populations (k). 1, Related to Fig. 4e. RT-qPCRin primary c+iOSKM NSCs after
infection with AAV-mCherry or AAV-Cre, showing expression of the respective
viral genes. n=4young (3-4 months; 3 males and 1 female) and 4 old (20-23
months; 3 males and 1female) cultures for Cre, n =3 young (3-4 months; 2

males and 1female) and 4 old (20-23 months; 3 males and 1 female) cultures for
mCherry, over lindependent experiment. Each dot represents expression level in
one culture; each culture was isolated from one mouse. Bar plot indicates mean
+/-SEM. P-values: two-sided Wilcoxon rank sum test. m, RT-qPCR in quiescent
NSCs, showing AAV-SCH9 infection (mCherry), Cre-mediated recombination
(Egfp), OSKM transgene induction (Oct4-P2A), and total Oct4 expression (Oct4).
n=2cultures; oneindependent experiment. Each dot represents expression
level in one culture; each culture was isolated from one mouse. Bar plot indicates
mean +/- SEM. n, Western blot of primary NSCs from c+iOSKM mice, infected in
culture with AAV-mCherry (control) or AAV-Cre, then treated with doxycycline.
SizeinkDaisindicated on theleft.
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Extended Data Fig. 6 | Single-cell transcriptomics after SVZ-targeted
reprogramming. a, Cell type proportions by single-cell RNA-seq, as a proportion
of total cells recovered per mouse. Each dot represents cell proportion for one
mouse. Bar plotindicates mean. n=5young, 6 old, 6 old+OSKM (SVZ), over
2independent experiments. P-values: two-sided Wilcoxon rank sum test.

b, Cell type proportions for small clusters and immune cells, as a proportion

of total cells per mouse, and normalized as log2 fold change over the mean of
old untreated mice. Each dot represents cell proportion for one mouse. Bar
plotindicates mean.n=>5young, 6 old, 6 old+OSKM (SVZ), over 2 independent
experiments. P-values: two-sided Wilcoxon rank sum test. ¢, Dot plot of
rtTA-IRES-Egfp expression by cell type from single-cell RNA-seq. Size of dot
reflects percentage of cells within cluster with non-zero expression. Color
indicates average expression level. d, Difference between predicted age from
celltype proportion model and actual chronological age for each mouse. Line
represents median. n=5young, 6 old, 6 old+OSKM (SVZ), over 2 independent
experiments. P-value: two-sided Wilcoxon rank sum test. e, UpSet plot showing
overlap between significantly changing pathways (BH-adjusted two-sided
FGSEA P-value, padj < 0.05) after SVZ-targeted partial reprogramming across
the six most abundant cell types. Purple bars at lower left indicate total number
of significant pathways for each cell type. Main bar plot shows number of

pathways shared between the cell types indicated in the matrix below (note

that direction of change may be different). f, Dot plot of gene set enrichment
analysis comparing the effects of aging and SVZ-targeted reprogramming on
expression of inflammation pathways across cell types. Names of gene ontology
(GO) pathways are listed on the left. padj: BH-adjusted two-sided FGSEA P-value.
Size of dot reflects adjusted P-value (padj). Color indicates normalized effect size
(NES), where positive values (red) indicate increase with age (‘aging’) or increase
with SVZ-targeted reprogramming (‘OSKM’). g, Cell type-specific transcriptomic
aging clocks previously trained to predict chronological age using single-cell
RNA-seq of the SVZ of 28 mice from 3-29 months old were applied to each cell
type after SVZ-targeted reprogramming. Density plots show the distribution of
predicted ages of each cell type from each condition. h, Survival of old (19-28
months) mice during SVZ-targeted partial reprogramming. n =14 old (8 males
and 6 females) and 14 old+OSKM (SVZ) (7 males and 7 females) mice. P-value:
Mantel-Cox test. i-j, Dot plot showing normalized enrichment score from gene
set enrichment analysis in aNSCs-NPCs (f) or neuroblasts (g) after SVZ-targeted
reprogramming (old+OSKM (SVZ) vs. old control). GO pathway names are listed
on the left. padj: BH-adjusted two-sided FGSEA P-value. Color reflects adjusted
P-value (padj). Size of dot reflects number of genes in set. Significantly enriched
pathways (padj < 0.05) are shown.
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Extended Data Fig. 7| Comparison of whole-body and SVZ-targeted
reprogramming. a, Scatter plots showing normalized enrichment scores

from gene set enrichment analysis, comparing SVZ-targeted reprogramming
(old+OSKM (SVZ) vs. old) vs. whole-body partial reprogramming (old+OSKM vs.
old) for common cell types. Each point represents the normalized enrichment
scores for one pathway. For all panels, padj: BH-adjusted two-sided FGSEA
P-value. Pathways where adjusted P-value (padj) < 0.05 for at least one
comparison are shown. Color indicates padj for SVZ-targeted reprogramming.
Pathways in the upper right quadrant and lower left quadrant change in the same
direction in both partial reprogramming paradigms. b, Heatmap of pathway
enrichment for each cell type, comparing normalized enrichment score (NES)
inwhole-body (old+OSKM vs. old) and SVZ-targeted (old+OSKM (SVZ) vs. old)
reprogramming. Pathways where padj < 0.05 for at least one paradigm are

included. Pathways are divided into 4 clusters by k-means clustering. Color
reflects NES. Size is number of pathways falling into each cluster. ¢, UpSet plot
showing overlap between cell types of pathways increasing (top) or decreasing
(bottom) inboth whole-body and SVZ-targeted partial reprogramming (padj
<0.05for atleast one paradigm). Bars at lower left indicate total number of
pathways meeting these criteria for each cell type. Main bar plot shows number
of pathways shared between the cell typesindicated in the matrix below.

d-e, Heatmap showing normalized enrichment score (NES) from gene set
enrichment analysis in aNSCs-NPCs (d) and neuroblasts (e), comparing
whole-body and SVZ-targeted partial reprogramming. GO pathway names are
listed on the right. Pathways are divided into 4 clusters by k-means clustering.
Color reflects NES. Pathways where padj < 0.05 for at least one comparison are
included.
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Extended Data Fig. 8 | Differentiation of primary NSCsin culture.

a, Representative images ofimmunofluorescence staining of primary NSC
cultures. Primary NSCs express markers of activated NSCs (Ki-67, GFAP, EGFR,
and Nestin). Scale bar is 50 pm. b, Representative images ofimmunofluorescence
staining after in vitro differentiation of primary NSCs using markers for neurons
(TUJ1, NeuN), astrocytes (GFAP), and oligodendrocytes (04). Scale bar is 25 pm.
¢, Experimental schematic forimmunofluorescence of primary NSC cultures
fromiOSKM mice with partial reprogramming, used in panels d-j. PDL: poly-D-
lysine. n =9 young (3-4 months; 4 males and 5 females) and 9 old (24-26 months;
4 males and 5 females), over 2 independent experiments. Each culture was
isolated from one mouse. d-e, Representative images of immunofluorescence
staining for NSC markers (panel d: EGFR, green; Nestin, magenta), proliferation
markers (panel e: Ki-67, magenta; EdU, green) and neuroblast markers (panel e:
DCX, red) in primary NSCs from young mice before differentiation. Scale bar is
50 um. f-j, Quantification of immunofluorescence in primary NSCs. n=9 young
(3-4 months; 4 males and 5 females) and 9 old (24-26 months; 4 males and 5
females), over 2independent experiments. Each dot represents the proportion
of cells positive for the indicated marker in one culture, where each culture
wasisolated from one iOSKM mouse. Box plot indicates median (center

line), upper and lower quartiles (box limits), and 1.5x interquartile range
(whiskers). P-values: two-sided Wilcoxon rank sum test. k, Representative
image of immunofluorescence staining for neuroblasts (PSA-NCAM, green)
after invitro differentiation for 4 days. Scale bar is 50 um. I, Quantification of
immunofluorescence staining for neuroblasts (PSA-NCAM* over DAPI').n=8
young (3-4 months; 4 males and 4 females) and 8 old (24-26 months; 4 males and
4 females), over 2independent experiments. Each dot represents neuroblast
proportion for one culture, where each culture was isolated from one iOSKM

mouse. Box plotindicates median (center line), upper and lower quartiles (box
limits), and 1.5x interquartile range (whiskers). P-values: two-sided Wilcoxon rank
sum test. m-n, Related to Fig. 6a-f. Quantification ofimmunofluorescence for
proliferative cells (Ki-67*, m) and glia (sum of GFAP* cells and SOX10* cells, n)
after 4 days of differentiation with partial reprogramming. n =8 young

(3-4 months; 4 males and 4 females) and 8 old (24-26 months; 4 males and

4 females), over 2independent experiments. Each dot represents proliferative
proportion for one culture, where each culture was isolated from one iOSKM
mouse. Box plotindicates median (center line), upper and lower quartiles (box
limits), and 1.5x interquartile range (whiskers). P-values: two-sided Wilcoxon rank
sum test. o-p, Related to Fig. 6d,e. Quantification of immunofluorescence for
neuroblasts (DCX") and proliferative cells (Ki-67") after AAV infection and 4 days
of differentiation with partial reprogramming. n =4 young (3-4 months; 3 males
and 1female) and 4 old (20-23 months; 3 males and 1 female), over 1independent
experiment. Each dot represents proliferative proportion for one culture, where
each culture wasisolated from one c+iOSKM mouse. Box plot indicates median
(center line), upper and lower quartiles (box limits), and 1.5x interquartile range
(whiskers). P-values: two-sided Wilcoxon rank sum test. q, Related to Fig. 8a-c.
Quantification ofimmunofluorescence for total neuronal cells (sum of DCX*
cells and TUJ1" cells, representing neuroblasts and neurons) after 8 days of
differentiation with partial reprogramming. n = 8 young (3-4 months; 4 males and
4 females) and 8 old (24-26 months; 4 males and 4 females), over 2 independent
experiments. Each dot represents total neuronal proportion for one culture,
where each culture was isolated from one iOSKM mouse. Box plot indicates
median (center line), upper and lower quartiles (box limits), and 1.5x interquartile
range (whiskers). P-values: two-sided Wilcoxon rank sum test.
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Extended Data Fig. 9 | Bulk RNA-seq of primary NSCs with partial
reprogramming and differentiation. a, Heatmap of expression of the

top variable genes across all samples from bulk RNA-seq of NSCs with
reprogramming and differentiation. Color indicates expression, scaled by

row. Condition and time point are indicated at the top. Sex-related genes are
removed for visualization. b, Expression of selected genes that change across
differentiation. Each dot represents normalized count for one culture, where
each culture was isolated from one iOSKM mouse. n=5 young (3-4 months; 2
male and 3 female) and 4 old (25 months; 2 male and 2 female) cultures. Box plot
indicates median (center line), upper and lower quartiles (box limits), and 1.5x
interquartile range (whiskers). P-values: two-sided Wilcoxon rank sum test.

¢, Expression of the reprogramming factors in old control and old+OSKM NSCs
(6htime point). Each dot represents normalized count for one culture, where
each culture was isolated from one iOSKM mouse. n =4 cultures (25 months;

2 male and 2 female). Box plot indicates median (center line), upper and lower
quartiles (box limits), and 1.5x interquartile range (whiskers). P-values: two-sided
Wilcoxon rank sum test. d-f, Dot plot showing normalized enrichment score from
gene set enrichment analysis after partial reprogramming in NSCs (old+OSKM
vs. old control) at 6h (d), 18h (e), and 48h (f) time points. GO pathway names

arelisted on the left. padj: BH-adjusted two-sided FGSEA P-value. Color reflects
padj. Size of dot reflects number of genes in set. Top and bottom 15 (by NES)
significantly enriched pathways (padj < 0.05) are shown. g, Dotplots of gene set
enrichment analysis comparing the effects of aging and reprogramming at each
differentiation time point. Names of gene ontology (GO) pathways are listed on
the left. padj: BH-adjusted two-sided FGSEA P-value. Size of dot reflects padj.
Colorindicates normalized effect size (NES). h, Differential gene expression

by DESeq2 for each time point, comparing old vs. young (left) or old+OSKM

vs. old (right). Each dot represents the Z-score for one gene. Positive Z-score
indicates upregulation. Color indicates FDR < 0.1.i, Heatmap of expression of
genes that are significantly differentially expressed in NSCs between old and
old+OSKM cultures at the 18h time point. Color indicates expression, scaled

by row. Condition and time point are indicated at the top. Genes are separated
into 4 clusters by k-means clustering. j, UpSet plot showing overlap between
differentially expressed genes (DEGs) after partial reprogramming (old+OSKM
vs. old control) in in vitro time points (adjusted P-value < 0.2 by DESeq) and in
vivo paradigms (adjusted P-value < 0.3 by MAST in aNSC-NPC, neuroblast, or
astrocyte-qNSC clusters).
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Raw sequencing reads and processed files for single-cell RNA-seq are available at the Gene Expression Omnibus under accession number GSE224438. Raw
sequencing reads and count files for bulk RNA-seq are available at the Gene Expression Omnibus under accession number GSE245385. Gene mapping was based on
the mouse mm10 genome.
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Recruitment This study did not include any human research participants.
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Sample size No statistical methods were used to predetermine sample size. Sample size was chosen based on availability of samples/animals and previous
analysis of similar datasets (Dulken et al. 2019).

Data exclusions  Some samples that were run with the iOSKM cohort 1 and cohort 2 single-cell RNA-seq experiments are not included in this study because
they were part of a separate study. These are indicated in the mouse metadata (Supplementary Table 1). Cells were excluded from scRNA-seq
analysis based on pre-established standard quality criteria (Cells were filtered out if they contained greater than 10% mitochondrial reads or
less than 500 genes. Cells showing strong expression of multiple sample barcodes were considered doublets and excluded from subsequent
analysis, as were cells that could not be assigned to any sample barcode.)

Replication Single-cell RNA-seq experiments (whole-body, and SVZ-targeted) were each performed twice, using two separate cohorts of mice that were
processed on different days. Most other experiments were performed at least twice for replication, and data from all experiments are shown.
The number of independent experiments is described in the figure legends and/or Methods. Information about independent experiments is
provided in the Source Data Table.

Randomization  For in vivo experiments, animals were assigned to experimental vs. control groups based on starting weight and sex, to minimize the impact of
these differences. Samples were processed in an alternating manner to minimize the impact of sample processing order. For in vitro

experiments, randomization was not performed as each culture was split into both experimental and control groups.

Blinding For image analysis, investigators were blinded to group allocation during analysis/quantification. For scRNA-seq, investigator performing
dissections was blinded to group allocation.
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Immunostaining of brain sections: DCX (1:1000, Cell Signaling Technology 4604, Lot 7), Ki-67 (1:1000, Invitrogen/eBioscience, clone
SolA15), mCherry (1:500, Invitrogen M11217, clone 16D7), Cre (1:500, Millipore Sigma MAB3120, clone 2D8), GFAP (1:1000, abcam
ab53554, Lot GR3402854-1), SOX2 (1:500, R&D AF2018, Lot KOY0317071), NeuN (1:250, Millipore Sigma MAB377, clone A60), PSA-
NCAM (1:2000, Invitrogen 14-9118-82, clone 12E3), EGFR (1:100, Millipore 06-847, Lot 3900816); donkey anti-rabbit, donkey anti-
mouse, donkey anti-goat, and donkey anti-rat, conjugated to AF488, 568, 594, or 647 (1:500-1:1000, Invitrogen); or donkey anti-
mouse IgM AF488 (1:500, Jackson ImmunoResearch 715-545-020)
Immunostaining of primary NSCs: DCX (1:1000, Cell Signaling Technology 4604), DCX (1:500, Millipore Sigma AB2253, Lot 3777998),
GFAP (1:1000, abcam ab53554), Ki-67 (1:1000, Invitrogen/eBioscience, clone SolA15), mCherry (1:1000, Invitrogen, clone 16D7), GFP
(1:500, abcam ab13970, Lot GR3361051-14), Cre (1:500, Millipore Sigma MAB3120, clone 2D8), TUJ1 (1:500, Biolegend 802001), 04
(1:500, R&D MAB1326, clone 04), EGFR (1:500, Millipore 06-847, Lot 3173794), Nestin (1:250, BD Pharmingen 556309, Lot
6084618), PSA-NCAM (1:2000, Invitrogen 14-9118-82, clone 12E3); donkey anti-rabbit, donkey anti-mouse, donkey anti-goat, donkey
anti-rat, conjugated to Alexa Fluor (AF) 488, 568, 594, or 647 (1:1000, Invitrogen A-21206, A-31573, A10042, A-21202, A-31571,
A-21447, A-21208, A-21209, A21247); donkey anti-mouse IgM-AF488 (1:1000, Jackson ImmunoResearch 715-545-020); goat anti-
chicken IgY-AF488 (1:1000, Invitrogen A-11039); donkey anti-chicken IgY-AF488 (1:1000, Jackson ImmunoResearch 703-545-155);
donkey anti-guinea pig-AF594 (1:250, Jackson ImmunoResearch 706-585-148).
Validation All antibodies were validated by the manufacturers. Antibodies against cell type markers (DCX, GFAP, SOX2, PSA-NCAM, Ki-67, NeuN,

EGFR, 04, Nestin) were selected based on extensive validation by the field. We additionally validated these based on known
localization and morphology within cells and within the brain, as well as known expression or lack thereof in cell types of interest (e.g.
NSCs vs. neurons). We additionally validated antibodies against exogenous/overexpression targets OCT4, rtTA, mCherry, Cre, GFP
using the relevant negative and positive controls (e.g. Extended Data Fig. 1a-d, Extended Data Fig. 5h,n), and antibodies against
mCherry, GFP using agreement with native fluorescence.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Whole-body inducible OSKM mice [ROSA26(rtTA-M2); Collal(tetO-OSKM)] and conditional+inducible OSKM mice [ROSA26(lox-stop-
lox-rtTA-IRES-EGFP); Collal(tetO-OSKM] were used. Young mice were 3-5 months old. Old mice were 18-28 months old. Both male
and female mice were used for this study. Specific ages and sexes used in each experiment are indicated in the figure legends. Mice
were housed with 12-hour light/dark cycles, ad libitum access to food and water in the cage, ~21°C temperature, and ~50% humidity.

Wild animals This study did not involve wild animals.

Reporting on sex Both male and female mice were used for this study. Mice were assigned to experimental groups to equalize the number of males
and females in each group where possible. Specific numbers for each sex used in each experiment are indicated in the figure legends.
Sex for each mouse in single-cell RNA-seq experiments is indicated in the mouse metadata (Supplementary Table 1). Sex-based
analysis was not performed due to low statistical power.

Field-collected samples  This study did not involve samples collected from the field.

Ethics oversight All animal procedures were performed according to protocols approved by the IACUC/AAPLAC of Stanford University (Protocol
#8661).

Note that full information on the approval of the study protocol must also be provided in the manuscript.




Plants

Seed stocks No plants were used in this study.

Novel plant genotypes  No plants were used in this study.

Authentication No plants were used in this study.
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Plots
Confirm that:

X, The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

X, A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software
Cell population abundance

Gating strategy

For live cell sorting for single-cell RNA-seq: SVZs from both hemispheres were carefully dissected under a dissecting
microscope using forceps, scalpel with no.22 blade, and 22.5 degree stab knife. SVZs were minced, then digested in papain
solution (14 U/ml, Worthington LS003119) for 10 min at 370C. After centrifugation at 300g for 5 min at 40C, liquid was
removed and ovomucoid solution (0.7 mg/ml ovomucoid (Sigma-Aldrich T9253-1G), 0.5 mg/ml DNasel (Sigma-Aldrich
DN25-100MG), in DMEM/F12 (Gibco 11330057) was added. Tissue was triturated with a P1000 pipette to obtain single cell
suspension. Cells were then layered onto 22% v/v Percoll (Sigma-Aldrich GE17-0891-01) in PBS and centrifuged at 700g for 10
min at 40C without brakes to remove myelin debris. Supernatant, containing myelin and debris, was removed. Cell pellet was
then resuspended in FACS buffer (1% BSA (Sigma A7979) + 0.1% glucose (Sigma G7021) in PBS) to wash and filtered through
40 um strainer. Cells were centrifuged at 300g for 5 min at 40C, then resuspended in 70 ul of FACS buffer with DAPI (1 ug/ml,
Thermo 62248). Live cells were isolated by FACS (Extended Data Fig. 8a) on a BD Aria sorter using a 100 um nozzle at 20 psi
and collected in 750 ul FACS buffer in a protein low-bind microfuge tube (Eppendorf 0030108442).

For analysis of primary NSCs: Primary NSCs were dissociated using accutase into single-cell suspension and washed in FACS
buffer (PBS + 1% BSA + 0.1% glucose). Cells were resuspended in FACS buffer with DAPI (1 ug/ml) and filtered through a filter-
cap 5 ml FACS tube before running on a BD LSRII flow cytometer.

BD Aria Il sorters and LSR Il analyzers were used.

BD FACSDiva software was used to acquire flow cytometry data, and FlowJo version 10 was used to analyze flow cytometry
data.

Sorting was used to enrich for live cells for single-cell RNA-seq. Post-sort cell viability and lack of debris was visually verified
under a light microsope during the establishment of this protocol.

For live cell sorting for single-cell RNA-seq: scatter was used to exclude debris and doublets. DAPI was used to identify live
cells (DAPI-). Full gating is in Extended Data Fig. 10.

For analysis of primary NSCs: scatter was used to exclude debris and doublets. DAPI was used to identify live cells (DAPI-).
Gates for mCherry or GFP were drawn based on a negative control sample. Full gating is in Extended Data Fig. 10.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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