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Abstract

Neurogenesis in the adult hippocampus declines with age, a
process that has been implicated in cognitive and emotional
impairments. However, the mechanisms underlying this decline
have remained elusive. Here, we show that the age-dependent
downregulation of lamin B1, one of the nuclear lamins in adult
neural stem/progenitor cells (ANSPCs), underlies age-related alter-
ations in adult hippocampal neurogenesis. Our results indicate
that higher levels of lamin B1 in ANSPCs safeguard against prema-
ture differentiation and regulate the maintenance of ANSPCs.
However, the level of lamin B1 in ANSPCs declines during aging.
Precocious loss of lamin B1 in ANSPCs transiently promotes neuro-
genesis but eventually depletes it. Furthermore, the reduction of
lamin B1 in ANSPCs recapitulates age-related anxiety-like behavior
in mice. Our results indicate that the decline in lamin B1 underlies
stem cell aging and impacts the homeostasis of adult neurogenesis
and mood regulation.
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Introduction

The continuous generation of new neurons in the dentate gyrus
(DG) of the hippocampus provides structural and functional plastic-
ity in the adult brain (Goncalves, Schafer et al, 2016; Anacker &
Hen, 2017). Radial glia-like adult neural stem cells (RGL-ANSCs,
also referred to as type-1 cells) have the capability to be activated
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and to give rise to dentate granule cells (DGCs) via the amplification
of proliferating adult neural progenitor cells (ANPCs, also referred
to as intermediate progenitor cells or type-2a cells) and neuroblasts
throughout life in most mammals (Ming & Song, 2005). Studies have
proposed that impaired neurogenesis underlies the pathophysiology
of some cognitive and emotional disorders (Cameron & McKay,
1998; Deng, Aimone et al, 2010; Anacker & Hen, 2017; Toda, Pary-
lak et al, 2018); therefore, maintaining neurogenesis is vital to retain
healthy brain function throughout life.

Aging is one of the most critical predictors of dementia and
neurodegenerative disease, as well as a strong contributing factor to
the reduction in adult hippocampal neurogenesis in healthy individ-
uals. Based on the functional importance of adult-born neurons
(Saxe, Battaglia et al, 2006; Clelland, Choi et al, 2009; Deng, Saxe
et al, 2009; Sahay, Scobie et al, 2011; Nakashiba, Cushman et al,
2012; Akers, Martinez-Canabal et al, 2014; McAvoy, Scobie et al,
2016), age-dependent reductions in neurogenesis may underlie age-
related mood dysregulation and cognitive decline (Campbell,
Marriott et al, 2004; van Praag, Shubert et al, 2005; Surget, Saxe
et al, 2008; Villeda, Luo et al, 2011; Lehmann, Brachman et al,
2013; Smith, He et al, 2015). Supposedly, one of the key mecha-
nisms underlying this reduction in neurogenesis is somatic stem cell
aging. Somatic stem cells replenish new cells and contribute to
tissue homeostasis and plasticity in adult tissues (Kubben & Misteli,
2017). As somatic stem cells age, their capacity to generate new
neurons deteriorates (Seki & Arai, 1995; Kuhn, Dickinson-Anson
et al, 1996; Ben Abdallah, Slomianka et al, 2010; Lugert, Basak et al,
2010; Encinas, Michurina et al, 2011; Kuipers, Schroeder et al,
2015). This age-dependent reduction in neurogenesis can be
observed as early as 5 months of age in mice (Ben Abdallah et al,
2010; Encinas et al, 2011), but the mechanisms underlying this
phenomenon have remained elusive.

Nuclear lamins play a pivotal role in cellular aging and comprise
two major types: A-type (lamins A and C) and B-type (lamins Bl
and B2). Lamins are nuclear intermediate filaments and are the
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main components of the nuclear laminas at the nuclear periphery,
which anchor heterochromatin and are believed to contribute to
stable gene repression in a cell type-specific manner (Peric-Hupkes
& van Steensel, 2010; Butin-Israeli, Adam et al, 2012; Zuela, Bar
et al, 2012). Mutations in LMNA cause several genetic diseases,
including a premature aging disease known as Hutchinson-Gilford
Progeria syndrome (HGPS) (Butin-Israeli et al, 2012). However,
most of the diseases that involve A-type lamins affect peripheral
tissues, not the brain. Conversely, many tissues remain normal in
Lmnb1 knockout mice despite B-type lamins having a broad expres-
sion pattern (Coffinier, Jung et al, 2011; Kim, Sharov et al, 2011). In
addition, B-type lamins are not essential to the maintenance of
either embryonic stem cells or keratinocytes (Kim et al, 2011; Yang,
Chang et al, 2011). On the other hand, knockout of Lmnb1 in mice
causes severe developmental defects in the central nervous system
(Coffinier et al, 2011; Mahajani, Giacomini et al, 2017), suggesting
brain-specific roles for lamin B1 in development. Depletion of lamin
B1 has also been implicated in cellular senescence (Sadaie, Salama
et al, 2013; Chen, Zheng et al, 2014), and lamins contribute to asym-
metric segregation of damaged proteins to likely prevent stem cell
aging (Moore, Pilz et al, 2015). Coincidently, when we looked for
nuclear structural proteins contributing to the maintenance of
neural stem cells in our previous studies (Bracko, Singer et al, 2012;
Toda, Hsu et al, 2017), we found that Lmnbl was highly expressed
in adult neural stem/progenitor cells (ANSPCs) in rodents, implying
that lamin B1 might play specific roles in the homeostasis of
ANSPCs and adult hippocampal neurogenesis. However, due to the
perinatal lethality and severe developmental deficits in the embry-
onic nervous system of Lmnbl knockout mice, the roles for lamin
B1 in the adult brain remain largely elusive.

Here, we investigated the role of lamin B1 in the maintenance of
adult hippocampal neurogenesis during aging. We first character-
ized the expression pattern of lamin B1 in the dentate gyrus (DG) of
the hippocampus, observing that lamin B1 is highly expressed in
ANSPCs but its expression levels decline with age as early as
5 months, coinciding with the timing of reduced adult neurogenesis.
To address the consequence of declining lamin B1, we generated a
mouse line with conditional knockout of Lmnb1 from ANSPCs that
revealed critical roles in the maintenance of neurogenesis and adult-
born neurons. Strikingly, we found that a precocious depletion of
lamin B1 in ANSPCs recapitulated age-related anxiety-like behavior.
We investigated the roles of lamin Bl in the maintenance of adult
hippocampal neurogenesis. Taken together, our data provide new
insights into how nuclear lamins regulate the homeostasis of adult

Figure 1. Enrichment of lamin B1 in ANSPCs.
A Enrichment of lamin B1 in the SGZ of DG.
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hippocampal neurogenesis and identify lamin B1 as a key target in
neural stem cell aging.

Results
Lamin B1 is highly expressed in ANSPCs

Our previous transcriptomic analysis indicated that Lmnb1 is highly
expressed in ANSPCs and immature neurons (Bracko et al, 2012;
Toda et al, 2017). To address the function of lamin Bl in adult
hippocampal neurogenesis, we first explored the expression pattern
of lamin B1 protein using immunohistochemistry. We found a
strong enrichment of lamin B1 signal in the subgranular zone (SGZ)
of the DG where ANSPCs reside (Fig 1A). When we refer to
combined population ANPCs and ANSCs, we use the term ANSPCs,
in accordance with existing literature. However, where possible we
have sought to segregate cells into RGL-ANSCs and ANPCs using
additional features. At higher magnification, we observed that lamin
B1 was highly expressed in SGZ cells positive for Sox2, a marker for
ANSPCs, or polysialylated-neural cell adhesion molecule (PSA-
NCAM), a marker for adult-born immature neurons (Fig 1B). In
contrast, lamin B1 was not highly expressed in dentate granule cells
(DGCs, Prox1-positive cells) in the granular layers of the hippocam-
pus (Fig 1A and B). The level of lamin B1 between RGL-ANSCs and
ANPCs was also compared using pNestin-GFP transgenic mice
(Yamaguchi, Saito et al, 2000), and we found that the intermediate
ANPCs exhibited greater laminB1 expression than RGL-ANSCs
(Fig 1C, see also Fig 2F). These data suggest that levels of lamin B1
are neural cell type-dependent and can be dramatically reorganized
during the process of adult neurogenesis (Fig 1D). To further char-
acterize cell type-dependent lamin B1 levels, we compared the
expression levels of lamin B1 among different neural cell types
using neural progenitor cells (NPCs) derived from the adult
hippocampus in vitro (Ray & Gage, 2006). Over the course of neural
differentiation, both lamin Bl immunoreactivity and transcripts
were significantly decreased (Fig 1E and F). When lamin Bl levels
were compared at the single-cell level in various neural cell types
using three-dimensional confocal microscopy of immunocytochem-
istry with cell type-specific markers (Sox2 for NPCs, Tujl for
neurons, S100f for astrocytes, and MBP for oligodendrocytes), we
found that lamin B1 levels varied not only with neuronal differentia-
tion but among different neural cell types. Among the tested neural
cell types, the level of lamin B1 was highest in NPCs and lowest in

B Immunohistochemical analyses of lamin B1-high cells. The lamin B1-high cells express Sox2 or PSA-NCAM, but not Prox1. Arrowheads indicate Prox1-negative lamin

B1-high cells in the SGZ.
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sample t-test (n = 4).

Immunohistochemical analyses of lamin B1 in pNestin-GFP mice. An open arrowhead indicates RGL-ANSC, and a closed arrowhead indicates a non-RGL(NR)-NPC.

A schema for the changes in lamin B1 levels during adult hippocampal neurogenesis.

Immunocytochemistry of lamin B1 in NPCs and Tuj1+ differentiating neurons 4 days after the induction of differentiation.

Relative expression of Lmnb1 and Tubb3 revealed by gRT-PCR from NPCs and differentiating neurons at the indicated days. ***P < 0.001, **P < 0.01, *P < 0.05, one-

G Quantification of signal intensity of lamin B1 immunoreactivity in different neural cell types. F3g, = 1731, P = 1.2 e3* n = 12-30 cells per cell type, one-way ANOVA

followed by Tukey—Kramer test (**P < 0.01).

Data information: A.U. = Arbitrary units. Bar graphs show mean + SEM. Scale bars, 75 um in (A), 25 um in (B lower, C), 10 um in (B upper, E).
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astrocytes in vitro (Signal intensity: Sox2+, 26.8 + 0.89, Tujl+;
15.4 + 0.8; S100p+, 6.6 + 0.41, MBP+, 8.1 4+ 0.66, P = 1.2,
one-way ANOVA; Fig 1G). Taken together, these data suggest that
the levels of lamin B1 are tightly controlled depending on neural
cell type.

Age-dependent reduction of lamin B1 in ANSPCs

Deterioration of A-type nuclear lamins causes physiological cellular
aging in peripheral organs and tissues, as well as premature aging
diseases such as HGPS (Scaffidi & Misteli, 2006; Scaffidi & Misteli,
2008; Butin-Israeli et al, 2012). Neither a mouse model of HGPS nor
human patients have shown clear age-related neurological pheno-
types (Baek, Schmidt et al, 2015; Ullrich & Gordon, 2015), presum-
ably due to the lack of lamin A expression in neural cells (Jung,
Coffinier et al, 2012). Whether lamins are implicated in brain aging
has thus remained unknown. We therefore investigated whether
lamin B1 levels change in the context of adult hippocampal neuroge-
nesis over the course of brain aging. We conducted immunohisto-
chemical analyses of the mouse DG between 2 and 12 months of
age. We quantified laminB1 signals using Sox2, a marker of both
ANSCs and ANPCs. Compared to 2-month levels, lamin Bl
immunofluorescence levels in the SGZ were markedly reduced as
early as 5.5 months of age, despite the fact that Sox2-positive
ANSPCs still existed in the SGZ (Fig 2A). We quantified immunoflu-
orescent signals of lamin B1 in ANSPCs (Sox2-positive, PSA-NCAM-
negative cells in the SGZ), immature neurons (PSA-NCAM-positive,
Sox2 negative cells), and DGCs (in the outer granular layer). Lamin
Bl levels were reduced in ANSPCs as early as 5.5 months of age
(Signal intensity, arbitrary unit; 2M, 38.4 £+ 2.2; 5.5M, 16.1 + 1.8;
12M, 7.5 &+ 1.2; P = 1.02°"'°, ANOVA; Fig 2B), whereas lamin Bl
levels in immature neurons were not significantly changed with age
(Signal intensity, arbitrary unit; 2M, 69.5 £+ 3.7; 5.5M, 70.3 + 6.1;
12M, 55.0 + 4.0; P =0.09, ANOVA; Fig 2C). Lamin Bl levels
declined only at the 12-month time point in DGCs (Signal intensity,
arbitrary unit; 2M, 19.6 + 0.66; 5.5M, 17.3 £+ 0.89; 12M,
10.2 & 0.47; P = 0.09, ANOVA P = 6.4°"'5, ANOVA; Fig 2D). Since
Sox2-positive ANSPCs are primarily affected by aging (Fig 2A-D),
we examined whether the effect of aging on the levels of lamin Bl
was different between RGL-ANSCs and ANPCs. We found that both
exhibited reduced levels of lamin Bl from 2 to 5.5 months of age
(Fig 2E and F; RGL-ANSCs 2M; 35.8 + 3.4, 5.5M, 26.6 + 1.8;
ANPCs 2M, 75.9 + 4.4; 5.5M, 33.9 4+ 2.9; *P < 0.05, ***P < 0.001,
t-test), indicating that aging might affect both RGL-ANSCs and
ANPCs through lamin Bl reduction (Fig 2E and F). The early

Figure 2. Age-dependent reduction in lamin B1 in ANSPCs.
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reduction in lamin B1 in ANSPCs is temporally correlated with early
age-dependent reductions in adult hippocampal neurogenesis (Ben
Abdallah et al, 2010; Encinas et al, 2011). Therefore, we hypothe-
sized that high levels of lamin B1 in ANSPCs are essential for the
maintenance of adult hippocampal neurogenesis and that the age-
dependent decline in lamin Bl contributes to age-related loss of
neurogenic capability in the hippocampus (Fig 2G).

Precocious reduction of lamin B1 in ANSPCs induces age-related
anxiety-like behavior

To determine the effect of reduced lamin Bl in the adult brain,
we designed a genetic system to conditionally knock out Lmnbl
in ANSPCs to avoid the perinatal lethality associated with consti-
tutive Lmnbl knockout (Coffinier et al, 2011). Mice carrying a
nestin promoter-driven tamoxifen-inducible Cre-ERT2
protein (pNes-ERT2-Cre) were crossed to mice carrying a condi-
tional Lmnbl allele (Yang et al, 2011) (Fig EV1A) and a Cre-
dependent yellow fluorescent reporter allele (R26%%). In this
system, tamoxifen (TAM) treatment triggers Lmnbl knockout
selectively in nestin-expressing ANSPCs, and both the mutant
ANSPCs and their progeny can be visualized via expression of
yellow fluorescent protein (EYFP) (Madisen, Zwingman et al,
2010). Ten days after the infusion of TAM, we observed induction
of EYFP in the SGZ and reduction in lamin B1 immunoreactivity
within EYFP+ cells compared to non-EYFP+ cells (Fig EV1B-D).
We quantified the fraction of laminB1 deficiency in EYFP+ cells as
either complete loss or more than 30% immunofluorescent signal
reduction (Fig EVIC-E). Although laminB1 deficiency was
observed 10 days after TAM induction, the fraction of lamin B1-
deficient cells in RGL-ANSCs and ANPCs was not further
increased 3 weeks after TAM induction (fraction of lamin Bl-defi-
cient cells after 10 days, 29.7% in RGL-ANSCs, 42.5% in ANPCs,
and 35.5% in neuroblasts; fraction of lamin Bl-deficient cells after
3 weeks, 17.2% in RGL-ANSCs, 20.3% in ANPCs, and 51.2% in
neuroblasts). Using Ki67, a proliferating cell marker, we then
examined whether proliferating cells preferentially lost or reduced
lamin B1 (Fig EV1F and G). We observed loss of lamin Bl in
Ki67+ non-RGL-ANSCs cells (10 days, Ki67+ laminB1-deficient
cells, 17.9%, 3 weeks Ki67+ laminBl-deficient cells, 9.9%).
However, we rarely observed lamin B1 deficiency in Ki67+ RGL-
ANSCs (10 days, Ki67+ laminB1-deficient cells, 0%; 3 weeks
Ki67+ laminB1-deficient cells, 2.4%). These observations imply
that depletion of lamin B1 proteins requires cellular proliferation
after the activation of RGL-ANSCs.

fusion

A Age-dependent reduction of lamin B1 in the SGZ. As early as 5.5 months of age, the levels of lamin B1 in the SGZ were markedly reduced. Insets show higher

magnification images in the SGZ.

B-D Quantification of lamin B1 levels using immunofluorescent signals. Lamin B1 levels in Sox2-positive, PSA-NCAM-negative-ANSPCs were selectively downregulated
at 5.5 months of age (ANPCs, P = 1.02129e-19; Neuroblasts, P = 0.09, DGCs, P = 6.4011°">, ANOVA). **P < 0.001, ANOVA followed by Tukey—Kramer test. (3 animals,

30 cells per conditions)

E Age-dependent reduction of lamin B1 in RGL-ANSCs (upper) and NR-ANPC (lower) from 2 to 5.5 months of age. Arrowheads indicate RGL-ANSCs or NR-ANPCs.
F Quantification of lamin B1 levels in RGL-ANSCs and ANPCs. *P < 0.05, ***P < 0.001, (4 animals, 18-32 cells per conditions, Mann-Whitney test).
G A hypothetical model. Aging induces the reduction of lamin B1 in ANSPCs, which underlies stem cell aging.

Data information: Scale bars, 100 pm in (A), 10 um in (E). Bar graphs show mean + SEM. A.U. = Arbitrary units.
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Using this lamin Bl conditional knockout mouse model, we
examined if a precocious reduction in lamin B1 from ANSPCs reca-
pitulated brain aging at the behavioral level (Fig 3A). Since it takes
3 weeks to reduce lamin Bl proteins in 51% of neuroblasts
(Fig EV1E), and adult-born neurons take 6-7 weeks to fully mature
after their production, we waited for two and a half months after
the infusion of TAM to compare locomotor and anxiety-like
behavior among young control (Lmnbl1*/*:pNes-ERT2-Cre:R26%,
Cont-4M; 4.5- to 5.5-month-old), young Lmnbl-cKO (Lmnb1¥/%:
pNes-ERT2-Cre:R26%!, cKO-4M; 4.5- to 5.5-month-old), and old
control (Lmnb1™/":pNes-ERT2-Cre:R26™, Cont-11M; 11.5- to 12.5-
month-old) mice using the open-field test (OF) (Seibenhener &
Wooten, 2015). We did not observe significant differences in total
ambulatory  distance (Cont-4M 2,133 + 143 cm, Cont-11M
1,856 + 184 cm, cKO-4M 1,717 + 94 cm, P =0.13, ANOVA) or
average velocity (Cont-4M 7.01 + 0.13 cm/s, Cont-11M
7.81 + 0.30 cm/s, cKO-4M 7.35 + 0.39 cm/sec, P = 0.22, ANOVA)
among the three groups, but rearing counts were reduced in Cont-
11M mice (Cont-4M 175.6 £ 26.8, Cont-11M 46.6 & 21.2, cKO-4M
147.5 £+ 36.9, P =0.032, ANOVA, Fig EV2A), presumably due to
their age. In general, a precocious depletion of lamin B1 in ANSPCs
did not affect locomotor ability (Fig 3C and D). We then investi-
gated anxiety-like behaviors based on thigmotaxis, a preference for
staying in the periphery of the arena (Simon, Dupuis et al, 1994;
David, Samuels et al, 2009; Seibenhener & Wooten, 2015).
Compared to young Cont-4M mice, old Cont-11M mice showed an
increased preference for staying close to the wall of the arena
(Fig 3B). Quantitative analyses revealed that Cont-11M mice rested
in and spent a longer time in the periphery of the arena than in the
center of the arena, indicating an age-dependent increase in anxiety
(Figs 3B, E and F, and EV2C-E), which is consistent with a previous
report (Shoji, Takao et al, 2016). Intriguingly, cKO-4M mice also
spent more time in the periphery of the arena than age-matched
controls (Fig 3B and E, fraction of time in periphery, Cont-4M
0.35 + 0.046, Cont-11M 0.60 + 0.049, cKO-4M 0.62 + 0.043,
P =0.00044, ANOVA; Fig 3F, fraction of distance in periphery,
Cont-4M  0.43 4+ 0.012, Cont-11M 0.49 + 0.018, cKO-4M
0.52 + 0.026, P =0.0013, ANOVA; Fig EV2C, total resting time,
Cont-4M 3.58 + 0.30 min, Cont-11M 4.76 + 0.42 min, cKO-4M
4.68 £ 0.23 min, P = 0.019; Fig EV2D, resting time in periphery,
Cont-4M 1.38 4+ 0.25 min, Cont-11M 3.12 + 0.35 min, cKO-4M
3.29 + 0.34 min, P = 0.0023, ANOVA; P = 0.0057, Kruskal-Wallis
test). The cKO-4M mice did not differ from Cont-11M mice in their

Tracy A Bedrosian et al.

preference for the periphery, supporting the idea that a precocious
reduction in lamin B1 from ANSPCs triggers age-related anxiety-like
behavior. The mean duration of stereotypic behavior, which is asso-
ciated with aging, was also increased in cKO-4M mice, similar to
Cont-11M mice (Fig EV2B, mean stereotypic time, Cont-4M
1.7 £ 0.015 s, Cont-11M 1.8 £ 0.025 s, cKO-4M 1.77 + 0.0056 s,
P =0.0035, ANOVA). To assess behavioral changes in an unbiased
way, we conducted a principal components analysis (PCA) of the
OF data with 16 recorded parameters (ex. resting time, distance
travelled, velocity, etc.). Cont-11M mice were clustered differently
from Cont-4M mice, indicating that PCA analyses could segregate
the two populations (Fig 3G). cKO-4M mice clustered together with
old Cont-11M mice (Fig 3G). Thus, accounting for all behavioral
changes in the OF, young cKO-4M mice shared similar behavioral
traits with old Cont-11M mice, supporting our hypothesis that the
reduction in lamin Bl in ANSPCs underlies brain aging at least to
some extent. Note that neither spontaneous alternation ratios in the
Y-maze test nor novel object discrimination performance were
affected (Fig EV2F, Y-maze % alternation, Cont-4M 56.9 + 4.8%,
Cont-11M 57.4 + 9.8%, cKO-4M 60.1 £+ 4.9%, P = 0.89, ANOVA;
Fig EV2G, novel object preference, Cont-4M 0.66 + 0.053,
Cont-11M 0.60 + 0.075, cKO-4M 0.66 + 0.036, P = 0.45, ANOVA),
suggesting that working memory to recognize new areas/objects
was not significantly affected by aging or by the reduction in
lamin B1.

To verify our observations in the OF, we performed the novelty-
suppressed feeding test (NSF) as an additional measure of anxiety-
like behavior. A food pellet was placed in the center of a brightly lit
arena, thus requiring mice to venture into an aversive environment
to feed. Less time spent feeding and less food consumption are
considered indicators of higher anxiety in this model (Samuels &
Hen, 2011). Mice were fasted for 24 h prior to testing to provide
increased incentive to eat, and this deprivation period similarly
reduced the body weight of mice in all groups (% body weight,
Cont-4M  91.6 + 0.68%, Cont-11M 91.4 + 2.0%, cKO-4M
91.3 £ 1.1%, P =0.93, ANOVA; Fig EV2H). Old Cont-11M mice
showed longer latency to feed, suggesting age-related anxiety,
whereas cKO-4M mice showed a trend of increased latency
compared to Cont-4M mice but not significantly different (Fig EV2I,
latency to feeding, Cont-4M 161.8 +22.2's, Cont-11M
322.3 + 57.7 s, cKO-4M 281.7 + 55.0 s, P = 0.036, Kruskal-Wallis
test). However, Cont-11M and cKO-4M mice spent less total time
feeding than Cont-4M mice (Fig 3H, Total feeding time, Cont-4M

Figure 3. Precocious reduction of lamin B1 in ANSPCs induces anxiety-like behaviors.

A Schematic of TAM treatment and behavioral tests.

B-F Open-field (OF) test. (B) Color-coded distribution of the exploratory path in the open-field test. X-Y axes of squares correspond to the OF arena. Old WT mice and
Lmnb1-cKO mice spend more time in the periphery of the OF arena. (C) Total distance travelled during the OF test. No significant difference among groups.
F>2s = 2.23, P = 0.13, ANOVA. (D) Velocity of travel during the OF test. F,,5 = 1.60, P = 0.22, ANOVA. N.S. (not significant). (E) Fraction of time spent in the periphery.
F5, 25 = 10.71, P = 0.00044, ANOVA followed by Tukey—Kramer, **P < 0.01. (F) Fraction of travelled distance in the periphery, F> »s = 3.84, P = 0.035, ANOVA
followed by Tukey—Kramer, *P < 0.05 (n: WT = 10, WT-old = 7, Lmnb1-cKO = 11 for the OF test).

G Principal components analysis of behavior from the OF test (n: WT = 10, WT-old = 7, Lmnb1-cKO = 11 for the OF test). Circles indicate 66% confidence levels for

each group.

H-J Novelty-suppressed feeding. (H) Total feeding time during the NSF test, P = 0.0068, Kruskal-Wallis test followed by Dunn’s test. **P < 0.01. (n: WT = 6, WT-old = 7,
Lmnb1-cKO = 6 for novelty-suppressed feeding). (I) Food consumption during the NSF test, P = 0.014, Kruskal-Wallis test followed by Dunn’s test. *P < 0.05. (J)

Total number of feeding instances during NSF test. N.S. (not significant).

Data information: Bar graphs show mean + SEM.
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129.7 + 4.2 s, Cont-11M 63.6 & 14.4 s, cKO-4M 55.2 + 15.7 s, instance of feeding, Cont-4M 5.5 + 0.43, Cont-11M 3.6 £ 0.90,

P =0.0068, Kruskal-Wallis test). In addition, cKO-4M mice ate
significantly less than Cont-4M mice during the test (Fig 3I, Food
consumption, Cont-4M 0.16 £+ 0.030 g, Cont-11M 0.11 + 0.007 g,
cKO-4M 0.03 + 0.019 g, P =0.014, Kruskal-Wallis test). Total
instances of feeding were not significantly different (Fig 3J, total

© 2020 The Authors

cKO-4M 4.7 + 1.2, P = 0.32, ANOVA). Combined the reduction in
time spent feeding and food consumption in cKO-4M compared to
Cont-4M mice supports the idea that cKO-4M mice exhibited height-
ened anxiety and that a reduction in lamin B1 in ANSPCs induced
anxiety-like behavior as in old mice.
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Precocious lamin B1 reduction induces neuronal differentiation
in the short term

We hypothesized that the precocious depletion of lamin Bl
promotes age-dependent reductions in adult hippocampal neurogen-
esis and results in the induction of the age-related anxiety-like
behavior we observed in young mice (Fig 3). To further address this
idea, we investigated how knockout of lamin B1 in ANSPCs affects
the process of adult hippocampal neurogenesis in vivo.

We examined the process of adult hippocampal neurogenesis
using immunohistochemical approaches 3 weeks or 2 months after
the infusion of TAM, time points corresponding to when lamin Bl
proteins were depleted or immediately prior to the time point where
we started to perform behavioral assessments (Fig 4A). We investi-
gated the density of different cellular populations in the process of
adult hippocampal neurogenesis among EYFP+ cells with morpho-
logical features and cell type marker (Fig 4B and C). We found that
the density of RGL-ANSCs (Sox2-positive, doublecortin (DCX)-nega-
tive, with a radial fiber) was not altered 3 weeks after TAM infusion
(Cont 6244.8 + 867.1 cells/mm?, cKO 6919.5 £ 1,026.2 cells/mm?,
P = 0.65, t-test; Fig 4D). Two months after TAM infusion, there was
still no significant reduction in the density of RGL-ANSCs (Cont
8171.5 + 1,126.1 cells/mm>, cKO 5484 + 1,732.5 cells/mm?,
P =0.29, t-test; Fig 4G). However, the densities of ANPCs/prolifer-
ating neural progenitors (Sox2-positive, DCX-negative cells without
a radial fiber) were significantly decreased in cKO mice after
3 weeks (Cont 8524.4 + 423.3 cells/mm>, cKO 4376.9 + 761.7
cellsymm®, P = 0.0037, t-test; Fig 4E) and were further reduced
after 2 months (Cont 7364.2 +1,611.8 cells/mm®, cKO
1,478.1 + 397.9 cells/rnrnS, P =0.0092, t-test; Fig 4H). We then
analyzed the density of neuroblasts/adult-born immature neurons
(Sox2-negative, DCX-positive cells) and found that neuroblasts/im-
mature neurons were markedly increased in cKO mice 3 weeks after
TAM infusion (Cont 14,255.0 &+ 1242.3 cells/mms, cKO
34636.7 + 6297.5 cellsymm?®, P = 0.014, t-test; Fig 4F). However,
this increase in immature neurons was already attenuated 2 months
after TAM infusion and some samples showed reduced numbers of
immature neurons (Cont 13,322.3 4+ 1,586.1 cells/rnms, cKO
11,891.2 =+ 3,633.9 cells/ymm?, P = 0.76, t-test; Fig 4I), suggesting

Tracy A Bedrosian et al.

that the production of newborn neurons was relatively reduced from
3 weeks after TAM treatment and came back to control levels at that
time. To confirm our observation, after TAM infusion, bromod-
eoxyuridine (BrdU) was injected once a day for 9 days to label
proliferating cells in the DG, and mice were sacrificed 1 day after
the final BrdU injection. Three weeks after TAM infusion,
BrdU+ cells were increased in cKO mice (Cont 7392.8 & 1,690.2
cells/mm?, cKO 1,3078.92 + 2,701.4 cells/mm?, P = 0.021, t-test;
Fig EV3A-C). However, BrdU+ cells were significantly reduced
2 months after TAM infusion (Cont 6183.7 + 348.6 cells/mm?, cKO
3194.1 4 238.9 cells/mm?, P = 0.0007, t-test; Fig EV3D), suggesting
that knockout of lamin B1 transiently increased the production of
new cells but eventually reduced it. We further characterized
Ki67+ proliferating cells for each cell type. Three weeks after TAM
treatment, the densities of Ki67+ RGL-ANSCs and Ki67+ ANPCs
were reduced (RGL-ANSCs, Cont 477.3 + 127.3 cells/mm?, cKO
150.5 + 50.4 cells/mrns, P = 0.029; ANPCs, Cont 3947.5 & 635.6
cells/mm?, cKO 1,822.6 =+ 448.9 cells/mm?, P = 0.034, respectively;
Fig 4J and K), but the density of Ki67+ neuroblasts was increased as
the total number of neuroblasts increased (Cont 1,312.3 4+ 208.1
cells/ymm>, cKO 4,709.4 + 413.1 cells/mm>, P = 0.0003, t-test;
Fig 4L). Two months after the infusion of TAM, the density of Ki67
was reduced in all three populations in cKO mice (RGL-ANSCs, Cont
352.9 + 48.6 cells/mm?, cKO 42.5 + 42.5 cells/mm’; P = 0.0086;
ANPCs, Cont 590.6 £+ 110.1 cells/rmns, cKO 153.5 + 51.0 cells/
mm?, P =0.023; Neuroblast, Cont 755.6 + 110.1 cells/mm?, cKO
153.5 =+ 51.0 cells/mm?, P = 0.025, t-test; Fig 4M-0). These results
support the idea that the precocious reduction in lamin Bl
temporarily promoted the differentiation of ANSPCs into neurob-
lasts/newborn cells, which transiently increased the number of
progeny. However, as a consequence, the size of the ANSPC pool
shrank and the rate of adult neurogenesis started to relatively
decline after this time point.

Since a loss of lamin B1 promotes differentiation from ANSPCs to
neuroblasts, we also tested whether lamin Bl was required for
proliferating ANSCs to return to the quiescent state to maintain the
stem cell pool. To this end, we labeled cells exiting the cell cycle by
BrdU injection after the infusion of TAM and then performed a BrdU
label-retention assay (Fig 4P). There were fewer BrdU-retaining

Figure 4. Lamin B1l-knockout promotes differentiation of ANPCs in the short term.

A Schematic of TAM treatment and collection of brain tissue.

B,C Representative images of Control and cKO with EYFP and DCX staining 3 weeks after TAM treatment. Note that the numbers of DCX-positive cells are increased.

Boxes indicate magnified regions in (C).

D-F Quantification 3 weeks after TAM treatment. Among EYFP-positive cells, the density of RGL-ANSCs is not different (P = 0.65, t-test) (D). The density of ANPCs is
significantly decreased (P = 0.0037, t-test) (E) whereas the density of DCX-positive cells is markedly increased (P = 0.014, t-test) (F). (n = 4 for Control, n = 3 for

cKO). Open arrowheads indicate respective cells.

G-I Quantification two months after the induction of KO (n = 3 for Control, n = 4 for cKO). The density of RGL-ANSCs is not significantly different (P = 0.29, t-test) (G).
The density of ANPCs is significantly decreased. (P = 0.0092, t-test) (H). The density of neuroblasts is not significantly different (P = 0.76, t-test) (I).

J-L  Quantification of proliferating cells 3 weeks after TAM treatment. The density of Ki67+ RGL-ANSCs is significantly decreased (P = 0.027, Mann-Whitney test) (J)
and that of Ki67+ ANPCs is also significantly decreased. (P = 0.034, t-test) (K). The density of Ki67+ neuroblasts is significantly increased (P = 0.0011, t-test) (N)

(n = 4 for Control, n = 4 for cKO) (L).

M-0 Quantification of proliferating cells two months after TAM treatment. The density of Ki67+ RGL-ANSCs is significantly decreased (P = 0.0086, t-test) (M), and
densities of Ki67+ ANPCs and Ki67+ neuroblasts are also significantly decreased. (P = 0.023, P = 0.025, t-test) (n = 3 for Control, n = 3 for cKO) (N, O).

P Declined return to RGL-ANSCs. Left, experimental scheme. Analysis was performed 3 weeks after BrdU injections. Middle, a representative image of BrdU+ GFAP+
RGL-ANSCs. Right, Quantification of BrdU+ GFAP+ RGL-ANSCs (P = 0.019, n = 4 for Control, n = 4 for cKO).

Data information: Data presented as mean £ SEM. Scale bars, 100 um in (B), 25 um in (C, P) and 10 pm in (D, F, H). *P < 0.05, **P < 0.01, ***P < 0.001, t-test.

Source data are available online for this figure.

8 of 21 The EMBO Journal ~ 40: €105819 | 2021

© 2020 The Authors



Tracy A Bedrosian et al. The EMBO Journal

A TAM Sacrifice

Sacrifice

Cont (2-3M old) 3weeks
cKO (2-3M old) ¥ + 2 months

B wT cKO

DCX

Merge

G — —
I S @ @ -m
"1 o E 3 {mme)
2 ] 3 2|
3 3 g g .
- -
E s g 5000 ﬁ 400 E 400
i & ¥ ¥
i i £ s
0 x ] > o
— Cont  cKo o Com cKO L Cont  cKO L Com  cKO
H K — N —
— Wk __ fmm?) - @ | bmmi) " ® v}
§ Tovon g 10000 % B g a
T | 4000 E *
E 5000 E 5000 '?E,a - [E 1000
b
t
= +
= 0 u 0 E ] & v
= cont  eKO - cont  eKO L Cont  cKO @ Cont  cKO
, | L o
_ ffmme) . - ) ‘g (mm3) . E {Amime)
lg 400600 g | soomo g | o - .
8 2 MN.5. 'E g .
o o 4000
3 | 20000 =3 | 20000 ! E 1000
§ : g | :
E| . g |, £, g
E cont  cKO E Con' KO & Cont  cKO é
L L | E ] Cont  cKO
P Sacrifice ? D:n“:] .
TAM g
ErdU x9days + !
YL awees Y £
* & | 1o
£
el oL
& Comi  cKO
(L]

Figure 4.

© 2020 The Authors The EMBO journal 40:€105819]2021 9 of 21



The EMBO Journal

RGL-ANSCs (EYFP+ BrdU+ with a GFAP-positive radial fiber) in
cKO mice than in control mice (Fig 4P; Cont 1,140.1 £ 157.9 cells/
mm?, cKO 595.6 & 69.7 cells/mm>, P =0.019, t-test), indicating
that lamin B1 is essential for the maintenance of RGL-ANSCs and
the reduction of lamin B1 could affect ANSCs’ return to a quiescent
state.

Lamin B1 knockout depletes adult hippocampal neurogenesis in
the long term

Subsequently, we investigated the long-term consequence of preco-
cious lamin B1 depletion in ANSPCs. At 6.5 months after the infu-
sion of TAM (Fig 5A), control mice (Cont-8M, 8.5- to 9.5-month-
old) showed DCX-positive cells and a large number of EYFP-positive
cells in the DG, suggesting that Cont-8M mice still maintained
neurogenic properties in their DG (Fig 5B). However, in cKO mice
(cKO-8M, 8.5- to 9.5-month-old), the number of DCX-positive cells
was substantially reduced to the same levels as old control mice
(Cont-15M, 15.5- to 16.5-month-old; Fig 5B), supporting our
hypothesis that the precocious depletion of lamin Bl impaired the
maintenance of adult hippocampal neurogenesis. We quantified the
density of EYFP-positive RGL-ANSCs and found that RGL-ANSCs
tended to decrease in cKO-8M mice to levels similar to Cont-15M
(Cont-8M 3372.4 + 678.3 cells/mm?®, cKO-8M 1,746.9 + 453.1
cellsymm?®, Cont-15M 1,124.3 4+ 544.1 cells/mm?, P = 0.06,
ANOVA; Figs 5C and D, and EV3E and F) presumably due to the
reduced return of ANSCs to a quiescent state (Fig 4P), supporting
the idea that lamin B1 is essential for the long-term maintenance of
RGL-ANSCs. The densities of EYFP-positive ANPCs (Cont-8M
4458.2 + 938.3 cells/mm>, cKO-8M 1,964.2 + 343.1 cells/mm?,
Cont-15M 292.9 + 241.1 Cells/mms, P = 0.0044, ANOVA) and that
of EYFP+ neuroblasts (Cont-8M 10,473.7 + 558.4 cells/mm?®, cKO-
8M, Cont-15M no EYFP+ neuroblasts were observed, P = 0.0091,
Kruskal-Wallis test) were also markedly decreased in cKO-8M mice
to levels similar to Cont-15M mice (Fig SE and F), indicating that
ANPCs and immature neurons were depleted in cKO-8M mice and
hippocampal neurogenesis was significantly reduced. 5-Ethynyl-2’-
deoxyuridine (EdU)-positive™ cells in the DG were significantly
reduced in cKO-8M mice to levels similar to Cont-15M mice after
9 days of consecutive administration of EdU before sacrifice,
supporting the idea that cumulative generation of new cells was
compromised (Cont-8M 2,685.6 + 474.3 cells/mms, cKO-8M
835.0 + 288.8 cells/mm?®, Cont-15M 330.5 + 162.2 cells/mm?,
P = 8.9e-6, ANOVA; Fig EV3G-I). Consistently, Ki67+ RGL-ANSCs
were also reduced (Cont-8M 176.8 + 22.6 cells/mm?, cKO-8M no

Figure 5. Lamin B1-knockout depletes adult neurogenesis in the long term.

A Schematic of TAM treatment and collection of brain tissue.

Tracy A Bedrosian et al.

Ki67+ RGL-ANSCs were observed, Cont-15M 27.3 + 27.3 cells/
mm®, P=0.006, Kruskal-Wallis test) (Fig5G), but not
Ki67+ ANPCs (Cont-8M 534.0 &+ 175.0 cells/mm®, cKO-8M,
216.3 + 131.9 cells/ymm?, Cont-15M 328.0 + 328 cells/mm?,
P = 0.43, Kruskal-Wallis test) (Fig SH). Of note, in addition to DCX-
positive cells, the density of EYFP+ NeuN+ neurons in the DG,
which reflects the accumulation of surviving neurons after the
administration of TAM, was substantially reduced in cKO-8M mice
(Cont-8M 36011.8 + 6198.4 cells/mm?, cKO-8M 8439.0 + 2,146.9
cellsymm?®, Cont-15M 2,366.5 + 1836.1 cells/mm?, P = 8.9e-6,
ANOVA; Fig 5I), despite the fact that many adult-born neurons were
generated in the earlier phases (Fig 4F). These results demonstrate
that, although lamin B1 levels are downregulated during neuronal
maturation (Fig 1), lamin B1 is likely essential for cellular survival
after neuronal maturation. We therefore examined whether the
knockout of laminB1 altered the survival or maturation of adult-
born neurons. First, we examined the density of EYFP+ NeuN+ cells
2 months after TAM infusion, which is around the time point that
adult-born neurons generated 2 months previously become fully
matured. We found a significant reduction in EYFP+ NeuN+ cells
(Fig EV4A, (Cont 7954.8 + 960.4 cells/mms, cKO-8M
5298.3 + 375.8 cells/mm?, P = 0.042, t-test), indicating that the
numbers of surviving adult-born neurons were decreased 2 months
after the TAM infusion even though more newborn neurons were
generated (Fig 4F). To address when adult-born cells were lost, we
conducted survival assays using BrdU injections. After TAM infu-
sion, BrdU was injected for 9 days to label newborn cells, and the
surviving BrdU+ cells were quantified at different time points
(Fig EV4B). Consistent with our observation which indicated
increased neuroblasts (Fig 3), 10 days or 3 weeks after the TAM
infusion, the densities of BrdU+ cells were significantly higher in
cKO mice (10 days, Cont 17,401.5 4+ 3201.6 cellsymm?, cKO
26,703.5 &£ 113,51.6 cells/mrns, P=0.049; 3 weeks, Cont
9829.4 + 420.2 cellsymm?, cKO 20,267.3 4+ 4792.8 cells/mm?,
P = 0.020, t-test; Fig EV4C and D), suggesting an increase in newly
generated cells in cKO mice right after the induction of lamin B1
knockout. In contrast, 2 months after the infusion of TAM, cKO
mice showed a reduced trend in BrdU+ cells compared to control
mice (Cont 6803.7 + 1,421.1 cells/mm?>, cKO 5100.9 + 541.6 cells/
mm?, P = 0.12, t-test). To calculate the ratio of surviving cells, we
divided the density of BrdU+ cells at 2 months after the TAM
administration by the density at 10 days after the TAM infusion. We
found a significant decrease in the survival ratio in cKO mice
(Fig EV4E, Cont 39.1 + 8.2%, cKO 19.1 £ 2.0%; P = 0.015, t-test).
Thus, although the introduction of lamin Bl knockout increased

B, C Representative confocal images of the SGZ 6.5 months after the treatment with TAM.

DI Quantification of cell numbers 6.5 months after the induction of KO (n = 4 for Cont-8M, n = 3 for cKO-8M, n = 4 for Cont-15M,). (D) The density of RGL-ANSCs
tends to be reduced in cKO. F,5 = 3.98, P = 0.063, one-way ANOVA. (E) The density of ANPCs was reduced in cKO-8M and Cont-15M mice. F,g = 11.49, P = 0.0044,
one-way ANOVA followed by Tukey’s HSD test (**P < 0.01). (F) The density of DCX-positive cells was reduced in WT-old and cKO mice. P = 0.0091, Kruskal-Wallis
test followed by Dunn’s test (*P < 0.05). (G) The density of Ki67+ RGL-ANSCs was reduced in cKO-8M mice (*P = 0.029, Kruskal-Wallis test followed by Dunn’s test).
(H) The density of Ki67+ ANPC was not significantly different among three groups (P = 0.49, Kruskal-Wallis test). (I) The density of NeuN+ EYFP+ neurons was
reduced in cKO-8M mice. F,5 = 34.85, P = 0.00011, one-way ANOVA followed by Tukey’s HSD test (**P < 0.001). (n = 4 for Cont-8M, n = 3 for cKO-8M, n = 4 for

Cont-15M).

Data information: Data represent mean + SEM. Scale bars, 100 pum in (B), 50 um in (C).
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neurogenesis transiently, the neurons that were generated survived
less frequently. We examined active caspase3, an apoptotic cell
marker, and observed an increase in active caspaset cells at
2 months after TAM infusion (Figs EVAF and 4G-I; 3 weeks, Cont
370.1 + 148.2 cells/mm?®, cKO 388.5 + 63.1 cells/mm’, P = 0.86, t-
test; 2 months, Cont 804.1 + 235.5 cells/mm?, cKO 1,218 + 2,92.9
cellsymm?®, P =0.028, t-test; 6.5 month, Cont-8M 377.6 + 70.6
cells/ymm®, cKO-8M  487.7 + 87.2  cellsymm?, Cont-15M,
505.9 + 75.0 cells/mm?® P = 0.09, ANOVA). This observation indi-
cates that lamin B1 deficiency increases apoptosis around this
period.

We next examined whether precocious reduction of lamin Bl
affects the morphological development of adult-born neurons. To
measure the morphological changes, we conducted retroviral
morphological tracing by injecting retrovirus harboring pSox2-Cre
into LmnBI1fl/fl:Ai3 or Lamin BI+/+:Ai3 mice, and we analyzed the
morphological development of adult-born neurons 21 days post-
injection (dpi) based on the expression of EYFP (Fig EV4J) in the
DG (Tashiro, Zhao et al, 2006). We observed aberrant overgrowth
in dendritic maturation with genetic deletion of lamin Bl (Cont
238.9 + 19.7 pm, cKO 369.4 + 37.5 um, P = 0.019, t-test) and a
trend toward increased dendritic branching (Cont 4.9 + 0.35, cKO
6.1 £+ 0.54, P = 0.09, t-test; Fig EVAK-M). A Sholl analysis exhibited
increased dendritic arborization (Fig EV4N), indicating that lamin
B1 might regulate the timing of dendritic maturation. Altogether,
our data suggest that the precocious reduction of lamin Bl tran-
siently promotes neurogenesis and alters morphological develop-
ment, but it depletes the progenitor pool as well as numbers of
newborn neurons, which in turn may precipitate an earlier onset of
anxiety-like behavior. These findings support the hypothesis that a
reduction in adult hippocampal neurogenesis may in part underlie
aging-related mood dysregulation.

Lamin Bl-regulated genetic program in ANPCs

Given our results indicating that the depletion of lamin B1 primarily
affects ANPCs (Figs 4 and 5), we next sought to determine the role
of lamin B1 in transcriptional regulation of NPCs. To this end, we
isolated NPCs from cKO and control mice and maintained the cells
in proliferating condition in vitro, which allowed us to manipulate
lamin B1 in a relatively homogeneous population. To induce knock-
out of LmnbI in NPCs, a lentiviral vector harboring Cre-GFP under
the Sox2 promoter (LV:pSox2-Cre-GFP) was introduced (Fig 6A). At
5.5 days after infection, lamin B1 protein levels were significantly
reduced in the majority of infected cells (Figs 6A and EV5A). RNA
sequencing (RNA-seq) analysis at this time point revealed that
Lmnbl was the only protein-encoding gene that was differentially
expressed, indicating that the manipulation of gene expression was
specific (Table EV2). To gain insights into downstream effects after
Lmnb1 knockout, we performed RNA-seq analysis 9 days after the
infection of LV:pSox2-Cre-GFP into NPCs. Knockout of Lmnbl
upregulated 2,304 genes and downregulated 2,456 genes (referred to
as LaminBl-regulated genes; Padj < 0.01; Fig 6B and Table EV3).
Among differentially expressed genes, neuronal differentiation
markers such as Neurodl, Neurog2, Prox1, Tubb3, and Dcx as well
as glial differential markers such as S100f5, GFAP, and Plpl were
upregulated whereas NPC markers such as Nes, Fabp?, and Hesl
were downregulated. Gene ontology (GO) analysis and KEGG
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pathway analysis revealed that upregulated genes were significantly
enriched in “nervous system development” and “axonal/dendritic
morphogenesis” (Figs 6C and EV5B), suggesting that neural dif-
ferentiation and maturation were promoted by lamin B1 reduction.
Importantly, “transcriptional regulation” and “chromatin modifi-
cations” were also enriched, suggesting that reduction of lamin B1
would drastically reorganize gene regulation in NPCs. GO analysis
further revealed that downregulated genes were enriched in cell
cycle, cell division, and DNA replication. These findings correlated
well with our observations in vivo, which indicated facilitated dif-
ferentiation from NPCs to neuroblast/immature neurons (Figs 4 and
EV4). Among the downregulated genes, in addition to cell cycle-
related genes, oxidative phosphorylation (OXPHOS)-related genes
were significantly enriched (Figs 6D and EV5C). A metabolic switch
from glycolysis to oxidative phosphorylation is a critical step for the
differentiation from NPCs to neurons both in mice and humans, and
the reduction of OXPHOS function has been observed in aged
ANSPCs as well as induced neurons from aged human donors
(Zheng, Boyer et al, 2016; Beckervordersandforth, Ebert et al, 2017;
Kim, Zheng et al, 2018). Our observation suggests that a reduction
of lamin B1 may impair a metabolic switch during neural differenti-
ation.

Direct gene regulation in NPCs by lamin B1

Accumulating evidence indicates that the nuclear lamins anchor
chromatin and are mainly involved in direct gene repression in a
cell-type-specific manner (Peric-Hupkes, Meuleman et al, 2010;
Gomez-Cavazos & Hetzer, 2012). To investigate plausible direct
gene regulation by lamin Bl in NPCs, we combined our transcrip-
tomic data with a published lamin Bl-chromatin interaction
genome-wide map constructed using DNA adenine methyltrans-
ferase (Dam)-lamin B1 from mouse NPCs (Peric-Hupkes et al,
2010). We analyzed the spatial correlation between lamin-associ-
ated domains (LADs) in NPCs and lamin Bl-regulated genes. Of the
lamin Bl-regulated genes (4,760 genes), we identified 451 genes
directly overlapping with LADs, suggesting that those genes are
possibly regulated by lamin B1 through direct interaction (those
genes are defined as lamin directly regulated genes, LDR genes). Of
the 451 LDR genes, 82.2% were enriched in upregulated genes (371
genes; Fig 6E), indicating that the interaction of lamin B1 with chro-
matin likely repressed LAD-associated genes. Among LDR genes,
many were related to neural development and cell adhesion (Fig
EVSD and E). For instance, Reln, Robol, and HDACY9, which are
essential factors for neural development and cell adhesion mole-
cules, were bound by lamin B1 (Fig 6F). In addition, several compo-
nents related to synaptic functions, such as Gria2, Nignl, and
Nrxnl, were bound by lamin B1 (Fig 6F). Our data support the idea
that those genes might be directly repressed by lamin B1 and, upon
the reduction in lamin B1, the levels of their expression were
dysregulated. The levels of Bmp4 were upregulated in Lmnbl KO
NPCs in our RNA-seq data (Bmp4, 6.68 log2-fold increase,
P = 4.21e-24; Fig EV5F), suggesting that Bmp4 was also interacted
and repressed by lamin B1 (Fig 6F). In addition, a recently identified
downstream mediator of BMP signaling in NSCs, Id4, was also
significantly upregulated (Id4, 2.52 log2-fold increase, P = 1.7e-23)
(Blomfield, Rocamonde et al, 2019). We validated this observation
using quantitative RT-PCR and found that the levels of Bmp4 and

© 2020 The Authors
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Id4 were upregulated in lamin B1-cKO-NPCs (Bmp4, P = 0.022; Id4,
P = 0.014; one-sample t-test; Fig EV5G). Expression levels of bone
morphogenetic protein 4 (BMP4) are markedly increased with age
in the mouse and human DG and exogenous BMP4 represses adult
neurogenesis (Meyers, Gobeske et al, 2016). Taken together with
our in vivo observation of reduced proliferation of ANSPCs, this
correlation implies that the age-dependent reduction of lamin B1 in
ANSPCs may mediate the age-dependent reduction of adult
hippocampal neurogenesis through the dysregulation of genetic
programs.

Functional assessment of lamin B1 in NPCs

Using transcriptome analyses, we observed that the depletion of
lamin Bl promotes neural differentiation and cell cycle exit. To
confirm this observation, we tested whether high levels of lamin
B1 in NPCs are essential for the maintenance of NPCs in vitro. To
acutely knockdown lamin B1, we performed short hairpin RNA
(shRNA)-mediated knockdown of lamin B1 in NPCs in proliferative
culture conditions (Appendix Fig S1). A shRNA vector against
Lmnbl was expressed using retrovirus (RV), and efficient knock-
down of lamin Bl was confirmed by Western blotting and qRT-
PCR 3 days after infection (Appendix Fig S1A and B). qRT-PCR
analyses showed marked increases in Tujl, Prox1, and GFAP after
knocking down lamin B1 (Appendix Fig S1B), suggesting that the
downregulation of lamin Bl increased the expression of both
neuronal and glial genes in vitro. Immunocytochemical analyses
revealed that downregulation of lamin B1 significantly increased
the proportion of Tujl+, DCX+ cells, and S1008+ cells even in the

proliferative condition (Tujl+ shCont 3.4 + 1.1%, shLmnbl
14.5 £ 4.5%, P =0.028; DCX+ shCont 3.5+ 2.4%, shLmnbl
19.1 + 8.8%, P =0.021; S100B+ shCont 3.7 &+ 2.6%, shLmnbl

14.3 £ 43%, P=0.04; *P <0.05, ttest; Appendix Fig S1C-G),
whereas the proportion of Ki67+ cells, a proliferation marker, was
decreased (Appendix Fig S1H; Ki67+ shCont 94.5 + 1.2%, shLmn-
bl 82.9 +4.2%, P =0.01; *P < 0.05, t-test), suggesting that the
reduction in lamin B1 inhibits the maintenance of NPCs.
Subsequently, we tested whether an exogenous expression of
lamin B1 prevents NPC differentiation. LaminB1-IRES-GFP-express-
ing RV was applied to NPCs in vitro and the expression of differenti-
ation markers was examined after the withdrawal of growth factors
(Fig 7A). Exogenous expression of lamin B1 repressed the induction
of differentiation marker genes upregulated in lamin B1 cKO-NPCs

Figure 7. Exogenous expression of laminB1 represses neural differentiation.

Tracy A Bedrosian et al.

(Table EV3; Tubb3, Prox1, NeuroD1, and S100f Fig 7B-D), indicat-
ing that higher levels of lamin Bl inhibit differentiation. To test
whether an exogenous expression of lamin B1 also inhibits differen-
tiation of ANPCs in vivo, we injected these RVs into the SGZ (Fig 7E
and F). Seven days post-injection, most of the GFP+ cells in controls
became DCX+ cells, whereas lamin B1 overexpression significantly
reduced the fraction of DCX+ cells (Control, GFP+ DCX+,
95.7 + 2.2%, LaminB1-OE GFP+ DCX+, 54.2 + 2.2%, P = 0.0002 t-
test). In contrast, the fraction of GFP+ DCX+ Sox2+ cells was signifi-
cantly increased (Control, GFP+ DCX+ Sox2+, 2.2 + 1.1%,
LaminB1-OE, GFP+ DCX+ Sox2+, 13.6 + 1.3%, P = 0.0024, t-test)
and the fraction of GFP+ Sox2+ cells showed a tendency to increase
(Control, GFP+ DCX+ Sox2+, 22 +£22%, LaminB1-OE,
GFP+ Sox2+, 14.7 + 4.2%, P = 0.058, t-test; Fig 7G and H). These
data are consistent with observations in vitro and support the idea
that the higher levels of lamin B1 in ANPCs inhibit differentiation
and that a reduction in lamin B1 induces neural differentiation.

Discussion

Here we provide in vivo evidence, supported by histological and
behavioral profiling, that lamin B1 plays critical roles in the mainte-
nance of adult hippocampal neurogenesis and in age-related anxi-
ety-like behavior. Our correlative genomic data analyses also
support the emerging notion that cell type-specific nuclear architec-
ture directed by nuclear structural proteins (e.g., nucleoporins or
lamins) controls cell type-specific gene regulation and long-term
maintenance of cell type-specific functions (Peric-Hupkes & van
Steensel, 2010; Jacinto, Benner et al, 2015; Ibarra, Benner et al,
2016; Toda et al, 2017), such as continuous generation of new
neurons from ANSPCs.

Previous reports indicated that changes in factors extrinsic to
ANSPCs, such as the systemic milieu or secreted factors (hormone,
inflammatory factors) in the neurogenic niche, drive age-dependent
reductions in neurogenesis (Cameron & McKay, 1999; Villeda et al,
2011; Meyers et al, 2016). Recent studies indicated that inhibition of
activation of ANSCs could be key for the reduction of adult neuroge-
nesis in aged brains and, further, that infiltration of T cells into
neurogenic niches or proteostasis dysregulation might be underlying
mechanisms (Leeman, Hebestreit et al, 2018; Dulken, Buckley et al,
2019; Kalamakis, Brune et al, 2019). However, most of these studies
have focused on changes after the reduction of adult neurogenesis,

A Experimental schema. After the introduction of RV into NPCs in a proliferative condition, FGF2 was withdrawn for 2 days, and samples were collected.

B,C Confirmation of Lamin B1 overexpression by gRT-PCR (*P = 0.020, n = 3, one-sample t-test), and immunocytochemistry in NPCs. Scale bar = 10 um.

D Relative induced expression of differentiation markers upon the withdrawal of FGF2. 0 % indicates the same expression levels with control. Exogenous expression
of lamin B1 inhibits the induction of genes related to neural differentiation (Tuj, *P = 0.023; Prox1, ***P = 0.00012; NeuroD1, **P = 0.0046; Ascl1, ***P = 0.00064;

S$1008, ***P = 0.000097; n = 3, one-sample t-test).

O ™ m

Experimental schema. RV:EGFP-IRES-EGFP or LaminB1-IRES-EGFP was injected into the DG of wild-type mice, and the brains were collected 7 days later.
Confocal images after exogenous expression of lamin B1 in EGFP+ cells with RV; LaminB1-IRES-GFP (laminB1-OE.) Scale bar = 20 um.
H Exogenous expression of laminB1 repressed neuronal differentiation in vivo. An arrowhead indicate DCX+ GFP+ cell in control (G, left) and open arrowheads

indicate Sox2+ GFP+ cells in lamin B1-OE cells. The fraction of EGFP+ DCX+ cells was significantly reduced by lamin B1 overexpression (***P < 0.0002, n = 3),
whereas the fractions of EGFP+ DCX+ Sox2+ cells and the EGFP+ Sox2+ were increased (EGFP+ DCX+ Sox2+, **P = 0.0024; EGFP+ Sox2+, P = 0.058; others,

*P = 0.02). Scale bar = 20 um.

Data information: Data represent mean + SD.
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leaving unresolved the question of what drives the onset of reduced
adult neurogenesis and stem cell aging under normal physiological
conditions. Our data indicate that changes intrinsic to ANSPCs occur

© 2020 The Authors

as early as 5.5 months of age, and losing lamin B1 around that time
could be one of the drivers of stem cell aging, which is temporally
well correlated with the reduction of neurogenesis as shown
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previously (Ben Abdallah et al, 2010; Encinas et al, 2011). It has
been proposed that RGL-ANSCs undergo a division-coupled conver-
sion into astrocytes, leading to an age-related exhaustion of the NSC
pool (Encinas et al, 2011), while other evidence supports the
hypothesis that activated RGL-NSCs can go back to being quiescent
RGL-NSCs (Bonaguidi, Wheeler et al, 2011; Urban, van den Berg
et al, 2016). Our results show that the reduction in lamin Bl
promotes the differentiation of ANPCs, reduces the return of ANSCs
into a quiescent state, and eventually depletes adult neurogenesis;
therefore, levels of lamin B1 in ANSPCs influence these transitions.
Gontier and colleagues reported that Tet2, a catalytic enzyme of 5-
hydroxymethylcytosine, is also reduced around 6 months of age
and the reduction of Tet2 impairs adult neurogenesis (Gontier, Iyer
et al, 2018). Thus, epigenetic dysregulation through lamin-mediated
nuclear architecture or DNA methylation may start in middle age.
Further investigation of epigenetic mechanisms at this stage may
uncover the origin of cell-intrinsic stem cell aging. Since lamin Bl
levels decrease in both RGL-ANSCs and ANPCs with age, it would
be interesting to test whether lamin Bl deletion has a more
pronounced effect in young mice versus aged mice that already
have some natural degree of lamin Bl loss. Altogether, our data
identify a novel cell-intrinsic mechanism underlying stem cell aging.
It would also be intriguing to investigate what triggers lamin Bl
levels in ANSPCs to become downregulated during physiological
aging.

Previous studies found that adult hippocampal neurogenesis
regulates anxiety-related behaviors and stress responses (David
et al, 2009; Revest, Dupret et al, 2009; Surget, Tanti et al, 2011).
However, it was not clear how age-related anxiety was regulated by
adult neurogenesis. The present data show that the reduction in
lamin Bl in ANSPCs induces anxiety-like behavior. The enhanced
anxiety was not due to decreased activity or decreased curiosity, as
lamin B1 depletion did not modify total distance of exploration or
novelty exploration in the novel object recognition test. Intriguingly,
a PCA analysis of behavioral data indicated that behavioral traits of
lamin B1 cKO mice overlap better with old control mice than with
young control mice. Thus, our data suggest lamin B1 is a possible
link between brain aging and mood regulation, and lamin B1 cKO
mice could be used as a model of cell-intrinsic neural stem cell aging
and age-related mood dysregulation. One question that arises is
how does lamin B1 depletion induce age-related anxiety-like behav-
ior? One possibility is the lower survival of adult-born neurons. Our
data indicated lamin B1 deficiency leads to lower survival rate,
which is consistent with the survival rate of adult-born neurons in
old mice (Kuipers et al, 2015). However, the number of surviving
neurons was only slightly lower 2 months after the induction of
knockout (Fig EV4A). These observations raise several other possi-
bilities to explain how lamin B1 deficiency contributes to age-related
behavior. First, in addition to total numbers of adult-born neurons,
the balance between immature adult-born neurons and mature
adult-born neurons may be key. Lamin B1 cKO transiently increased
neurogenesis but relatively reduced it from 3 weeks to 2 months
after the induction of knockout. Therefore, the reduction of the rate
of neurogenesis may underlie behavioral changes. The other possi-
bility is change in functionality of adult-born neurons in laminB1
cKO neurons. In fact, we observed aberrant dendritic development
in laminB1 cKO adult-born neurons. Mis-integration of adult-born
neurons has been shown to cause anxiety-like behavior (Bergami,
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Rimondini et al, 2008). While a depletion in adult hippocampal
neurogenesis could impair memory (Saxe et al, 2006; Deng et al,
2009; Nakashiba et al, 2012), lamin B1 cKO mice did not have defi-
cits in short-term memory. Therefore, the effects of lamin B1 deple-
tion may not be simply due to the depletion of adult-born neurons.
Future investigation in this area is warranted.

Knockout of lamin B1 in ANPCs drastically alters the transcrip-
tome, which explains why ANPCs start to differentiate upon loss of
lamin B1. Transcription factors directing neuronal differentiation
such as Neurog2 and NeuroD1 were upregulated whereas cell cycle
regulators such as Ccnal and Ccna2 were downregulated. These
findings are in contrast to findings in embryonic stem cells and kera-
tinocytes, in which type-B lamins are dispensable for their mainte-
nance and proliferation (Kim et al, 2011; Yang et al, 2011). Our data
support the idea that lamin B1 has cell type-specific roles in gene
regulation and controls the balance between the maintenance and
differentiation of ANPCs. It is still unclear why the roles of lamin B1
are dependent on cell type. One possibility could be their expression
levels. Even though lamin B1 is broadly expressed across tissues, its
expression level varies depending on cell type, as shown in Fig 1,
which might contribute to the degree of dependency on lamin B1.
Furthermore, the levels of other lamins are also dependent on cell
type. Importantly, lamin A is not expressed in neural cells due to
the expression of mir-9 (Coffinier et al, 2011). Therefore, the depen-
dency on lamin B1 may be higher in neural cells. In contrast to the
transiently enhanced adult hippocampal neurogenesis observed in
lamin B1 cKO, lamin B1 knockdown promotes astrogenesis in the
developing cortex (Mahajani et al, 2017). This inconsistency
suggests that lamin B1 may play distinct roles in a context-depen-
dent manner. During corticogenesis, neurogenesis precedes astroge-
nesis and lamin B1 may regulate this transition from neurogenesis
to astrogenesis (Namihira & Nakashima, 2013). Another factor that
could contribute to this inconsistency is environmental cues. The
niche environment in the SZG provides strong neurogenic cues such
as Wnt signaling (Goncalves et al, 2016). Therefore, even though
knockdown of lamin B1 in proliferating ANPCs in vitro induced the
increased expression of both neuronal and glial markers, neurogenic
cues in the SGZ may preferentially promote neurogenesis in vivo.
Our analysis, in combination with the genome-wide interaction map
between lamin B1 and chromatin, also revealed that lamin B1 could
directly regulate the expression of a key factor related to neural dif-
ferentiation in adult neurogenesis. Further investigation in vivo will
be required to understand how age-related signaling could be
dysregulated by lamin B1 decline.

Genetic ablation of lamin B1 in ANSPCs resulted in a transient
increase in neurogenesis and a profound loss of ANPCs in the early
phase and of mature neurons in the later phase. The survival rate of
newborn cells was significantly lower in cKO mice, and increased
number of active caspase3-positive cells was observed, suggesting
that the cells presumably died after their maturation. The levels of
lamin B1 are markedly downregulated upon neural maturation, so
depletion of adult-born mature neurons was unexpected, as the
contribution of lamin Bl in mature neurons was predicted to be
low. However, this observation is consistent with a report showing
that the survival rate of newborn neurons is lower in aged brains
compared to young brains (Kuipers et al, 2015). Thus, adult-born
neurons generated from aged ANPCs showed a lower probability of
survival. One possible reason could be DNA damage because a
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deficiency of lamin Bl in migrating embryonic cortical neurons
causes DNA damage and cell death (Chen, Yang et al, 2019).
Although adult-born hippocampal adult neurons do not migrate far
away from the SGZ compared to newborn neurons in the embryonic
cortex, and knockout of Lmnbl from ANPCs appears to enhance
neurogenesis in the earlier phase, a deficiency in lamin B1 in adult-
born DGCs may increase the vulnerability of their nuclei after their
maturation.

In conclusion, we identified lamin B1 as a potential cell-intrinsic
regulator of ANSPC aging. Nuclear structural proteins such as
nuclear lamins are long-lived proteins (Toyama, Savas et al, 2013);
therefore, it has been postulated that they could be a primary target
of aging due to their low turnover rate, but this notion has not been
directly tested in mammalian brains. Our data support the original
idea that nuclear lamins represent a robust structural substrate for
cell type-specific gene regulation, and deterioration of lamin-
directed nuclear architecture could be one source of brain aging.
Interestingly, a recent study showed that an increase of only 100
newborn neurons could rejuvenate some hippocampus-dependent
function in old mice (Berdugo-Vega, Arias-Gil et al, 2020). Since
lamin B1 overexpression represses differentiation of ANPCs, it
would be intriguing to test whether an exogenous expression of
lamin B1 could retain more ANSPCs until older ages or even rejuve-
nate ANSPCs and hippocampal function by generating new neurons
at older ages. A more detailed understanding of lamin-directed
nuclear architecture in adult neurogenesis and the impact of aging
on cell type-specific gene regulation in neurogenic pools could
support the development of novel means to ameliorate age-related
mental health deficits in aging.

Materials and Methods
Cell culture

The hippocampal NPC line from adult rat hippocampus was
cultured as described previously (Palmer, Takahashi et al, 1997;
Schafer, Han et al, 2015). Proliferating NPCs were cultured in
serum-free medium DMEM-F12 (glutamine) containing N2 supple-
ment and 20 ng/ml FGF2 (PeproTech). For neuronal differentiation,
NPCs were transferred into medium containing 1 pM retinoic acid
(Sigma-Aldrich) and 5 uM forskolin (Sigma-Aldrich) for the indi-
cated number of days. The mouse NPC line from adult mouse
hippocampus or embryonic cortex was cultured as described previ-
ously, with brief modifications (Ray & Gage, 2006). NPCs were
cultured in DMEM/F-12 supplemented with N2 and B27 (Invitrogen)
in the presence of FGF2 (20 ng/ml), EGF (20 ng/ml), and heparin
(5 ug/ml).

Experimental model

All procedures relating to mouse care and treatment were approved
by the Institutional Animal Care and Use Committees of the Salk
Institute for Biological Studies or the Government of Saxony and
performed in accordance with their guidelines.

For all experiments, mice were group housed in standard cages
under a 12 hr light/dark cycle with ad libitum access to water and
food. Both males and females were used in the experiments.

© 2020 The Authors
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LmnbI-floxed mice containing Lmnbl exon 2 flanked by lox sites
were backcrossed to C57BL/6 for at least five generations and then
crossed to pNes-ERT2-Cre:R26"" (Jax #016261 and #007903, respec-
tively) maintained on the C57BL/6 background (Madisen et al,
2010; Yang et al, 2011). For behavioral and histological experi-
ments, LaminB1 WT mice carrying pNes-ERT2-Cre:R26™ were used
as control mice. To induce Cre-dependent recombination, TAM was
dissolved in corn oil with 10% EtOH, and then, EtOH was evapo-
rated. TAM was administered orally (360 mg/kg/day) for 5 consec-
utive days.

Behavioral testing

Each test was performed on a separate day, and all mice were accli-
mated to the testing room for at least 30 min before beginning each
behavioral assay. All testing was performed between 0800 and
1400 h 2.5 months after treatment with TAM. For the OF test, each
mouse was placed individually into a chamber
(43.38 x 43.38 x 30.28 cm) and behavior was recorded by photo-
beam breaks for 10 min (Med Associates). The novel object recogni-
tion test was done in the same arena used for the OF test. On the
first training day, two identical objects were placed in the arena and
mice were allowed to explore for 10 min. Mice spent approximately
equal time exploring each object. On the following day, one object
was replaced with a novel object and the total exploratory time
around the two objects was measured. The ratio of exploratory time
around the novel object versus the familiar object was calculated as
the novel object preference index. Mice typically show a preference
to investigate novel objects in this test, which can be attenuated by
lack of recognition memory. If the mouse does not remember its
previous exposure to the objects, then it will not show a preference
for the novel object. For the Y-maze test, each mouse was tested
individually and activity was tracked with video-tracking software
for 5 min (BehaviorCloud) and analyzed for distance travelled and
spontaneous alternation. The OF and Y-maze tests were conducted
in the same week. For novelty-suppressed feeding, mice were food
restricted for a period of 24 h. Before and after food restriction, their
body weights were measured. On the day of testing, each mouse
was placed into an OF chamber containing a food pellet with modi-
fied landscape (with plastic inserts) and activity was tracked by
video for 10 min.

Immunohistochemistry

Animals were either deeply anesthetized with a ketamine/xy-
lazine/acepromazine cocktail or euthanized by lethal dose of
pentobarbital and then transcardially perfused with phosphate-
buffered saline (PBS) followed by 4% paraformaldehyde (PFA)
in PBS, pH 7.4. Brains were removed, postfixed overnight at
4°C, and then transferred into 30% sucrose solution for cryopro-
tection. Forty-um thick coronal sections were obtained using a
sliding microtome (Leica) and subjected to immunohistochem-
istry and analyses as previously described (Suh, Consiglio et al,
2007; Ehm, Goritz et al, 2010). Primary antibodies used were
chicken o-GFP (1:2,000; Aves), goat o-DCX (1:500; Santa Cruz
Biotechnology), goat o-Sox2 (1:500; Santa Cruz Biotechnology),
rabbit «-S1008 (1:2,500; Swant), chicken o-GFAP (1:1,000; EMD-
Millipore), Goat o-LaminB1 (1:500; Santa Cruz Biotechnology),
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rabbit o-LaminB1 (1:1,000; Abcam), mouse o-PSA-NCAM (1:500;
EMD-Millipore), and rabbit o-Sox2 (1:250; Cell Signaling Tech-
nology), mouse a-NeuN (1:1,000, EMD-Millipore), mouse o-Ki67
(1:500; BD), rat o-BrdU (1:5,000, BU1/75, Abcam), goat o-GFAP
antibody (1:1,000, Abcam), rabbit a-active caspase3 (1:300, Cell
Signaling), and Rabbit «-S100f antibody (1:5,000, DAKO).
Secondary antibodies were all obtained from Jackson ImmunoRe-
search. Cell counting was performed on every 12th (for BrdU/
EdU+ cells and BrdU+ GFP+ GFAP+ cells) or 24th (for active
caspase3+) coronal sections containing DG at the same anatomi-
cal levels. DAPI staining was used to measure the area of DG
by ImageJ. The number of Sox2+, DCX+, and other double/
triple-positive cells in EYFP-positive cells was determined in
every twelve section of the dorsal hippocampus. For
normalization, cell numbers were related to the analyzed granule
cell layer volume. Fluorescence was detected using a Zeiss LSM
780 or Zeiss LSM980. Images were acquired with 20x objectives,
and colocalization was confirmed by 3-D reconstructions of
z-series.

To analyze the fluorescence intensity of lamin B1 immunostain-
ing from each nucleus in vitro cultured cells and in vivo brain
sections, images were taken using three-dimensional confocal
microscopy and signal intensities were measured using ImageJ.
Since lamin B1 proteins locate at the nuclear periphery, the fluores-
cence signal from the center of each nucleus was used to normalize
the background signals. For in vitro cultured cells, cell types were
identified by the expression of cell type markers: Sox2 for NPCs,
Tujl for differentiation neurons, S100f for astrocytes, and myelin
basic protein (MBP) for oligodendrocytes. For in vivo brain sections,
ANSPCs were chosen as Sox2-positive and PSA-NCAM-negative
cells in the SGZ, immature neurons as Sox2-negative and PSA-
NCAM-positive cells in the SGZ, and DGCs in the outer dentate
granule layer.

BrdU or EdU administration

BrdU (5-bromo-2’-deoxyuridine) or EAU (5-ethynyl-2’-deoxyuridine)
was dissolved in 0.9% NaCl and sterile filtered. Animals were
intraperitoneally injected with a single dose of BrdU/EdU (BrdU
50 mg/kg, Sigma-Aldrich; EAU, 50 mg/kg, Thermo Fisher) once per
day for 9 consecutive days. One (BrdU) or 2 days (EdU) after the
last injection, animals were sacrificed and the numbers of BrdU- or
EdU-positive cells in the DG were counted.

Plasmids

For the retroviral experiments, shRNA targeting mouse and rat
Lmnbl (TRCN0000091906) was cloned into a retroviral construct
containing a chicken B-actin (CAG)-driven green fluorescent protein
(GFP) and a hUG6 promoter driving expression of shRNAs, as
described previously (Schafer et al, 2015; Han, Kim et al, 2016). As
a control, we used a target sequence not matching to any rodent
mRNA sequence. Knockdown efficiencies were confirmed by trans-
fection into mouse NPCs and rat hippocampal NPCs using qRT-PCR
and Western blot. Lmnb1 was subcloned into pCAG-GFP-IRES-GFP
retroviral vector and resulted in pCAG-Lmnbl1-IRES-GFP. Retro-
viruses and lentivirus were produced as previously described (Zhao,
Teng et al, 2006; Mertens, Paquola et al, 2015).
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qRT-PCR

Total RNA was extracted using RNABee (Tel-Test) or TRIzol
(Invitrogen) reagent and reverse transcribed into cDNA using the
Superscript III Kit (Invitrogen). Quantitative RT-PCR was
performed using the C1000 Touch cycler (Bio-Rad). See Table EV1
for primer information. Gene expression was normalized to -
actin, and the relative gene expression was calculated using the
AACt method.

Immunocytochemistry

Immunocytochemistry was performed as described previously
(Toda et al, 2017). Briefly, cultured cells were fixed with 4% PFA
for 10 min at room temperature followed by 3 washes by PBS,
then permeabilized with 0.1% Triton X-100 in TBS, blocked with
3% horse serum, and incubated with primary antibody overnight.

Stereotactic injections and 3D morphological analysis

For retroviral injections, 8- to 10-week-old Lmnbl+/+:Ai3 or
Lmnb1fl/fl:Ai3 mice were used for RV:pSox2-Cre injection. 6- to 8-
week-old female C57BL/6 mice were used for lamin B1 overexpres-
sion. Stereotactic injections of 1 pl of retroviral suspension were
placed into the DG (coordinates from bregma: —2 anteroposterior,
+1.5 mediolateral, —2.3 dorsoventral). Group sizes for all experi-
mental groups were n = 3. EYFP+ cells were 3D reconstructed using
the Imaris software (Bitlane) at 3 weeks post-injection. For analyz-
ing length, branches, and Sholl intersections, the Filament function
in Imaris was used.

Western blotting

Total protein was extracted and separated by 3-8% PAGE, trans-
ferred to a PVDF membrane, blocked and incubated with primary
antibodies overnight at 4°C. The following antibodies were used:
goat o-Lmnbl (1:500; Santa Cruz) and mouse a-GAPDH (1:10,000;
Fitzgerald).

Statistics

Statistical analyses were performed using R software, Statcel2 soft-
ware (OMS Publishing), GraphPad Prism 8, and Excel (Microsoft).
Normality was tested by Shapiro-Wilk test, and variance was
tested by F-test or Bartlett’s test. P-values were determined by an
unpaired Student’s t-test, Welch’s t-test, a one-sample t-test, a
Mann-Whitney U-test, Kruskal-Wallis test, or one-way ANOVA as
indicated.

RNA-seq

Five and 9 days after the infection of LV:pSox2-Cre-GFP into
NPCs isolated from Lmnb1"":Ai3 or WT:Ai3 mice (3 animals for
each genotype), cells were detached using accutase and GFP-
positive cells were sorted directly into TRIzol-LS (Invitrogen).
RNA was isolated according to the manufacturer’s instructions
and digested with TURBO DNase (Life Technologies). RNA integ-
rity numbers (RIN) were assessed using the Agilent Tape Station
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before library preparation. Poly(A)+ RNA was selected and frag-
mented to prepare sequencing libraries using the Illumina TruSeq
Stranded RNA sample preparation kit. Libraries were sequenced
as single-end 50 bp (SES0) wusing an Illumina HiSeq
2500 sequencer at the Next Generation Sequencing (NGS) core
at the Salk Institute according to manufacturer’s instructions
(Illumina).

RNA-seq differential expression analyses and association
with LAD

Expression estimates for Lmnb1 knockout experiments were derived
from RNA-seq data. Both common and tagwise dispersion estimates
were calculated, and differential expression tests were run using
DEseq2. P-values for both differential expression analyses were
corrected for multiple testing with the R base package, Padjust.
DAVID was used for GO and KEGG enrichment analyses. Genomi-
cRanges function (R) was used to identify genes bound by LaminB1
and regulated by LaminB1. To identify genes directly bound and
regulated by LaminB1, LaminB1-LAD in NPCs were used from a
previous publication (Peric-Hupkes et al, 2010). Among differen-
tially expressed genes after Lmnb1 knockout, LAD overlapping with
the genomic sequences of differentially expressed genes, their corre-
sponding promoters (1kb upstream from transcription start sites),
and 3’UTR (1kb downstream from the end of gene) were identified
as LDR genes.

Data availability

RNA-Seq data: Gene Expression Omnibus: GSE156156 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE156156).

Expanded View for this article is available online.
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