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DEVELOPMENTAL NEUROSCIENCE

Maternal diabetes induces senescence and neural tube
defects sensitive to the senomorphic rapamycin

Cheng Xu', Wei-Bin Shen’, E. Albert Reece', Hidetoshi Hasuwa>, Christopher Harman',

Sunjay Kaushal®*, Peixin Yang'-2*

Neural tube defects (NTDs) are the second most common structural birth defect. Senescence, a state of perma-
nent cell cycle arrest, occurs only after neural tube closure. Maternal diabetes-induced NTDs are severe diabetic
complications that lead to infant mortality or lifelong morbidity and may be linked to premature senescence.
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Here, we report that premature senescence occurs in the mouse neuroepithelium and disrupts neurulation, lead-
ing to NTDs in diabetic pregnancy. Premature senescence and NTDs were abolished by knockout of the transcrip-
tion factor Foxo3a, the miR-200c gene, and the cell cycle inhibitors p27 and p27; transgenic expression of the
dominant-negative FoxO3a mutant; or the senomorphic rapamycin. Double transgenic expression of p21 and p27
mimicked maternal diabetes in inducing premature neuroepithelium senescence and NTDs. These findings inte-
grate transcription- and epigenome-regulated miRNAs and cell cycle regulators in premature neuroepithelium
senescence and provide a mechanistic basis for targeting premature senescence and NTDs using senomorphics.

INTRODUCTION

Neural tube defects (NTDs), the second most common structural
birth defect, greatly contribute to infant and lifelong mortality.
Folate is the only method of NTD prevention but only prevents up
to 70% of NTDs (I). NTDs are still highly prevalent. Globally, there
are 300,000 to 400,000 cases per year, resulting in approximately
88,000 deaths and 8.6 million disability-adjusted life years. Annual
medical and surgical costs for children born with NTDs in the United
States are more than $200 million. Thus, new therapeutic targets
need to be revealed for the development of new NTD prevention
methods. Most human NTDs are caused by nongenetic factors. Ma-
ternal diabetes is a major and ever-rising nongenetic factor that in-
duces NTDs (2). There are approximately 3 million Americans and
60 million women of reproductive age (15 to 44 years) worldwide
with pregestational diabetes, making it urgent to discover the cause
of diabetic embryopathy.

Using rodent models of diabetic embryopathy, our previous
studies have demonstrated that maternal diabetes specifically in-
duces NTDs by altering kinase activation and gene expression (3-10).
However, how the molecular events downstream of hyperglycemia
integrate and lead to failed neurulation are unknown. Neurulation,
one of the critical and fundamental morphogenic processes of
embryonic development, leads to central nervous system forma-
tion. Senescence in proliferating neuroepithelial cells may contribute
to NTDs.

Cellular senescence in adult cells plays pleiotropic roles in many
physiological and pathological processes, including aging, aging-related
neurological disorders, tissue repair, tumorigenesis, and cardio-
vascular diseases. Recent studies have revealed that senescence also
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contributes to embryonic development (11, 12). Developmental
senescence, a newly found, normal programming mechanism, promotes
tissue remodeling and directs embryonic development (11, 12). Cel-
lular senescence and developmental senescence share common
characteristics, including senescence-associated B-galactosidase
(SABG) activity, heterochromatic foci, and acquisition of a senescence-
associated secretory phenotype (SASP) (11-13). However, develop-
mental senescence is unique from cellular senescence because it
does not depend on the activation of the cellular DNA damage re-
sponse or the p16 tumor suppressor pathway and does not produce
some of the SASP factors (11, 12). Developmental senescence is me-
diated by p21 and regulated by the Forkhead transcription factor
(FoxO) and transforming growth factor—p/Smad pathways (11, 12).
Developmental senescence occurs after neural tube closure on
embryonic day 11 (E11) in the mouse (11, 12). Cellular senescence
inducers, including DNA damage and p53 up-regulation, have been
observed in diabetic embryopathy (14, 15). Strong evidence also
suggests that apoptosis signal-regulating kinase 1 (ASK1), a mediator
of cellular senescence induced by high glucose in vitro (16), plays a
causal role in diabetes-induced NTDs (8). Last, maternal diabetes—
induced oxidative stress triggers the activation and increase in the
cellular senescence mediators ASK1, FoxO3a, and p53. Because anti-
oxidants delay or prevent cellular senescence (17), oxidative stress
may induce senescence. This evidence collectively implies that pre-
mature senescence in the developing neuroepithelium may be asso-
ciated with diabetes-induced NTDs. The developing neuroepithelium
is a highly proliferative and dynamic tissue (18). Neuroepithelial
cells proliferate (18) to achieve a critical mass for the paired dorso-
lateral hinge points, which are critical for the two opposite neural
folds to be contacted and fused (18). Altered neuroepithelial cell
proliferation and differentiation and enhanced apoptosis are con-
tributing factors in NTD pathogenesis (8, 9, 19). Thus, it is plausible
that premature senescence in proliferative neuroepithelial cells
would lead to failed neural tube closure in diabetic embryopathy.
The present study reveals that maternal diabetes triggers prema-
ture developmental senescence (hereafter referred to as premature
senescence) in neuroepithelial cells during neurulation, thereby
leading to NTD formation. The FoxO3a-miR200c pathway silenced
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the transcriptional repressor zinc finger E-box binding homeobox
1/2 (ZEB1/2), leading to up-regulation of the senescence mediators
p21 and p27. Overexpression of p21 and p27 in the developing neuro-
epithelium mimicked diabetes in inducing neuroepithelial cell
senescence and NTDs. Since senomorphics and senolytics, which
inhibit the ontogeny of senescence and selectively remove senescent
cells, respectively, are proposed as a new generation of human dis-
ease therapeutics (20, 21), we determined the therapeutic effect of
the senomorphic rapamycin on diabetes-induced NTDs. Thus, pre-
mature senescence in the developing neuroepithelium is critically
involved in NTD formation in diabetic pregnancy, and rapamycin
may be an effective therapeutic.

RESULTS

Maternal diabetes induces premature senescence

in the neuroepithelium

We found that mice with maternal diabetes exhibited a robust
staining signal of SABG, a well-recognized senescence marker, in the
anterior neuroepithelium on E8.5 (Fig. 1A), suggesting that senes-
cence targets a population of proliferative cells in the neuroepithelium
(18, 22, 23). The induction of the major developmental senescence
mediator p21 (11, 12) was observed at E8.0 in the same region
(Fig. 1B), preceding the SABG signal at E8.5 onward (Fig. 1A), sug-
gesting that p21 may trigger senescence in diabetic embryopathy.
Cross-sectional analyses of the whole embryo revealed that the

A ND DM ND DM
’\
E8.0 - E8.0 —_—
3 4 ) ‘.'\‘\ L5
Ls.s E8.5 EBS . i s . T b
c ND DM DM-NTD  E1x .
2 a0 J‘ '
® a0 4
2 \f 2, hi'Lif L
E925 A == EQ25 % =—EQ25. M == Ne E’g DMNTE
ND DM E .5
E8.S E8S T
| o ) -
-— -— e | - ,‘-!‘3<
F 3 - = : s w ; » '
- . OND SABG
23 2 =DM G ND DM-NTD
w< ;
i . . ,
c 1/ H I | = | \ ' &L
Fefa IL6 Fzfé  IL6 ‘ A= '.
Neurcepithelum Non-neuraltissue BIos . A E10.5 > dhinm : —
H g 15 ) DM-NTD 4 30 4
= = x -3 x
g Rio - oy ‘
L3 28]
e % 1 2% 3 ‘ l
= B =
0B E10.5 I —
NO DM ND DM-NTD

Fig. 1. Maternal diabetes induces premature senescence in the developing neuroepithelium. (A) Whole-mount staining of SABG in E8.5 embryos (five to seven so-
mite pairs) and coronal sections of E8.0 (two to four somites) and E8.5 embryos after SABG staining. Blue line indicates the levels of sectioning. (B) Anti-p21 antibody
staining of E8.0 and E8.5 embryo sections. Red arrowheads indicate the notochords. (C) Sections of E9.25 embryos after SABG staining and quantification of the distance
between the two neural fold fusing edges (square frames). (D) Neuroepithelia were isolated from E8.5 embryos by Dispase Il treatment for SABG staining. Red line indi-
cates section positions. (E) Fluorescence-activated cell sorting analysis by anti-SABG and anti-p21 antibody staining in cells of isolated E8.75 (8 to 10 somites) neuroepi-
thelia. (F) mRNA abundances of Fgf4 and interleukin-6 (IL-6) in isolated neuroepithelia and non-neural tissues of E8.5 embryos. (G) Sections of E10.5 embryos after SABG
staining. Infiltrated macrophages identified by immunostaining of the macrophage marker F4/80 are indicated by red arrowheads. The graph shows the number of
macrophages (n = 3). (H) Representative images of the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL) assays in
E8.5 embryos and quantification of apoptotic cells. Apoptotic cells are labeled in red. Scale bars, 70 um in (A) to (D) and (H) and 45 pm in (G). Embryos from three litters
(n=3) each group were analyzed. Two to three embryos from each litter and four to five sections per embryo were stained, and an average for signal intensity was ob-
tained for that litter. ND, nondiabetic dams; DM, diabetic mellitus dams. Asterisk indicates a significant difference (P < 0.05) compared to other groups.
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SABG signal was induced by maternal diabetes in the anterior but
not in the posterior neuroepithelium (fig. S1) and that the notochord
was SABG" under both nondiabetic and diabetic conditions (Fig. 1A
and fig. S1). On E9.25, an intense SABG signal was observed in the
fusing tips of the two neural folds with a wide gap (Fig. 1C) and
contributed to failed neural tube closure in diabetic pregnancy. At
an early stage, the dorsal edges of neural folds did not contain senes-
cent cells (Fig. 1A), suggesting that, at E9.25, cells at these sites be-
come proliferative and are thus susceptible to senescence.

The SABG signal was confirmed in isolated neuroepithelia that
avoided the possible X-gal penetration problem during staining
(Fig. 1D). Flow cytometry analysis was used to further characterize
the features of senescent cells in the neuroepithelium. SABG" cells
were costained with p21 in isolated neuroepithelial cells (Fig. 1E):
92% of SABG™ cells were p21*, and diabetes increased the number
of double-stained SABG" and p21* cells by approximately 14-fold
(Fig. 1E). Senescent cells also exhibited the SASP, which adversely
affects neighboring cells. The expression of two SASP factors,
interleukin-6 and fibroblast growth factor 4, was significantly in-
creased in the neuroepithelia of embryos exposed to diabetes (Fig. 1F).
Senescent cells are removed by macrophages and induce apoptosis

of neighboring cells. Increased macrophage infiltration in the
SABG" cell area was observed in the defective neuroepithelia of
some NTD embryos (Fig. 1G), whereas other NTD embryos com-
pletely lost the SABG™ portions of their neuroepithelia (Fig. 1G).
Apoptotic cells were mainly present on the SABG" cells of the neu-
roepithelium (Fig. 1H). Thus, maternal diabetes induces premature
senescence in the developing neuroepithelium, which resembles the
key features of developmental senescence (11, 12).

Deleting the Foxo3a gene diminishes premature senescence
in diabetic pregnancy

FoxO3a, which is critically involved in developmental senescence
(12), is activated and participates in maternal diabetes—induced NTDs
(8). To determine whether FoxO3a is responsible for maternal
diabetes-induced premature senescence in the developing neuro-
epithelium, three types of embryos were examined: wild type (WT),
Foxo3a deleted, and FoxO3a dominant negative (DN-FoxO3a).
Foxo3a deletion diminished the signals of SABG, the DNA damage
marker YH2AX, and the heterochromatin marker histone H3
trimethylation at lysine-9 (H3K9me3) (Fig. 2, A and B). It also
restored phospho-histone H3 (p-H3) signals, which showed
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Fig. 2. FoxO3a is essential for maternal diabetes-induced premature senescence. (A) SABG staining and anti-yH2AX, anti-H3K9me3, and anti-p-H3 antibody stain-
ing. Blue lines indicate the levels of sectioning shown below. Quantification of antibody staining—positive cells is shown in (B). (C) Sections of SABG staining on E8.5 (five
to seven somites) WT and Nestin-Foxo3a-DN embryos. (D) NTD rates of WT and Nestin-FoxO3a-DN embryos. Green bars, normal embryos; red bars, NTD embryos. Scale
bars, 70 um in (A) and (C). Embryos from three litters (n = 3) each group were analyzed. Two to three embryos from each litter and four to five sections per embryo were
stained, and an average for signal intensity was obtained for that litter. Asterisk indicates a significant difference (P < 0.05) compared to other groups.
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proliferating cells in metaphase in the E8.5 neuroepithelia exposed
to maternal diabetes (Fig. 2, A and B). Diabetes-induced increases
in abundances of p21 and p27 and DNA damage response proteins
[p-checkpoint kinase 1 (p-CHK1), p-CHK2, YH2AX, and p53] were
abrogated by Foxo3a deletion in whole embryos (fig. S2A).

DN-FoxO3a overexpression in embryos lacking the transactiva-
tion domain from the C terminus (24) had a similar effect as Foxo3a
deletion on blocking maternal diabetes-induced premature
senescence (Fig. 2C). In addition, DN-FoxO3a overexpression in
the neuroepithelium ablated the increases in p21, p27, p-CHKI1,
and p-CHK2 protein in whole embryos (fig. S2B). Consistent with
previous findings that Foxo3a deletion significantly reduces NTDs
in diabetic pregnancy (8), embryos overexpressing DN-FoxO3a had
a significantly lower NTD incidence than their WT littermates from
diabetic dams (Fig. 2D and table S1). Because DN-FoxO3a lacks
transcriptional activity (24), the above observations implicate a
transcriptional mechanism underlying FoxO3a-mediated premature
senescence in diabetic embryopathy.

Maternal diabetes-activated FoxO3a induces

miR-200c expression

MicroRNAs (miRNAs) are small endogenous noncoding RNAs
that suppress gene expression at the posttranscriptional level (25),
and they play important roles in embryonic development (26). Re-
cent evidence shows the critical involvement of miRNAs in mouse
neurulation (27), NTDs in human pregnancies (28), and mecha-
nisms underlying diabetic embryopathy (7, 29). miRNAs have been
identified as novel inducers of cellular senescence (30-32). We hy-
pothesized that a miRNA mediates premature senescence in diabetic
embryopathy. We focused on miR-200c because it is involved in
inducing senescence in cell culture systems (31). Two FoxO3a bind-
ing sites were found in the promoter region of the miR-200 cluster
(Fig. 3A). Constitutively active (CA) FoxO3a mimicked high-glucose-
induced miR-200 promoter activity in cultured neural stem cells
(Fig. 3A), whereas DN-FoxO3a blocked the stimulatory effect of
high glucose on miR-200 transcription (Fig. 3A). Either Foxo3a
deletion or DN-FoxO3a overexpression in the developing neuro-
epithelium abolished the increase in miR-200c in embryos of diabetic
pregnancies (Fig. 3B and fig. S3).

miR-200c mediates the effect of maternal diabetes

on the induction of senescence and NTDs

To investigate whether miR-200c plays a role in maternal diabetes-
induced neuroepithelial senescence and NTD formation, hetero-
zygous miR-200c knockout (KO) mice were used to generate WT,
miR-200c heterozygous, and null embryos under the same maternal
conditions (table S2). miR-200c heterozygous embryos had an in-
significant reduction in NTDs, whereas miR-200c-null embryos had
a significantly lower NTD incidence than WT embryos from dia-
betic dams (Fig. 3C and table S2). The NTD incidence in miR-200c-
null embryos was significantly lower than that in miR-200c
heterozygous embryos under diabetic conditions (Fig. 3C and table S2).
miR-141 is the closest member of miR-200c in the miR-200 family
(33). miR-141 was also deleted in the miR-200c KO mice (fig. S4).
To ascertain whether miR-200c is critical for the NTD reduction in
miR-200c-null embryos, we generated miR-200c”'~ embryos with
miR-141 transgene expression in the neuroepithelium (table S3).
Restoring miR-141 expression did not alter the inhibitory effect of
miR-200c deletion on maternal diabetes-induced N'TDs (table S3).
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miR-200c overexpression in the neuroepithelium did not induce
NTDs (table S4), suggesting that other miRNAs, possibly miR-200b
(7), co-mediate the teratogenicity of maternal diabetes with miR-
200c and that miR-200c itself cannot reach the threshold leading to
NTD formation. However, miR-200c overexpression neutralized the
beneficial effect of miR-200c deletion on reducing diabetes-induced
NTDs (table S4), supporting the specificity of miR-200c deletion in
NTD reduction.

To elucidate the mechanism underlying miR-200c deletion-
reduced NTDs, indices of premature senescence in the neuro-
epithelium were analyzed. Maternal diabetes-induced increases in
p21, p27, p-CHK]1, and p-CHK2 in whole embryos were signifi-
cantly attenuated by miR-200c deletion (Fig. 3, D and E). miR-200c¢
deletion significantly decreased the signals of SABG, YH2AX, p53,
and H3K9me3 and restored the cell proliferation marker p-H3 sig-
nal in the anterior neuroepithelium (Fig. 4, A to D). These results
suggest that miR-200c is responsible for the up-regulation of the
senescence inducer-induced DNA damage signaling.

miR-200c silences the transcriptional repressors

ZEB1 and ZEB2

To search for the direct targets of miR-200c, we focused on ZEB1
and ZEB2, two transcriptional repressors of the senescence mediator
p21 (31, 34). An online miR target prediction algorithm (miRanda)
revealed several binding sites of miR-200c in ZEB1 and ZEB2
mRNAs (fig. S5A). To determine whether miR-200c targets ZEB1
and ZEB2 mRNA, we performed an RNA pull-down assay using
biotin-labeled miR-200c in cultured neural stem cells. Cells trans-
fected with biotin-labeled miR-200c had a high level of miR-200c
(fig. S5B). ZEB1 and ZEB2 mRNAs were enriched approximately
sixfold in biotin-labeled miR-200c (fig. S5B). The miR-200c inhibitor in-
creased ZEB1 and ZEB2 expression under normal-glucose condi-
tions and rescued ZEB1 and ZEB2 expression under high-glucose
conditions (Fig. 3F). The miR-200c mimic significantly decreased
ZEBI1 and ZEB2 expression under normal-glucose conditions (Fig. 3G)
and thus simulated the effect of high glucose on ZEB1 and ZEB2
repression. Therefore, miR-200c represses ZEB1 and ZEB2 expres-
sion by degrading mRNA and inhibiting translation. Consistent
with the up-regulation of miR-200c, ZEB1 and ZEB2 protein abun-
dance in whole embryos was significantly reduced by maternal diabetes
(Fig. 4E). miR-200c deletion abrogated maternal diabetes-induced
ZEB1 and ZEB2 down-regulation (Fig. 4E). These findings support
the hypothesis that miR-200c induces premature senescence by removing
the p21 and p27 promoter repressors ZEB1 and ZEB2 (35, 36).

P21 and p27 are premature senescence mediators

in diabetic pregnancy

To investigate whether the FoxO3a-miR-200c-ZEB1/2 pathway
converges on the senescence mediators p21 and p27, leading to
failed neurulation, we used p21 KO and p27 KO mice (tables S5
and S6). p21 heterozygous embryos displayed an insignificant re-
duction in NTDs, whereas p2I-null embryos of diabetic dams had
a significantly lower NTD incidence than WT embryos (Fig. 5A
and table S5). To validate the specificity of p2I deletion on NTD
reduction, the p21 transgene was introduced to p21 KO mice (table
S7). Restoring p21 expression in the neuroepithelium of p21-null
embryos of diabetic dams abolished the NTD reduction (table S7).
p21 deletion reduced the SABG, YH2AX, and H3K9me3 signals,
and it restored staining of the cell proliferation marker p-H3 in the
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Fig. 3. miR-200c downstream of Fox03a is critically involved in maternal diabetes-induced premature senescence and NTDs. (A) Schematic of the miR-200
promoter-luciferase construct. A 3.6-kb genomic fragment from the miR-200 promoter region was cloned into the pGL4.10 vector. Red squares indicate FoxO3a binding
sites. The relative luciferase activity (Luc) in cultured neural stem cells after cotransfection with a blank vector control, FoxO3a CA, and DN expression vectors is shown.
The experiment was run in triplicate. (B) pri-miR-200c abundance in WT and FoxO3a mutant embryos in E8.5 (five to seven somites). Embryos from three litters (n = 3)
each group and two to three embryos from each litter were analyzed. (C) NTD rates of WT, miR-200c-null, and heterozygous E10.5 embryos. Green bars, normal embryos;
red bars, NTD embryos. Protein abundance of p21 and p27 (D) and phosphorylated Chk1 (p-Chk1), Chk1, p-Chk2, and Chk2 (E) in E8.5 embryos from three litters
each group. Bar graphs of protein abundance are quantitative data from three independent experiments. The mRNA abundances of ZEB1 and ZEB2 were affected by the
miR-200c inhibitor (F) and the miR-200c mimic (G) in neural stem cells (n = 3). TSS, transcription starting site. Asterisk indicates a significant difference (P < 0.05) compared

to other groups.

anterior neuroepithelium induced by maternal diabetes (Fig. 5,
B and C). The induction of the DNA damage markers p-CHK1,
p-CHK2, YH2AX, and p53 in whole embryos by maternal diabetes
was suppressed by p21 deletion (Fig. 5, D and E), suggesting that
the DNA damage response is a downstream event of p21-induced
senescence. ZEB1 and ZEB2 down-regulation and miR-200c¢ up-
regulation in whole embryos were unaffected by p21 deletion (Fig. 5,
F and G), indicating that they are upstream of p21 in the premature
senescence pathway.

p27 deletion had a similar effect as p21 deletion, leading to a sig-
nificant reduction in NTDs in diabetic pregnancies (Fig. 6A and
table S6), and heterozygous p27 deletion slightly reduced NTD
formation (Fig. 6A and table S6). p27 deletion effectively suppressed
maternal diabetes-induced premature senescence by block-
ing the SABG, YH2AX, and H3K9me3 signals and restoring cell

Xu et al., Sci. Adv. 2021; 7 : eabf5089 30 June 2021

proliferation in neurulation-stage embryos (Fig. 6, B and C).
Because either p21 or p27 deletion significantly reduced NTDs, the
additive effect of double deletion was not expected and was thus not
assessed.

Double overexpression of p21 and p27 in the
neuroepithelium mimics diabetes-induced NTDs

The critical involvement of both p21 and p27 in maternal diabetes-
induced premature neuroepithelium senescence leading to NTD
formation was exemplified by the fact that embryos with p21 and
p27 double transgene expression in the developing neuroepithelium
had a similar NTD incidence as those from diabetic pregnancies
(Fig. 7, A and B, and table S8). Premature senescence was man-
ifested in the anterior neuroepithelia in p21 and p27 double-
overexpressing embryos (Fig. 7, C and D).
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Fig. 4. miR-200c mediates maternal diabetes-induced premature senescence. (A) SABG staining and antibody staining for yH2AX, H3K9me3, and p-H3. Quantifica-
tion of antibody staining—positive cells is shown in (B). Protein abundance of yH2AX, H2AX (C), p53 (D), and ZEB1 and ZEB2 (E) in E8.5 (five to seven somites) embryos. Bar
graphs for protein abundance are quantitative data from three independent experiments (n=3). Scale bars, 70 um. Asterisk indicates a significant difference (P < 0.05)

compared to other groups.

Rapamycin inhibits premature senescence and reduces

NTD formation

It has been shown that the mechanistic target of rapamycin (mTOR)
inhibitor rapamycin acts as a senomorphic agent to suppress cellular
senescence (37). To investigate whether rapamycin inhibits maternal
diabetes-induced premature senescence in the developing neuro-
epithelium, pregnant WT diabetic and nondiabetic control mice
received rapamycin via intraperitoneal injections at a daily dose of
2 mg/kg of body weight from E5.5 to E8.5 or E10.5.

Embryos from diabetic dams treated with rapamycin had a sig-
nificantly lower NTD incidence than embryos from diabetic dams
without rapamycin treatment (Fig. 8, A and B, and table S9). Rapa-
mycin could be readily detected in the embryos of dams that
received treatment (table S9). Rapamycin treatment diminished mater-
nal diabetes-induced signals of SABG, YH2AX, and H3K9me3 and
restored the cell proliferation marker p-H3 in the developing neuro-
epithelium of neurulation-stage embryos (Fig. 8, C and D). Rapamycin
significantly reduced the number of apoptotic neuroepithelial cells

Xu et al., Sci. Adv. 2021; 7 : eabf5089 30 June 2021

induced by maternal diabetes (Fig. 8, C and D). Furthermore, rapamycin
blocked the increase in the senescence mediator p21 and the activa-
tion of the DNA damage response proteins p-CHK1, p-CHK2, YH2AX,
and p53 (Fig. 8, E to I) and reversed the repression of ZEB1 and
ZEB2 (Fig. 8]) in whole embryos.

DISCUSSION

Senescence has just been recognized as a new mechanism for hu-
man adulthood diseases. Drugs that target senescent cells, known as
senotherapeutics, work by inhibiting senescence initiation (senom-
orphic drugs) or by removing senescent cells (senolytic drugs) and
have just been tested in small-scale clinical trials (38). In the current
study, we revealed that premature senescence in the developing
neuroepithelium contributes to the induction of NTDs caused by
maternal diabetes in pregnancy. This form of premature senescence
is initiated by transcriptional and epigenetic alterations of neuro-
genesis via the FoxO3a-miR-200c-ZEB1/2-p21/p27 pathway. On

60of 14



SCIENCE ADVANCES | RESEARCH ARTICLE

ND-WT

ND-p21-/-

SABG

SABG

yH2AX

H3KSme3

p-H3 Y » S5

D pon[ = e a| b o]

Emrye number

Number ofyH2AX
-positive celk
“n

wT WT 21

P21
Dams ND

0
Embryas

w

-positive celk
-~

Number of H3K9me3

0 4
Embryes wT

Oams

WT 21
ND

P21

[
o

<)

=
-

Mumberof p-H3
—positive celk

WT  p21
ND

0
. § Embryos

Oome
—_— —

CrmEn
ZEB1

vl = ]

g? %39
= + ~ *
U2 T 24
: -~
= X4
=1 <14
9 o

g x
o ES

Embryas  WT p21" WT p21 Embryas  WT p21" WT p21
Do ND oM Dams ND om
= a -
52 + i
T

‘N‘ L] *
-
&1 a2
‘.I’ m
o v

0 29 == =

Embryes WT p21" WT p21 Embryos WT a2 WT p21

Dams ND o Dams ND oM

@
> 3 * =
ZEB2 - . S
_—— S
N2
E
1 @
c £ =1
T ]
2 =
& 14 =
-~ [}
= £ Embryas  WT p217° WT 21
S m = ND o
e ais
Embryas WT g2l WT p21
Doms ND om
£ 24
T
L
& 1
S
@ *  *
N
0 -
Embryes WT p21 WT p21
ooms ND o

Fig. 5. Deletion of the senescence mediator p21 abrogates premature senescence. (A) Hematoxylin-eosin (HE) staining of E10.5 embryonic sections to show the open
neural tube in NTD embryos and NTD rates of WT, p21-null, and heterozygous embryos is shown. Green bars, normal embryos; red bars, NTD embryos. (B) SABG staining
and antibody staining for yYH2AX, H3K9me3 (red arrows), and p-H3. Quantification of antibody staining—positive cells is shown in (C). Protein abundance of phosphorylated
p-Chk1, Chk1, p-Chk2, and Chk2 (D); YH2AX, H2AX, and p53 (E); and ZEB1 and ZEB2 (F) in E8.5 (five to seven somites) embryos. Bar graphs for protein abundance are
quantitative data from three independent experiments (n = 3). Embryos from three litters (n = 3) each group and two to three embryos from each litter were analyzed.
(G) MRNA abundance of miR-200c in E8.5 embryos. Embryos from three litters (n = 3) each group and two to three embryos from each litter were analyzed. Scale bars,
200 um in (A), 70 um in (B). Asterisk indicates a significant difference (P < 0.05) compared to other groups.

the basis of these findings, inhibition of premature senescence
could be a potential intervention for diabetic embryopathy. It has
been shown that rapamycin can inhibit cell entry into senescence
(37). We showed that rapamycin inhibited diabetes-induced

Xu etal., Sci. Adv. 2021; 7 : eabf5089 30 June 2021

premature senescence in the developing neuroepithelium and re-
duced the number of apoptotic neuroepithelial cells, suggesting that
rapamycin acts as a senomorphic agent that inhibits the initiation of
senescence. Rapamycin is a Food and Drug Administration-approved
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Fig. 6. Deletion of the senescence mediator p27 abrogates premature senescence. (A) HE staining of E10.5 embryonic sections and NTD rates of WT, p27-null, and
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from each litter were analyzed. Asterisk indicates a significant difference (P < 0.05) compared to other groups.

drug that prevents immune rejection of transplanted organs and has a
good safety profile (39), and thus, it may be repurposed to treat
diabetes-induced embryonic malformations as a senomorphic.

The degree of senescence in the neuroepithelium ranges from
modest to severe. Modest senescence may not have any NTD man-
ifestation and may result in other developmental defects, such as
microcephaly (9), autism, and other developmental disabilities (40).
Severe senescence results in NTD formation. In addition to neuro-
epithelial cell senescence, the occurrence of senescence in the cells
comprising the tips of the two dorsal neural folds during the late phase
of neurulation may also be required for NTD formation. Embryos
with senescent cells in the dorsal neural fold tip fail to properly bend
the dorsolateral hinge points and display wider gaps between the two
neural fold tips than embryos without senescent cells in this area.

The current study provides genetic evidence supporting that the
FoxO3a-miR-200c-ZEB1/2-p21/p27 pathway has a causal role in
maternal diabetes-induced neuroepithelial cell premature senescence
and NTD formation. Deletion of the Foxo3a gene, the miR-200c

Xu et al., Sci. Adv. 2021; 7 : eabf5089 30 June 2021

gene, the p21 gene, or the p27 gene abrogated senescence and ame-
liorated NTDs in embryos of diabetic dams. p21 and p27 transgenic
(Tg) overexpression-induced neuroepithelial cell premature senescence
and NTDs mimicked those observed in maternal diabetes. These
findings collectively support our hypothesis that premature senes-
cence in the neuroepithelium causes NTDs in diabetic pregnancies.

FoxO transcription factors regulate various cellular functions,
including cell proliferation, apoptosis, aging, and oxidative stress.
In adult cells, FoxO family members differentially regulate senescence.
As a tumor suppressor, FoxO4 induces p21-dependent senescence
in cancer cells (41). In contrast, FoxO3a suppresses senescence in
aging cells (42). Therefore, FoxO factors regulate senescence in a
cell type- and cellular context-dependent manner. Recent evidence
supports the hypothesis that FoxO factors are senescence inducers
during embryonic development (12). During normal embryogene-
sis, FoxO1 is the main stimulator of developmental senescence (12).
In diabetic embryopathy, previous studies have demonstrated that
maternal diabetes activates FoxO3a but not FoxO1 or FoxO4 (8).
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Both Foxo3a deletion and Tg overexpression of DN-FoxO3a
blocked maternal diabetes—induced neuroepithelial senescence and
NTD formation, strongly supporting FoxO3a as a senescence in-
ducer in diabetic embryopathy.

FoxO factors could directly induce senescence through their
transcriptional activity by inducing cell cycle inhibitors (41). How-
ever, the present study reveals that FoxO3a triggers neuroepithelial
cell senescence by up-regulating miR-200c. Recent evidence implies
that FoxO factors differentially regulate miRNA expression (43).
We observed that deleting Foxo3a or overexpressing DN-FoxO3a
in the neuroepithelium abolished the induction of miR-200c, sup-
porting the concept that FoxO3a transcriptionally up-regulates
miR-200c. miR-200c belongs to the miR-200 family, which consists
of five members, including miR-141 and miR-200b. Both miR-200c
and miR-141 can induce cellular senescence in vitro (30, 31). miR-141
overexpression does not affect the preventive effect of miR-200c
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deletion on diabetic embryopathy. Therefore, only miR-200c
appears to be involved in maternal diabetes—induced premature se-
nescence in the developing neuroepithelium. This differential effect
of miR-141 and miR-200c may be explained by their different seed
sequences. miR-141 induces senescence by repressing the poly-
comb gene BMII, leading to an increase in the cell cycle inhibitor
p16 (30). In contrast, miR-200c silences ZEB1 and ZEB2, reversing
the repression of p21 and p27, leading to premature senescence in
the developing neuroepithelium.

p21 and p27 cooperatively induce senescence in the developing
neuroepithelium. Individual deletion of either the p21 gene or the
P27 gene abrogates premature senescence in diabetic embryopathy.
p21 mediates not only developmental senescence but also the cellu-
lar senescence induced by a variety of stresses (44). In agreement
with the present finding that p21 gene deletion blocks the induction
of premature senescence in diabetic embryopathy, ablation of p21
prevents both developmental senescence in vivo and stress-induced
senescence in vitro (12, 45). p27 is the closest cell cycle inhibitor
to p21, and they belong to the same family of cell cycle inhib-
itors (46). Studies have also demonstrated that p27 contrib-
utes to senescent phenotypes (47). Furthermore, p27 directly
induces senescence in adult cells (48, 49). This evidence collectively
supports the importance of both p21 and p27 in the induction of
premature senescence in diabetic embryopathy. Both the p21 KO
and p27 KO mouse models are ideal for the present study because
deletion of either the p2I gene or the p27 gene does not affect
neurulation and overall embryonic development (50, 51). Although
p27 KO female mice have reproductive problems (51), the study has
circumvented these problems by effectively using the heterozygous
mating scheme. The most notable finding from this study is that
dual overexpression of p21 and p27 mimics maternal diabetes
in inducing senescence in the neuroepithelium, leading to NTD
formation.

Rapamycin is an mTOR inhibitor, whose activation leads to cell
senescence (52). A previous study suggested that mTOR inhibition
suppresses miR-200c expression and increases ZEB1/2 expression
during epithelial-to-mesenchymal transition (53). Combined with
the present results, mTOR and FoxO3a may cooperatively up-regulate
miR-200c, leading to premature senescence in diabetic embryopathy.
Furthermore, the mTOR effect may be mediated by its downstream
effector, p70S6K1, whose activation critically participates in
the induction of diabetic embryopathy (54). Rapamycin has
been used in small clinical trials during pregnancy (55). However,
the potential toxicity of rapamycin during pregnancy has not
been carefully determined. Other senomorphics with confirmed
safety profiling such as metformin may be a better choice than rapa-
mycin (56).

In summary, the present study is the first to reveal a critical role
for premature senescence in the neuroepithelium in diabetic em-
bryopathy. The transcription factor FoxO3a, which is activated by
oxidative stress (8), triggers a senescence pathway that involves
miR-200c, ZEB1/2, p21, and p27. Proliferative metaphase neuroep-
ithelial cells are primary targets of premature senescence in diabetic
pregnancy, and senescence in these cells adversely affects the neuru-
lation process by inhibiting neural fold bending and tip fusion.
Thus, premature senescence is a new mechanism underlying failed
neural tube closure in diabetic embryopathy. The senomorph-like
agent rapamycin is an effective method to inhibit senescence and
prevent diabetic embryopathy.
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Fig. 8. Rapamycin inhibits premature senescence and reduces NTD formation. (A) HE staining of E10.5 embryonic sections from WT dams with or without rapamycin
injection. (B) NTD rates in each group. Green bars, normal embryos; red bars, NTD embryos. (C) SABG staining and antibody staining for yH2AX, H3K9me3, p-H3, and cell
apoptosis detected by a TUNEL assay. Quantification of antibody staining is shown in (D). Protein abundances of p21 (E), p-Chk1 and total Chk1 (F), p-Chk2 and total Chk2
(G), YH2AX and total H2AX (H), p53 (1), and ZEB1 and ZEB2 (J) in E8.5 (five to seven somites) embryos. Bar graphs for protein abundance are quantitative data from three
independent experiments (n = 3). Scale bars, 200 um in (A) and 70 um in (C). Embryos from three litters (n = 3) each group and two to three embryos from each litter were
analyzed. Asterisk indicates a significant difference (P < 0.05) compared to other groups.

MATERIALS AND METHODS

Harbor, ME). The miR-200¢/141 KO mouse with a C57BL/6] back-
Mice

ground was generated at Keio University School of Medicine (fig. S4)

All procedures for animal use were approved by the Institutional
Animal Care and Use Committee of the University of Maryland
School of Medicine. WT C57BL/6] mice and p21 KO, p27 KO, and
FoxO3a KO mice were purchased from the Jackson laboratory (Bar

Xu et al., Sci. Adv. 2021; 7 : eabf5089 30 June 2021

with a similar strategy for the miR-200b/429 KO mice (57). Male
p21*"~ or p27*'~ heterozygous deletion m1ce were mated with non-
diabetic or diabetic female p21*'~ or p27*/~ mice to generate WT,
p21*"~ or p27*"7, and p217'~ or p27~~ embryos. Male FoxO3a*'~ mice
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were mated with nondiabetic or diabetic female FoxO3a*'~ mice to
generate WT, FoxO3a*'", and FoxO3a™~ embryos. Male miR-
200c/141"~ mice were mated with nondiabetic or diabetic female
miR-200c/141*'~ mice to generate WT, miR-200c/141*"~, and miR-
200c/1417"~ embryos.

Generation of DN-Fox03a, miR-200¢c, miR-141, p21,

and p27 Tg mice

DN-FoxO3a, miR-200c, miR-141, p21, and p27 Tg mice were gen-
erated by pronuclear injections using standard procedures at the
Genome Modification Facility, Harvard University. The coding re-
gion of DN-FoxO3a was cloned from Addgene plasmid #1797 (58),
a gift from M. Greenberg. Full-length mouse complementary DNA
(cDNA) encoding pre-miR-200c, pre-miR-141, p21, and p27 with
green fluorescent protein separately expressed was subcloned
downstream of the rat nestin promoter, followed by a 3’ nestin
genomic sequence. The Tg constructs were linearized to remove
vector sequences, injected into fertilized oocytes from C57BL/6 female
mice, and implanted into pseudopregnant mice. Three to four
founders of each Tg line were generated, and founders with two- to
fourfold transgene expression were selected for the experiments.

Model of diabetic embryopathy

We (3, 4, 7, 8) and others (59) have used a rodent model of strepto-
zotocin (STZ)-induced diabetes in research on diabetic embryopathy.
Briefly, 10-week-old WT or KO female mice were intravenously in-
jected daily with STZ (75 mg/kg) for 2 days to induce diabetes. STZ
from Sigma-Aldrich (St. Louis, MO) was dissolved in sterile 0.1 M
citrate buffer (pH 4.5). We used a U-100 insulin syringe (Becton
Dickinson) with 28G1/2 needles for the injections. Approximately
140 pl of STZ solution was injected per mouse. Diabetes was de-
fined as a 12-hour fasting blood glucose level of >16.7 mM. Male
and female mice were paired at 3:00 p.m., and E0.5 of pregnancy
was established at noon of the day when a vaginal plug was present.
Embryos were harvested for subsequent analysis at different devel-
opmental stages. Embryos were harvested at 2:00 p.m. at E8.5 for
biochemical and molecular analyses. At E10.5, embryos were exam-
ined under a Leica MZ16F stereomicroscope (Bannockburn, IL) for
NTDs. Images of embryos were captured by a DFC420 5 MPix dig-
ital camera with software (Leica, Bannockburn, IL) and processed
with Adobe Photoshop CS2. Normal embryos were classified as
having a completely closed neural tube with no evidence of other
malformations. Malformed embryos were classified as showing
evidence of failed closure of the anterior neural tubes resulting in
exencephaly, a lethal type of NTD with the absence of a major por-
tion of the brain, skull, and scalp. Because our model induces NTD
at E10.5, we did not examine other major structural malformations,
such as cardiovascular defects, which do not occur until later em-
bryonic stages (E13.5).

Rapamycin treatment administered to pregnant mice

Rapamycin (Selleck Chemicals, Houston, TX, USA) was dissolved
in dimethyl sulfoxide to a concentration of 25 mg/ml and stored at
—20°C. This stock solution was diluted by 50x to a concentration of
0.5 mg/ml with vehicle containing 5% Tween 80 and 30% polyethylene
glycol, molecular weight 400. Pregnant WT diabetic and nondiabet-
ic mice received intraperitoneal injections of rapamycin at a dose of
0.1 ml/g of body weight (2 mg/kg of body weight). Pregnant mice in
the control groups (diabetic and nondiabetic) received the same

Xu et al., Sci. Adv. 2021; 7 : eabf5089 30 June 2021

volume of the vehicle solution. Rapamycin injections were given
daily from E5.5 to E8.5 for biochemical and molecular analyses and
to E10.5 for morphological examination.

Whole-mount senescence staining

For whole-mount embryo staining, embryos were fixed overnight
in 0.5% glutaraldehyde prepared in phosphate-buffered saline (PBS)
(pH 7.4). Embryos were washed with PBS/MgCl, (pH 5.5, 1 mM
MgCl,) for 2 x 15 min at 4°C on a rocker and then stained with
X-gal staining solution containing 0.25 ml of X-gal stock (Roche,
#745740) in N,N-dimethylformamide (Sigma-Aldrich, #D-4254),
0.25 ml of 0.2 M K3Fe(CN)g, 0.25 ml of 0.2 M KFe(CN)g-3H,0, and
9.25 ml of PBS/MgCl, for 4 hours. For embryo sectioning after se-
nescence staining, embryos were embedded in optimal cutting tem-
perature compound, sectioned (10 um), and mounted on Superfrost
slides for microscopy analysis.

Neuroepithelial cell isolation and flow cytometry analysis

of senescent cells

E8.5 embryos were dissected out of the uterus, and then yolk sacs
were removed from the embryos. Whole embryos were digested by
Dispase II [3 mg/ml in PBS (pH 7.4)] for 15 min at room tempera-
ture to remove non-neural tissues. After enzymatic digestion, whole
neuroepithelia were washed with PBS three times, cut into pieces,
and digested with 0.25% trypsin-EDTA (Thermo Fisher Scientific)
for 5 min at 37°C with shaking. The cell suspensions were centri-
fuged at 500¢ for 5 min and resuspended in Dulbecco’s modified
Eagle’s medium (DMEM; Thermo Fisher Scientific) with 10% fetal
bovine serum (FBS; Thermo Fisher Scientific) followed by filtration
through a 70-pm cell strainer. The isolated cells were seeded in six-
well plates.

Live cell senescence analysis was performed using the Cellular
Senescence Live Cell Analysis Assay Kit (Enzo Life Sciences). Briefly,
after adhesion, the isolated neuroepithelial cells were treated with
2 ml of 1x cell pretreatment solution for 2 hours at 37°C. Then,
10 pl of 200x SAPBG substrate solution was directly added to 1x cell
pretreatment solution, gently mixed, and incubated at 37°C for
4 hours. After senescence staining, the cells were washed with PBS
three times. The stained cells were fixed and permeabilized by
Fixation and Permeabilization solution (BD Biosciences) followed
by immunostaining using an anti-p21 antibody (table S10) and a
fluorescence-coupled secondary antibody. Last, the cells were
washed and analyzed by a flow cytometer.

Immunostaining and hematoxylin-eosin staining

Embryos at various stages were fixed in methacarn (60% methanol,
30% chloroform, and 10% glacial acetic acid), embedded in paraffin,
and cut into 5-pum sections. After deparaffinization and rehydra-
tion, all specimens were subjected to immunofluorescence staining
for p21 and p27 and immunohistochemical staining for YH2AX,
H3K9me3, p-H3, and F4/80 using the respective antibodies (table
S10) or hematoxylin-eosin staining. All sections were photographed.

Cell culture and miR-200c mimic and inhibitor transfection

C17.2 mouse neural stem cells, originally obtained from the European
Collection of Cell Culture, were maintained in DMEM (5 mM glucose)
supplemented with 10% FBS, penicillin (100 U/ml), and streptomycin
(100 pg/ml) at 37°C in a humidified atmosphere of 5% CO,. Although
C17.2 cells are newborn mouse cerebellar progenitor cells transformed
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with retroviral v-myc, these cells mimic in vivo neuroepithelial cells in
response to high glucose (60). Lipofectamine RNAiMAX (Invitrogen)
was used according to the manufacturer’s protocol for transfection
of the miR-200c mimic and inhibitor into the cells under 1% FBS
culture conditions. The mirVana miR mimic and the miR inhibitor
of miR-200c were purchased from Ambion.

MiR-200 promoter activity analysis

The binding sites of the transcription factor FoxO3a, which poten-
tially regulates miR-200 promoter activity, were predicted using
online prediction tools (http:/jaspar.genereg.net). We identified two
FoxO3a binding sites in the miR-200 promoter region. The miR-200
promoter was subcloned and inserted into a pGL4.10 Luciferase
Reporter Vector (Promega). Cotransfection of FoxO3a constitutively
active (CA-FoxO3a) or dominant-negative (DN-FoxO3a) vector and
the pGL4.1-miR200 promoter vector into the mouse neural stem cell
line C17.2 was performed using Lipofectamine 2000 (Invitrogen), and
the cells were cultured for 48 hours with or without treatment with
high glucose (25 mM). The CA-FoxO3a vector (Addgene plas-
mid #1788) and DN-FoxO3a vector (Addgene plasmid #1797)
were gifts from M. Greenberg, at the Department of Neurobiology,
Harvard Medical School (58). Cells were harvested and lysed using
lysis buffer from the Dual-Luciferase Assay System (Promega).
Firefly luciferase activities were normalized to that of the internal
control Renilla luciferase.

Immunoblotting

Equal amounts of protein from embryos were resolved by SDS-
polyacrylamide gel electrophoresis and transferred onto Immobilon-P
membranes (Millipore). Membranes were incubated in 5% nonfat
milk for 45 min at room temperature and then incubated for 18 hours
at 4°C with primary antibodies against the following molecules
diluted in 5% nonfat milk: p21, p27, phospho-Chk1, Chk1, phospho-
Chk2, Chk2, ZEB1, ZEB2, p53, and YH2AX (table S10). Membranes
were then exposed to goat anti-rabbit or anti-mouse secondary
antibodies. To confirm that equivalent amounts of protein were loaded
among samples, membranes were stripped and probed with a
mouse antibody against B-actin (table S10). Signals were detected
using a SuperSignal West Femto Maximum Sensitivity Substrate
Kit (Thermo Fisher Scientific). All experiments were repeated three
times with the use of independently prepared tissue lysates.

Quantitative reverse transcription polymerase

chain reaction

Total RNA was isolated from tissues and cells using TRIzol reagent
(Ambion) and reverse-transcribed using the QuantiTect Reverse
Transcription Kit (Qiagen). Reverse transcription for miRNA was
performed using the qScript microRNA ¢cDNA Synthesis Kit (Quanta
Biosciences). Quantitative reverse transcription polymerase chain
reaction (RT-qPCR) of mRNA, pri-miRNA, and small nuclear RNA
U6 was performed using the Maxima SYBR Green/ROX qPCR Master
Mix assay (Thermo Fisher Scientific). The primers for RT-qPCR are
listed in table S11. RT-qPCR and subsequent calculations were performed
by a StepOnePlus Real-Time PCR System (Applied Biosystem).

miRNA pull-down

The biotin-labeled miR-200c and its control (Caenorhabditis elegans
miR-67) were custom-made by GE Dharmacon. The biotin-labeled
miR-200c and biotin-labeled negative control were transfected
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using Lipofectamine 2000 (Invitrogen) into C17.2 cells for 48 hours,
and then cells were lysed in lysis buffer [20 mM tris-HCI (pH 7.5),
100 mM KCl, 5 mM MgCl,, and 0.3% IGEPAL CA-630]. Cell lysates
were mixed with streptavidin-coupled Dynabeads (Invitrogen) and
incubated at 4°C on a rotator overnight. After the beads were
washed thoroughly, the bead-bound RNA was isolated and subject-
ed to RT followed by real-time PCR analysis.

Statistical analyses

All experiments were completely randomized and repeated in trip-
licate. Specifically, embryos from three litters each group were ana-
lyzed as we previously described (8-10). For immunostaining, two
to three embryos from each litter and four to five sections per em-
bryo were stained, and an average for signal intensity was obtained
for that litter. For immunoblotting, two to three embryos from a
litter in each group were combined for a single run, and there were
three runs per experiment. For RT-qPCR, two to three embryos per
litter were combined, and three litters per group were analyzed. For
cell culture studies, experiments were repeated in triplicate as we
previously described (60). Data are presented as the means + SEs.
Student’s t test was used for two group comparisons. One-way anal-
ysis of variance (ANOVA) was performed for comparisons of more
than two groups using SigmaStat 3.5 software. In ANOVA, a Tukey
test was used to estimate the significance. Significant differences be-
tween groups in NTD incidence expressed by the number of embryos
were analyzed by the chi-square test or Fisher’s exact test using
SigmaStat 3.5 software. Differences were considered statistically
significant when P < 0.05.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/27/eabf5089/DC1

View/request a protocol for this paper from Bio-protocol.
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