Human Molecular Genetics, 2020, Vol. 29, No. 18 3132-3144

doi: 10.1093/hmg/ddaa211
Advance Access Publication Date: 24 September 2020
General Article

GENERAL ARTICLE
FKBP8 variants are risk factors for spina bifida

Tian Tian'?T, Xuanye Cao?T, Sung-Eun Kim3, Ying Linda Lin?,

John W. Steele?, Robert M. Cabrera?, Menuka Karki?, Wei Yang?,
Nicholas J. Marini®, Ethan N. Hoffman?, Xiao Han?, Cindy Hu?,

Linlin WanghT, Bogdan J. Wlodarczyk?, Gary M. Shaw*, Aiguo Ren"#,
Richard H. Finnell>®* and Yunping Lei?"1

Institute of Reproductive and Child Health, National Health Commission Key Laboratory of Reproductive
Health, Peking University, Beijing 100191, China, 2Center for Precision Environmental Health, Department of
Molecular and Cellular Biology, Baylor College of Medicine, Houston, TX 77031, USA, 3Department of Pediatrics,
The University of Texas at Austin Dell Medical School, Austin, TX 78723, USA, Department of Pediatrics,
Stanford University School of Medicine, Stanford, CA 94305, USA, ®Department of Molecular and Cellular
Biology, California Institute for Quantitative Biosciences, University of California, Berkeley, CA 94720, USA and
6Departments of Molecular and Human Genetics and Medicine, Baylor College of Medicine, Houston, TX 77031,
USA

*To whom correspondence should be addressed. Tel: 010-8280 1182; Fax: +86-82801140; Email: renag@bjmu.edu.cn; Tel: 713-798-4363; Fax: +1-7137988181;
Email: Richard.Finnell@bcm.edu; Yunping.Lei@bcm.edu

Abstract

Neural tube defects (NTDs) are a group of severe congenital malformations caused by a failure of neural tube closure during
early embryonic development. Although extensively investigated, the genetic etiology of NTDs remains poorly understood.
FKBPS is critical for proper mammalian neural tube closure. Fkbp8—/~ mouse embryos showed posterior NTDs consistent
with a diagnosis of spina bifida (SB). To date, no publication has reported any association between FKBP8 and human NTDs.
Using Sanger sequencing on genomic DNA samples from 472 SB and 565 control samples, we identified five rare

(MAF < 0.001) deleterious variants in SB patients, while no rare deleterious variant was identified in the controls (P =0.0191).
p-Glu140* affected FKBP8 localization to the mitochondria and created a truncated form of the FKBP8 protein, thus impairing
its interaction with BCL2 and ultimately leading to an increase in cellular apoptosis. p.Ser3Leu, p.Lys315Asn and p.Ala292Ser
variants decreased FKBPS8 protein level. p.Lys315Asn further increased the cellular apoptosis. RNA sequencing on anterior
and posterior tissues isolated from Fkbp8~/~ and wildtype mice at E9.5 and E10.5 showed that Fkbp8~/~ embryos have an
abnormal expression profile within tissues harvested at posterior sites, thus leading to a posterior NTD. Moreover, we found
that Fkbp8 knockout mouse embryos have abnormal expression of Wnt3a and Nkx2.9 during the early stage of neural tube
development, perhaps also contributing to caudal specific NTDs. These findings provide evidence that functional variants of
FKBPS are risk factors for SB, which may involve a novel mechanism by which Fkbp8 mutations specifically cause SB in mice.
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Introduction

Neural tube defects (NTDs) are a group of congenital malforma-
tions caused by the failure of neural tube closure during the
first four weeks of human embryonic development (1). NTDs
are one of the most severe malformations of newborns, with
a prevalence among live births in the USA of 1 in 1200 and a
worldwide prevalence ranging from 1 in 1000 to 3-5 in 1000 (2).
Spina bifida (SB) and anencephaly are the two most common
subtypes of NTDs, which affect the spine and brain, respectively.

NTDs are considered collectively to represent a collection of
complex disorders with multiple etiologies, stemming from the
multiple interactions of genetic and environmental factors (3).
Providing women with periconceptional supplemental folic acid
(FA) has been shown to significantly reduce the risk of having
an NTD affected pregnancy (4). However, there are still a large
number (>400 000 pregnancies per year) of NTD affected infants
conceived and born annually, even in countries that employ
mandatory FA fortification of the food supply. These are referred
to as FA-resistant NTDs (4). Previous studies demonstrated that
gene variants are major contributory factors to the etiology of
FA-resistant NTDs (5). Naturally occurring as well as induced
or targeted mutations in over 300 different genes resulted in
mice with NTD phenotypes. These genes are in multiple differ-
ent signaling pathways, including the Wnt/ planar cell polarity
(PCP) (6-10), sonic hedgehog (SHH) (11) and mitochondrial folate
metabolic pathways (12). At present, there have been only a few
mouse NTD genes that have been explored as contributing to the
risk factors for human NTDs. A large number of genes that are
related to NTDs in the mouse still lack any evidence that they
contribute to human NTD risks (13).

FKBPS8, also known as FKBP38, is a member of the FK506-
binding protein family, which has a conserved peptidyl
prolyl cis/trans-isomerase (PPlase) domain (14). Unlike other
members in this family, FKBP8 exhibits peptidyl prolyl cis-trans
isomerase activity and does not bind to the immunosuppressant
drug FK506 (Tacrolimus) or facilitate PPlase activity (15). FKBP8
contains several functional regions, including the FK506 binding
domain, a three-unit tetratricopeptide-repeat (TPR) domain,
a leucine zipper repeat, and the C-terminal transmembrane
(TM) domain (16). The TPR domain primarily controls FKBP8
as it forms multimeric complexes with other proteins. The C-
terminal TM domain helps FKBP8 anchor to the mitochondrial
membrane and distribute predominantly within mitochondria
(17). FKBP8 plays essential roles in multiple biological functions,
such as protein folding and trafficking, serving as a co-chaperone
of heat shock proteins (18-19). It is also involved in cell
size regulation (20) and acts as the inhibitory mammalian
target of rapamycin (mTOR) signaling (21). FKBP8 is also an
important inhibitor of apoptosis, which it accomplishes by
anchoring the anti-apoptotic proteins BCL2 and BCLXL to the
mitochondrial membranes (22). Additionally, during murine
embryonic development, Fkbp8 controls neural cell fate through
antagonism of SHH signaling, which is critical for proper neural
tube closure (23-25).

Transgenic mouse models demonstrated that Fkbp8 nul-
lizygous embryos showed abnormal neural tube development,
skeletal defects, including scoliosis, rib deformities, club foot
and curled tail (26-27). However, the underlying mechanism
by which inactivation of the Fkbp8 gene actually initiates the
adverse morphogenetic events leading to the expression of NTDs
remains unclear. Wong and colleagues reported that Fkbp8~/~
mice had an isolated and completely penetrant SB, which is both
folate- and inositol-resistant. These investigators stated that
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the loss of Fkbp8 leads to increasing apoptosis in the posterior
neural tube and impaired dorso-ventral patterning (26). Shirane
and colleagues reported that Fkbp8 could regulate protrudin-
dependent membrane recycling and neurite outgrowth. It was
proposed that knocking out the Fkbp8 gene leads to disorganized
neuroepithelium formation of the dorsal root ganglia, and that
this contributes to the SB phenotype (27). Cho and coworkers
focused on the role of Fkbp8 in controlling neural cell identity
through its antagonism of the SHH pathway. They found that
Fkbp8 could control neural tube patterning through a Gli2-
and Kif3a-dependent mechanism (24). It is interesting that
all Fkbp8~~ mice showed the ‘open neural tube’ only in the
posterior region of the embryo, whereas the anterior region
showed no obvious abnormal phenotype. Developmentally,
the phenotype of Fkbp8~~ mice was similar to their wildtype
littermates until E9.5, which is well within the timeframe when
the events of early neural tube development are well underway.
The abnormal ‘open’ neural tube was clearly evident around
E10.5 (26). These studies indicate that there may exist some
time- and position-specific biological mechanism underlying
the occurrence of SB in Fkbp8~/~ mice. Moreover, all the evidence
on establishing the association between FKBP8 and NTDs has
been from animal models, as there have been no previous reports
of human SB patients with variants in the FKBP8 gene.

In this study, we sought to establish human evidence for
an association between FKBP8 and SB, and further explore the
underlying biological mechanisms that lead to this abnormal
phenotype. To rigorously test our hypothesis, we initially per-
formed Sanger sequencing on DNA samples from 472 SB affected
fetuses and 565 unaffected controls. Three novel variants, one
rare variant and one stop-gain variant were identified among
the SB patients, while no deleterious variants were identified in
the control cohort. We performed functional assays to determine
the effect of the five deleterious variants on FKBP8 function.
We determined that the five mutations have different modi-
fications on FKBP8 function, impacting subcellular localization
of FKBPS8, protein level, its interaction with BCL2. Furthermore,
we collected tissue from the anterior and posterior portions
of Fkbp8 null and wildtype embryos at both E9.5 and E10.5 to
perform RNA sequencing. The results revealed that the Fkbp8
gene inactivation may influence the normal expression of Wnt3a
and Nxk2.9 in the posterior region during the early stages of
neural tube development.

Results

Five rare deleterious variants in FKBPS8 are associated
with an increased risk for human SB

To examine the association between FKBP8 variants with
human NTDs, we performed Sanger sequencing on bloodspot
derived DNA samples from 472 SB newborns and 565 non-
malformed controls. Five rare variants (p.Glu140*, p.Ser3Leu,
p-Ala251Gly, p.Ala292Ser and p.Lys315Asn) of the FKBP8 gene
were identified in five SB cases and none of these were detected
in the controls (Table 1). Detailed information of the five SB
cases is provided in Supplementary Material, Table S1. All of
the NTD cases were diagnosed with lumbar SB. Two of the
cases were white Hispanic, while three of them were non-
Hispanic whites. Among the five mutations, p.Glul140* was
a stop-gain mutation, while the other four variants were
nonsynonymous mutations. Only p.Ser3Leu was reported in the
gnomAD data with different MAF frequencies in Latino/AMR
(MAF =0.0004804, allele counts: 17/35384) and non-Finnish
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Figure 1. Identification of spina bifida-associated rare variants in the FKBP8 gene. (A) Conserved domains of FKBP8 and positions of the five detected mutations. (B)
Conservation estimation of identified variants between different species. (C) Sanger Sequencing results for the SB-cohort.

European (MAF=0.00004001, allele counts: 5/124968), while
others were not found in any available databases, indicating
that those four mutants were novel mutations. All of those
five variants were predicted as deleterious by PolyPhen and/or
SIFT. As shown in Figure 1C, those variants were found to be
heterozygous in individual SB cases. Amongst controls, we
only identified a single mutation, c.260C>T(p.Ala87Val), with
a MAF of 9%. Compared with our control data, the deleterious
rare mutations of FKBP8 showed a significant (P=0.0191)
enrichment in the SB group in our study. This enrichment is
also significant (P <0.01) when comparing to gnomAD data
(Supplementary Material, Table S2). We also compared the
enrichments of deleterious rare variants by ethnic groups. In our
cohort, three variants were found in Hispanic NTD cases and two
variants were in non-Hispanic NTD cases, but no such variants
were found in either group of local controls. When compared
with control data from public domain sources, we found an
enhanced enrichment of rare deleterious variants in our local
NTD cases than in Hispanic but not in non-Hispanic controls
from the public domain (Supplementary Material, Table S3).

The amino acid at the position where the five mutants
occurred is highly evolutionarily conserved among various
species (Fig. 1B). The p.Ser3Leu mutation is located in the low
complexity region of FKBP8, which is a potential transcriptional
activation domain of the protein. The stop-gain mutation
p.Glu140* is localized in the FKBP-type peptidyl-prolyl cis-trans
isomerase region. The p.Ala251Gly, p.Ala292Ser and p.Lys315Asn
sites are in the TPR motif of the FKBP8 protein, which primarily
orchestrates the formation of multimeric complexes between
FKBP8 and other proteins and helps FKBP8 anchor to the
membrane and to mitochondria (17) (Fig. 1A).

The variants impaired subcellular localization of FKBP8
and its protein levels

We initially examined the effect of these variants on FKBP8
subcellular localization. The constructs of FKBP8 (WT and

mutants) were overexpressed in Hela cell lines. As shown
in Figure 2A, wildtype FKBP8 was primarily located in the
mitochondria with no expression in the nucleus. Compared with
wildtype, p.Ser3Leu, p.Ala251Gly, p.Ala292Ser and p.Lys315Asn
didn’t affect the location of FKBP8. However, the p.Glu140*
caused an obvious mislocalization of FKBPS8, as it was now no
longer restricted to the mitochondrion, but was also expressed
in the nucleus. The quantified results were consistent with
the imaging, demonstrating that the abnormal location of the
FKBP8 protein in p.Glu140* group was significantly higher than
in the wildtype group (Fig. 2B). Western blotting assay was
performed to investigate the effect of the variants on the FKBP8
protein levels. As a result, the protein of variants p.Ser3Leu,
p-Lys315Asn and p.Ala292Ser were less abundant than were the
wildtype FKBP8 (P <0.05), indicating that those variants may
decrease the FKBP8 expression or damage its protein stability
(Fig. 2D). The p.Glu140* mutant showed a shorter band around
40 kDa, indicating it produced a truncated form of FKBP8 protein
(Fig. 2C).

The variants affected FKBP8 co-localization with BCL2
and its interaction with BCL2

Previous studies reported that FKBP8 interacted with BCL2
and co-localized with BCL2 protein in the mitochondria (17).
Therefore, we tested the effect of the variants on the co-
localization of FKBP8 and BCL2 by co-transfecting BCL2 and
FKBP8 constructs (WT and mutants) into Hela cells, and then
performed immunostaining assays. As depicted in Figure 3A,
BCL2 was mainly expressed in the mitochondria. The wildtype
FKBP8 and BCL2 were co-localized in the mitochondria.
Compared with the wildtype FKBP8 group, the p.Glu140* mutant
failed to co-localize with BCL2 and showed an irregular nucleus.
Other variants did not impair the co-localization of BCL2
with FKBP8. However, the cells transfected with p.Ser3Leu
and p.Lys315Asn FKBP8 constructs showed flattened, longer
and irregular shaped nuclei, indicating the co-transfection of
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Figure 2. Rare variants affected FKBP8 subcellular localization and protein level. (A) HeLa cells were transfected with mutated and wildtype constructs of GFP-tagged
FKBPS for 48 h incubation and then were imaged under a deconvolution microscope. GFP signaling was used to show the location of FKBP8, while Mitosox was stained to
show the location of mitochondria. (B) Ten fields of view were chosen randomly and about 200 cells in each group were counted. The percentage of abnormal localized
cells in mutant groups was compared with wildtype group by using Pearson x2-test Ns: no significant difference. Asterisk indicates the p.E140X variant resulted in
more cells with mislocalized expression than occurring in the wildtype cells. (C) Western blot assay was performed in HEK293T overexpression model. (D) The western
blotting assay was repeated three times and student t-test was performed to compare the protein level between the mutated group with that of the wildtype group.

variants FKBP8 p.Ser3Leu/p.Lys315Asn and BCL2 alters or impairs
protein localization and may compromise the integrity and
functioning of these cells (Fig. 3A, quantitative analysis was
shown in Supplementary Material, Figure S1). With respect to
the statistical analyses, we primarily counted the numbers of
cells with FKBP8 variants that failed to co-localize with BCL2
in the mitochondria. As a result, the rate of mis-co-localized
cells in the p.Glu140* group was significantly higher than in
the wildtype group (Fig. 3B). Co-IP assays in HEK293T cells were
performed to examine the interaction between FKBP8 and BCL2
(Fig. 3C). The results showed that FKBP8 wildtype, p.Ser3Leu,
p.Lys315Asn, p.Ala251Gly and p.Ala292Ser could interact with
BCL2 normally, while the p.Glu140* variant did not bind to BCL2,
demonstrating that this variant had impaired interactions with
BCL2 (Fig. 3D).

The variants influenced cell apoptosis

FKBP8 is reported to be an essential antagonist of SHH signaling
pathway and an important molecule in central nervous
system development. Loss of Fkbp8 causes ectopic and ligand-
independent activation of the SHH pathway, leading to the
expansion of ventral cell fates in the posterior neural tube

and suppression of eye development (25). Given our long-
standing interest in neural tube closure defects, we examined
how FKBP8 variants regulate SHH signaling activity by using
the Gli responsive luciferase (Gli-Luc) reporter system. To our
surprise, the western blotting revealed that the variants did not
affect the expression of any of the tested SHH pathway proteins
(Supplementary Material, Fig. S2A). Moreover, it turned out that
there is no significant difference in the relative expression
of Gli between wildtype and the mutated groups of FKBP8
(Supplementary Material, Fig. S2B).

We also examined whether the variants affected cell apop-
tosis by using TUNEL assays in HEK293T cells. When trans-
fected with the FKBP8 plasmids, the cells did not display obvious
evidence of apoptosis (Supplementary Material, Fig. S3). How-
ever, when we co-transfected FKBP8 (WT or mutants) and BCL2
plasmid into cells, the transfected cells showed significant evi-
dence of apoptosis. Compared with the BCL2 only transfected
group, FKBP8 wildtype significantly decreased the level of apop-
tosis, indicating that FKBP8 has an inhibitory effect on cellular
apoptosis. Compared with the wildtype FKBP8 group, p.Ser3Leu,
p-Ala251Gly and p.Ala292Ser showed a decreased level of apop-
tosis, while p.Glu140* and p.Lys315Asn showed a significant
increase in the amount of apoptosis observed (Fig. 4). These


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa211#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa211#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa211#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa211#supplementary-data

3136 | Human Molecular Genetics, 2020, Vol. 29, No. 18

A. B.
Merged CY5-BCL2 Mitosox = GFP-FKBP8 DAPI
@ Normal mAbnormal
BCL2-Only
100.0% ns kd ns ns ns
80.0%
FKBP8:WTU Y 60.0%
+BCL2
40.0%
P 20.0%
FKBPS: p.s3L (S 0%
*hel2 : ; & & & & & &
> A A
& Y ¢
FKBPS: p. E140X T
+BCL2 . c
<
3
o
= IP: FLAG Input
FKBPS: p. K315N T T E = e S
+BCL2 FKBP8 é’é‘[’; : X ; i - : ,, :
’ ) Blot: GFP . ’ —" Anti-GFP_FKBP8
FKBP8: p. A292S b4 )
+BCL2 = ) Blot: Flag — -‘ ‘ — Anti-FLAG_BCL2
Gapdh
FKBPS: p.A251G ) i — G S— | CP
+BCL2
D.
IP: FLAG INPUT
FKBPS: con. WTU S3L E140X A251G A292S K315N FKBP8: con. WTU S3L E140X A251G A292S K315N
BcL2:  + o+ +  + + + + BcLzz + + + i+ + +
Blot: GFP
. Anti- GFP
Blot: Flag ‘_...—d '
-_— e
—_— G D GRE comme Anti-FIag

Figure 3. The co-localization of BCL2 and FKBP8 and the interaction between FKBP 8 and BCL2. (A) HeLa cells were co-transfected with mutated and wildtype constructs
of FKBP8 and Flag-BCL2 plasmid for 48 h incubation and then were imaged under a deconvolution microscope. (B) Ten fields of view were chosen randomly and
approximately 200 cells in each group were counted. The percentage of abnormal localized cells in mutant groups was compared with the wildtype group by using
Pearson y2-test. *P < 0.05. Normal: both FKBP8 and BCL2 co-localize in mitochondria; abnormal: FKBPS or BCL2 failed to locate in mitochondria. (C) Co-IP assay showed
that wildtype of FKBP8 had interaction with BCL2 in HEK293T overexpression model. (D) Co-IP assay on mutant constructs of FKBP8 and BCL2.

results indicate that the identified variants have a significant
impact on cellular apoptosis.

Gene expression analysis in the Fkbp8 knockout mice

Our previous study found that neural tube closure in the
Fkbp8~/~ mice proceeds in a comparable manner as observed
in their wildtype littermates at E9.5. However, the nullizygous
mice showed obvious edema in the posterior neural tubes by
E10.5 (26), whereas the anterior region remains normal and
closed (Fig. SA). In order to explore the underlying mechanism,
we collected both posterior and anterior tissue from Fkbp8~/~
and wildtype embryos at E9.5 and E10.5 for RNA sequencing. The
posterior portion of the E9.5 and E10.5 embryos was dissected
by cutting distal to the forelimb bud (Fig. 5A).

At E9.5, only 10 differentially expressed genes (DEGs) at the
posterior site between Fkbp8~/~ and wildtype embryos were
identified (Fig. 5B). The number of DEGs at the posterior site
increased to 210 at E10.5 (Fig.5B), indicating that knockouts
of Fkbp8 gene may cause time- and position-specific abnor-
mal expression of targeted genes. Moreover, there may exist
driver gene(s) that are differentially expressed at E9.5 that influ-
ences the E10.5 gene expression profiles. Among the 10 DEGs

in E9.5 embryos, Wnt3a and Nkx2.9 were the top two candidate
genes (Fig. 5C). Compared with the wildtype, Wnt3a expression in
Fkbp8~/~ mouse embryos showed an increased trend from E9.5
to E10.5 at the posterior site, while in the wildtype, its expression
level decreased from E9.5 to E10.5 (Fig. 5D). The Nkx2.9 gene was
highly expressed only in Fkbp8 null embryos in the posterior
region at both E9.5 and E10.5 (Fig. 5E). At E10.5, gene ontology
(GO) analysis found that DEGs of the posterior site tissues were
mainly enriched in the cell fate commitment pathway, axon
genesis and other neurodevelopment related pathways (Fig. 6A).
Most of these genes showed increased expression in the null
mice (Fig. 6B).

Discussion

FKBP8 is an important member of the family of intracellular
receptors for the immunosuppressive drug FK506. Genetically
inactivating the Fkbp8 gene in mouse embryos resulted in a 100%
penetrant defect in neural tube closure in the thoraco-lumbar-
sacral region (26,28), indicating that Fkbp8 plays a crucial role in
neural tube closure (24,27-28). At present, there are no published
studies reporting any genetic association of FKBP8 with human
NTDs, especially SB. In this study, we observed for the first time
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Figure 4. The influence of FKBP8 variants on apoptosis. (A) The HEK293T cells were transfected with BCL2 constructs along with FKBP8 (WT or mutant) and then

cultured for 48 h. TUNEL assay and flow cytometry was carried on to test the cellular

apoptosis. (B) The rates of the apoptosis of each group were counted. Pearson x2

analysis was performed to compare the apoptosis rate between groups. pl: P-value when compared with FKBP8 wildtype and BCL2 co-transfected group. p2: P-value
when compared with BCL2 only transfected group. P < 0.05 represents a significant difference. (C) Bar chart of the apoptosis rate of each group.

a stop-gain mutation (p.Glu140*) and four novel/rare deleterious
missense variants of FKBP8 in SB infants. As Table 2 indicates,
the five identified variants had various effects on on the bio-
logical function of FKBP8. p.Glu140* formed a truncated version
of FKBP8 that was mislocalized from anchoring to mitochondria
to being expressed within the nucleus. The variants p.Ser3Leu,
p-Ala292Ser and p.Lys315Asn significantly decreased the FKBP8
protein levels. These results indicate that rare deleterious vari-
ants of FKBP8 may contribute to the etiology of human SB, which
support the results found in mouse studies (26-27). As all five of
these variants were heterozygous in patients, we assume they
may interact with other genetic variants or environment factors
to contribute to the observed SB phenotype.

BCL2, an integral inner mitochondrial membrane protein, is a
critical regulator of apoptosis (29). Previous studies reported that
BCL2 could block apoptotic death through diverse pathways (30).
It is well known that FKBPS8 is associated with the BCL2 gene.
A previous study found that FKBP8 was associated with BCL2
and BCLXL in immunoprecipitation assays, and co-localized
with these proteins in the mitochondria to block apoptosis
(17). It is reported that Ca2*/calmodulin can bind to FKBP8 and

form a Ca2"/calmodulin/FKBP8 complex, which can activate
BCL2 function and thereby participate in the regulation of
apoptosis in neuronal tissues (15). Moreover, Shirane et al. (27)
generated Fkbp38~/~ mice and found an increased frequency
of apoptosis and aberrant migration of neuronal cells, thus
leading to a SB phenotype in mice. In the present study,
we hypothesized that the rare variants may inhibit neural
tube closure by impairing the interaction between FKBP8 and
BCL2, leading to the mislocation of BCL2 and subsequently
influence the rate of cellular apoptosis. We determined using
a subcellular co-localization assay that the p.Glul40* variant
failed to co-localized with BCL2 into the mitochondria. The
Co-IP assay showed that p.Glu140* impaired the interaction
between FKBP8 with BCL2. Moreover, the apoptosis assay showed
that compared with wildtype, the p.Glu140* variant of FKBP8
increased the cellular apoptosis rate. These findings imply that
p-Glu140* of FKBP8 may form a truncated body of the FKBP8
protein, subsequently impairing its interaction with BCL2, and
causing the failure of BCL2 to anchor to the mitochondria,
compromising normal cellular apoptosis. We also noticed that
in the subcellular location assay, the cells being transfected with
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Figure 5. The KO mice showed an abnormal time-and position-specific RNA expression profile. (A) The phenotype of the mouse embryo at E9.5 and E10.5. The red
lines represent the schematic that indicates the region of tissue microdissected. (B) Differentially expressed gene numbers match phenotypes. (C) Differently expressed
genes at the posterior site between Fkbp8 null mice and wildtype mice at E9.5. (D) The expression profile of Wnt3a gene. (E) The expression profile of Nkx2.9 gene. CA:
head parts; P: posterior part. (F) Protein expression of Wnt3a in E10.5 mice embryo. (G) Protein expression of Nkx2.9 in E10.5 mice embryo.

FKBP8 p.Lys315Asn showed irregular nuclei, indicating that this significantly increased rate of apoptosis. The results indicate
variant may actually induce cellular apoptosis. This result was that p.Lys315Asn induces cell apoptosis and may lead to
validated by the apoptosis assay, in which p.Lys315Asn had a impairment in neural tube closure. However, the variant
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FKBP8 p.Ala292Ser which locates in the same domain as
p-Lys315Asn had an opposite effect on cell apoptosis. One
possible explanation is that the characteristic of the amino acid
changing direction is not the same between A292S and K315N.
Alanine (A) is hydrophobic while serine (S) is polar uncharged;
however, lysine (K) is positively charged while asparagine (N)
is also a polar uncharged amino acid. Different amino acid
characteristic changes may be one of the reasons for the variants
in same FKBP8 protein domain producing opposite results with
respect to apoptosis. This is not a unique observation in the NTD
field. Previously, we described both gain and loss of function
variants in LRP6 genes that were associated with SBs (31) using
a mouse Lrp6 model system (32-33). Therefore, it is possible
that both loss of function and gain of function variants in the
FKBP8 gene may contribute to the increased risk of SB, but this
hypothesis should be rigorously tested in the future using Fkbp8
gain of function mouse models. Another explanation for why
those suspected gain-of-function variants (p.S3L, p.A251G and
p-A292S) could increase the risk of SB is that they may contribute
to other function loss of FKBP8/Fkbp8 that was not explored in
this study, although they may not be a risk factor in causing
apoptosis.

Previous mouse models have demonstrated that all Fkbp8
nullizygous mice presented with isolated posterior NTDs, specif-
ically SB at embryonic day 18.5, indicating a strong associa-
tion between Fkbp8 with neural tube closure (26-28). However,
the morphogenetic changes secondary to the Fkbp8 knockout
leading to the NTD phenotype in mice remains unclear. It is
interesting that our previously published work on this mouse
model revealed that during the early stage of neural tube closure
(E9.5), the Fkbp8~~ embryos are indistinguishable from their
wildtype littermates. However, the null embryos all have ‘open’
posterior neural tubes when they are examined after E10.5 (26).
There was abnormal expression of the FKBP8 protein in the
posterior portions of the embryo, extending from the thoracic
to lumbar regions, whereas protein expression in the anterior
region remains normal. Based on the previous findings, we
assumed that there may exist genes that are causative for caudal
but not cranial NTDs in the Fkbp8 KO mouse model. Further,
we hypothesized that there may exist different gene expression
profiles between the early and later stages of neural tube clo-
sure in these embryos. In this study, the RNA-seq data clearly

demonstrated a significant difference in the gene expression
profiles between E9.5 and E10.5 in the posterior regions of the
embryo. The numbers of DEGs at the posterior site between
WT and Fkbp8~~ group significantly increased from E9.5 to
E10.5. This finding was consistent with our previously published
mouse study in which the Fkbp8~~ null embryos only showed
abnormal phenotypes after E10.5 (26). The RNA-seq study pro-
vides evidence that Fkbp8 ~/~ may cause abnormal gene expres-
sion in the early stage of neural tube development, thus driving
different expression profiles at E10.5 within the posterior neural
tube.

Among the 10 DEGs identified at E9.5, Wnt3a and Nkx2.9 were
two of the most significantly differently expressed genes. Wnt3a
is an important member of Wnt/g-catenin signaling pathway
and is highly expressed in the dorsal neural tube which will
give rise to the neural crest in Xenopus, zebrafish, and mice (34).
The neural crest formation in whole embryos is inhibited when
the activity of Wnt3a is blocked, suggesting that Wnt3a had a
critical role in patterning the neural tube along its dorso-ventral
axis (35). It is also reported that this kind of inducing effect
happened in an early developmental stage when the neural plate
is forming (36). All previous studies supported our finding that
Wnt3a had limited expression in the posterior portion of E9.5
Fkbp8~/~ mice. Therefore, we assume that the loss of Fkbp8 may
decrease the expression of Wnt3a in the posterior regions of the
embryo, thus impairing the proper patterning of the neural tube
leading to an SB defect in the nullizygous mice. Nkx2.9 (known as
NKX2.8 in humans) is collectively orthologous with Nkx2.2 (37).
Although there is no direct evidence of an association between
Nkx2.9 with neural development, Nkx2.2 acts downstream of
SHH signaling pathway and upstream of Lmx1b in a signaling
cascade that directs the development, specification, and differ-
entiation of 5-HT (5-hydroxytryptamine) neurons in the central
nervous system in mice (38). Additionally, it is important to note
that as a downstream transcription factor of SHH signaling, the
expression of Nkx2.2 is expanded dorsally in FKBP8 nullizygous
embryos (25,39). In our previous study, we performed microar-
ray analyses and determined that Fkbp8 knockout mice had a
higher expression of Nkx2.9 (26). In the current study, we further
validated this finding, suggesting that an Fkbp8 knockout would
up-regulate Nkx2.9 expression. Moreover, the Fkbp8 knockout
mouse only had specifically high expression of Nkx2.9 at the
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posterior site, perhaps explaining the presence of NTDs only in
this portion of the embryo.

At E10.5, GO analysis found that the DEGs of the posterior
embryo are primarily enriched for genes in the cell fate com-
mitment pathway, axon genesis, and other neurodevelopment
related pathways. Previous studies found that apoptosis plays
a major role in shaping the developing nervous system during
embryogenesis, as neuronal precursors differentiate to become
postmitotic neurons. In utero, neural precursor cells (NPCs) are
produced in excessive numbers and differentiate into postmi-
totic neurons. Following this period of excessive proliferation,
the unneeded NPCs and neurons would be selectively elimi-
nated during a period of substantial cell death by apoptosis (40).
Given that our previous research found that Fkbp8~~ embryos
showed increased apoptosis at the posterior site at E10.5, the
abnormal expression of cell fate determinants, as well as axonal
genesis genes may disrupt the normal progress of neural cell
differentiation, resulting in activating apoptosis and inducing
) posterior NTDs in mice. The GO analysis also indicated that
the Fkbp8~/~ mouse could be another model of the failed NTD
closure secondary to precocious neuronal differentiation, similar
to the miR302~/~ mouse model (41).

In conclusion, in this study, we demonstrated for the first
time an association between FKBP8 variants and increased risk
for SB in a human cohort by identifying five rare deleterious
FKBP8 variants in NTD-affected infants. These variants had a
range of physiological influences on FKBP8 protein function.
The Fkbp8 KO mouse model in this study also demonstrated
that Fkbp8 knockout may disrupt the normal expression of
Wnt3a and Nkx2.9 at posterior site, which may lead to the
observed posterior NTD. This study provides novel insight into
=~ the mechanisms underlying the development of NTDs in this
unique mouse model. Further human genomic studies are
warranted that involve NTDs-trios in order to explore the origins
of the FKBP8 variants. Moreover, further functional experiments
on mice to examine how abnormal expression of Wnt3a and
Nkx2.9 interrupt neural tube development will be necessary to
understand the underlying molecular pathogenesis of the FKBP8
knockout mouse.
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Materials and Methods

Study population and Sanger sequencing

SNP ID
15543806511

Human newborn screening bloodspot samples were collected
from a case-control study conducted by the California Birth
Defect Monitoring Program (42). Included for this study were
472 singleton infants with SB (cases) and 565 unrelated healthy
infants with matched ancestry as controls. Among these sam-
ples, 192 SB and the 565 controls were collected between 1983
and 1999. Additional 280 SB samples were recruited from August
2009 to November 2012 through a web-based outreach pro-
gram supported by 32 SB Association chapters and 61 SB spe-
cialty practices within the USA, as previously described (43). The
cases were from two independent largely Caucasian population
cohorts. In total, 81.8% of subjects of the first cohort were non-
Hispanic white and 62.1% of the subjects of the second cohort
were of Hispanic descent. We checked the frequencies of the rare
variants of FKBP8 gene in Hispanic and non-Hispanic population
in public databases (i.e. GnomAD database). No significant dif-
ference was observed between the two populations (P=0.607).
Thus, we assume that the genetic background of the two pop-
ulations was generally consistent and merged them together in
our analysis.

Protein change

p. A292S
p.K315N
p. A251G
p.E140X

p.S3L

Variant
c.874 G>T
Cc.944 G>T
c.752 C>G
c.8C>T
c.420 G>T

Table 1. Information of the detected FKBP8 mutations in SB DNA samples

Chr19:18648482
Chr19:18648411
Chr19:18649046
Chr19:18652773
Chr19:18650405

Position



Table 2. Summary of cell functional assay
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p.S3L p-E140X p-A251G p.A292S p-K315N
Location of FKBP8 Normal Abnormal Normal Normal Normal
FKBP8 protein level 1 Truncated - ¢ 1
Co-localization with BCL2 normal Abnormal normal normal normal
Interaction with BCL2 - 5 -
Apoptosis ! 4 _

SHH signaling pathway - -

Notes: |: down-regulated; 1: up-regulated; —: no significant influence.

DNA was extracted from the newborn screening bloodspots
using the Puregene DNA Extraction Kit (Qiagen,Valencia, CA) and
amplified using the GenomiPhi Kit (GE Healthcare, Marlborough,
MA). FKBP8 (Accession #: NM_012181.5) Sanger sequencing
was performed using an ABI3730 DNA Analyzer. Primers
for both PCR amplification and sequencing are provided in
Supplementary Material, Table S4. All samples were obtained
with approval from the State of California Health and Welfare
Agency Committee for the Protection of Human Subjects. This
study was approved by University of Texas at Austin (IRB
approval number: 2014120041) where the work was initially
conducted.

Plasmids

pcDNA-3.1(+)-N-eGFP-FKBP8 (clone ID: Z26522) was purchased
from Genscript (https://www.genscript.com/). FKBP8 p.Ser3Leu,
p-Glu140*, p.Ala251Gly, p.Ala292Ser and p.Lys315Asn were pro-
duced by the Genescript company based on the pcDNA-3.1(+)-
N-eGFP-FKBP8 wildtype vector. The construct of Flag-Bcl2 was a
gift from Clark Distelhorst (Addgene, ID:18003) (44).

Cell culture and transfection

Hela cells (human cervical cancer), HEK293T and NIH3T3 cells
were grown in Dulbeco’s Modified Eagles’s Medium (DMEM,
Gibco™) supplemented with 10% heat-inactivated fetal bovine
serum (FBS, Gibco™) and 1% Antibiotic-Antimycotic (Gibco™).
Cultures were maintained at 37°C in a humidified atmosphere
containing 5% CO,. Cell transfection was carried out using
Lipofectamine2000 (Invitrogen™ CA, USA) according to the
manufacturer’s protocol. The transfection efficiency was shown
in Supplementary Material, Figure S4. We performed gPCR to
determine the expression of the plasmid, which was shown in
Supplementary Material, Figure S5.

Immunofluorescence

HelLa cells were plated at a density of 3 x 10° cells per ml onto
18 mm cover slips (Corning, NY, USA) for 20 h before transfection.
For FKBP8 subcellular localization, 1.5 pg mutant and wildtype
of FKBPS8 vectors were transfected into cells. After culturing for
48 h, the cells were fixed with 4% paraformaldehyde on cover-
slips for 5 min and then rinsed with 1% PBS. DAPI (300 ng/ml,
Invitrogen™) was used to stain the nucleus for 2 min. For co-
localization of FKBP8 and BCL2, 1.0 pg FKBP8 plasmid and 0.75 pg
BCL2 plasmid were co-transfected into cells. After 48 h, the
mitochondrion of cells was stained by MitoSOX™ Red reagent
(Invitrogen™) according to the manufacturer’s protocol. The cells
were fixed with 4% paraformaldehyde on coverslips for 20 min
and rinsed with 1% PBS. Cell membranes were permeabilized
with 1% Triton X-100. Cells were blocked in 3% BSA for 1 h and

then incubated in rabbit anti-Flag antibody (1:800, Cell Signaling
Technology, USA, D6W5B) overnight. A secondary antibody was
used (1:2000; Alexa Fluor 647, Life Technologies) to stain the cells
for 1 h. Cells were finally stained with DAPI (300 ng/ml, Invitro-
gen™) for 2 min. Images were taken by using a deconvolution
microscope (Nikon T2). Image data were quantified using Image]
software. Statistical analyses were performed using SPSS 20.0
software (IBM Company, USA). The staining assay was performed
in both HEK293T and Hela cells twice.

Western blotting assay

HEK293T cells were transfected with GFP-tagged FKBP8 (WT or
mutants) and cultured for 48 h. Cells were rinsed with cold 1%
PBS twice and then lysed with 1x NP40 Lysis buffer (Invitrogen™)
with cOmplete™ ULTRA Tablets (Millipore Sigma) for 20 min.
The proteins were immunoblotted with anti-GFP (1:500, Cell Sig-
naling), anti-GAPDH (1:1000, Cell Signaling, Danvers, MA, 2218S),
anti-FLAG (1:1000, Cell signaling Technology, USA, D6W5B), anti-
SUFU (C81H7, Cell Signaling, Danvers, MA), anti-PTCH1 (2468 T,
Cell Signaling, Danvers, MA), anti-GLI1 (Cell Signaling, Danvers,
MA), anti-GLI3 (Cell Signaling, Danvers, MA), anti-SHH (Cell Sig-
naling, Danvers, MA) overnight. IRDye® 800CW goat anti-rabbit
IgG secondary antibodies (LI-COR,Cambridge, UK) were used
to incubate the cells for 1 h. The images were captured by
Odyssey® (LI-COR). Each western blotting assay was performed
in triplicate.

Co-immunoprecipitation

HEK293T cells were transfected with the Flag-tagged BCL2 con-
struct and GFP-tagged FKBP8 constructs (WT or mutants). Cells
were cultured for 48 h and then were washed with PBS and
lysed by rocking in RIPA lysis buffer in 4°C for 20 min. The
protein concentration was determined by the use of a Bradford
assay. For IP process, the total lysates were incubated with Anti-
FLAG® M2 Magnetic Beads (Millipore) with a concentration of
2 pg per pg protein in a cold room for 16 h, then the beads were
washed with RIPA buffer three times and finally boiled in 1x SDS
loading buffer. Lysed samples were loaded onto an 8-16% PAGE
gel. Nitrocellulose membranes were used for Western blotting.
After 1 h blocking, anti-rabbit-GFP (1:500), anti-rabbit-GAPDH
(1:1000, Cell Signaling, Danvers, MA, 2218S) and anti-Flag (1:1000,
Cell signaling Technology, USA, D6W5B) were used to incubate
the membrane overnight in 4°C. IRDye® 800CW goat anti-rabbit
IgG secondary antibodies (LI-COR, Cambridge, UK) were used at
1:10000, and protein bands were analyzed on Odyssey® (LI-COR).
The co-immunoprecipitation was repeated twice.

TUNEL assay

HEK293T cells were transfected with different groups of FKBP8
constructs (wt or mutants), or co-transfected with BCL2 plasmid
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and FKBPS8 in six-well plates. Cells were cultured for 48 h and
TUNEL assay was performed by using Click-iT™ Plus TUNEL
Assay Kit (C10619, Invitrogen) according to manufacturer’s pro-
tocol. Cell flow cytometry was performed by using the Cell Sorter
Sony SH800 system to detect cell apoptosis. The TUNEL assay
was performed twice.

Luciferase assay

NIH3T3 cells were plated in 24-well plates and grown until
50-60% confluence. Each well was subsequently transfected
with 200 ng Gli-luc and 40 ng SV40-Renilla plasmids along with
FKBP8-GFP (WT or mutants). The cells were lysed 48 h post-
transfection, and the luciferase activity was measured using a
Dual Luciferase Assay Kit (Promega, Madison, WI). The Biotek-2
plate reader was used to read the luminescence activity. For
the Luciferase assay, we used three samples for each group and
repeated the experiment three times.

RNA sequencing and analysis

Tissue was harvested from both posterior and anterior portions
of the Fkbp8 knockout mice and wildtype mouse embryos at
E9.5 and E10.5. Total RNA was extracted using the Quick-RNA
MicroPrep Kit (Zymo Research, CA, USA). The concentration and
integrity of the RNA were measured by Nanodrop2000 (Ther-
mofisher, Waltham, MA). The library was prepared using the
NEBNext Ultra RNA with Poly-A selection kit and was sequenced
on an Illumina Hi-Seq 4000 (Admera Health LLC, South Plain-
field, NJ). Differential gene expression was determined with
fold change > 1.5 and P < 0.05 genes with > 1 count per million.
Any gene with a P-value greater than false discovery rate, after
Benjamini-Hochberg correction for multi-testing, was deemed
significantly differentially expressed under the test conditions
as compared to the controls.

Bioinformatics and statistical analysis

The Mutation Surveyor Software (SoftGenetics, LLC) was used to
blast the sample and reference sequencing. A variant was des-
ignated as a novel if it was not found in the EXAC (Exome Aggre-
gation Consortium) or GnomAD databases (https://gnomad.broa
dinstitute.org/). The potential pathogenic effect of the missense
variants on protein function was predicted using online
programs: PolyPhen V2 (Polymorphism Phenotyping) (http://
genetics.bwh.harvard.edu/pph2/) and SIFT (Sorting Intolerant
From Tolerant) (https://sift.bii.a-star.edu.sg). The conservation
estimations were performed by using online software Cluster
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). All parame-
ters were set at the website’s recommendations. The localization
of the variants in their protein domains was assessed by Uniprot
(http://www.uniprot.org/). RNA-seq data analysis was performed
by using kallisto and DEseq?2 (45). Gene set enrichment analysis
(GSEA) is carried out by using javaGSEA2-3.0 (46).

All data (mean =+ SE) were analyzed with a Student’s t-test,
and P-values <0.05 were considered statistically significant.
FKBP8 mutation enrichment was determined using Fisher’s exact
test compared to the public databases and control populations
in our study (variants with MAF < 0.001 were counted).

Supplementary Material

Supplementary Material is available at HMG online.
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