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SUMMARY

In addition to increasing -amyloid plaque deposition and tau tangle formation, inhibition of neurogenesis has recently been observed in
Alzheimer’s disease (AD). This study generated a cellular model that recapitulated neurogenesis defects observed in patients with AD, us-
ing induced pluripotent stem cell lines derived from sporadic and familial AD (AD iPSCs). AD iPSCs exhibited impaired neuron and oligo-
dendrocyte generation when expression of several senescence markers was induced. Compound screening using these cellular models
identified three drugs able to restore neurogenesis, and extensive morphological quantification revealed cell-line- and drug-type-depen-
dent neuronal generation. We also found involvement of elevated Sma- and Mad-related protein 1/5/9 (SMAD1/5/9) phosphorylation
and greater Runt-related transcription factor 2 (RUNX2) expression in neurogenesis defects in AD. Moreover, BMP4 was elevated in
AD iPSC medium during neural differentiation and cerebrospinal fluid of patients with AD, suggesting a BMP4-SMAD1/5/9-RUNX2
signaling pathway contribution to neurogenesis defects in AD under senescence-related conditions.

INTRODUCTION 2018; Dard et al., 2019; Attems et al., 2014; Dan et al.,
2021; Zhang et al., 2016). NG defects have been demon-

Alzheimer’s disease (AD) is the most prevalent neurodegen-  strated previously in AD model mice, such as triple trans-

erative disorder, and its global incidence is expected to in-
crease further because of accelerated societal aging (Alz-
heimer’s Association, 2020). The major clinical symptoms
of AD, such as cognitive decline and olfactory impairment,
are closely associated with neuronal cell loss in the hippo-
campus and olfactory bulb (Alzheimer’s Association, 2020;
Chen and Mobley, 2019; Dan et al.,, 2021; Zhang et al,,
2016), in part because of neuronal cell death induced by
B-amyloid (AB) plaque deposition and neurofibrillary tangle
(NT) formation (Rajmohan and Reddy, 2017; Vyas et al.,
2020). Thus, drugs that suppress Ap plaque deposition and
tau tangle formation, such as sodium oligomannate (also
called GV-971) and aducanumab, are being developed to
reduce the cognitive decline in AD (Cummings et al., 2019).

Besides AB- or tau-mediated neuronal cell death, inhibi-
tion of neurogenesis (NG) in the hippocampus and olfac-
tory bulb is also being focused on because it is associated
with olfactory and cognitive decline in AD (Fricker et al.,
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genic (3 X TG) mice, TG2576 mice, and APPswe/PS1AE9
mice (Hollands et al., 2017; Wirths, 2017). Furthermore,
an increase in NG via overexpression of a neural transcrip-
tion factor, NEUROD1, restores cognitive deficits in APP x
PS1 mice (Richetin et al., 2015), indicating the possibility
that NG restoration is a therapeutic approach for AD.

NG in the hippocampus is reported to continue even in
human individuals of old age (Boldrini et al., 2018). Post-
mortem analysis of the AD brain revealed a decreased num-
ber of NG-marker-positive cells in the hippocampus among
patients with AD at higher Braak stage (Malek-Ahmadi
etal., 2018; Moreno-Jiménez et al., 2019). Additionally, To-
bin et al. (2019) reported that neuroblast numbers are
reduced in individuals with cognitive impairment
compared with healthy controls. In contrast to the inten-
sive clinical trials and studies around AB deposition and
tau tangle formation, few have targeted NG for AD treat-
ment, so it is still unclear whether enhanced NG can
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induce recovery of cognitive function (Cummings et al.,
2019). Furthermore, the mechanisms underlying NG insuf-
ficiency in AD remain unexplored because of the inherent
difficulties in evaluating NG in patients with AD.

Disease-specific induced pluripotent stem cells (iPSCs)
are promising model systems for revealing the molecular
mechanisms of the disease and as a platform for drug
screening. Given that iPSC induction acts as a develop-
mental reset, modeling age-related diseases such as spo-
radic AD (sAD) was thought to be difficult using iPSC-based
systems. However, several recent studies have successfully
recapitulated some core phenotypes of age-related diseases
(Kondo et al., 2017; Nicaise et al., 2020), which may be ex-
plained by polygenic influences or epigenetic markers not
eliminated by reprogramming. With AD, researchers
created a model cell system that mimicked Ap or tau abnor-
malities (Arber et al., 2021; Schulz, 2021). The iPSC-based
drug screening mainly proposed novel candidate drugs
for relieving AB deposition or neuronal cell death (Kondo
et al., 2017; Pasteuning-Vuhman et al., 2021). In the cur-
rent study, we developed a cellular model that recapitulated
the NG defects in AD using familial AD (fAD) and sAD pa-
tient-derived iPSCs. During neural induction culture, these
iPSCs exhibited impaired generation of neurons and oligo-
dendrocytes but enhanced differentiation into astrocytes
only when expression of several senescence markers was
introduced by a low-density culture protocol. This deficit
was associated with BMP4 hypersecretion and ensuing acti-
vation of Sma- and Mad-related protein 1/5/9 (SMAD1/
5/9)-Runt-related transcription factor 2 (RUNX2) signaling,
whereas inhibition of this signaling pathway rescued NG.
Finally, we present evidence suggesting BMP4 hypersecre-
tion in patients with AD.

RESULTS

The impaired generation of neurons was reconstituted
in sAD and fAD iPSCs

We used 18 iPSC lines generated from 8 unrelated healthy
control (HC) individuals, 8 unrelated patients with sAD,
and 2 patients with fAD (Table S1). We first examined the

undifferentiated state and the three-germ-layer differentia-
tion potential of HC and AD iPSC lines. Immunofluores-
cence and quantitative real-time PCR analysis revealed
that OCT4, Nanog Homeobox (NANOG), TRA1-60, and
miRNA371-3, which are markers of the undifferentiated
state in iPSCs, were significantly expressed in HC and AD
iPSC lines (Figures SIA-S1E). We also confirmed that these
cell lines could differentiate into endoderm, ectoderm,
and mesoderm (Figure S1F). Next, we analyzed the neuronal
differentiation of HC and AD iPSC lines. First, we adopted a
modified version of the 3-stage neural differentiation
method described by Wattanapanitch et al. (2014), which
successively induces neural stem cells (NSCs) and neurons
over 28 days (Figure 1A). When cells were seeded at a den-
sity of 5 x 10* cells/cm?® on day 0, neurons and NSCs
were generated from HC iPSC lines on day 28, as shown
by immunofluorescence using antibodies against MAP2, a
marker of mature neurons; TUJ1, a marker of immature neu-
rons; and PAX6, a marker of NSCs (Figure 1B). However, we
observed NG defects in 8 SAD and 2 fAD iPSCs via immuno-
fluorescence as well as quantitative real-time PCR analysis
(Figures 1B-1D, S2A, and S2B). We also performed analysis
of the immunofluorescence images of MAP2, TUJ1, and
PAX6, an NSC marker, of 8 HC and 8 sAD cells (Figure 1B).
We measured the area of MAP2-, TUJ1-, or PAX6-positive
cells, and the quantitated data supported inhibited forma-
tion of TUJ1- and MAP2-positive neurons but not PAX6-
positive NSCs in AD (Figure 1C). The variation in NG across
cell lines was also shown (Figure 1C). We investigated the
time course for the protein and mRNA expression of
MAP2, TUJ1, and PAX6 at 0, 5, 10, 15, 20, 25, and 28 days
after neuronal differentiation in HC1, an HC iPSC line,
and sAD3, an sAD iPSC line, via western blot and quantita-
tive real-time PCR, respectively (Figures S3A-S3G). The re-
sults indicated that the deficiency in neuronal generation
of sAD3 was not due to repressed differentiation into
NSCs but repression of NSC differentiation into neurons.
To investigate whether these observed NG abnormalities
were associated with alterations in differentiation fate, we
examined expression levels of the oligodendrocyte markers
oligodendrocyte transcription factor 2 (OLIG2) and myelin
basic protein (MBP) as well as the astrocyte markers S100

Figure 1. Neuronal, oligodendrocyte, and astrocyte differentiation potentials of iPSCs from HCs and patients with sAD under low-

density culture conditions

(A) Schematic of neuronal differentiation of iPSCs under low-density culture conditions. Control (HC1-HC8) and sAD (sAD1-sAD8) iPSCs

were analyzed on day 28.

(B and C) Immunofluorescence of MAP2, TUJ1, and PAX6. Mean positive area was quantified in (C) Scale bar, 50 um. *p < 0.05, n = 13

images taken from the same well per group.

(D) Quantitative real-time PCR analysis of MAP2, TUJ1, and PAX6 mRNA expression. Mean mRNA levels in HC1 were set to 1. n = 4-6

independent experiments. *p < 0.05.

(Eand F) Immunofluorescence and quantification of OLIG2 and S100f. *p < 0.05, n = 15 images taken from the same well per group. Scale

bar, 50 um.
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B-subunit (§100B) and vimentin (VIM) via western blot and
immunofluorescence on day 28 after neural induction.
Immunofluorescence demonstrated that OLIG2-positive
cells differentiated routinely from HC cells but rarely
from sAD-derived cells (Figures 1E and 1F). In contrast,
broad expression of S1008 among all sAD-derived cells
was observed, which may be caused by the premature state
of astrocyte differentiation. However, it is noteworthy that
we found no significant expression (fluorescence signal) of
S100B from HC-derived cells (Figure 1E). Western blot anal-
ysis also supported the results of immunofluorescence (Fig-
ure S1G). These results indicated less oligodendrocyte gen-
eration and increased differentiation toward astrocytes in
AD iPSCs.

To ensure that the NG abnormalities observed in AD-
derived cell lines were not due to excessive cell death, we
conducted immunofluorescence analysis using antibodies
against the apoptotic cell marker cleaved caspase-3
(cCASP3) and cell viability analysis using trypan blue. Sur-
prisingly, the number of cCASP3-positive dead cells was
actually greater in cultures of HC iPSCs than in cultures
of ADiPSCs (Figures S1H, S2C, S3D, and S3H), likely reflect-
ing the known death of many newborn neurons generated
from NSCs before maturity (Toda et al., 2019). These results
indicate that neural cell death was not the cause of
decreased NG in AD cells.

Next, we focused on AB40 and AB42 because AP is a
possible regulator of NG defects (Li Puma et al., 2019; Scopa
et al., 2020). ELISA confirmed no significant increase in
extracellular secretion of AB40 and AB42 and the secretion
rate of AB42/AB40 from sAD iPSCs compared with healthy
iPSCs (Figures S3I-S3K). However, we observed that the
AB oligomer level substantially increased in 3 sAD cells
compared with 3 HC cells (Figure S3L). These results sug-
gest that the inhibition of neural differentiation might be
attributed to increased AB oligomers.

An AD-specific NG defect was observed when
expression of several senescence markers was induced
by low-density seeding of iPSCs

Individuals ultimately developing AD show normal brain
development and structure, including normal whole-brain
and hippocampal size, until middle age (Coupé et al.,

2019). Because repression of NG occurs in elderly patients
with AD (Moreno-Jiménez et al.,, 2019; Tobin et al.,
2019), we hypothesized that this protocol more likely reca-
pitulates aged adult NG rather than embryonic NG.
Furthermore, we found that the observed NG defect in
sAD-derived iPSCs could be alleviated by a slightly modi-
fied protocol in which the cells were seeded at higher den-
sity (4 x 10° cells/cm?) on day 0, whereas other conditions,
including cell density during stages II and III, were main-
tained as in the initial “low-density” protocol (Figures 2A
and 2B). When cells were seeded at high density, neurons
were generated from all 3 HC and 3 sAD iPSC lines on
day 28 (Figure 2A) with no significant difference in the
number of dead cells (Figure S4A). Also, there was no signif-
icant difference in cell number on day 28 between low- or
high-density differentiation conditions (Figure S4B). These
observations led us to examine whether the NG defects in
AD cells observed using the low-density protocol were asso-
ciated with senescence phenotypes.

To this end, we first compared expression of the well-
known senescence marker senescence-associated B-galacto-
sidase (SA-B-gal) (He et al., 2013) on day 28 between three
HC-derived iPSC lines (HC1-HC3) and three sAD-derived
iPSC lines (sAD1-sAD3), which are similar in tissue origin
and iPSC transgene expression (Table S1), under high-
and low-density culture conditions. Interestingly, the
SA-B-gal signal was observed only under low-density differ-
entiation conditions in the radially organized cell structure
(Figures 2C and 2E). N-cadherin (NCAD) was shown to be
polarized at the center of this structure (Figure S4C), which
indicated that this structure was the pluripotent neural pre-
cursor cell rosettes observed during early neural tube for-
mation (Zhang et al.,, 2001; Elkabetz et al., 2008). We
then confirmed that these neural rosette-like structures
were formed to the same extent by HC- and sAD-derived
cells under high- and low-density protocols (Figure S4C).
Thus, the low-density protocol increased the signal of
SA-B-gal within neural rosettes in HC- and AD-derived cul-
tures but did not change the efficiency of neural rosette
formation.

We also examined the expression level of cellular
senescence markers by immunofluorescence staining for
O-linked-B-N-acetylglucosamine (O-GIcNAc) and nuclear

Figure 2. Senescence-related propensities of HC and sAD cells under low- and high-density culture conditions

Control (HC1-HC3) and sAD (sAD1-sAD3) iPSCs were analyzed after neuronal differentiation for 28 days.

(A and B) Neuronal differentiation potential under high-density culture conditions was analyzed by immunofluorescence (A) and
quantitative real-time PCR analysis (B) of MAP2, TUJ1, and PAX6 (n = 4 independent experiments).

(C-E) Immunofluorescence of SA-B-gal (C) and 0-GlcNAc (D) on day 28 under low- or high-density culture conditions, quantified in (E).

n = 10-15 images taken from the same well per group.

(Fand G) The mRNA levels of IL-6 were quantified by quantitative real-time PCR analysis (F), and the IL-6 protein levels in the medium were

quantified by ELISA (G).

Mean mRNA or protein levels in HC1 were set to 1. *p < 0.05. n = 4-6 independent experiments. Scale bars, 50 um.
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factor-erythroid 2-related factor 2 (NRF2). O-GIcNAcylation
of proteins is known to be reduced in aged mice, and this
loss was associated with impairment of learning and mem-
ory (Wheatley et al., 2019). In addition, decreased expres-
sion of NRF2, a transcription factor that regulates the
various stress responses, has been reported previously in
hippocampal NSCs of aged mice (Ray et al.,, 2018). The
O-GlcNAc signal was observed mainly in the nucleus of
PAX6-positive HC and AD cells under the high-density cul-
ture condition (Figures 2D and 2E), whereas NRF2 was
diffusely localized to the nucleus and the cytoplasm
(Figures S4D and S4E). Both signals were not limited to
the neural rosette but observed among most cells and
reduced in low-density culture (Figures 2D and S4D). More-
over, expression and secretion of interleukin-6 (IL-6), a
proinflammatory cytokine upregulated during senescence
(referred to as a senescence-associated secretory phenotype
[SASP]; Nicaise et al., 2020), was greater in low-density cul-
tures of HC- and AD-derived iPSCs than in corresponding
high-density cultures (Figures 2F and 2G). These results
suggested that the low-density protocol induced the cell
senescence-related state, especially in NSCs forming neural
rosettes, indicating the possibility that our neural differenti-
ation system might recapitulate the NG defect of elderly pa-
tients with AD.

Image-based screening of small chemical compounds
for improving NG in AD iPSCs

We next used these AD-derived iPSCs demonstrating
abnormal NG under senescence marker expression condi-
tions by the low-density protocol to screen for compounds
that can increase NG. Therefore, we chose 14 small chem-
ical compounds reported to enhance NG whose concentra-
tion was determined by previous studies (Table S2). Two AD
iPSC lines, sAD1 and sAD3, were used for screening. SAD2
could not be used because dimethyl sulfoxide (DMSO)
treatments caused cell death. The compounds and vehicle
(either water or DMSO) were added to cultures from days
8-28 (stages II and III) or from days 13-28 (stage III only)
(Figure 3A). We chose 0.66% DMSO and 0.5% H,O as nega-
tive controls to match the highest concentrations of DMSO
and H,O contained in the reagents. Changes in NG were
examined by immunofluorescence staining for TUJ1 and

MAP2. Although no compound restored NG when applied
only during stage III (Figure SSA), three compounds
increased NG in both AD-derived iPSC lines when applied
during stages II and III (Figure S5B): LDN-193189 (LDN),
smoothened agonist (SAG), and isotretinoin (ISO). These
results indicate that the NSC induction stage (stage II) is a
crucial time window for modulating neural differentiation
potency.

LDN is an inhibitor of the bone morphogenetic protein
(BMP) type I receptors activin receptor-like kinase-2
(ALK2) and ALK3 (Yu et al., 2008), whereas ISO is an acti-
vator of retinoic acid receptors, and SAG is an activator of
Smoothened (Chen et al., 2002; Lane and Bailey, 2005).
The neurons created by each compound appeared distinct
in structure, especially after SAG treatment (Figure 3B).
Therefore, an image-based morphological analysis was
performed to detect compound-specific differences
in neuronal generation (Figure 3A). First, the TUJ1- or
MAP2-positive area was segmented to enable specific
measurement of cell dimensions and the number of
branchpoints per frame (detailed in Figures S5C and S5D
and supplemental experimental procedures). Although
nonspecific staining of MAP2 was sometimes observed in
the nucleus and cytoplasm of apparently non-neuronal
cells, these signals could be excluded during image anal-
ysis, enabling precise quantification of neurites. Measuring
these values as feature quantities enabled quantitative
comparisons of drugs and cell lines (Figures 3C-3F, SSE,
and SS5F). For example, more neurons were generated
from HC1 than from HC3 (Figures 3D, SSE, and SSF). In
addition, the maturation status of generated neurons was
higher in sAD3 following SAG treatment than LDN or
ISO treatment, as indicated by the MAP2/TUJ1 ratio
(Figure 3E).

Subsequently, we performed principal-component anal-
ysis (PCA) using quantified data of the images taken on
day 28 of HC1-3, sAD1-3, and sAD1 or sAD3 treated with
the 3 drugs (Figure 3F). PC1 or PC2 may be related to
features of neuronal generation (e.g., length, area, and
branchpoints) or of the immature state of the neurons
(e.g., the ratio of TUJ1-positive neurons to MAP2-positive
neurons) (Table S3). This analysis showed that the cell lines
that created neurons could be separated from those that

Figure 3. Image-based screening of small chemical compounds for improving NG of sAD iPSCs
(A) Outline of the compound screening experiments. Cells were treated with the compounds during stages II and III or only during stage
III. Cells were fixed on day 28, followed by immunofluorescence and image analysis to detect MAP2- and/or TUJ1-positive neurites

(detailed in Figure S5).

(B) Representative images of MAP2 and TUJ1 staining in LDN-, ISO-, and SAG-treated sAD1 and sAD3 cells (excerpt from Figure S5B). Scale

bars, 50 um.

(Cand D) Total length of MAP2- and/or TUJ1-positive neurites. n = 10-15 images taken from the same well per group.
(E) Ratio of the total length, total area, and branchpoints of MAP2-positive neurons to TUJ1-positive neurons.
(F) PCA using morphological features (total length, total area, and number of branchpoints).
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could not along the PC1 axis (Figure 3F). Interestingly, we
observed AD cell line-specific clusters when the cells were
treated with 3 drugs; sAD1 treated with the 3 drugs ap-
peared in the upper left, whereas sAD3 treated with the 3
drugs was in the lower left area (Figure 3F). This indicates
the possibility that characteristics of each cell line affected
neuronal features generated by drug treatment, which were
visualized using image-based quantification coupled with
PCA. Because sAD3 treated with LDN was the closest to
HC1 in the PCA plot, we examined how LDN contributes
to restoring neuronal generation in sAD3.

LDN treatment during NSC differentiation was crucial
for improving neural generation in AD iPSCs

We next analyzed the duration of LDN treatment and found
that treatment during stage II (i.e., differentiation to NSCs),
was sufficient to induce generation of neurons in sAD3.
Immunofluorescence and quantitative real-time PCR anal-
ysis of sAD cells revealed that MAP2- and TUJ1-positive
neurons were created even when LDN was added during
days 8-12 to the same extent as when LDN was added
from days 8-28 (Figures 4 and S6A). This was also true in
fAD iPSCs (Figures S2D-S2G). This indicated that the poten-
tial for differentiation into neurons was strongly affected or
changed during neuronal stem cell differentiation and was
enhanced via treatment with LDN during stage II. Subse-
quently, we examined whether NSC marker expression
differed between HC and AD cells. The expression levels of
the NSC markers were examined in HC and AD cells on the
final days of stages II and III by immunofluorescence using
antibodies against PAX6, NESTIN, and SOX1 (Figures 2D,
S6B, and S6C). Quantification of occupying areas or fluores-
cence signals of these markers showed no substantial differ-
ence between HC and sAD cells (Figures S6B-S6D).

LDN is known to repress activation of SMAD1/5/9 (Yu
et al., 2008), a protein known to be activated in AD model
SAMPS8 mice and APPswe/PS1(DeltakE9) transgenic mice
(Tang et al., 2009; Diaz-Moreno et al., 2018). Thus, we hy-
pothesized that SMAD1/5/9 activation by phosphoryla-
tion may contribute to the NG defect in AD iPSCs. We
immunostained phosphorylated SMAD1/5/9 (P-SMAD1/
5/9) on the final day of neural differentiation (day 28)
in 8 HC, 8 sAD, and 2 fAD cells and found that phosphor-
ylation of SMAD1/5/9 was clearly increased in sAD and
fAD iPSCs (Figures 5A-5C, S2H, and S2I). This was
repressed by treatment with LDN during stage II
(Figures 5A, S2H, and S2I). Moreover, LDN treatment of
AD iPSCs during stage II restored the defect in oligoden-
drocyte formation and reduced expression of the astrocyte
marker S1008, as shown by immunofluorescence
(Figures 5D, S2H, and S2I). These results strongly suggest
that the increased phosphorylation of SMAD1/5/9 during
stage II inhibits generation of neurons and oligodendro-

cytes and, alternatively, enhances differentiation toward
astrocytes in AD iPSCs.

RUNX2 expression in sAD and fAD iPSCs reduces
generation of neurons and oligodendrocytes

We next focused on factors that change the potential for
neuronal differentiation downstream of phosphorylated
SMAD1/5/9. A candidate was RUNX2, which reportedly
enhances the development and maturation of astrocytes
from NSCs (Okawa et al., 2016; Tiwari et al., 2018). Also,
single-cell RNA sequencing (RNA-seq) analysis of olfactory
mucosal cells of AD patients revealed that transcriptional
regulation by RUNX2 was significantly increased in AD pa-
tients compared with HCs (Lampinen et al., 2022). There-
fore, we examined the expression of RUNX2 via quantita-
tive real-time PCR during neuronal differentiation of 8
HC, 8 sAD, and 2 LDN-treated sAD cells and 2 fAD cells
with or without LDN treatment. This demonstrated that
RUNX2 was more highly expressed in AD cells than in
HC cells, which was inhibited by LDN treatment
(Figures 6A and 6B). To confirm the involvement of
RUNX2 in inhibition of NG in AD iPSCs, neural induction
of sAD and fAD iPSCs was performed in the presence of
CADDS22, an inhibitor of RUNX2-dependent transcrip-
tional activation by inhibiting the binding of RUNX2 to
DNA. CADDS22 or DMSO was applied on days 15-28
because RUNX2 expression was elevated from day 15 (Fig-
ure 6A). Immunofluorescence and quantitative real-time
PCR analysis demonstrated that CADDS22 treatment
increased the number of MAP2- and TUJ1-positive neurons
along with an increase in the mRNA expression levels of
TUJ1 and MAP2 (Figures 6C and 6D). Moreover, differenti-
ation into astrocytes decreased, whereas differentiation
into oligodendrocytes and the number of cCASP3-positive
cells increased by CADDS522 treatment in sAD and fAD
iPSCs (Figures 6E and 6F), which was consistent with the re-
sults seen after LDN treatment. These results suggest that
RUNX2 expression downstream of SMAD1/5/9 is a key fac-
tor that represses generation of neurons and oligodendro-
cytes while enhancing differentiation into astrocytes in
AD iPSCs. Next, to elucidate the connection between our
cellular model findings and in vivo data, P-Smad1/5/9 and
Runx2 expression levels were measured in the hippocam-
pus of SAMPS, a senescence-accelerated sAD model mouse
(Diaz-Moreno et al., 2018). We observed an increased
protein level of phosphorylated Smad1/5/9 and Runx2
in SAMP8 compared with SAMRI1, a control mouse
(Figure 6G).

Elevated BMP4 level in medium of AD cells and in
cerebrospinal fluid samples from patients with AD
We next examined upstream factors that activate phos-
phorylation of SMAD1/5/9. Given that SMAD1/5/9 was
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Figure 4. Effect of LDN on neural differentiation of HC and sAD iPSCs

Control (HC1) and sAD iPSCs (sAD1 and sAD3) were cultured under low-density conditions and treated with or without 250 nM LDN during
stage I or stage II of neuronal differentiation (+first LDN or +second LDN, respectively).

(A) Immunofluorescence of MAP2 and TUJ1. Scale bar, 50 pum.

(B) Quantification of MAP2- and/or TUJ1-positive neurites in (A) (detailed in Figure S5). n =15 images taken from the same well per group.
(C) Quantitative real-time PCR analysis of mRNA expression levels of MAP2 and TUJ1. Mean mRNA levels in HC1 were set to 1. n = 4 in-
dependent experiments, *p < 0.05 compared with non-treated HC1 cells.

downstream of the BMP receptors, we focused on the BMP
family. First, using quantitative real-time PCR, we
measured the mRNA expression levels of BMP2, BMP4,
BMP5, BMP6, BMP7, BMP9, and BMP10 , BMP family mem-

696 Stem Cell Reports | Vol. 18 | 688-705 | March 14, 2023

bers mainly involved in phosphorylation of SMAD1/5/9
(Sanchez-Duffhues et al., 2020), on day 28. The expression
levels of BMP4 and BMP7 were specifically increased in
three sAD- and two fAD-derived iPSC lines compared
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with four HC-derived lines (Figures 7A and 7B). In addition,
ELISA revealed that BMP4 protein level was enhanced in
the medium from sAD1, sAD3, fAD1, and fAD2 cultures,
suggesting enhanced secretion, and this elevation was in-
hibited in all four lines by LDN treatment (Figure 7B). In
contrast, no BMP7 protein was detected in the medium
of any HC, sAD, or fAD line (Figure 7C). These results sug-
gest that secreted BMP4 may contribute to the observed NG
abnormality of AD-derived iPSCs by inducing excess phos-
phorylation (activation) of SMAD1/5/9.

qPCR results showed that BMP4 expression increased in a
time-dependent manner in AD iPSCs (Figure 7D). Because
the AD-specific elevation in BMP4 expression occurred on
day S and that of phospho-SMAD1/5/9 and RUNX2 on
days 10 and 15, respectively (Figures 5C, 6A and 7D),
enhanced BMP4 expression might trigger the change in
the potency of neural differentiation at the early stage.

A possible cause of AD-specific BMP4 upregulation is
epigenetic modification. Therefore, we tested the DNA
methylation level, an epigenetic mark for gene repression,
of 6 CpG sites in the BMP4 promoter (Figure 7E). These sites
were chosen because methylation analysis has been re-
ported in these sites in healthy human iPSCs (Clough and
Barrett, 2016). First, we performed a PCR-based analysis of
the bisulfite-treated DNA genome of HC1 and sAD3, which
showed a decrease in DNA methylation at site cg24526899
in sAD3 (Figure 7E). We further analyzed the DNA methyl-
ation level of cg24526899 through quantitative enzyme-
based analysis of bisulfite-converted genome DNA prepared
from 7 HC cells and 5 sAD cells. The results showed that the
DNA methylation level of cg24526899 commonly decreased
in AD cells (Figure 7F). Furthermore, treatment with a DNA
methylation inhibitor, 5-aza-2'-deoycytidine, increased the
BMP4 expression level in HC iPSC even on day O (the undif-
ferentiated condition) (Figure 7G). These results suggest that
decreased methylation of the BMP4 promoter upregulates
BMP4 protein expression in AD cells.

Finally, to investigate the significance of BMP4 hyperse-
cretion in AD pathology, we examined the amount of
BMP4 in cerebrospinal fluid obtained from 20 HCs and
20 patients with AD by ELISA (Table S4). Interestingly,
consistent with elevated secretion in AD iPSCs, BMP4 con-
centration was significantly higher in cerebrospinal fluid

samples from patients with AD (Figure 7H). Collectively,
these findings suggest that cerebrospinal fluid BMP4 may
be an accessible biomarker for AD pathology.

DISCUSSION

In this study, we demonstrated that all 8 sAD-derived iPSCs
and 2 fAD-derived iPSC lines exhibited deficient NG and
oligodendrogenesis but enhanced differentiation toward
astrocytes when expression of several cell senescence
markers was induced (Figures 1, 2, S2A, and S2B). The cell
density during stage I altered the expression of cell senes-
cence markers by day 28 in HC-derived and AD-derived cul-
tures. Expression of the senescence marker SA-B-gal was
substantially elevated by the low-density seeding condi-
tion at neural rosettes (Figures 2C and S4C). Meanwhile,
the decreased expression of O-GIcNAc as well as NRF2,
another aging marker, was not limited to a specific cell
type (Figures 2D and S4D). Considering that neural progen-
itor cells at neural rosettes have the ability to differentiate
into neurons, oligodendrocytes, and astrocytes, we sup-
pose that the senescence-associated phenomena in broad
types of cells might be originating from the SA-B-gal-posi-
tive NSCs. Another possibility is the effect of paracrine fac-
tors secreted from SA-B-gal-positive NSCs. We found that
one of the inflammatory paracrine factors, IL-6, was
secreted more under the low-density seeding condition
(Figure 2G). Interestingly, IL-6 treatment induced cell
senescence (confirmed by SA-B-gal staining) in the breast
cancer cell line MCF-7 (Ortiz-Montero et al., 2017). Addi-
tionally, IL-6 signaling has been reported to be necessary
for the self-renewal and maintenance of NSCs (Storer
et al., 2018), suggesting that IL-6 possibly affects the fate
of NSCs.

The NG defect observed in this study was detected under
a limited condition, when the expression of several senes-
cence markers was induced by a low-density seeding proto-
col. In fact, sAD iPSCs normally developed neurons under
high-density conditions when no senescence markers
were observed in the cells. The question is how the status
induced by the low-density seeding protocol is related to
AD-cell-specific NG defects and AD pathology. To this

Figure 5. Increased phosphorylation of SMAD1/5/9 in sAD cells

(A) HC1, sAD1, and sAD3 cells were immunostained with phosphorylated SMAD1/5/9 antibody (P-SMAD1/5/9) after induction of neuronal
differentiation for 28 days with or without 250 nM LDN treatment during stage II. n = 10-15 images taken from the same well per group.

Scale bar, 50 pum.

(B) Immunofluorescence of P-SMAD1/5/9 in HC1-8 and sAD1-8 on day 28. Scale bar, 50 um.

(C) Protein expression of P-SMAD1/5/9 in HC1 and sAD3 cells 0, 5, 10, 15, 20, 25, and 28 days after neuronal differentiation were analyzed
by western blot. The mean protein levels on day 0 of HC1 were set to 1. n = 3 independent experiments.

(D) Immunofluorescence of OLIG2 and S100 and its quantification. Scale bar, 50 um n=10-15 images taken from the same well per group.

*p < 0.05.
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end, evaluation of our findings using other widely used AD
models is necessary. Transgenic mouse models based on the
genetic fAD mutations or App or Psen overexpression offer
great insight into the molecular mechanisms of how Af
deposition and NTs are formed and contribute to AD pa-
thology. In addition, 3D cell systems, such as brain organo-
ids, are powerful platforms to recapitulate disease pheno-
types where aberrant processes are considered to depend
on interaction between neurons and other cell types
(Drummond and Wisniewski, 2017). Recently, Chen et al.
(2021) succeeded in in vitro reconstitution of increased Ap
aggregates and phosphorylated tau protein using brain or-
ganoids. Because we found increased Ap oligomer levels in
AD cells (Figure S3L), there might be some link between the
repressed NG in our study and the AB hypothesis, which
should be evaluated using these well-established AD
models in future studies.

How sAD iPSCs share a common phenotype remains a
pivotal but unclarified issue in AD pathology. We propose
at least three possibilities for this study. First, epigenetic
modification patterns contribute to the AD-specific com-
mon phenotype. Interestingly, cg24526899, one of the
six CpG sites in the BMP4 promoter, showed an AD-cell-
line-specific decline in methylation (Figures 7E and 7F).
Furthermore, treatment with a DNA methylation inhibitor
increased BMP4 expression levels in HC iPSCs even on day
0, the undifferentiated condition (Figure 7G). These results
suggest epigenetic differences in the BMP4 promoter as a
key regulator of the commonly repressed NG of AD iPSCs.
Second, the common inhibition of NG in AD might result
from differences in AP production, ratio, and quality,
among other factors. We observed that the AB oligomer
increased in 3 AD cells compared with 3 HC cells
(Figure S3L), although there was no specific trend in pro-
duction of AB40 and AP42 or the AB42/AB40 ratio
(Figures S3I-S3K). These results are noteworthy because
an increase in intracellular AB oligomers impairs olfactory
bulb and adult hippocampal NG (Li Puma et al., 2019;

Scopa et al., 2020), consistent with the toxic Ap oligomer
hypothesis (Cline et al., 2018). Third, a combination of
polygenic variants is associated with AD pathology, which
has been revealed by genetic analysis and genome-wide as-
sociation studies (GWASs) (Cline et al., 2018; Kondo et al.,
2022). Hence, we consider that such a combination of rare
gene variants might result in the shared phenotype in SAD
cells. We also propose that, although the common pheno-
types of sAD iPSCs could originate from such combined
factors, further research is warranted using comprehensive
and multimodal analysis.

Using an in vitro model system for neural differentia-
tion using healthy and AD iPSC lines, we identified that
LDN, ISO, and SAG greatly improved NG of AD iPSCs
(Figures 3B-3F, S5B, 4A, and S2E). We also focused on
the morphology of drug-treated neurons derived from
AD iPSCs. Although the NG enhanced by these 3 drugs
was so prominent that we could visually evaluate it,
quantification of the morphology of the generated neu-
rons also highlighted subtle differences in NG, enabling
us to identify drug-dependent and cell-line-dependent ef-
fects. For example, the ratio of MAP2-to-TUJ1 area re-
vealed that SAG generated a greater number of mature
neurons from sAD3 than LDN and ISO, whereas this ef-
fect was not detected in sAD1 (Figure 3E). Additionally,
these measures were used for PCA, after which clusters
were generated following the cell line rather than the
drug type (Figure 3F). Several studies have demonstrated
the advantages of disease-specific human iPSC systems
for revealing the characteristics of individual iPSCs
(Kondo et al., 2017; Pasteuning-Vuhman et al., 2021).
Thus, disease-specific iPSCs coupled with image-based
quantification could support optimal drug selection to
reverse neurogenetic inhibition in individual patients
with AD for precision medicine.

On the basis of our results, we propose a molecular model
for inhibiting NG in AD iPSCs (Figure 71). First, SMAD1/5/9 is
activated, which is initiated by an increase in BMP4

Figure 6. RUNX2 inhibition restored NG and oligodendrogenesis of sAD and fAD cells

(A) Quantitative real-time PCR analysis of RUNX2 mRNA expression 0, 5, 10, 15, 20, 25, and 28 days after neuronal differentiation. The
mean mRNA levels on day 0 of HC1 were set to 1. n = 4-6 independent experiments.

(B) The mRNA expression of RUNXZ in cells treated with or without 250 nM LDN during stage II (left) and HC1-HC8 and sAD1-sAD8 iPSCs
(right), analyzed by quantitative real-time PCR on day 28. The mean mRNA levels of HC1 were set to 1. n = 4-6 independent experiments.
*p < 0.05.

(C) iPSCs from sAD and fAD patients were immunostained with MAP2 antibody (green) and TUJ1 antibody (vellow) after induction of
neuronal differentiation with DMSO (0.5% [vol/vol], days 15-28) or CADD522 (50 uM, days 15-28, +CADD) for 28 days. Scale bar, 50 um.
(D) Quantitative real-time PCR analysis of mRNA expression of MAP2 and TUJI under the same conditions as in (C). The mean mRNA levels
in DMSO-treated sAD1 or fAD1 cells were set to 1. *p < 0.05 compared with DMSO-treated cells. n = 6 independent experiments.

(E) Immunofluorescence of OLIG2 and S100B under the same conditions as in (C).

(F) Immunofluorescence of cleaved caspase-3 (cCASP3) under the same conditions as in (C). Scale bar, 50 pum.

(G) Western blot of P-Smad1/5/9 and Runx2 in the hippocampus of 8-week SAMR1 or 8-week SAMP8 mice. n = 3 mice per group. The mean
protein level of SAMR1 was set to 1. *p < 0.05.
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secretion. Then, the phosphorylated SMAD1/5/9 signal
leads to elevated RUNX2-dependent transcription, subse-
quently inducing astrocyte differentiation as well as
repressed generation of neurons and oligodendrocytes.
This molecular model was validated in vivo using SAMP8
mice, which showed elevated Runx2 protein expression as
wellasenhanced phosphorylation of Smad1/5/9 (Figure 6G).
Consistent with these findings and other reports (Li et al.,
2008; Shou et al., 1999), secretion of BMP4 was enhanced
in the cerebrospinal fluid of patients with AD (Fig-
ure 7H), suggesting that BMP4 hypersecretion might
contribute to AD pathology. Interestingly, hypomethylation
of ¢g24526899 of the BMP4 promoter was commonly
observed in AD iPSCs (Figures 7E and 7F). BMP4 expression
could form a positive feedback loop with phosphorylation
of SMAD1/5/9 because LDN treatment decreased the expres-
sion level of BMP4 (Figure 7B). Furthermore, we found that
inhibiting RUNX2 transcriptional activity with CADDS22
restored NG and oligodendrocyte formation in AD iPSCs
(Figure 6E). Previous reports have also suggested that the
RUNX2 downstream target gene SFRP2 enhances astrogene-
sis from NSCs through inhibition of NG and oligodendro-
genesis (Chen and Mobley, 2019; Wen et al., 2020).

In this study, we report a novel in vitro model of deficient
NG under cell senescence-related states in AD using pa-
tient-derived iPSCs and precise control of the culture envi-
ronment. We also demonstrate that this in vitro model is a
powerful tool for drug screening and for elucidating the
molecular mechanisms underlying NG defects under
senescence-related conditions in AD.

EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Further information and requests for resources and reagents
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(kano.f.aa@m.titech.ac.jp).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Raw data and images are available upon request to the correspond-
ing author.

iPSC culture

Healthy and sAD iPSClines (HC1, HC2, HC4-HCS8, and sAD1-sADS)
were a kind gift from Kyoto University through the Riken Cell
Biology Center (Okita et al., 2011, 2013; Nakagawa et al., 2014;
Kondo et al., 2013, 2017). The healthy iPSC line HC3 and the fAD
iPSC lines (fAD1 and fAD2) were purchased from Takara Bio and
the Coriell Institute, respectively. All iPSC lines were cultured on Ma-
trigel (Corning, 356234)-coated 6-well plastic plates (Nunc, 140675)
in mTeSR1 medium (STEMCELL Technologies, 85850).
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Figure 7. Elevated BMP4 level in AD cells and in cerebrospinal fluid samples from patients with AD

(A) After 28 days of neuronal differentiation, mRNA levels of BMP2, BMP4, BMP5, BMP6, BMP7, BMP9, and BMP10 in control (HC1-HC4),
sAD (sAD1-sAD3), and fAD (fAD1 and fAD2) cells were analyzed by quantitative real-time PCR. n = 4-6 independent experiments.

(B and C) mRNA expression and secretion of BMP4 and BMP7 on day 28. n = 6 independent experiments.

(D) Quantitative real-time PCR analysis of BMP4 mRNA expression on days 0-28. n = 4 independent experiments. The mean mRNA levels of
HC1 and sAD1 (A and B) and on day 0 of HC1 (C) were set to 1. *p < 0.05. N.D., not detected.

(E) Methylation levels of 6 CpG sites in the promoter region of the BMP4 gene were analyzed by unmethylated (U) and methylated (M) CpG-

specific PCR in undifferentiated HC1 and sAD3 iPSCs.

(F) Methylation levels of cg245268999 of undifferentiated control (HC) and sAD iPSCs by EpiTag HS. n = 5-7 independent experiments.
(G) mRNA expression of the BMP4 gene and methylation levels of the CpG site (cg24526899) in the promoter region of control iPSCs (HC1)
after treatment for 48 h with DMSO or 1 uM 5-aza-2’ deoxycytidine (5-Aza-dC). The mean mRNA levels of DMSO-treated HC1 were set to 1.

n = 3 independent experiments.

(H) Concentrations of BMP4 in cerebrospinal fluid obtained from 20 HCs and 20 patients with AD.

(I) A model of NG inhibition in AD iPSCs. BRII, BMP receptor type 2.
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