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SUMMARY
Hippocampal neurogenesis declineswith aging.Wnt ligands and antagonists within the hippocampal neurogenic niche regulate the pro-

liferation of neural progenitor cells and the development of newneurons, and the changes of their levels in the nichemediate aging-asso-

ciated decline of neurogenesis.We found that RNA-binding protein LIN28A remained existent in neural progenitor cells and granule neu-

rons in the adult hippocampus and that it decreased with aging. Lin28a knockout inhibited the responsiveness of neural progenitor cells

to nicheWnt agonists and reduced neurogenesis, thus impairing pattern separation.Overexpression of Lin28a increased the proliferation

of neural progenitor cells, promoted the functional integration of newborn neurons, restored neurogenesis inWnt-deficient dentate gy-

rus, and rescued the impaired pattern separation in aging mice. Our data suggest that LIN28A regulates adult hippocampal neurogenesis

as an intracellular mechanism by responding to nicheWnt signals, and its decrease is involved in aging-associated decline of hippocam-

pal neurogenesis and related cognitive functions.
INTRODUCTION

In the adult mammalian hippocampus, neural progenitor

cells (NPCs) in the subgranular zone (SGZ) of the dentate

gyrus (DG) give rise to newborn neurons throughout life

(Ming and Song, 2011). Continuously generated newborn

neurons integrate into the existing neural circuits and

play essential roles for hippocampal functions (Anacker

and Hen, 2017; Christian et al., 2014; Goncalves et al.,

2016).

Accumulating evidence indicates that the hippocampal

neurogenesis decreases with aging (Kuhn et al., 1996;

Ngwenya et al., 2015; Spalding et al., 2013), which is

believed to be associated with declines in hippocampal-

dependent cognitive functions (Seib et al., 2013). It is re-

ported that Wnt ligands and antagonists, which are

secreted by local astrocytes and/or neurons in the hippo-

campal neurogenic niche, regulate both the proliferation

of NPCs and the development of new neurons (Jang

et al., 2013; Kuwabara et al., 2009; Lie et al., 2005; Song

et al., 2002). Decreased Wnt ligands production and

enhanced Wnt antagonists secretion in the DG are associ-

ated with aging, leading to decreased canonical Wnt

signaling and reduced neurogenesis (Bayod et al., 2015;
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2011; Seib et al., 2013). However, the intracellular mecha-

nisms underlying Wnt-related regulation of neurogenesis

have not been fully revealed.

LIN28 is an RNA-binding protein regulating self-renewal

of embryonic stem cells and a variety of biological pro-

cesses (Shyh-Chang and Daley, 2013). In the developing

mammalian nervous system, LIN28 homolog A (Lin28a)

is highly expressed in the NPCs during early embryonic

stages, regulating the brain development (Balzer et al.,

2010; Yang et al., 2015). Recent studies showed that

LIN28A remains in NPCs in the adult brain and retina (Ci-

madamore et al., 2013; Yao et al., 2016), raising the possi-

bility that LIN28A may regulate neurogenesis in the adult

or even aging brain.

In this study, we provided evidence that LIN28A exists in

NPCs andneurons in the adult DG and declines with aging.

We found that LIN28A regulated the proliferation of NPCs

and the development of newborn neurons as an intracel-

lular mechanism downstream of Wnt signaling. Thus, re-

sponding to the aging-associated changes of Wnt ligands/

inhibitors in the SGZ, the decrease of Lin28a expression

leads to the decline of hippocampal neurogenesis.

Increasing the expression of Lin28a in hippocampal
uthor(s).
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NPCs in aging mice could rescue their neurogenesis and

related cognitive functions.
RESULTS

Lin28a expression in the DG of adult brain decreased

with aging

We first examined the presence of LIN28 in the DG of the

adult mouse brain. Using RNAscope in brain sections

from adult Nestin-GFP mice, we found that Lin28a, but

not Lin28b, mRNA signals existed in the granule cell layer

(GCL) compared with the signals obtained using negative

control (Neg-ctrl) or positive control (Pos-ctrl) probes (Fig-

ure 1A). Specifically, Lin28amRNA colocalized with the cell

bodies of Nestin+ NPCs and PROX1+ dentate granule cells

(DGCs) (Figure 1B).

We next performed immunohistochemistry and

observed LIN28A protein in the GCL of the DG (Fig-

ure S1A). Consistently, LIN28A was found in Nestin+

NPCs and PROX1+ DGCs (Figure 1C). In contrast, in Nes-

tin-Cre::Lin28af/f mice (Lin28af/f), LIN28Awas not detected

in either the GCL or the SGZ (Figure S1B).

Interestingly, we found LIN28A protein levels in the DG

decreased in aging mice (14 months old, 14 mo) compared

with young adult mice (2 months old, 2 mo) (Figures 1D

and 1E). Using RNAscope, we found that the number of

dotsmarked by Lin28amRNAprobes in each cell, reflecting

its expression level, became significantly less in 14-month-

oldmice compared with 2-month-oldmice in both Nestin+

NPCs (Figures 1F and 1G) and PROX1+ DGCs (Figures 1H

and 1I), indicating an aging-associated decrease of Lin28a

expression in these cells.
LIN28A in hippocampal NPCs was essential for

neurogenesis and pattern separation

To find out whether the decrease of Lin28a expression in

the DG is related to cognitive declines in aging animals,

we trained young adult (2 months old) and aging

(10 months old) mice for a series of behavior tests. We

found that the 10-month-old mice showed decreased

novel-location recognition (NLR) (Figure S2A), while the

novel-object recognition (NOR) was not affected (Fig-

ure S2B). The 2- and 10-month-old mice did not show

significant differences in single-trial contextual fear condi-

tioning (CFC) tests (Figure S2C). However, when we used a

pattern-separation paradigm (Figure 2A) as previously re-

ported (Sahay et al., 2011a), we found that the 10-month-

old mice discriminated the two similar contexts A and B

in session 6 much later than the 2-month-old mice, which

showed discrimination in session 4 (Figure 2B). This result

suggested that aging is associatedwith a decreased ability of

pattern separation. Furthermore, when tested in an open
field (OF), the 10-month-old mice showed less time spent

in the center zone than the 2-month-oldmice (Figure S2D),

indicating that the aging mice had higher anxiety levels.

Pattern separation is believed to be one of the hippocam-

pal functions most related to neurogenesis (Sahay et al.,

2011b). Indeed, the 10-month-old mice showed signifi-

cantly less doublecortin (DCX)-positive cells in the DG

(Figures S2E and S2F), indicating an aging-associated

decline of hippocampal neurogenesis (Seib et al., 2013).

To test whether LIN28A is related to adult neurogenesis,

we knocked out Lin28a from Nestin+ NPCs in Nestin-

CreERT2::Lin28af/f mice by tamoxifen (TAM) treatment

(Figure 2C). Four weeks later, we found that Lin28a

knockout (KO) from NPCs significantly decreased the den-

sity and percentage of cells expressing proliferation marker

minichromosome maintenance complex component 2

(MCM2) in the GCL (Figures 2D–2F). Similarly, DCX+ cells

significantly decreased in the DG of the TAM-treated mice

compared with vehicle (Veh)-treated mice (Figures 2G–2I).

To further verify whether NPCs lacking LIN28A indeed pro-

duces fewer new neurons, we treated Nestin-CreERT2::

Lin28af/f::Ai14 (Lin28af/f) mice with TAM, while using

Nestin-CreERT2::Lin28a+/+::Ai14 mice of the same age and

genetic background as Ctrl, and examined the number of

dTomato+ cells in the DG 6 weeks later (Figure 2J). We

found that Lin28a KO indeed decreased the density and

proportion of dTomato+ cells in the DG (Figures 2K–2M).

However, the proportion of NeuN+ DGCs in the dTomato+

cells was not altered (Figures S3A and S3B). These data sug-

gest that LIN28A is necessary for the generation of new

neurons from NPCs, whereas loss of Lin28a leads to

decreased neurogenesis in the adult DG.

We then tested Nestin-CreERT2::Lin28af/f mice for pattern

separation 6 weeks after Veh/TAM treatment (Figure 2N).

Consistent with the decreased hippocampal neurogenesis,

TAM-treated mice discriminated contexts A and B later

than Veh-treated mice (Figure 2O), mimicking the

decreased ability of pattern separation in aging animals.

In addition, similar to the behavioral phenotypes seen in

the aging animals, TAM-treated Nestin-CreERT2::Lin28af/f

mice did not show significant differences in single-trial

CFC (Figure S3C) or NOR tests (Figure S3D). However,

TAM-treated mice showed impaired NLR tests (Figure S3E)

and exhibited enhanced anxiety in the OF test (Figure S3F).

These results suggest that the decreased Lin28a expres-

sion in hippocampal NPCs may contribute to the decline

of neurogenesis and the cognitive defects in aging animals.

Lin28a overexpression increased the progenies of

NPCs in the adult DG

Next, to investigate how LIN28A regulates NPCs in

the adult brain, we generated FLEX retroviral vectors that

express GFP (Ctrl) or GFP-p2A-Lin28a (Lin28a-OE) (Figure
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Figure 1. Expression of Lin28a in the DG of adult brain decreases with age
(A) RNAscope images from Nestin-GFP mouse brain sections, with Neg-ctrl, Pos-ctrl, Lin28a, and Lin28b probes. Scale bar: 20 mm.
(B) RNAscope images showing Lin28a mRNA in Nestin+ NPCs (top) and PROX1+ DGCs (bottom) in the DG. White arrows indicate Lin28a
mRNA in Nestin+ NPCs. Scale bars: 10 mm.
(C) Top panel: images showing LIN28A in Nestin+ NPCs (top) and PROX1+ DGCs (bottom) in the DG of adult Nestin-GFP mice. White arrows
indicate LIN28A in Nestin+ NPCs. Scale bars: 10 mm.
(D and E) Western blotting showing LIN28A level in the DG of 2- and 14-month-old mice. b-tubulin was used as the internal control
(2-month-old n = 3 mice, 14-month-old n = 4 mice, **p = 0.0016).
(F) RNAscope images showing Lin28a mRNA in Nestin+ NPCs in 2- and 14-month-old mice. Scale bars: 5 mm.
(G) Number of Lin28a mRNA dots in each Nestin+ NPC (2-month-old N = 3 mice, n = 82 cells; 14-month-old N = 3 mice, n = 90
cells; ****p < 0.0001).
(H) RNAscope images showing Lin28a mRNA in PROX1+ DGCs. Scale bar: 5 mm.
(I) Number of Lin28a mRNA dots in each PROX1+ DGC (2-month-old N = 3 mice, n = 99 cells; 14-month-old N = 3 mice, n = 111
cells; ****p < 0.0001).
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3A). We injected diluted virus into the DG of adult Nestin-

Cremice to sparsely label individual dividing Nestin+ NPCs

and their progenies (Figure 3B). We examined GFP+ cell

clusters 7 days post viral injection (dpi) and found that

Lin28a overexpression (OE) significantly increased the

cluster size, from an average of 1.77 ± 0.11 to 3.23 ± 0.26

cells per cluster (Figures 3C–3E).

To avoid possible mixture of adjacently labeled clusters,

we designed a FLEX m/n/cXFP retroviral reporter system

that expresses membranous RFP (mRFP), nuclear CFP

(nCFP), or cytosolic GFP (cGFP) in random combinations

depending on Cre recombinase (Figure 3F). Consistently,

7 dpi in Nestin-Cre mice, cells overexpressing Lin28a (con-

taining cGFP) exhibited an increased cluster size of 2.73 ±

0.18 cells compared with 1.48 ± 0.08 cells in Ctrl clusters

(Figures 3G–3I), confirming that Lin28a OE did increase

the number of cells generated from each NPC.

To investigate how LIN28A regulates the number of prog-

enies of NPCs, we tested whether Lin28a could regulate the

cell cycle of hippocampal NPCs. Two dpi of FLEX retrovi-

ruses (Figure 3A) into theDGofNestin-Cremice, we treated

the animals with BrdU every 6 h for 5 times. We perfused

the mice at 7 dpi and stained the brain sections for BrdU

and MCM2 (Figure 3J). By this method, we could label

dividing Nestin+ NPCs with GFP at their first division and

then mark their second division with BrdU if the mitosis

happened during the window of BrdU administration,

while a third division could be detected by MCM2

staining (Figure 3K). We found that Lin28a OE

significantly increased the percentage of GFP+BrdU+ and
Figure 2. LIN28A is necessary for adult hippocampal neurogenes
(A) Experimental schematics for testing pattern separation in mice.
(B) Freezing of 2- and 10-month-old mice in contexts A and B in test s
mice; two-tailed paired t test; session 1: 2-month-old p = 0.8886, 10-m
old p = 0.8362; session 3: 2-month-old p = 0.1976, 10-month-old
p = 0.5356; session 5: 2-month-old ***p = 0.0001, 10-month-old p
**p = 0.0036).
(C) Paradigm showing Lin28a KO from Nestin+ NPCs.
(D) Images showing MCM2+ cells in the SGZ. Scale bar: 50 mm.
(E and F) Lin28a KO decreased the density (Veh n = 5 mice, TAM n = 4 mi
n = 5 mice, TAM n = 4 mice; *p = 0.0158).
(G) Images showing DCX+ cells in the DG. Scale bar: 50 mm.
(H and I) Lin28a KO decreased the density (Veh n = 5 mice, TAM n = 5 m
n = 5 mice, TAM n = 5 mice; **p = 0.0064).
(J) Experimental schematics.
(K) dTomato+ cells in the GCL. Scale bar: 20 mm.
(L and M) Lin28a KO decreased the density (Ctrl n = 5 mice, Lin28af/f n
GCL (Ctrl n = 5 mice, Lin28af/f n = 4 mice; **p = 0.0020).
(N) Experimental schematics.
(O) Freezing of Veh- and TAM-treated mice in contexts A and B in test
paired t test; session 1: Veh p = 0.5156, TAM p = 0.2795; session 2: Ve
0.5583; session 4: Veh **p = 0.0057, TAM p = 0.0863; session 5: Veh
TAM *p = 0.0281).
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GFP+BrdU+MCM2+ cells in GFP+ cells (Figure 3L), indi-

cating that Lin28a OE increased the cell cycles of NPCs.

To confirm this result, we stained for an M-phase marker

phosphor-H3 (pH3), instead of MCM2, which marks the

S phase of the cell cycle (Figures S4A and S4B). Consis-

tently, we found that Lin28a OE increased GFP+BrdU+

and GFP+BrdU+pH3+ cells in GFP+ cells (Figure S4C). These

results indicate that Lin28aOE enlarges the size of cell clus-

ters via increasing the cell cycles of NPCs and their

progenies.

As adult hippocampal NPCs go through several stages to

produce new neurons (Ming and Song, 2011), we next

characterized the effects of Lin28a OE on different stages

of neurogenesis. Seven days after tagging dividing NPCs us-

ing FLEX retroviruses in Nestin-Cre mice, we stained for

markers to examine the stages of GFP+ cells. We used

GFAP+S100b- as amarker for type 1 radial glia-like precursor

cells (Figure S4D), ASCL1+ for early type 2a cells (Fig-

ure S4E), TBR2+ for late type 2a/type 2b cells (Figure S4F),

and DCX+ for type 3 neuroblasts/immature neurons (Fig-

ure S4G). Our results showed that Lin28aOE did not signif-

icantly alter the proportion ofGFAP+S100b-, ASCL1+, DCX+

subpopulations in GFP+ cells but did increase the propor-

tion of TBR2+ cells (Figure S4H), suggesting that Lin28a

OEmay increase neurogenesis by expanding the type 2 in-

termediate progenitor cells. In addition, we found that

Lin28a OE decreased the percentage of S100b+ cells

(Figures S4I and S4J), suggesting that LIN28A may poten-

tially inhibit the differentiation of newborn cells toward

astrocytes.
is and pattern separation

essions 1 through 6 (2-month-old n = 10 mice, 10-month-old n = 10
onth-old p = 0.1421; session 2: 2-month-old p = 0.3272, 10-month-
p = 0.4024; session 4: 2-month-old *p = 0.0255, 10-month-old
= 0.0535; session 6: 2-month-old ****p < 0.0001, 10-month-old

ce; **p = 0.0083) and the percentage of MCM2+ cells in the GCL (Veh

ice; ***p = 0.00023) and the percentage of DCX+ cells in the DG (Veh

= 4 mice; *p = 0.0170) and the percentage of dTomato+ cells in the

sessions 1 through 6 (Veh n = 12 mice, TAM n = 10 mice; two-tailed
h p = 0.3921, TAM p = 0.2694; session 3: Veh *p = 0.0153, TAM p =
***p = 0.0002, TAM **p = 0.0075; session 6: Veh **p = 0.0047,



Figure 3. Lin28a OE increases the progenies of individual NPCs
(A) FLEX retrovirus was injected into the DG of Nestin-Cre mice.
(B) Image showing the sparse labeling of an individual cluster of newborn cells in the DG. Scale bar: 50 mm. Inset shows an enlarged image
of the 2-cell cluster in the square area marked by dotted line. Scale bar: 10 mm.
(C) Cell clusters labeled by Ctrl or Lin28a-OE retroviruses. Scale bar: 10 mm.
(D) Cumulative distribution of cell cluster size (Ctrl N = 11 mice, n = 61 clusters; Lin28a-OE N = 8 mice, n = 40 clusters; Kolmogorov-Smirnov
test, ****p < 0.0001).
(E) The average size of cell clusters (Ctrl n = 61 clusters; Lin28a-OE n = 40 clusters; ****p < 0.0001).
(F) FLEX m/n/cXFP retroviral vectors.
(G) Images showing cell clusters labeled by Ctrl or Lin28a-OE combination of retroviruses. Different numbers indicate different clusters.
Scale bar: 10 mm.
(H) Cumulative distribution of cell-cluster sizes (Ctrl N = 8 mice, n = 77 clusters; Lin28a-OE N = 7 mice, n = 52 clusters; Kolmogorov-Smirnov
test, ****p < 0.0001).
(I) The average size of cell clusters. (Ctrl N = 8 mice, n = 77 clusters; Lin28a-OE N = 7 mice, n = 52 clusters; ****p < 0.0001).
(J) Experimental scheme for analyzing the cell cycles in vivo.
(K) Images showing GFP+ cells colocalizing with BrdU and/or MCM2. Scale bar: 5 mm.
(L) Lin28 OE increased the percentage of GFP+BrdU+ cells (Ctrl n = 10 mice, Lin28a-OE n = 8 mice, *p = 0.0142) and GFP+BrdU+MCM2+ cells
(Ctrl n = 10 mice, Lin28a-OE n = 8 mice, **p = 0.0040) in GFP+ cells.
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As a majority of the newborn cells undergo apoptosis

during the first week after cell birth (Sierra et al., 2010),

we next stained for activated caspase-3 (aCas-3) at 4 dpi

(Figure S4K). We did not find that Lin28a OE altered the

colocalization of aCas-3 with GFP+ newborn cells

(Figure S4L).

LIN28 regulatesmultiple downstream effectors by repres-

sing let-7 biogenesis (Shyh-Chang and Daley, 2013). To test

whether LIN28A regulates neurogenesis through let-7-

dependent pathways, we constructed a retrovirus express-

ing a let-7 sponge to directly inhibit let-7 (Figure S5A), as

previously described (Yang et al., 2012). After coinjection

with pUX-FLEX-mRFP in Nestin-Cre mice, we examined

the GFP+RFP+ cell clusters (Figure S5B) and found that

let-7 sponge significantly increased the cluster size (Figures

S5C and S5D), mimicking the pro-neurogenic effects of

Lin28a OE. This suggested that Lin28a regulated the pro-

liferation of NPCs and their progenies through let-7-depen-

dent mechanisms.

LIN28A regulated the development and functional

integration of new neurons in the adult DG

Since LIN28A was also detected in DGCs, we wondered

whether LIN28A regulates the development and functional

integration of the new neurons. We labeled the newborn

DGCs in adult C57BL/6 mice using retroviruses expressing

GFP (Ctrl) or GFP-p2A-Lin28a (Lin28a-OE) and examined
Figure 4. LIN28A regulates the development and integration of n
(A) Images of newborn DGCs labeled by Ctrl or Lin28a-OE retroviruses
(B) Sholl analysis of newborn DGCs at 1, 2, 3, and 4 wpi.
(C) Lin28a-OE neurons showed longer total dendritic length (1 wp
cells; ****p < 0.0001; 2 wpi: Ctrl N = 3mice, n = 27 cells; Lin28a-OE N = 3
Lin28a-OE N = 3 mice, n = 23 cells; ****p < 0.0001; 4 wpi: Ctrl N = 3 mi
(D) Lin28a-OE neurons showed more dendritic branches (1 wpi:
cells; ****p < 0.0001; 2 wpi: Ctrl N = 3 mice, n = 27 cells; Lin28a-OE N =
Lin28a-OE N = 3 mice, n = 23 cells; ****p < 0.0001; 4 wpi: Ctrl N = 3 mi
(E) Images of 3 wpi neurons in Lin28af/f mice labeled by retroviruses
(F) Sholl analysis of newborn neurons at 3 wpi.
(G) Lin28af/f neurons showed shorter total dendritic length (Ctrl N = 3 m
(H) Lin28af/f neurons showed fewer dendritic branches (Ctrl N = 3 mic
(I) Images showing dendritic spines of Ctrl or Lin28a-OE newborn DGC
bar: 2 mm.
(J) Spine density in newborn DGCs at 3 wpi (C57 mice: Ctrl N = 3 mice
segments; ****p < 0.0001; Lin28af/f mice: Ctrl N = 3 mice, n =
segments; ****p < 0.0001).
(K) Representative traces of mEPSCs recorded from Ctrl and Lin28a-O
(L and M) Cumulative distribution of inter-event intervals and amplit
(N) Representative traces of mEPSCs recorded from Ctrl and Lin28af/f

(O and P) Cumulative distribution of inter-event intervals and amplit
(Q) mEPSC frequency increased in Lin28a-OE neurons but decreased in L
N = 3 mice, n = 12 neurons; ***p = 0.0003; Lin28af/f mice: Ctrl N = 3 mic
(R) mEPSC amplitude did not significantly change in Lin28a-OE or
Lin28a-OE N = 3 mice, n = 12 neurons; p = 0.8257; Lin28af/f mice: Ctrl
0.3119).
the morphological development of GFP+ neurons at 1, 2,

3, and 4 weeks post retroviral injection (wpi) (Figure 4A).

Our data showed that neurons overexpressing Lin28a ex-

hibited more complex dendrites (Figure 4B), longer total

dendritic length (Figure 4C), and more dendritic branches

at all developmental stages (Figure 4D), suggesting that

Lin28a OE facilitated the development of new neurons.

To test whether LIN28A is necessary for the development

of newborn neurons, we injected retrovirus expressing

GFP-p2A-Cre into the DG of Lin28af/f mice to knock out

Lin28a from GFP+ newborn DGCs (Lin28af/f), while Ctrl

cells were labeled by retrovirus expressing GFP only

(Figure 4E). At 3 wpi, we found that Lin28af/f newborn

DGCs showed less complex dendrites (Figure 4F), shorter

dendritic length (Figure 4G), and less dendritic branches

(Figure 4H).

Since the thirdweek is a critical time period duringwhich

newborn DGCs form synapses with afferent glutamatergic

projections (Kumamoto et al., 2012), we further analyzed

the dendritic spines of the newborn DGCs at 3 wpi. We

found that Lin28a-OE newborn DGCs exhibited greatly

increased spine density, while Lin28af/f newborn DGCs

showed less spines (Figures 4I and 4J). We then did

whole-cell recordings on labeled newborn DGCs and re-

corded the miniature excitatory postsynaptic currents

(mEPSCs) at 3 wpi. We found that Lin28a OE in newborn

neurons increased mEPSC frequency without affecting
ewborn DGCs
at 1, 2, 3, and 4 wpi. Scale bar: 20 mm.

i: Ctrl N = 4 mice, n = 60 cells; Lin28a-OE N = 4 mice, n = 52
mice, n = 44 cells; ****p < 0.0001; 3 wpi: Ctrl N = 3mice, n = 34 cells;
ce, n = 47 cells; Lin28a-OE N = 3 mice, n = 23 cells; ****p < 0.0001).
Ctrl N = 4 mice, n = 60 cells; Lin28a-OE N = 4 mice, n = 52
3 mice, n = 44 cells; *p = 0.0233; 3 wpi: Ctrl N = 3 mice, n = 34 cells;
ce, n = 47 cells; Lin28a-OE N = 3 mice, n = 23 cells; ****p < 0.0001).
. Scale bar: 20 mm.

ice, n = 26 cells; Lin28af/f N = 4 mice, n = 53 cells; ****p < 0.0001).
e, n = 26 cells; Lin28af/f N = 4 mice, n = 53 cells; ****p < 0.0001).
s (top) and Ctrl or Lin28af/f newborn DGCs (bottom) at 3 wpi. Scale

, n = 30 dendritic segments; Lin28a-OE N = 3 mice, n = 30 dendritic
22 dendritic segments; Lin28af/f N = 3 mice, n = 18 dendritic

E newborn DGCs at 3 wpi.
ude of mEPSCs in Ctrl and Lin28a-OE DGCs.
neurons at 3 wpi.
ude of mEPSCs in Ctrl and Lin28af/f neurons.
in28af/f neurons (C57 mice: Ctrl N = 3 mice, n = 12 neurons; Lin28a-OE
e, n = 9 neurons; Lin28af/f N = 3 mice, n = 10 neurons; **p = 0.0027).
Lin28af/f neurons (C57 mice: Ctrl N = 3 mice, n = 12 neurons;
N = 3 mice, n = 9 neurons; Lin28af/f N = 3 mice, n = 10 neurons; p =
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Figure 5. Lin28a expression in NPCs is regulated by Wnt/b-catenin signaling
(A) Schematics showing lentiviral vectors expressing GFP or Wnt3a.
(B) Experimental schematics.
(C) Images showing infection by Wnt3a lentivirus. Scale bar: 50 mm.
(D) Western blotting showing b-catenin level in the DG. b-tubulin was used as internal control.
(E) Wnt3a virus increased b-catenin in the DG (GFP n = 8 mice, Wnt3a n = 9 mice, *p = 0.0153).
(F) RNAscope images showing colocalization of Lin28a mRNA in Sox2-expressing NPCs (indicated by Sox2 mRNA). Dotted lines outline the
cell bodies of interested cells. Insets show the localization of Lin28a and Sox2 mRNA around the nucleus (DAPI). Scale bar: 5 mm.
(G) Wnt3a virus increased Lin28a mRNA in Sox2-expressing NPCs (GFP: N = 3 mice, n = 56 cells; Wnt3a: N = 3 mice, n = 62 cells; ***p =
0.0001).
(H) Top: FLEX lentiviral vectors expressing GFP (Ctrl) or GFP-p2A-Ctnnb1 (Ctnnb1). Bottom: experimental schematics.
(I) RNAscope images showing Lin28a mRNA in GFP-labeled NPCs. Scale bar: 5 mm.
(J) Ctnnb1 OE increased Lin28a mRNA in NPCs (GFP: N = 3 mice, n = 63 cells; Ctnnb1: N = 3 mice, n = 37 cells; ****p < 0.0001).
mEPSC amplitude (Figures 4K–4M), whereas Lin28a

KO reduced mEPSC frequency but not amplitude (Figures

4N–4R). Thus, these data suggest that Lin28aOEpromoted,

whereas Lin28a KO hindered, the development and func-

tional integration of the newborn DGCs.

LIN28Awas involved in the regulation of neurogenesis

by Wnt signaling

Given that Wnt signaling regulates neurogenesis in the

adult DG (Seib et al., 2013) and b-catenin promotes
1674 Stem Cell Reports j Vol. 17 j 1666–1682 j July 12, 2022
Lin28a expression in a variety of cell types (Cai et al.,

2013; Yao et al., 2016), we wondered whether LIN28A

acts as one of the downstream intracellular mechanisms

of Wnt signaling. We injected lentivirus expressing

Wnt3a, a Wnt agonist expressed in the hippocampal

neurogenic niche (Kuwabara et al., 2009; Lie et al., 2005),

into the DG of adult mice (Figures 5A–5C). We found

that b-catenin in the DG increased (Figures 5D and 5E),

suggesting an enhanced canonical Wnt signaling. Using

RNAscope, we found the amount of Lin28a mRNA in



(legend on next page)
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Sox2-expressing NPCs increased in Wnt3a mice compared

with control mice (Figures 5F and 5G). These data suggest

that Lin28a expression in NPCs was increased by enhanced

Wnt signaling.

To further confirm that the upregulation of b-catenin

directly enhanced Lin28a expression, we injected FLEX

lentivirus expressing mouse Ctnnb1, which codes the pro-

tein b-catenin (Figure 5H), into the DG of Nestin-Cre

mice and performed RNAscope a week later. We found

that Ctnnb1 OE in NPCs indeed increased the mRNA level

of Lin28a in the labeled cells (Figures 5I and 5J). Further-

more, applying SKL2001, a Wnt/b-catenin agonist (Gwak

et al., 2012), increased the level of b-catenin (Figures S6A

and S6B) and enhanced Lin28a expression (Figure S6C) in

cultured mouse hippocampal neurons. To further confirm

whether b-catenin could bind to specific sites in the

Lin28a promoter region, we performed a chromatin immu-

noprecipitation (ChIP) assay using a b-catenin antibody

with cell lysates from cultured mouse hippocampal neu-

rons. Compared with a randomly selected -1.5 kb region

(R1), quantitative real-time PCR results showed specific

binding of endogenous b-catenin to the -0.5 (R2) and

-0.15 kb (R3) regions upstream of Lin28a gene (Figures

S6D and S6E). These results suggest that b-catenin could

indeed bind to the Lin28a promoter region and activate

Lin28a expression in neurons.

Next, to examine whether Lin28a KO in NPCs could

block the pro-neurogenic effects of Wnt ligands, we in-

jected lentivirus expressing Wnt3a into the DG of Nestin-

CreERT2::Lin28af/f mice 1 week after TAM administration

(Figure 6A), by which Lin28a was knocked out from

Nestin+ NPCs (Lin28af/f). Four more weeks later, we found

that Wnt3a OE increased DCX+ cells in Cre-/- littermates
Figure 6. LIN28A is involved in the regulation of neurogenesis b
(A) Experimental schematics.
(B) DCX+ newborn DGCs in Ctrl or Lin28af/f mice. Scale bar: 20 mm.
(C)Wnt3a virus increased DCX+ cell in Ctrl mice but not in Lin28af/f mic
n = 6 mice, Wnt3a n = 6 mice; p = 0.7054; Ctrl GFP versus Lin28af/f G
(D) Wnt3a virus increased the percentage of DCX+ cell in the GCL in Ct
mice; *p = 0.0299; Lin28af/f: GFP n = 6 mice, Wnt3a n = 6 mice; p = 0
(E) Experimental schematics.
(F) Images showing dTomato+ newborn DGCs. Scale bar: 20 mm.
(G) Wnt3a increased the density of dTomato+ DGCs in Ctrl mice, but n
0.0193; Lin28af/f: GFP n = 6 mice, Wnt3a n = 6 mice; p = 0.9700; Ctrl
(H) Wnt3a increased the percentage of dTomato+ DGCs in Ctrl mice but
0.0077; Lin28af/f: GFP n = 6 mice, Wnt3a n = 6 mice; p = 0.5659; Ctrl
(I) Lentiviral vectors expressing dTomato or dnWnt1 (top) and FLEX len
(bottom).
(J) Experimental schematics.
(K) Images showing DCX+ newborn neurons. Scale bar: 20 mm.
(L) dnWnt1 decreased the percentage of DCX+ DGCs, whereas Lin28a
Lin28a-OE n = 5 mice; **p = 0.0052; dnWnt1: Ctrl n = 4 mice, Lin
Ctrl, **p = 0.0045; dTomato Lin28a-OE versus dnWnt1 Lin28a-OE, **p
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(Ctrl). In contrast, enhancing Wnt3a expression did

not increase DCX+ cells in Lin28af/f mice (Figures 6B–

6D). To confirm this finding, we next used Nestin-

CreERT2::Lin28af/f::Ai14 mice to label the progenies

of the NPCs lacking Lin28a (Lin28af/f); Nestin-CreERT2::

Lin28a+/+::Ai14 mice of the same age were used as Ctrl (Fig-

ure 6E). Consistently, we found that Wnt3a OE increased

dTomato+ cells in control mice but not in Lin28af/f mice

(Figures 6F–6H). These results indicate that LIN28A in

NPCs was necessary for the regulation of neurogenesis by

niche Wnt ligands.

Deficiency in Wnt signaling results in decreased neuro-

genesis in the adult DG (Jang et al., 2013; Seib et al.,

2013). To test whether Lin28a OE is sufficient to recover

impaired neurogenesis in Wnt-deficient hippocampus,

we constructed a lentiviral vector expressing a dominant

negative Wnt1 (dnWnt1) (Figure 6I) to inhibit Wnt

signaling (Choi et al., 2018; Lie et al., 2005). We injected

lentivirus expressing dnWnt1-dTomato or dTomato only

into Nestin-Cre mice and infused lentivirus expressing

FLEX GFP-p2A-Lin28a (Figure 6I) 2 weeks later to overex-

press Lin28a in NPCs (using FLEX-GFP as Ctrl) (Figure 6J).

Four more weeks later, we found that dnWnt1 decreased

DCX+ cells in the DG, whereas Lin28a OE in NPCs

increased DCX+ cells in dTomato mice and recovered

DCX+ cells in dnWnt1 mice (Figures 6K and 6L). These

data suggest that Lin28a OE in NPCs was sufficient to

restore neurogenesis in Wnt-deficient neurogenic niche.

Lin28a OE in NPCs restores neurogenesis in the aging

hippocampus and enhances pattern separation

Since Lin28aOE could increase NPC proliferation and facil-

itate the integration of newborn DGCs, we wondered
y Wnt

e (Ctrl: GFP n = 4 mice,Wnt3a n = 5 mice; *p = 0.0379; Lin28af/f: GFP
FP, ***p = 0.0002).
rl mice but not in Lin28af/f mice (Ctrl: GFP n = 4 mice, Wnt3a n = 5
.2918; Ctrl GFP versus Lin28af/f GFP, **p = 0.0047).

ot in Lin28af/f mice (Ctrl: GFP n = 5 mice, Wnt3a n = 5 mice; *p =
GFP versus Lin28af/f GFP, *p = 0.0242).
not in Lin28af/f mice (Ctrl: GFP n = 5 mice, Wnt3a n = 5 mice; **p =
GFP versus Lin28af/f GFP, *p = 0.0238).
tiviral vectors expressing GFP (Ctrl) or GFP-p2A-Lin28a (Lin28a-OE)

OE recovered the number of DCX+ cells (dTomato: Ctrl n = 4 mice,
28a-OE n = 4 mice; ***p = 0.0008; dTomato Ctrl versus dnWnt1
= 0.0041).



Figure 7. Lin28a OE in hippocampal NPCs increases neurogenesis and enhances pattern separation
(A) FLEX lentiviral vectors.
(B) Experimental schematics.
(C) Images showing DCX+ cells in the DG. Scale bar: 20 mm.
(D) Density of DCX+ cells (Ctrl n = 7 mice, Lin28a-OE n = 6 mice, ***p = 0.0005).
(E) Freezing of mice in contexts A and B in test sessions 1 through 6 (Ctrl n = 13 mice, Lin28a-OE n = 13 mice; two-tailed paired t
test; session 1: Ctrl p = 0.8661, Lin28a-OE p = 0.6783; session 2: Ctrl p = 0.6152, Lin28a-OE *p = 0.0128; session 3: Ctrl p = 0.0648, Lin28a-
OE **p = 0.0088; session 4: Ctrl **p = 0.0033, Lin28a-OE *p = 0.0295; session 5: Ctrl **p = 0.0020, Lin28a-OE ****p < 0.0001; session 6:
Ctrl ***p = 0.0002, Lin28a-OE ****p < 0.0001).
(F) Experimental schematics.
(G) Images showing DCX+ cells in the DG of aging mice. Scale bar: 20 mm.
(H) Density of DCX+ cells (Ctrl n = 5 mice, Lin28a-OE n = 7 mice; **p = 0.0026).

(legend continued on next page)
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whether Lin28a OE could enhance pattern separation by

increasing hippocampal neurogenesis. We injected lenti-

virus expressing FLEX GFP-p2A-Lin28a (Lin28a-OE) into

the DG of 2-month-old (2 mo) Nestin-Cre mice to overex-

press Lin28a in a large population of existing NPCs (GFP as

Ctrl) (Figures 7A and 7B). Six weeks later, Lin28a-OE mice

showed increased DCX+ cells compared with Ctrl mice

(Figures 7C and 7D). Meanwhile, Lin28a-OE mice disc-

riminated contexts A and B in session 2, while Ctrl

mice showed discrimination in session 4 (Figure 7E), sug-

gesting that Lin28a-OE mice exhibited enhanced pattern

separation.

To test whether Lin28aOE could enhance the neurogen-

esis and improve pattern separation in aging mice, we in-

jected the viruses in 12-month-old (12 mo) Nestin-Cre

mice (Figure 7F). Six weeks later, we found Lin28a OE

increased DCX+ cells in the DG of aging mice compared

with Ctrl mice (Figures 7G and 7H). Consistently, the aging

mice in theCtrl group exhibited poor pattern separation, as

they did not discriminate the two contexts till session 6

(Figure 7I). Interestingly, Lin28a-OE aging mice discrimi-

nated contexts A and B in session 4, suggesting a restored

ability of pattern separation (Figure 7I).

Additionally, Lin28a OE in hippocampal NPCs in young

(2-months-old) and aging (12-months-old) mice did not

alter their performance in single-trial CFC (Figure S7A),

NOR (Figure S7B), or OF tests (Figure S7C). Interestingly,

Lin28a OE enhanced the NLR in young, but not aging,

mice (Figure S7D), suggesting the rejuvenation of hippo-

campal neurogenesis by Lin28a OE was limited by the re-

maining NPC pool.
DISCUSSION

LIN28A regulates neurogenesis in the adult

hippocampus

During early brain development, Lin28 is highly expressed

in NPCs (Yang et al., 2015). Interestingly, our results

showed that LIN28A remained existent in NPCs and

DGCs in the adult hippocampus. Loss of Lin28a in hippo-

campal NPCs decreased neurogenesis, whereas Lin28a OE

increased neurogenesis by enhancing NPC proliferation,

in agreement with a previous study that Lin28a KO in the

developing brain results in microcephaly whereas Lin28a

OE leads to enlarged brain (Yang et al., 2015). Our results

also showed that Lin28a OE in NPCs enhanced neurogen-

esis mainly by increasing cell cycles and expanding
(I) Freezing of mice in contexts A and B in test sessions 1 through 6
session 1: Ctrl p = 0.3203, Lin28a-OE p = 0.7178; session 2: Ctrl p = 0.6
0.0792; session 4: Ctrl p = 0.2146, Lin28a-OE *p = 0.0237; session 5: C
Lin28a-OE ****p < 0.0001).
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TBR2+ intermediate progenitor cells. Further analysis

showed that Lin28a OE decreased the newborn cell differ-

entiated towards astrocytes, consistent with a previous

report showing that LIN28 suppresses glial fate of NPCs

in vitro (Balzer et al., 2010).

As an RNA-binding protein, LIN28A represses let-7

miRNA biogenesis, thus regulating multiple signaling

pathways and the expression of numerous genes (Jun-

Hao et al., 2016; Shyh-Chang and Daley, 2013; Zhu et al.,

2011). Our data showed that an anti-let-7 sponge increased

the proliferation of NPCs and their progenies, mimicking

the effects of Lin28a OE. This suggests the involvement

of the Lin28a/let-7 pathway in regulating neurogenesis in

the adult DG, consistent with a previous study on retinal

Müller cells (Yao et al., 2016). However, LIN28A has also

been reported to directly bind to mRNAs such as cyclin

A/B and Igf2 and thus regulate cell cycle, differentiation,

and cellular growth independently of let-7 (Balzer et al.,

2010; Shyh-Chang and Daley, 2013). Since we cannot

rule out the possibility that the let-7-independent path-

ways may also be involved in the regulation of neurogene-

sis by LIN28A, further studies will be needed.

In addition, Lin28a KO inhibited, while Lin28a OE facil-

itated, the development and functional integration of

newborn DGCs, suggesting that LIN28A controls neuronal

growth. However, a recent study showed that Lin28 OE in

the SVZ NPCs decreased the number of new neurons in

the olfactory bulb of postnatal mice (Romer-Seibert et al.,

2019). This result may be attributed to the fact that the

increased LIN28 repressed let-7, which is important for

the migration of neuroblasts (Petri et al., 2017), thus

decreasing the number of new neurons arriving in the ol-

factory bulb.

Decrease of Lin28a expression is involved in aging-

associated decline of neurogenesis

Hippocampal neurogenesis decreases in mammals with ag-

ing (Kuhn et al., 1996; Spalding et al., 2013), associated

with and contributing to cognitive declines (Lee et al.,

2012; Seib et al., 2013). The Wnt signaling pathway is

essentially important in regulating multiple stages of adult

neurogenesis (Lie et al., 2005; Schafer et al., 2015). Existing

in the neurogenic niche and changing with age or activity,

Wnt ligands promote (Lie et al., 2005; Song et al., 2002),

while Wnt antagonists inhibit, neurogenesis (Jang et al.,

2013; Seib et al., 2013). Increasing evidence shows that

the reduced Wnt ligands and the increased Wnt antago-

nists in the hippocampal niche are associated with aging
(Ctrl n = 10 mice, Lin28a-OE n = 10 mice; two-tailed paired t test;
352, Lin28a-OE p = 0.0620; session 3: Ctrl p = 0.1426, Lin28a-OE p =
trl p = 0.2287, Lin28a-OE **p = 0.0040; session 6: Ctrl *p = 0.0106,



(Bayod et al., 2015; Miranda et al., 2012; Okamoto et al.,

2011; Seib et al., 2013), resulting in decreased Wnt

signaling activity (Bayod et al., 2015; Heppt et al., 2020).

Coincidently, Lin28a expression in the DG decreased

with aging. We found that LIN28A regulated the prolifera-

tion of NPCs and the development of new neurons. Espe-

cially, Lin28a KO reduced neurogenesis and inhibited the

development of new DGCs, mimicking the effects of

reduced Wnt/b-catenin activity (Jang et al., 2013; Miranda

et al., 2012; Okamoto et al., 2011; Seib et al., 2013), whereas

Lin28a OE increased the proliferation of NPCs and pro-

moted the development of newborn DGCs, consistent

with the increased neurogenesis by enhanced Wnt/b-cate-

nin activity (Heppt et al., 2020; Lie et al., 2005). Impor-

tantly, Lin28a KO in NPCs blocked the enhanced neuro-

genesis by WNT3A, suggesting that LIN28A is essential

for NPCs to respond to local Wnt agonists. On the other

hand, blocking Wnt signaling decreased neurogenesis,

which could be rescued by Lin28a OE in NPCs. Con-

sistently, in aging animals, Lin28a OE in the remain-

ing NPCs could at least partially restore hippocampal

neurogenesis.

Furthermore, we found that enhancing Wnt/b-catenin

signaling increased Lin28a expression both in vivo and

in vitro. Using a ChIP assay, we found that endogenous

b-catenin could bind to specific regions upstream of the

Lin28a gene in neurons, in agreement with previous

studies (Cai et al., 2013; Yao et al., 2016).

These data suggest that Lin28a expression is directly

regulated by Wnt/b-catenin signaling and that LIN28A

serves as a downstream mechanism underlying the regula-

tion of neurogenesis by nicheWnt signals. Thus, in the ag-

ing brain, with reducedWnt signaling activity (Heppt et al.,

2020; Seib et al., 2013), decreased LIN28A may contribute

to the declining neurogenesis.

Adult hippocampal neurogenesis is important for hippo-

campus-dependent cognitions, such as pattern separation

(Nakashiba et al., 2012; Sahay et al., 2011a). Lin28a KO re-

sulted in decreased neurogenesis, associated with impaired

pattern separation, decreasedNLR, and heightened anxiety

levels, recapitulating the phenotypes in the aging mice.

Lin28a OE in NPCs increased neurogenesis in both young

and aging mice, depending on the remaining pool of

NPCs, thus enhancing their pattern separation. In these

animals, we did not observe significant change in the anx-

iety level, possibly because the diffusion of the injected vi-

rus was limited in the dorsal DG (Gu et al., 2012), while

leaving the ventral DG unaffected, which is more related

to anxiety regulation (Kheirbek et al., 2013). In addition,

mounting evidence has shown that Wnt signaling

modulates synaptic plasticity and regulates formation of

dendritic spines in neurons (McLeod and Salinas, 2018;

Narvaes and Furini, 2022), which are crucial for memory
formation and storage. Our previous study has demon-

strated that Lin28a KO decreased the long-term potentia-

tion (LTP) in mature DGCs and impaired spatial memory

(Hu et al., 2021). These clues suggest that the reduced

LIN28A in neurons may also contribute to the cognitive

decline in aging mice in addition to decreasing hippocam-

pal neurogenesis.

Taken together, our study revealed that LIN28A regulates

neurogenesis in response toWnt signaling in the adult hip-

pocampus, suggesting that the reduced LIN28A acts as one

important link between the changes in nicheWnt ligands/

antagonists and the decreased neurogenesis in the aging

brain, and is associated with impaired cognition. As other

target genes of Wnt/b-catenin signaling through LEF/TCF,

such as Neurod1 and Prox1, have also been shown to regu-

late neurogenesis (Gao et al., 2009; Kuwabara et al., 2009;

Lavado et al., 2010; Lie et al., 2005; Miranda et al., 2012),

further studies will be needed to understand possible inter-

actions between these molecules.
EXPERIMENTAL PROCEDURES

Animals
All procedures were approved by the Animal Care and Use Com-

mittees at Zhejiang University School of Medicine and were con-

ducted in accordance with the policies of institutional guidelines

on the care and use of laboratory animals. All mice were main-

tained at a 12 h light/dark cycle and group housed (3–4 per cage)

with free access to normal food and water.

Lin28af/f mice (stock no. 023913), Nestin-Cre mice (stock no.

003771), Nestin-CreERT2 mice (stock no. 016261), and Ai14 re-

porter line (stock no. 007914) were from Jackson Labs, and Nes-

tin-GFP mice (stock no. RBRC06355) were from RIKEN.
TAM administration
TAM (Sigma, T5648) was dissolved in vegetable oil containing

0.1% absolute ethanol to a concentration of 100mg/mL. To knock

out Lin28a from Nestin+ NPCs in Nestin-CreERT2::Lin28af/f mice or

Nestin-CreERT2::Lin28af/f::Ai14 mice, TAM was administered intra-

peritoneally (i.p.) at a dose of 160 mg/kg every 3 days for 5 times.
Plasmid construction and virus production
The coding sequences (CDSs) of genes were synthesized and subcl-

oned into retroviral or lentiviral plasmid vectors. Plasmids were

then co-transfected to 293T cells with helper plasmids for retro-

virus or lentivirus using Lipofectamine 2000 (Invitrogen). Culture

mediumwas collected, and virus was purified and concentrated by

ultracentrifugation.
Virus injection
Stereotactic viral injectionswere performed in accordancewith the

Guidelines by Zhejiang University Animal Care and Use Com-

mittees. As previously described (Gu et al., 2012), mice were

anesthetized using isoflurane, and viral particles were injected
Stem Cell Reports j Vol. 17 j 1666–1682 j July 12, 2022 1679



stereotaxically into the DG. Mice were returned to their home ca-

ges after waking up and then housed under standard conditions.

Immunostaining, confocal imaging, and image

analysis
As previously described (Gu et al., 2012), mice were deeply anes-

thetized and perfused transcardially with PBS and then 4% PFA.

Brains were removed, fixed overnight in PFA, and then transferred

to a 30% (w/v) sucrose solution and stored at 4�C. Brains were

sectioned, stained, and imaged. Images were then analyzed using

Image J or Imaris (see supplemental experimental procedures for

details).

RNAscope in situ hybridization
In situ hybridization was performed using RNAscope multiplex

fluorescent reagent kit (Advanced Cell Diagnostics) according to

manufacturer’s instructions. Sections were then imaged, and im-

ages were analyzed using ImageJ.

Whole-cell electrophysiological recordings
Acute brain sections were made 3 weeks after retroviral injection,

and electrophysiological recordings were performed at 32�C–
34�C, as previously described (Gu et al., 2012). Briefly, mice were

deeply anesthetized with isoflurane, brain was removed, and acute

brain sliceswere prepared.GFP-labeledneuronswere identified un-

der fluorescent microscope, and whole-cell patch-clamp record-

ings were performed. mEPSCs were recorded in the presence of

tetrodotoxin (1 mM) andpicrotoxin (100 mM) at a holding potential

of -70 mV. Miniature events were automatically detected and then

analyzed using Clampfit software.

Behavior procedures for CFC and pattern-separation

tests
Mice were placed in a conditioning chamber containing a stainless-

steel shock-grid floor (context A) for 2 min and then received a sin-

gle foot shock (0.75 mA, 2 s duration). Mice were taken out of the

chamber 1 min after the foot shock and placed back into their

home cages. After training, mice were housed under standard con-

ditions until the test. The freezing of themice was tested in context

A on the following day. The animals were continuously trained in

context A with foot shock and context B without foot shock for

another 11 consecutive days for the pattern-separation tests.

Statistical analysis
Data were analyzed using GraphPad Prism 8.0 software. Statistical

analysis was carried out using two-tailed unpaired t tests unless

otherwise indicated. For analyzing cell-cluster size, two-tailed un-

paired t tests were performed for the average clonal size, following

Kolmogorov-Smirnov tests for the cumulative distributions. For

the statistical analysis of the animals’ freezing in the pattern-sepa-

ration tests, paired t tests were used to analyze the difference of the

animals’ freezing in contexts A and B in the same session. Data

were presented using box-and-whisker plots or scatter plots. For

box-and-whisker plots, whiskers represent the minimum and

maximum, the boxes represent the upper and lower quartiles,

the line in the middle represents the median, and the ‘‘+’’ repre-
1680 Stem Cell Reports j Vol. 17 j 1666–1682 j July 12, 2022
sents the mean. For the scatter plots, data are presented as the

mean ± SEM. Statistical significance was considered when p < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2022.05.016.
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