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The CreER/LoxP system is widely accepted to track neural lineages
and study gene functions upon tamoxifen (TAM) administration.
We have observed that prenatal TAM treatment caused high rates
of delayed delivery and fetal mortality. This substance could
produce undesired results, leading to data misinterpretation. Here,
we report that administration of TAM during early stages of
cortical neurogenesis promoted precocious neural differentiation,
while it inhibited neural progenitor cell (NPC) proliferation. The
TAM-induced inhibition of NPC proliferation led to deficits in cor-
tical neurogenesis, dendritic morphogenesis, synaptic formation,
and cortical patterning in neonatal and postnatal offspring. Mech-
anistically, by employing single-cell RNA-sequencing (scRNA-seq)
analysis combined with in vivo and in vitro assays, we show TAM
could exert these drastic effects mainly through dysregulating the
Wnt-Dmrta2 signaling pathway. In adult mice, administration of
TAM significantly attenuated NPC proliferation in both the subventric-
ular zone and the dentate gyrus. This study revealed the cellular and
molecularmechanisms for the adverse effects of TAMon corticogenesis,
suggesting that care must be taken when using the TAM-induced
CreER/LoxP system for neural lineage tracing and genetic manip-
ulation studies in both embryonic and adult brains.

tamoxifen | CreER | LoxP | Wnt | Dmrta2

The tamoxifen (TAM)-inducible CreER/LoxP system is one of
the most widely used genetic tools that have enabled precise

gene manipulation in distinct cell subpopulations at any specific
time point. Besides gene knockout, CreER/LoxP technology has
also enabled labeling of any cell types for genetic fate-mapping
study (1–4). TAM, a selective estrogen receptor modulator, is
considered a pioneering and commonly used drug to treat es-
trogen receptor positive breast cancer (5). In humans, a study
based on the AstraZeneca Safety Database suggested that TAM
therapy of breast cancer during pregnancy is tightly associated
with spontaneous abortions, fetal defects, and congenital mal-
formations (6). To avoid significant birth defects, TAM admin-
istration needs to be discontinued during pregnancy in breast
cancer patients (7–9). In rodents, adverse effects of TAM on
prenatal and postnatal mice have been reported by a consider-
able number of studies. Empirically, administration of TAM or
its active metabolite, 4-hydroxytamoxifen (4-OH-TAM) by either
oral gavage (∼1.5 to 10 mg TAM/mouse) or intraperitoneal (IP)
injections (∼750 μg to 1.5 mg TAM/mouse) to pregnant mice led
to embryonic lethality and/or dystocia. To obtain postnatal off-
spring, it is frequently required to perform a caesarian section
followed by fostering (10–15).
Our initial study showed that administration of TAM to

pregnant mice at embryonic day 10 (E10) reduced the size of the
cerebral hemispheres and the olfactory bulbs, enlarged the lat-
eral ventricle, and thinned the cortical plate (Fig. 1A), suggesting
prenatal TAM exposure has a drastic impact on cortical neuro-
genesis. We administered TAM to more than 70 litters of three

different mouse lines by IP injection (i.e., C57BL/6, 129S6/
C57BL/6, and CD1). TAM doses tested per pregnant dam were
500 μg (5 litters), 750 μg (≥50 litters), 1 mg (5 litters), and 2 mg
(≥10 litters). Delayed delivery and/or fetal mortality were always
observed in litters with a dose of 750 μg/animal and above.
To examine the effects of TAM on cortical neurogenesis, we

carried out single-cell RNA-sequencing (scRNA-seq) analysis.
Combined with quantitative in situ hybridization (ISH) and
immunostaining assays, we found a single dose, prenatal TAM
administration promoted precocious neuronal differentiation,
while it blocked neural progenitor cell (NPC) proliferation which
ultimately resulted in impaired cortical neurogenesis in prenatal
and perinatal brains. We further revealed that TAM could exert
these adverse effects via dysregulating Wnt-Dmrta2 signaling,
which has been shown to play critical roles in NPC fate maintenance
and neural differentiation (16, 17). Moreover, we showed that
TAM administration at E8.5 severely impaired neurogenesis,
dendritic morphogenesis, synaptic density, and gliogenesis in
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Fig. 1. Prenatal TAM exposure impaired cortical neurogenesis. (A) TAM was injected into pregnant mice at E10 (750 μg/animal). The brains were removed at
E18. TAM treatment reduced the size of the cerebral hemispheres and the olfactory bulbs. Nissl staining showed an enlargement of the lateral ventricles
(Upper Right). Map2 immunostaining shows TAM treatment at E10 dramatically thinned cortical plate at E18 (Lower Right). CTL, oil control; TAM, tamoxifen
treated; Map2, microtubule associated protein 2. (Scale bar, 50 μm.) (B) Prenatal TAM exposure at E10 altered cortical area patterning at E18 in the motor
cortex (Cyp26b1 and Epha7), the somatosensory cortex (Mdga1), and the visual cortex (Crym and Epha7). Cyp26b1, cytochrome P450 family 26 subfamily b
member 1; Epha7, EPH receptor a7; Mdga1, MAM domain containing glycosylphosphatidylinositol anchor 1; Crym, Crystallin Mu. (Scale bar, 400 μm.) (C)
Schematic overview of single-cell isolation and scRNA-seq. Visualization of single-cell data by UMAP plot of clustering of E12 cells. NPC1, cortical neural
progenitor cells; NPC2, subcortical neural progenitor cells; Inh1, inhibitory neurons (mainly derived from the medial ganglionic eminence [MGE]); Inh2, in-
hibitory neurons (mainly derived from the lateral ganglionic eminence [LGE] or the caudal ganglionic eminence [CGE]); NB, neuroblasts; Ex, excitatory
neurons; Cck+, Cck+ cells; CR, Cajal-Retzius cells; CH, cortical hem cells; NC, neural crest cells; RBC, red blood cells; EC, endothelial cells; MG, microglia; PC,
pericytes. (D) Heatmap shows top cell-type-specific genes expressed in the clusters defined in C. The representative genes of each cluster are listed on the
Right. (E) Pie chart shows major cell-type percentages between CTL and TAM groups. (F) Patterning analysis of cell fate and cell cycle markers. Circles
represent fractions of positive cells in each cluster. Mki67, marker of proliferation Ki-67; Pax6, paired box 6; Eomes, eomesodermin; Tbr1, T-box brain
transcription factor 1; Reln, reelin; Mef2c, myocyte enhancer factor 2C; Rbfox3, RNA binding Fox-1 homolog 3; Cdkn1c, cyclin dependent kinase inhibitor 1C.

Lee et al. PNAS | August 11, 2020 | vol. 117 | no. 32 | 19579

N
EU

RO
SC

IE
N
CE



postnatal offspring. In adult mice, TAM treatment dramatically
attenuated neural stem cell proliferation in the subventricular
zone (SVZ) and the dentate gyrus (DG), the two areas where
adult neurogenesis occurs.

Results
Prenatal TAM Administration Impaired Neurogenesis and Cortical
Organization in Perinatal Offspring. It has been shown that the
highest tolerable dose for a single prenatal (E7.5 to E10.5) TAM
IP injection without significant lethality at term is about 1 mg per
pregnant dam (∼30 to 60 μg TAM per gram body weight) (15,
18). Our preliminary study showed administration of 500 μg
TAM to Prominin1 CreER reporter mice (Prom1-CreER/floxed
ZsGreen) at E8.5 and E10 did not elicit detectable green fluo-
rescent protein signal at E18. Therefore, to study the effects of
TAM on corticogenesis, we administered 750 μg of TAM per
pregnant dam (∼25 to 30 μg TAM per gram body weight).
To study the effects of TAM on cortical neurogenesis, we

administered TAM to pregnant dams at E10, the time when
cortical neurogenesis begins in the forebrain (19). We found
TAM dysregulated the expression of multiple cortical patterning
genes in the motor cortex (Cyp26b1 and Epha7), the somato-
sensory cortex (Mdga1), and the visual cortex (Crym and Epha7)
in E18 offspring (Fig. 1B). TAM treatment somewhat reduced
visual cortex marker gene expression and expanded the so-
matosensory gene Mdga1 expression posteriorly, implying corti-
cal patterning deficits in TAM-treated offspring.
For single-cell RNA sequencing, TAM was administered to

the pregnant dam at E10. To minimize potential variability be-
tween individuals, we pooled left and right hemispheres isolated
from different litters per experimental condition. At E12 when
neuronal polarity has not been fully established, tissue dissection
and cell dissociations steps have little effects on cell integrity
(cell viability >95%). The pooled samples were subjected to
droplet-based scRNA-seq analysis (10× Genomics) (Fig. 1C).
We then subset the datasets (4,193 cells/condition set.seed = 3)
and applied quality filter and integrated analysis to merge con-
trol (CTL) and TAM datasets with a total of 8,386 cells and
17,071 genes using the Seurat package (20, 21). Based on uni-
form manifold approximation and projection (UMAP) analysis,
we segregated the cells into 14 clusters (Fig. 1C). According to
gene expression enrichment, we annotated 14 clusters. There are
neural progenitor cells (NPC1, Pax6 and NPC2, Olig2), inhibitory
neurons (Inh1, Dlx1 and Inh2, Gad2), cortical neuroblasts (NB,
Neurog2), cortical excitatory neurons (Ex, Neurod6), Cajal-
Retzius cells (CR, Reln), cortical Cck+ neurons (Cck+, Cck),
cortical hem neurons (CH, Rspo1), neural crest cells (NC,
Crabp1), red blood cells (RBC, Alas2), endothelial cells (EC,
Flt1), microglia (MG, Ctss), and pericytes (PC, Vtn) (Fig. 1D).
To assess the overall effect of TAM on cell fate specification,

we calculated the ratios of cells in each cluster over total ana-
lyzed cells. We found that prenatal TAM exposure greatly re-
duced the ratio of cortical and subcortical NPCs (NPC1 and
NPC2, smalt blue and blue color) by 17.62%, while it caused a
total of 16.7% increase in cortical (Ex, pink color) and subcor-
tical (Inh1 and Inh2, darkgreen and green color) neurons, CR
cells (dark yellow color), and Cck+ neurons (orange color)
(Fig. 1E). Prenatal TAM treatment also reduced the ratio of cells
in one of the major brain patterning centers, the cortical hem
(light blue color) (22). To save computational recourse, we
randomly subset the CTL and TAM dataset to 4,193 cells/con-
dition (23). We tested cell subtype composition using two other
random subset parameters (set.seed = 5 and 25). We found that
the cell type compositions are similar among the three random
subset and the total cell datasets (SI Appendix, Fig. S1A). We did
not observe cell cluster loss due to random subset in the current
study. Next, we analyzed the expression of cell fate markers in
neuronal lineage clusters. In TAM-treated brains, the numbers

of proliferating cells (Mki67+) and cortical ventricular zone
(VZ) NPCs (Pax6+, NPC1 cluster) were notably reduced, while
the number of Eomes expressing cells was increased. The increased
Eomes+ cells mainly resided in the newborn cortical neuron cluster
(Ex), implying that TAM treatment promoted Eomes+ SVZ pro-
genitors to express neuronal genes precociously. In line with the
findings above, the number of cells expressing neuronal genes, such
as Reln, Tbr1, Rbfox3, and Mef2c, was increased in cortical neuron
clusters (Ex, Cck+, and CR) of TAM-treated brains. Moreover,
increased parvalbumin interneuron precursors (Mef2c+) in the
Inh2 cluster further suggested a precocious neurogenesis in TAM-
treated brains (24). Importantly, there were more cells in Inh2 and
Ex clusters expressing the cell cycle G1 phase marker, Cdkn1c in
TAM-treated brains (Fig. 1F). Cyclin-dependent kinase inhib-
itor 1C (Cdkn1c) is a strong inhibitor of several G1 cyclin/Cdk
(cyclin-dependent kinases) complexes and a negative regulator
of cell proliferation (25, 26). Increased number of cells in the
G1 phase suggests an early cell cycle withdrawal and subsequent
advanced cortical neuronal differentiation. Taken together, our
initial scRNA-seq analysis suggested biphasic effects of TAM on
cortical neurogenesis. On one hand, TAM suppressed cell cycle
progression and inhibited NPC proliferation; on the other hand, it
increased the number of SVZ progenitors expressing neuronal
genes, and thus led to precocious neuronal differentiation.

Prenatal TAM Exposure Inhibited VZ Progenitor Proliferation. To
validate the initial scRNA-seq analysis, we first measured the
expression of NPCs in the cortex using the VZ and the SVZ
markers, Pax6 and Eomes, respectively. TAM was IP injected at
E10. Brain samples were collected at E12. Immunostaining assay
showed that in TAM-treated brains, the number of Pax6+ NPCs
was significantly reduced (CTL = 87 ± 4%, TAM = 76 ± 5%;
mean ± SD), while Eomes+ cells in the SVZ were slightly in-
creased (CTL = 8 ± 3%, TAM = 12 ± 3%; mean ± SD)
(Fig. 2A). Quantitative ISH assay showed the average number of
Pax6 mRNA puncta reduced from 7 ± 2/cell in CTL to 5 ± 1/cell
in the TAM-treated cortex. The average number of Eomes
puncta increased from 3 ± 0.8/cell to 5 ± 1.6/cell (mean ± SD) in
TAM brains (Fig. 2B). Second, BrdU incorporation assay com-
bined with Mki67 immunostaining showed that TAM exposure at
E10 greatly reduced the number of cells in the cell cycle and in
the S phase (BrdU: CTL = 36 ± 8%, TAM = 26 ± 6% and
Mki67: CTL = 35 ± 6%, TAM = 24 ± 6%; mean ± SD)
(Fig. 2C). We observed similar results when TAM was admin-
istered at the peak of cortical neurogenesis (SI Appendix, Fig.
S1B). Third, we measured cell cycle S phase length using a
5-ethynyl-2′-deoxyuridine (EdU)/BrdU double labeling paradigm
(25) (Fig. 2D). Cells that left the S phase during the labeling pe-
riod (2 h) were labeled with EdU only (green color). Cells in S
phase were labeled with BrdU (red color). The EdU/BrdU double
labeling assay showed a prolonged S phase in TAM-treated,
proliferating NPCs (CTL = 4 ± 1 h, TAM = 7 ± 2 h; mean ± SD)
(Fig. 2D). Fourth, we assessed the number of dividing cells (M
phase) in the cortex using phospho-Histone H3 (pH3) antibody
(26). We found there were more basal pH3+ cells in TAM-treated
brains than in the control (CTL = 0.4 ± 0.3%, TAM = 1 ± 0.5%;
mean ± SD), which may cause the transient increase of Eomes+

cells. Contrary to its effect on basal dividing cells, TAM reduced
the number of pH3+ apical dividing cells (CTL = 6 ± 1.4%,
TAM = 4 ± 0.8%; mean ± SD) (Fig. 2E), which may cause the
reduction of Pax6+ NPCs and lead to neurogenesis impairment.
Finally, we found TAM treatment at early (E10) and midstage
(E13) of cortical development quickly increased the expression
level of the cell cycle arrest molecule, Cdkn1c (CTL = 0.2 ± 0.04
puncta/cell, TAM = 0.4 ± 0.07 puncta/cell; mean ± SD) (Fig. 2F
and SI Appendix, Fig. S1C). Taken together, it appeared that
TAM administration disrupted cell cycle progression which in turn
inhibited NPC proliferation. Simultaneously, TAM promoted transient
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Fig. 2. Prenatal TAM administration inhibited neural progenitor proliferation. (A) Pax6 and Eomes immunostaining shows TAM treatment at E10 signifi-
cantly inhibited VZ progenitor proliferation at E12, while it increased the number of cells in the SVZ (Pax6+ cells, P < 0.0001; Eomes+ cells, P = 0.0002;
Mann–Whitney U test, CTL n = 24, TAM n = 27). (Scale bar, 30 μm.) The red box in the Lower Left diagram shows the region used for quantification analysis.
Lower Right shows the percentage of Pax6+ or Eomes+ cells over total cells. CTX, cortex; HIP, hippocampus; LGE, lateral ganglionic eminence; MGE, medial
ganglionic eminence. The box plot shows the minimum, the maximum, the median, the mean (the + symbol), and the first and the third quartiles. (B) ISH
shows administration of TAM at early brain development (E10) reduced the expression and the number of VZ progenitors (Pax6+), while it increased the
expression of Eomes and the number of SVZ progenitors (Eomes+) (Pax6 puncta/cell, P = 0.0026; Eomes puncta/cell, P = 0.0002; Mann–Whitney U test, CTL n =
14, TAM n = 19). (Scale bar, 10 μm.) (C) TAM dramatically reduced numbers of cells in S phase (BrdU+) and total cells in the cell cycle (Mki67+) (BrdU, P = 0.0264;
Mki67, P = 0.0007; Mann–Whitney U test, CTL n = 19, TAM n = 18). TAM was administered at E10. BrdU was injected to the pregnant dam at E12. Samples
were collected 30 min after BrdU administration. (Scale bar, 30 μm.) (D) Kinetic analysis of S phase cell cycle progression (P < 0.0001, Mann–Whitney U test,
CTL n = 20, TAM n = 21). TAM was administered at E11. EdU was injected at E12. BrdU was injected 2 h after EdU administration. The brains were collected
30 min after EdU injection. The enlarged images on the Right show quantification of BrdU (red color) and EdU (green color) single or double positive cells. The
Edu/BrdU double positive cells were labeled with yellow ovals. (Scale bar, 20 μm.) The broken lines label the cortex. (E) TAM administration increased the
number of basal dividing cells (phospho-Histone H3+), while it reduced the number of apical dividing cells (apical, P < 0.0001; basal, P < 0.0001; Mann–
Whitney U test, CTL n = 32, TAM n = 38). (Scale bar, 20 μm.) (F) Cdkn1c ISH shows prenatal administration of TAM at E10 detained cells in G1 phase (P < 0.0001,
Mann–Whitney U test, CTL n = 12, TAM n = 12). (Scale bar, 30 μm.) *, 0.01 ≤ P < 0.05; **P < 0.01.
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SVZ progenitor proliferation followed by early cell cycle withdrawal,
which led to precocious neurogenesis. Although we cannot rule
out the possibility that reduced BrdU signal in TAM-treated NPCs
was due to DNA repair, the result of BrdU incorporation assay
was consistent with Mki67, pH3, Pax6, and Eomes quantification
analyses.
To rule out the possibility that the reduction in the number of

NPCs was due to TAM-induced apoptosis, we carried out ter-
minal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay. We did not detect increased apoptosis in E12
brains when TAM (2 mg/animal) was administered to pregnant
mice at E10 (SI Appendix, Fig. S1D).

TAM Promoted Precocious and Transient Neuronal Differentiation in
Prenatal Brains. The scRNA-seq analysis showed an increased
number of cells expressing postmitotic neuronal markers, such as
Reln, Rbfox3, Tbr1, and Mef2c at E12 when TAM was adminis-
tered at E10. There was an increased number of cells expressing
cell cycle G1 phase gene Cdkn1c in TAM-treated brains, which
further suggested precocious neural differentiation. In agree-
ment with the analyses above, the immunostaining assays showed
that TAM exposure at E10 greatly promoted the production of
not only early-born, Reln+ Cajal-Retzius cells and Tbr1+ deep
layer neurons (Reln: CTL = 1.7 ± 0.5%, TAM = 2.5 ± 0.6% and
Tbr1: CTL = 9 ± 1.7%, TAM = 13 ± 1.6%; mean ± SD)
(Fig. 3 A and B), but also Mef2c+ superficial layer cells at E12
(CTL = 0.5 ± 0.3%, TAM = 1.9 ± 0.5%; mean ± SD) (Fig. 3C)
(19). The increased Mef2c-expressing cells in the cortex were
probably from the Cck+ cluster (Fig. 1F). The above immunos-
taining results were further confirmed by ISH assay using a pan-
neuronal marker, Rbfox3 (CTL = 0.16 ± 0.04 puncta/cell, TAM =
0.20 ± 0.05 puncta/cell; mean ± SD) (Fig. 3D). Moreover, we also
showed that TAM treatment at the peak of cortical neurogenesis
(E13) dramatically increased Tbr1+ andMef2c+ cells in the cortical
plate at E14, while having little effects on the total number of
Reln+ cells in the cortical marginal zone (MZ) (SI Appendix, Fig.
S2A). This may be because Reln+ cells are one type of the earliest
born cortical neurons which have differentiated before TAM
administration (27).

The Long-Lasting Effects of Prenatal TAM Exposure in Postnatal
Offspring. To evaluate the potential long-lasting effects of TAM
exposure on cortical neurogenesis, we injected TAM to pregnant
dams preceding neural tube closure (E8.5) and examined cortical
neurogenesis at E18 and at postnatal day 30 (P30). TAM treat-
ment dramatically reduced the thickness of the cortical plate
(Map2: CTL = 478 ± 40 μm, TAM = 355 ± 32 μm; mean ± SD)
and the number of cortical neurons in E18 offspring (Rbfox3:
CTL = 54 ± 7%, TAM = 41 ± 11%; mean ± SD) and in P30
offspring (Rbfox3: CTL = 65 ± 5%, TAM = 58 ± 3% and Tbr1:
CTL = 57 ± 5%, TAM = 43 ± 3%; mean ± SD) (Fig. 3 E and F).
In the hippocampus, prenatal TAM treatment also caused subtle
reduction of cell numbers in the CA1 and the DG (SI Appendix,
Fig. S2B). Strikingly, administration of TAM at E8.5 severely
impaired apical dendritic complexity in P30 brains, especially in
the cortical marginal zone (CTL = 1.3 ± 0.3 dendritic fragments/μm3,
TAM = 0.8 ± 0.013 dendritic fragments/μm3; mean ± SD) (Fig. 3G).
Moreover, the synaptic density was reduced in TAM-treated cortex
(CTL = 0.15 ± 0.06 puncta/μm2, TAM = 0.06 ± 0.03 puncta/μm2;
mean ± SD) (Fig. 3H). Administration of TAM at E13 (the peak
period of cortical neurogenesis) to an outbred mouse strain (CD1)
and a transgenic mouse line (Prom1-CreER/ZsGreen) also showed
reduced number of cortical neurons (SI Appendix, Fig. S2 C and D),
suggesting TAM treatment has long-lasting effects on cortical neu-
rogenesis regardless of the genetic backgrounds.
In addition to cortical neurogenesis, in E8.5 TAM-treated P30

offspring, our data showed a significant reduction in the percentage
of Olig2+ oligodendrocytes in the corpus callosum defined by Cnp

and Mbp staining. Compared to the control, Cnp and Mbp immu-
nostaining showed TAM treatment caused irregular axon bundle
organization and severely reduced the expansion of the corpus
callosum, where the commissural fibers connect left and right
hemispheres (SI Appendix, Fig. S3A). We observed a statistically
nonsignificant reduction in the number of Gfap+ astrocytes in
the corpus callosum, while the number of Aldoc+ astrocytes
remained unchanged in the cortex (SI Appendix, Fig. S3 B and C).

Prenatal TAM Exposure Perturbed Wnt Signaling Which Has Been
Shown to Strongly Correlate with Neural Progenitor Maintenance,
Differentiation, and Cortical Patterning. To reveal the underlying
molecular mechanisms, we carried out gene regulatory network
analysis of NPCs and cortical hem cells using the bigSCale2 toolkit
to identify hub genes that TAM used to manipulate corticogenesis
(28). We chose to analyze NPC1/2 and CH clusters because of the
tight association between VZ NPC proliferation and cortical
neurogenesis. The cortical hem, one of the main brain patterning
organizers, has been shown to regulate cortical patterning (22, 29).
We discovered four major network modules in CTL- and three

modules in TAM-treated cells (Fig. 4 A, Left). Compared with
the CTL, the TAM network showed lower edges to node density
(CTL = 6.89, TAM = 4.92) and modularity (CTL = 0.61, four
modules, TAM = 0.29, three modules), suggesting the CTL
network preserved a stronger intramodular connectivity and
higher gene expression heterogeneity. Gene ontology (GO) en-
richment analysis showed the four modules in the CTL com-
prised of genes mainly related to forebrain development, cell
division, cell cycle progression, and ribonucleoprotein complex
biogenesis (Fig. 4 A, Upper Right). Compared to the CTL, TAM
treatment reduced the GO enrichments to three modules com-
posed of genes related to projection assembly and Wnt signaling,
cell division, and ribonucleoprotein complex biogenesis (Fig. 4 A,
Lower Right). Cell cycle progression genes were not GO enriched
in the TAM-treated sample, suggesting the expression of genes
that control cell cycle progression was largely dysregulated.
Closer inspection revealed the pagerank centrality of differen-
tially expressed hub genes (orange-red color and blue color) was
reduced in a random pattern within the gene regulatory network
of TAM-treated NPCs and CH cells (Fig. 4 A, Left). One of the
most striking examples is the forebrain development module.
The regulatory networks of the hub genes in this module, such as
Dmrta2, Wnt8b, Emx2, and Dmrt3, were greatly altered in TAM-
treated cells. Directly connected genes (nodes) to Dmrta2 and
Wnt8b were reduced from 62 in CTL to 17 in TAM-treated cells,
and from 109 to 57, respectively, indicating weakened gene–gene
interactions in TAM-treated cells. These hub genes are critical
components of multiple pathways that regulate neural progenitor
maintenance, cortical neurogenesis, and cortical patterning
(i.e., Wnt, BMP, and Notch pathways) (17, 22).
Intriguingly, a recent study by Young et al. showed that

Dmrta2, a novel Wnt-dependent transcription factor, regulated
Hes1 and other proneural genes to maintain NPC fate (17).
Emx1-Cre conditional knockout of Dmrta2 accelerated cell cycle
exit, increased Eomes+ cells, and promoted transient neuronal
differentiation. In line with this evidence, an earlier study by
Nakamura et al. showed that Hes1 null mice exhibited premature
progenitor cell differentiation and reduction of multipotent
progenitors’ self-renewal activity (16). These phenotypes some-
what resemble our findings in TAM-treated brains. scRNA-seq
analysis showed that the expression levels of Wnt8b, Dmrta2, a
Dmrta2 downstream target Hes1, a Wnt receptor subunit, Lrp6,
and a Bmp receptor subunit, Avcr2b, were decreased in the
TAM-treated NPCs and/or CH cells (Fig. 4B). Our ISH assays
show that TAM treatment at E10 dramatically down-regulated
expression levels of Wnt8b, Lrp6, Dmrta2, Hes1, and Avcr2b in
the cortex at E12 (average puncta/cell,Wnt8b: bin1, CTL = 4.7 ± 0.30,
TAM = 3.5 ± 0.16; bin2, CTL = 4.7 ± 0.18, TAM = 3.4 ± 0.20; bin8,
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Fig. 3. Prenatal TAM administration promotes precocious neurogenesis and has long-lasting effects on corticogenesis in postnatal offspring. (A–D) Ad-
ministration of TAM at E10 increased numbers of Reelin (Reln) positive, Cajal–Retzius cells at E12 (P = 0.0115, Mann–Whitney U test, CTL n = 7, TAM n = 9)
(Scale bar, 30 μm.), Tbr1+ neurons (P = 0.0037, Mann–Whitney U test, CTL n = 8, TAM n = 7) (Scale bar, 30 μm.), and Mef2c+ superficial layer neurons (P <
0.0001, Mann–Whitney U test, CTL n = 20, TAM n = 20) (Scale bar, 20 μm.). ISH assay shows prenatal TAM exposure at E10 transiently increased the total
number of Rbfox3+ postmitotic neurons at E12 (P = 0.0354, Mann–Whitney U test, CTL n = 10, TAM n = 10). (Scale bar, 10 μm.) The broken lines label the
marginal zone (MZ) (A) or the cortical plate (CP) (B and C). (E) TAM was administered at E8.5. Cortical neurons were significantly reduced in E18 brains
(Rbfox3, P = 0.0262, Mann–Whitney U test, CTL n = 17, TAM n = 18. Map2, P < 0.0001, Mann–Whitney U test, CTL n = 20, TAM n = 35). (Scale bar, 80 μm.) (F)
TAM exposure at E8.5 impaired cortical neurogenesis in P30 offspring (Rbfox3, P < 0.0001, Mann–Whitney U test, CTL n = 15, TAM n = 18. Tbr1, P = 0.0286,
Mann–Whitney U test, CTL n = 9, TAM n = 9). (Scale bar, 100 μm.) (G) TAM treatment decreased dendrite complexity in P30 offspring. Dendritic morphology
was quantified using Imaris filament function; statistics denoted the number of branching points (P = 0.0002, Mann–Whitney U test, CTL n = 9, TAM n = 9).
The Right shows enlarged view of the box areas in the Left two panels and the surface model for dendrite quantification. (Scale bar, 20 μm.) (H) Prenatal TAM
administration (E8.5) altered synaptic formation in adult offspring. Presynaptic terminals were identified by synapsin staining (red color). Postsynaptic
structures were identified by discs large MAGUK scaffold protein 4 (Dlg4 [PSD95]) staining (green color). Dendrites were labeled by Map2 staining (blue color).
Synapses were identified by the close proximity of pre- and postsynaptic elements (≤1 μm) (P = 0.0004, Mann–Whitney U test, CTL n = 10, TAM n = 10). (Scale
bar, 1 μm.) *, 0.01 ≤ P < 0.05; **P < 0.01.
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Fig. 4. Prenatal TAM administration perturbed Dmrta2-Hes1, Wnt, and Bmp signaling pathways. (A) The Left shows CTL and TAM gene regulatory network
analysis of scRNA-seq of NPC and CH clusters. The node size is proportional to its pagerank centrality. Orange-red (CTL) and blue (TAM) dots show genes in the
intersection of three gene sets: 1) Top 200 differentially expressed genes identified using Seurat package FindAllMarkers function between CTL and TAM; 2)
Top 200 genes with the biggest change in pagerank absolute value between CTL and TAM; 3) genes with over 0.95 quantile of pagerank centrality. The Right
shows GO enrichment of genes with the most affected pagerank centrality. The genes listed in the network analysis (Left) are in orange-red (CTL) and blue
(TAM) colors in the GO enrichment analysis. (B) The dot plot shows prenatal TAM administration reduced the number of cells expressing Wnt8b, Dmrta2,
Hes1, Lrp6, Acvr2b, and Sox3. (C) TAM treatment expandedWnt8b expression laterally in the cortex (P < 0.0001, two-way ANOVA, box1, P = 0.0047; box2, P =
0.0012; box3, P = 0.2137; box4-6, P > 0.9999; box7, P = 0.4281; box8, P = 0.0008; box9, P = 0.0003. CTL n = 9, TAM n = 9). The cortex above the CH was
separated by continuous bins and ISH staining puncta were quantified in each bin. The enlarged images on the Right show bin-7 and -8. N.S., nonsignificant.
(Scale bar, 100 μm.) ISH assays show reduced expression of Lrp6, Dmrta2, Hes1, and Sox3 mRNAs in TAM-treated brains (Lrp6, P = 0.0023, CTL n = 12, TAM n =
18; Dmrta2, P < 0.0001, CTL n = 15, TAM n = 15; Hes1, P < 0.0001, CTL n = 15, TAM n = 17; Sox3, P < 0.0001, CTL n = 12, TAM n = 12). (Scale bar, 200 μm.) *,
0.01 ≤ P < 0.05; **P < 0.01.
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CTL = 1.7 ± 0.58, TAM = 3.0 ± 0.96; bin9, CTL = 0.58 ± 0.10,
TAM = 2.0 ± 0.37 and Lrp6: CTL = 8.5 ± 1.1, TAM = 7.0 ± 1.1 and
Dmrta2: CTL = 8.7 ± 1.7, TAM = 5.7 ± 0.9 and Hes1: CTL = 9.4 ±
0.7, TAM = 6.0 ± 0.9 and Avcr2b: CTL = 9.8 ± 1.4, TAM = 6.4 ± 1.6;
mean ± SD) (Fig. 4C and SI Appendix, Fig. S5A). We also verified the
reduced expression of a neural progenitor marker, Sox3, in TAM-
treated brains (CTL = 7.6 ± 1.6 puncta/cell, TAM = 5.2 ± 1.2
puncta/cell; mean ± SD) (Fig. 4C) (30).
Along with neural progenitor fate maintenance, Dmrta2 has

been shown to be involved in cortical patterning (31, 32). By
using a conventional Dmrta2 null mouse line, Saulnier et al.
showed that in the major telencephalic patterning centers, the
roof plate, and cortical hem, loss of Dmrta2 resulted in decreased
expression of Wnt and BMP signaling genes, such as Wnt8b (31).
Our scRNA-seq analysis showed that TAM treatment dysregu-
lated the expression of Wnts, Bmps, and their receptors and
cytoplasmic modulators in NPCs and cells in the cortical hem
(Fig. 4 A–C and SI Appendix, Fig. S4). We found TAM treatment
expandedWnt8b expression from ventral-medial to dorsal-lateral
regions (Fig. 4C). Therefore, dysregulation of Wnt and BMP
pathways may be one of the underlying mechanisms that control
cortical patterning changes in TAM-treated brains.
In summary, our data revealed that TAM administration al-

tered the landscape of gene regulatory network in NPCs and CH
cells by reducing intramodular connectivity and gene expression
heterogeneity. Particularly, TAM administration at the early
stage of cortical neurogenesis dramatically attenuated the Wnt
signaling network. In addition to Wnt and Dmrta2 regulations,
the scRNA-seq analysis showed TAM also perturbed the ex-
pression of genes that have been shown to be involved in other
signaling pathways, such as Fgf (e.g., Ptpn11), Notch (e.g., Hes5,
Snw1, Ctbp1, Ctbp2, Hdac1, and Hdac2), and sonic hedgehog
(Shh) (e.g., Prkar1a and Smo) (SI Appendix, Fig. S4).

TAM Directly Regulated Neural Proliferation and Differentiation via
Wnt-Dmrta2 Signaling. To demonstrate the causal effect of Wnt
and BMP pathways on NPC proliferation and differentiation, we
carried out rescue assays using two Wnt agonists (Wnt agonist 1
and HLY78) and a BMP agonist (SJ000291942). Wnt agonist 1 is
a pan-Wnt signaling pathway activator, which induces Ctnnb1
(β-catenin)- and Tcf-dependent transcriptional activity (33). HLY78
potentiates the Axin-Lrp6 association, and thus promotes Lrp6
phosphorylation and Wnt signaling transduction (34). SJ000291942
activates the canonical BMP signaling pathway (35).
Single cells were dissociated from E11 mouse cortex and cul-

tured with a TAM active metabolite, 4-hydroxy-tamoxifen (4-OH-TAM)
and one of the agonists in vitro for 16 h. Neuron and NPC pair
cells were detected by Tubb3 and Nes immunostaining (neuron
pair cells, N/N; NPC pair cell, P/P) (Fig. 5 A, Upper Right diagram).
The pair-cell assay showed that 4-OH-TAM produced more neuron
pair cells (N/N ratio: CTL = 0.48 ± 0.08, 4-OH-TAM = 0.73 ± 0.3;
mean ± SD) than the control and reduced the numbers of pro-
genitor pairs (P/P ratio: CTL = 0.49 ± 0.08, 4-OH-TAM = 0.16 ±
0.2%; mean ± SD) (Fig. 5A). Adding Wnt agonists rescued the
TAM effects on progenitor cell proliferation and differentiation
(P/P ratio: CTL = 0.49 ± 0.08, 4-OH-TAM and Wnt agonist 1 =
0.44 ± 0.23, 4-OH-TAM and HLY78 = 0.54 ± 0.1. N/N ratio:
CTL = 0.48 ± 0.08, 4-OH-TAM and Wnt agonist 1 = 0.37 ± 0.18,
4-OH-TAM and HLY78 = 0.43 ± 0.11; mean ± SD) (Fig. 5A and
SI Appendix, Fig. S5B). We observed less rescue effects when
using the BMP agonist, SJ000291942 in 4-OH-TAM-treated NPCs
(P/P ratio: 4-OH-TAM and SJ000291942 = 0.73 ± 0.2; N/N ratio:
4-OH-TAM and SJ000291942 = 0.27 ± 0.19; mean ± SD) (SI
Appendix, Fig. S5B). The numbers of asymmetrically dividing cells
(P/N) were not significantly altered in all conditions. Expectedly,
the total number of Mki67+ cells in 4-OH-TAM-treated E11
NPCs was also reduced (SI Appendix, Fig. S5C).

To further demonstrate the function of the critical gene,
Dmrta2 in regulating cell differentiation, we infected E11 NPCs
with Dmrta2 overexpression (Dmrta2OE) and negative GFP
control lentiviral particles. The expression of Dmrta2 and GFP
(Dmrta2-IRES2-GFP) was driven by the EF-1α promoter. After
4 d, we replated Dmrta2 overexpressing and control NPCs in a
single-cell density and added 4-OH-TAM. After 16 h, we per-
formed immunostaining and quantified the numbers of NPC and
neuronal pair cells (Fig. 5B, the Left diagram). We found over-
expression of Dmrta2 in E11 cortex-derived NPCs counteracted
the effects of TAM on NPC fate specification (P/P ratio: CTL =
0.53 ± 0.05, Dmrta2OE = 0.65 ± 0.08, 4-OH-TAM = 0.39 ± 0.05,
Dmrta2OE and 4-OH-TAM = 0.50 ± 0.06%. N/N ratio: CTL =
0.38 ± 0.06, Dmrta2OE = 0.24 ± 0.07, 4-OH-TAM = 0.52 ± 0.06,
Dmrta2OE and 4-OH-TAM = 0.42 ± 0.08; mean ± SD)
(Fig. 5B).
As a proof of principle, we showed a tight link between TAM

and Wnt8b-Dmrta2 regulatory axis in regulating NPC fate speci-
fication. TAM treatment dysregulates this pathway and results in
deficits in cortical neurogenesis and patterning in prenatal and
postnatal offspring.

TAM Inhibited Adult Neural Progenitor Cell Proliferation in Both the
SVZ and the DG. In adult mice, several studies reported acute but
not long-lasting effects of TAM treatment on locomotion, ex-
ploration, anxiety behaviors, and learning and memory in mice
(36–39). To study the potential influence of TAM on adult
neurogenesis, we employed an established 5-d protocol that was
used for CreER/LoxP-dependent gene targeting in adult mice
(40). We injected 2 mg TAM/day to 3- to 4-wk-old male C57BL/6
mice continuously for 5 d. One dose of BrdU was administrated
on the second day of TAM injection. The brains were analyzed
5 d after the last TAM administration. We found that TAM
greatly reduced the number of BrdU- and Mki67-labeled pro-
liferating cells in the SVZ (BrdU: CTL = 12.1 ± 3.8%, TAM =
7.2 ± 2.3% and Mki67: CTL = 17.7 ± 3.6%, TAM = 11.7 ±
4.6%; mean ± SD) and in the DG (BrdU: CTL = 16.1 ± 4.7,
TAM = 7.1 ± 2 and Mki67: CTL = 13.2 ± 5.2, TAM = 7.2 ± 3.4;
mean ± SD) (Fig. 6A). To test the effect of TAM dosage, we
reduced the TAM dose to 1 mg/animal per day and the fre-
quency of TAM treatment to two injections. The mice received
two BrdU injections 12 h and 24 h after the first TAM admin-
istration. The brain samples were analyzed 96 h after the initial
TAM injection. We observed the same effect of reduced prolif-
erating cells in the SVZ of the caudate putamen as in the high
TAM dosage group (BrdU: CTL = 27.3 ± 9.4%, TAM = 15.4 ±
6.1% and Mki67: CTL = 26.4 ± 3.7%, TAM = 21.6 ± 3.0%;
mean ± SD) (Fig. 6B). There was no detectable cell apoptosis
after 5 d of TAM treatment (2 mg/animal/day) (SI Appendix, Fig.
S6A) and administration of TAM did not significantly change overall
dendritic complexity in adult brains (SI Appendix, Fig. S6B).

Discussions
In the current study, we showed that a single-dose, prenatal
TAM exposure dramatically changes the global gene expression
landscapes of cells in the cerebral hemisphere and has long-
lasting influence on cortical neurogenesis, patterning, and neu-
ral circuit formation in perinatal and postnatal offspring.
Normal cortical development requires a period of extensive

NPC proliferation accompanied by differentiation. Ensuring
precise coordination between cell division, cell cycle exit, and
differentiation is essential to generate diverse functional neurons
and glial cells (41). It has been demonstrated that the G1 phase
is critical in determining the cell fates and nearly all G1 regu-
lators impact neurogenesis (42). Young et al. showed that loss of
Dmrta2 increased the number of cells in the G1/G0 phase after a
6-d differentiation of mouse NPCs, decreased the number of
cells in the S phase, and increased the number of cells expressing
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Cdkn1b and Cdkn1c (17). Moreover, Davidson et al. showed that
the phosphorylation of Lrp6 is regulated by a cyclin-dependent
kinase L63 and cyclin Y at G2/M phase in Drosophila and Xen-
opus (43). In Pax6+ cortical NPCs, TAM treatment down-
regulated the expression of cyclin and Cdk genes that promote
G1/S and G2/M progression. TAM treatment increased the ex-
pression of G1 phase arrest genes, such as Cdkn1c and Cdkn2d,
in newborn cortical neurons (SI Appendix, Fig. S7). Moreover,
TAM also represses the expression of Gsk3b and Axin2, which
together with Ctnnb1 have been shown to accumulate at the
centrosome to ensure a proper distribution of the chromosomes
during M phase (SI Appendix, Fig. S4) (44–46). These data
suggest that TAM could suppress cell cycle progression by tar-
geting cyclin/Cdk genes and genes in Wnt signaling in early-stage
NPCs, such as neuroepithelial cells and radial glial cells, while it
promotes expression of G1 phase inhibitors in later-stage NPCs,
probably intermediate progenitors, and thus leads to prolonged
G1 phase and subsequent advanced neuronal gene expression
and precocious neuronal differentiation.
It is well known that there are critical periods for the estab-

lishment of certain types of neural plasticity and at those times

individuals are most vulnerable to external disturbances. Our
previous study showed perturbation of this critical time in pre-
natal brains has life-long effects on cortical neural network for-
mation and learning and memory behaviors in adults (47). In the
current study, we showed that a single low-dose TAM adminis-
tration at the early stage of cortical neurogenesis (E8 to E10)
impairs cortical neurogenesis, dendritic morphogenesis, synaptic
formation, gliogenesis, and possible axon formation in postnatal
offspring (Fig. 3 F–H and SI Appendix, Figs. S2B and 3A). Al-
though the evidence that loss of Dmrta2 impairs commissural
axonal tracts and thalamocortical axon formation may explain
the axon formation defects in TAM-treated brain (31), the
mechanisms of how TAM regulates dendritic and synaptic for-
mation are still elusive. Our scRNA-seq analysis of E12 embry-
onic brains may not reveal a comprehensive picture of TAM’s
effects on neurogenesis and neural circuit formation in postnatal
offspring. Therefore, detailed, developmental stage-specific
scRNA-seq analyses would be needed to further dissect the un-
derlying mechanisms of the long-lasting effects of TAM.
Estrogens have been shown to promote NPC proliferation and

differentiation, neurite elongation, and synaptic formation during

Fig. 5. TAM directly affects the Wnt-Dmrta2 signaling pathway in regulating NPC fate specification. (A) Pair cell assay showed that treatment of E11 cortical
NPCs with Wnt agonists, Wnt agonist 1 and HLY78, rescued the effects of 4-OH-TAM on E11 NPC fate specification (P/P: CTL vs. 4-OH-TAM, P < 0.0001; CTL vs.
4-OH-TAM andWnt agonist 1, P = 0.3821; CTL vs. 4-OH-TAM and HLY78, P = 0.2123; CTL vs. 4-OH-TAM and SJ00291942, P = 0.0031. N/N: CTL vs. 4-OH-TAM, P <
0.0001; CTL vs. 4-OH-TAM and Wnt agonist 1, P = 0.1154; CTL vs. 4-OH-TAM and HLY78, P = 0.3084; CTL vs. 4-OH-TAM and SJ00291942, P = 0.0015. N/P: CTL vs.
4-OH-TAM, P = 0.8399; CTL vs. 4-OH-TAM and Wnt agonist 1, P = 0.1000; CTL vs. 4-OH-TAM and HLY78, P = 0.6063; CTL vs. 4-OH-TAM and SJ00291942, P =
6728. Mann–Whitney U test, CTL n = 34, 4-OH-TAM n = 33). (Scale bar, 5 μm.) N, neuron; P, progenitor. Tubb3, neuron-specific class III β-tubulin; Nes, nestin.
(B) Overexpression of Dmrta2 in 4-OH-TAM-treated NPCs rescued cell proliferation and differentiation (P/P: GFP CTL vs. Dmrta2OE, P = 0.0002; GFP CTL vs.
4-OH-TAM, P < 0.0001; GFP CTL vs. Dmrta2OE/4-OH-TAM, P = 0.1463. N/N: GFP CTL vs. Dmrta2OE, P < 0.0001; GFP CTL vs. 4-OH-TAM, P < 0.0001; GFP CTL vs.
Dmrta2OE and 4-OH-TAM, P = 0.1467. P/N: GFP CTL vs. Dmrta2OE, P = 0.0421; GFP CTL vs. 4-OH-TAM, P = 0.8749; GFP CTL vs. Dmrta2OE and 4-OH-TAM, P =
0.4412. GFP CTL, n = 12; 4-OH-TAM, n = 12, Mann–Whitney U test). (Scale bar, 20 μm.) *, 0.01 ≤ P < 0.05; **P < 0.01. N.S., nonsignificant.
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the later stage of corticogenesis (48–50). It seems that TAM and
estrogen treatments showed somewhat opposite phenomena in
terms of NPC proliferation and differentiation, suggesting TAM
may function through interfering with the estrogen signaling
pathway. Our scRNA-seq analysis showed that expression of major
estrogen receptors, estrogen receptor 1 (Esr1), Esr2, estrogen-related
receptor beta (Esrrb), and a critical estrogen synthetic enzyme, aro-
matase (Cyp19a1) were undetectable. The expression levels of two
other estrogen receptors, estrogen-related receptor alpha (Esrra) and
G Protein-Coupled Estrogen Receptor 1 (Gper1) were extremely low
at E12 in the telencephalon (SI Appendix, Fig. S8A), indicating that
TAM may function via an estrogen receptor-independent mecha-
nism in regulating cell fates and neural networks. To this end, we
examined the expression of the estrogen receptor-independent,
TAM-regulated genes in our E12 scRNA-seq data (51, 52). TAM
treatment slightly perturbed the expression of estrogen receptor-
independent genes that regulate cell cycle progression (e.g., Cdk2,
Cdk7, Cdk9, and Ccnd1), neurogenesis, and dendrite and axon for-
mations (SI Appendix, Fig. S8B). For example, TAM treatment re-
duced the expression of critical components of the Fgf signaling
pathway (e.g., Fgfr1) and Akt-mTOR pathway (e.g., Akt1 and Mtor)

at expression level and cell percentages which may block NPC pro-
liferation (53–57) and impair cell fate specification (56, 58–62).
Moreover, a great deal of evidence has shown that perturbation of
mTOR and Fgf pathways greatly impairs neural circuit assembly,
including axon formation (63–65), dendritic morphogenesis (66, 67),
and synaptic formation (68, 69). Considered together, it appears that
TAM treatment might influence corticogenesis via an estrogen
receptor-independent manner at early-middle stages of neurogenesis.
The TAM-inducible CreER/LoxP system laid the foundations

of significant discoveries in adult and embryonic neural stem cell
fate mapping (2, 10, 11, 70), gene functions (71), as well as neuronal
subtypes and activity-dependent neural circuitry (72–74). It seems
that the side effect of TAM could be a vulnerable Achilles’ heel for
TAM-induced CreER/LoxP cell lineage tracing and/or genetic tar-
geting studies. Therefore, special care should be taken when using
the CreER/LoxP system for neural lineage tracing study, because its
results are not falsifiable due to lack of appropriate controls.

Materials and Methods
Experimental Animals. Mice were kept and fed in standard conditions on a
12-h light/dark cycle. Experimental procedures on animals were performed in

Fig. 6. TAM inhibits adult neural stem cell proliferation in both the SVZ of the forebrain and the DG of the hippocampus. (A) The 3- to 4-wk-old mice were
injected with 2 mg TAM per day for 5 consecutive days. BrdU was administered on the second day of TAM injection. Samples were collected 10 d after the
initial TAM administration (Upper Left). TAM treatment dramatically decreased number of cells expressing either BrdU or Mki67 in the SVZ (BrdU, P < 0.0001,
Mann–Whitney U test, CTL n = 23, TAM n = 24; Mki67, P = 0.0181, Mann–Whitney U test, CTL n = 15, TAM n = 15) and in the DG (BrdU, P < 0.0001,
Mann–Whitney U test, CTL n = 12, TAM n = 12; Mki67, P = 0.0028, Mann–Whitney U test, CTL n = 12, TAM n = 12). (Scale bar, 50 μm.) LV, lateral ventricle; HPC,
hippocampus. (B) The 3- to 4-wk-old mice were injected with two doses of TAM (1 mg/mouse) at 12 h apart. BrdU was administered 12 h and 24 h after the
first TAM injection. Samples were collected 96 h after the initial TAM administration. TAM treatment decreased the numbers of BrdU+ and Mki67+ cells in the
SVZ (BrdU, P = 0.0187, Mann–Whitney U test, CTL n = 36, TAM n = 31; Mki67, P = 0.0021, Mann–Whitney U test, CTL n = 36, TAM n = 31). (Scale bar, 50 μm.) *,
0.01 ≤ P < 0.05; **P < 0.01.
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accordancewith the guidelines of University of California, Los Angeles (UCLA)
Institutional Animal Care and Use Committee and UCLA Animal Research
Committee. Three different genetic background lines were used: C57BL/6J,
Crl:CD1(ICR), and the Prom1-creER/ZsGreen transgenic line, which was gen-
erated by crossing the Prom1tm1(cre/ERT2)Gilb line (129S6/SvEvTac background)
and the Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hze (129S6/SvEvTac × C57BL/6NCrl
background, JAX). Details are given in SI Appendix.

TAM Administration and Fostering. TAM (Sigma, T5648) was suspended in corn
oil to a stock concentration of 20 mg/mL. Tamoxifen was administered by IP
injection. To obtain postnatal offspring, a caesarean section was performed
on pregnant dams in the afternoon on E18 and pups were fostered to CD1 or
129S6 dams. Details are given in SI Appendix.

Single-Cell RNA-Seq Analysis. The forebrains were collected at E12, dissociated
in papain (BrainBits, LLC). To minimize potential variability between indi-
viduals, samples were pooled from three litters per experimental condition.
The cell viability was accessed by Trypan blue staining. The cells were diluted
to a final concentration of 1 × 106/mL and 10,000 single-cell gel beads in
emulsion per sample was loaded onto the Chromium Controller (10× Ge-
nomics). The raw reads were converted to molecule counts using the Cell
Ranger pipeline, followed by the process using the Seurat R toolkit. The cell
numbers of CTL and TAM datasets were then normalized by random section
of 4,193 cells/condition. Based on UMAP plot, 14 clusters were classified
using the function FindClusters. To identify the marker genes of each cluster,
function FindAllMarkers with likelihood-ratio test was applied. The NPC1,
NPC2, and CH clusters of each condition (CTL and TAM) were merged and
served as the input for inferring the putative gene-to-gene correlated
network using the bigSCale2 algorithm (28). The network centrality pag-
erank was chosen to represent the gene essentiality. Details are given in
SI Appendix.

EdU/BrdU Double Labeling Assay. Details are given in SI Appendix.

BrdU Administration. Details are given in SI Appendix.

In Vitro Rescue Assay. E11 C57BL/6 mouse forebrains were collected and
dissociated to single cells. The cells were treated with 4-OH-TAM (Sigma,
H6278) and Wnt agonist 1, HLY78, or a BMP agonist SJ000291942. For
Dmrta2 rescue assay, E11 NPCs were infected with Dmrta2 overexpression
and control lentiviral particles and then treated with 4-OH-TAM. The cells
were fixed with 4% paraformaldehyde after 16 h. Details are given in
SI Appendix.

ISH. Fluorescent ISH assay was performed following manufacturer’s instruc-
tions (Advanced Cell Diagnostics, Inc.). Details are given in SI Appendix.

Immunohistochemistry. Details are given in SI Appendix.

Golgi-Cox Staining and TUNEL Assay. Details are given in SI Appendix.

Synaptic Puncta Imaging and Image Processes. The synaptic puncta were ac-
quired using a 63× oil immersion objective lens, NA = 1.4 (Planapo; Zeiss). A
z-step of 0.2-μm intervals was used. The pre- and postsynaptic puncta were
analyzed as described in our previous study (47).

Imaging Quantification and Statistical Analysis. Images obtained were pro-
cessed and quantified with Imaris software. Mann–Whitney U test, one-way
ANOVA, and two-way ANOVA were used to assess statistical signifi-
cance between independent experimental groups. Details are given in
SI Appendix.

Data Availability. The sequences reported in this paper have been deposited
in Gene Expression Omnibus (GEO) database, https://www.ncbi.nlm.nih.gov/
geo/ (accession no. GSE152125).
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