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Abstract

Fragile X related protein 1 (FXR1P) is a member of the fragile X family of RNA-binding proteins, which includes FMRP and
FXR2P. Both FMRP and FXR2P regulate neurogenesis, a process affected in a number of neurological and neuropsychiatric dis-
orders, including fragile X syndrome. Although FXR1P has been implicated in various developmental processes and neuro-
psychiatric diseases, its role in neurodevelopment is not well understood. The goal of the present study was to elucidate the
function of FXR1P in adult neurogenesis. We used an inducible mouse model that allows us to investigate how FXR1P defi-
ciency in adult neural stem cells (aNSCs) affects proliferation and neuronal differentiation. Deletion of FXR1 in aNSCs resulted
in fewer adult-born cells in the dentate gyrus (DG) overall, reducing populations across different stages of neurogenesis, in-
cluding radial glia-like cells, intermediate progenitors, neuroblasts, immature neurons and neurons. We hypothesized that
this reduction in new cell numbers resulted from impaired proliferation, which we confirmed both in vivo and in vitro. We dis-
covered that FXR1P-deficient aNSCs have altered expression of a select number of cell-cycle genes, and we identified the
mRNA of cyclin-dependent kinase inhibitor 1A (Cdknla, p21) as a direct target of FXR1P. Restoration of p21 mRNA to wild-type
levels rescued the proliferation deficit in cells lacking FXR1P, demonstrating that p21 is a mediator of FXR1P in aNSCs. These
results indicate that FXR1P plays an important role in regulating aNSC self-renewal and maintenance in the adult brain,
which may have implications for a number of neurodevelopmental and psychiatric disorders.

Introduction

Fragile X related protein 1 (FXR1P) is linked to a growing number
of neurological disorders, but its function in the brain remains
unclear. The FXR1 gene was first identified due to its high ho-
mology to the fragile X mental retardation protein (FMRP) and
may play a functional role in regulating many of FMRP’s targets
(1-9). This is consistent with the identification of FXR1P as a
modulator of autistic phenotypes, and the location of the
FXR1 gene is within a major susceptibility locus for autism
(10,11). Looking at protein interactome data, FXR1P is highly

interconnected with other autism-associated proteins (12). In
addition to its connection with autism, single nucleotide poly-
morphisms (SNPs) in FXR1P are also associated with bipolar dis-
order and schizophrenia (13-16). This mounting evidence
linking FXR1P with human neurological disease merits further
study of its role in the brain. Despite all this, FXR1P’s function
and mechanism in the brain remain largely unstudied.

FXR1P, FXR2P and FMRP are part of a family of RNA-binding
proteins (FXRs) highly expressed in neurons. All three proteins
contain two highly conserved RNA-binding domains, a polyribo-
some binding domain and a nuclear localization sequence (17).
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Although studies using whole brain homogenate or immortal-
ized cell lines have proposed that the FXRs have overlapping
mRNA targets, suggesting functional redundancy, we and
others have identified unique roles and distinct underlying
mechanisms for these proteins in specific cell types (4,18-27).
FXR1P is unique among the FXRs, in that it is the only protein
that is neonatal lethal when deleted in mice (28). Its importance
is further underscored by the fact that it is highly conserved in
vertebrates and has been implicated in several developmental
processes, including oocyte maturation, eye and neural crest
development and myoblast differentiation (25,29-34). How func-
tionally similar the FXRs are in the brain is not known.

In the adult human hippocampus, over a third of neurons
are replaced through neurogenesis (35). These new neurons are
crucial for complex learning, including episodic memory and
contextual learning. Dysregulation of this process is linked to a
wide spectrum of diseases, among them psychiatric diseases
such as schizophrenia and developmental diseases such as au-
tism (36). Previous studies from our group and others have
found that FMRP and FXR2P play important and distinct regula-
tory roles in adult neurogenesis (20,21,37-39). Deletion of FXR1P
in excitatory hippocampal neurons is known to alter spatial
learning in adult mice (40). The role of FXR1P in adult neurogen-
esis, however, has yet to be assessed.

Here, we show that specific deletion of FXR1P in adult neural
stem cells (aNSCs) leads to decreased generation of new cells,
including new neurons. These decreases are a result of reduced
cell proliferation both in aNSCs and neural progenitors. We
found that lack of FXR1P altered gene expression for proteins
important in cell cycle regulation. Specifically, FXR1P binds the
mRNA of the cell cycle inhibitor p21 (Cdkn1A, P21<P! or P21Wafl),
FXR1P deficiency leads to elevated p21 mRNA expression, and
restoration of p21 to wild-type levels rescued the proliferation
deficit of Fxrl-deficient NSCs. Therefore, FXR1P is an important
regulator of p21 in aNSCs, which is important for aNSC prolifer-
ation during adult neurogenesis.

Results

FXR1P is expressed in adult-born cells throughout adult
neurogenesis

FXR proteins exhibit strong homology, making it critical to use
an antibody that can discriminate among them. Since commer-
cially available antibodies for FXR1P proved to be ineffectual, we
created a mouse monoclonal antibody (mAb) based on the pep-
tide sequence used to generate the highly successful polyclonal
antibodies 830 and mL13 (32,41). We validated the specificity of
our antibody using cortical tissue from neonatal brains of FXR1P
knockout (Fxrl”", KO) mice and compared our mAb to the 830
antibody (Fig. 1A) (28). We found that, similar to 830 antibody,
our mADb recognized a specific band corresponding to the molec-
ular weight of FXR1P in the wildtype (WT) but not Fxr1”" tissues
(Fig. 1A). We did not see any bands corresponding to the molec-
ular weight of FMRP or FXR2P in Fxr1” tissues; therefore, our
mADb appears to be specific to FXR1P.

To investigate the possible role of FXR1P in adult neurogene-
sis, we examined the expression pattern of FXR1P protein in the
adult neurogenic regions. We distinguished the phases of neu-
rogenesis using a variety of established cell lineage and cell
stage-specific markers (Fig. 1B). In the DG, FXR1P was expressed
in NESTIN- and GFAP-double-positive radial glia-like cells
(RGLs) (Fig. 1C), as well as TBR2+ intermediate neural progeni-
tors (IPCs) (Fig. 1D) and DCX+neuroblasts and immature
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neurons (Fig. 1E). As previously published, FXR1P was also
highly expressed in both granule neurons of the DG and inter-
neurons within the hilar region (Fig. 1F). Similar to FMRP and
FXR2, FXR1P was not detected strongly in S100p+ astrocytes
(Supplementary Material, Fig. S1A). A similar expression pattern
was also seen in the subventricular zone (SVZ), the other adult
neurogenic zone in the brain (Supplementary Material, Fig. S1B-
D). Therefore, FXR1P is expressed in new cells generated in the
adult DG throughout the progression of adult neurogenesis and
could play important roles in neurogenic regulation.

Selective deletion of FXR1P in adult neural stem cells
leads to fewer adult-born cells

To specifically examine the intrinsic effects of FXR1P on adult
neurogenesis, we generated an inducible conditional knockout
mouse line (cKO: Fxr1/;Nes-Cref8%,Ai14) by crossing Fxr1 floxed
mice (Fxr1#) with a tamoxifen-inducible Nestin promoter-driven
Cre line (Nes-Cre®*™) and the Rosa26-STOP-tdTomato reporter
line (Ail14) (Fig. 2A and B) (28,42,43). The control line (WT: Nes-
Cre ERT2Ai14) lacks the floxed Fxrl allele but has both Nes-
Cref®? and Ai14 (Fig. 2C and D). Following the published proto-
col, 8-week-old male mice were injected with tamoxifen for 5
days to achieve recombination in 95% of NESTIN-expressing
cells (37,42,44). We collected brain tissues at 1, 7, 14 and 70 days
post-injection, which allowed us to assess both the early stages
and final terminal differentiation in adult neurogenesis (Fig. 2E).
Upon injection of tamoxifen into adult mice, the first exon of
the Fxrl gene was deleted in NESTIN-expressing cells, and the
stop codon in front of the tdTomato reporter gene was removed,
causing these cells and their progeny to be tdTomato-+ (tdT+,
red) (Fig. 2A, B and F). Control animals (WT) underwent injec-
tions but lacked the floxed Fxrl allele, allowing FXR1P expres-
sion to continue (Fig. 2C, D and F). Since FXR1P was efficiently
deleted in tdT+ cells in the DG of FXR1P-cKO mice, we used this
model to study the impact of FXR1P loss in aNSCs (Fig. 2F).

We first quantified the number of tdT+ cells in the DG. The
cKO mice contained significantly lower numbers of tdT+ cells
than WT animals (Fig. 2G; genotype, F1,; = 46.38, P < 0.0001).
In particular, cKO mice and WT mice exhibited significant dif-
ferences in the dynamics of cell number change over time (ge-
notype and time interaction, F;,;=4.75, P = 0.0087). The
number of new cells in cKO mice was modestly reduced at 1
and 7 days post-injection compared to WT mice; however, this
difference became more pronounced at 14 days post-injection.
While the number of tdT+ cells continued to increase in WT
mice, the cell numbers in cKO mice declined. Since it takes 30—
60 days for adult NSCs to become new neurons, we analyzed
mice at 70 days post-injection and found that the number of
new cells further declined compared to cKO mice at 14 days
post-injection, whereas new cell numbers continued to increase
in WT mice (Fig. 2G). Despite this difference, examining the ani-
mals at the 70-day time point, we found no significant decrease
in DG volume between WT and cKO mice (Fig. 2H). Therefore,
the loss of FXR1P in NESTIN-expressing stem cells leads to
fewer new cells produced in the adult DG over time.

The reduction in new cell numbers in Fxr1-cKO animals
is due to decreased proliferative cell types during adult
neurogenesis

The reduction in cell numbers in cKO mice could either be due to
a decrease in proliferation or an increase in cell death. To
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Figure 1. FXR1P is expressed in adult-born cells throughout adult neurogenesis. (A) Immunoblot analysis using the FXR1P mAb and a control GAPDH antibody in wild-
type (WT) and Fxr1 knockout (Fxr1”", KO) neonatal brain tissue. Protein standards in kilo daltons (kDa) are indicated to the left. (B) Schematic illustration of FXR1P ex-
pression throughout adult hippocampal neurogenesis with markers representing each cell type. RGL, radial glia-like cell; IPC, intermediate progenitor cell. (C) FXR1P
(red) expression in Nestin (green) and GFAP (white) double-positive RGLs. Staining performed on coronal sections from a Nestin-GFP transgenic mouse. Expanded view
of image shown at the far right. DAPI (blue); scale bar =10 uM. (D) FXR1P (red) expression in TBR2-positive (green) IPC. Expanded view of image shown at the far right.
DAPI (blue); scale bar = 10 uM. (E) FXR1P (red) expression in DCX-positive (green) neuroblasts and immature neurons. DAPI (blue); scale bar = 10 uM. (F) FXR1P (red) ex-
pression in NeuN-positive (white) mature neurons. DAPI (blue); scale bar = 10 pM.

distinguish these two potential mechanisms, we assessed cell
death at seven days post-injection and found no significant dif-
ference in the percentage of tdT+cells that were activated
caspase3-positive between cKO and WT mice, suggesting that
cell death may not be behind the reduced cell numbers in cKO
mice (data not shown). Next, we used cell cycle and lineage-
specific markers, as well as morphological features to quantify in-
dividual cell populations within the total tdT+ cells (Fig. 1B). We
first examined the total RGL (tdT + GFAP+) and activated RGL
(tdT + GFAP + MCM2+) populations at the early time points (Fig.

3A-F). We found that the total number of RGLs (genotype F; 16 =
19.17, P = 0.0005) but not activated RGLs (F1i5 = 1.239, P =
0.2832) was significantly decreased in cKO compared to WT ani-
mals at the 1- and 7-day time points (Fig. 3B and E). The propor-
tion of total and activated RGLs among tdTomato cells, however,
was not significantly different between WT and cKO animals (to-
tal RGLs: genotype, F1 16 = 0.5871, P = 0.4547; activated RGLs: ge-
notype Fy 46 = 0.5601, P = 0.4651) (Fig. 3C and F). In addition, at
day 1 and day 7, the number of proliferating neuroblasts
(tdT + DCX + ki67+; genotype: F1,; = 11.57, P = 0.0034) and IPCs
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Figure 2. Selective deletion of FXR1P in adult neural stem cells leads to fewer adult-born cells. (A) Schematic representation of Fxr1”/;Nestin-CreER™%;Ai14 (cKO) mouse
model. Tamoxifen injection (TAM) leads to Cre-mediated removal of the first exon of Fxrl, stopping its expression in Nestin-positive aNSCs. At the same time, a stop
codon is removed before tdTomato (tdT), marking these cells red. (B) Example cKO image of a 70-day post-injection brain. Scale bar = 150 uM. (C) Schematic representa-
tion of control Nestin-CreER"%Ai14::tdTomato (WT) mouse model. In wildtype brains, the Fxrl gene lacks loxP sites, allowing continuous FXR1P expression in the
tdTomato-positive (tdT-+) cells. (D) Example WT image of a 70-day post-injection brain. Scale bar = 150 uM. (E) Eight-week-old male mice were injected with tamoxifen
(180 mg/kg) for five days. WT and cKO mice brains were collected at 1, 7, 14 and 70 days post-injection to correspond to stages of neurogenesis. (F) The deletion effi-
ciency of FXR1P was assessed in tdT cells by immunofluorescence. FXR1P (white), tdT (red), DAPI (blue). Scale bar = 10 pM. (G) Quantitative analyses of tdT+ cells pro-
duced in the adult DG over time (n = 3-6). Error bars indicate mean + SEM. Symbols indicate statistical differences determined by Two-way ANOVA. ***: Significantly
different between genotypes, F; ,; = 46.38, P < 0.0001; t11: Significantly different among time points, F5,; = 38.54, P < 0.0001; ¢ ¢: Significant interaction between geno-
type and time points, F5,; = 4.75, P = 0.0087. (H) The volume of the DG at the 70-day time point was assessed by stereological measurement (n = 3). Error bars indicate

mean *= SEM.

(tdT + DCX-ki67+; genotype: F1 16 = 7.713, P = 0.0135) were signif-
icantly lower in cKO mice compared to WT mice (Fig. 3G, H and J).
There were also significant differences in the proportion of neu-
roblasts over time (genotype and time: F;;; = 5.627, P = 0.0298)
and proportion of IPCs (genotype: F; 16 = 10.73, P = 0.0048) (Fig. 31
and K). The overall number of immature neurons was lower in
cKO mice compared to WT mice (genotype: F;,,=46.82, P <
0.0001), although the proportion of immature neurons
(DCX 4 tdT+/tdT + total) remained unchanged between geno-
types (genotype: F; 17 = 2.039, P = 0.1714) (Fig. 3L and M). Finally,
we examined the terminal differentiation of these cells at 70 days

post-injection and found that the numbers of
tdT + NeuN-+ neurons created were significantly decreased (n =
3, P < 0.001), despite the fact that the proportion of neurons
among the tdT+ population was no different between WT and
cKO animals (n = 3,P > 0.1) (Fig. 3N-Q). Thus, although the total
numbers of each cell type were decreased in cKO animals
throughout the timeline, this reduction was not due to reduced
differentiation or increased cell death but rather a decrease in the
proportions of proliferating neuroblasts and IPCs. This indicates
that the strongest impact of FXR1P deficiency is on proliferation
rather than cell death or differentiation.
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Figure 3. The reduction in new cell numbers in Fxr1-cKO animals is due to decreased proliferative cell types during adult neurogenesis. (A) Timeline of tissue collection
for B-M. Eight-week-old male mice were injected with tamoxifen (TAM) (180 mg/kg) for five days. WT and cKO brains were collected at 1 or 7 days after the last injec-
tion. (B) Quantitative comparison of the numbers of tdT + GFAP+ RGLs among total tdT+ cells in the DG of cKO (red) and WT control mice (black). (C) Comparison of the
percentage of tdT + GFAP+RGLs among total tdT+ cells in the DG of cKO (red) and WT control (black) mice. (D) Representative staining of a tdT + GFAP+ RGL. tdT (red);
MCM2 (green); GFAP (white); DAPI (blue). Scale bar = 20 uM. (E) Quantitative comparison of the numbers of tdT + MCM2 + GFAP+ activated RGLs among total tdT+ cells
in the DG of cKO (red) and WT control mice (black). (F) Comparison of the percentage of tdT +MCM2 + GFAP+ activated RGLs among total tdT+ cells in the DG of cKO
(red) and WT control mice (black). (G) Representative staining of tdT + Ki67 + DCX+ neuroblasts. tdT (red); Ki67 (green); DCX (white); DAPI (blue). Scale bars = 20 uM. (H)
Quantitative comparison of the numbers of tdTomato + Ki67 + DCX- IPCs in the DG of cKO (red) and WT control mice (black). (I) Comparison of the percentage of
tdT +Ki67 + DCX- IPCs among total tdT+cells in the DG of cKO (red) and WT control mice (black). (J) Quantitative comparison of the numbers of
tdTomato + DCX+ Ki67-+ neuroblasts in the DG of cKO (red) and WT control mice (black). (K) Comparison of the percentage of tdT + DCX+ Ki67+ neuroblasts among to-
tal tdT+ cells in the DG of cKO (red) and WT control mice (black). (L) Quantitative comparison of the numbers of tdT + DCX+ immature neurons in the DG of cKO (red)
and WT control mice (black). (M) Comparison of the percentage of tdT + DCX+immature neurons among total tdT+ cells in the DG of cKO (red) and WT control mice
(black). (N) Timeline of tissue collection for O-Q. Eight-week-old male mice were injected with tamoxifen (180 mg/kg) for 5 days. WT and cKO mice brains were collected
at day 70 to assess for mature neurons. (O) Representative staining of a tdT + NeuN+ mature neurons. tdT (red); NeuN (green); DAPI (blue). Scale bars = 20 uM. (P)



FXR1P deletion in primary aNSCs leads to decreases in
proliferation and cell death

To confirm our in vivo results, we assessed the impact of FXR1P
loss in primary adult neural stem/progenitor cells (aNSCs) iso-
lated from 8-week-old Fxr17f male mice (45). These cells grow as
neurospheres and are similar to the fast-proliferating IPCs in
the DG. We infected the aNSCs with lentivirus expressing either
a nuclear localized Cre-GFP fusion protein (Cre) to delete Fxrl or
a non-functional delta Cre-GFP fusion protein control (dCre)
(Fig. 4A) (46). The Cre virus-infected cells exhibited significantly
reduced Fxrl mRNA and FXR1P protein levels, demonstrating
that this is an effective Fxr1 deletion model (Fig. 4B and C).

We discovered that FXR1P-deficient aNSCs exhibited a dras-
tic reduction in cell numbers in culture. In fact, we had difficulty
maintaining these cells for more than 4 or 5 days, whereas
Fxr’f cells infected with dCre virus could be propagated for
many generations in culture (Fig. 1A, upper panels). This obser-
vation is consistent with the reduced number of tdT+ new cells
that we found in the DG of adult cKO mice. Since FXR1P defi-
ciency led to significant reductions in proliferative cell types
in vivo, we first assessed aNSC proliferation using pulse labeling
by a thymidine analog, EAU. Cre virus-infected aNSCs exhibited
significantly reduced EAU labeling, indicative of reduced prolif-
eration (n = 4, P = 0.0013) (Fig. 4A, lower panels, 4D). To ensure
that this result was not due to a nonspecific effect of the Cre
protein, we knocked down FXR1P in aNSCs using lentivirus ex-
pressing small hairpin RNAs against Fxrl (shFxr1-2). We found
that shFxrl-infected aNSCs exhibited significantly reduced EAU
labeling compared to control shRNA (shNC)-infected aNSCs (ge-
notype, F=13.47, P = 0.006) (Fig. 4E). We again investigated
whether FXR1P deficiency in primary aNSCs affected cell death.
To do this, we used propidium iodide (PI), which can enter dead
cells but is excluded from live cells. After 2 days post-Cre viral
infection of Fxr1”f aNSCs, we added PI to the cells and quantified
the percentage of PI-positive cells among total cells during a 3-
day culture period (Fig. 4F). The percentages of PI-positive cells
were similar on day 1, but to our surprise, cell death was signifi-
cantly lower overall in Cre viral-infected compared to dCre
viral-infected cells (genotype, F=9.38, P = 0.0376). Therefore,
consistent with our in vivo findings, the drastic reduction in the
numbers of FXR1P-deficient aNSCs was a result of reduced cell
proliferation rather than increased cell death.

We next assessed whether FXR1P deficiency affected the dif-
ferentiation of aNSCs using cell lineage markers plII-tubulin for
neurons and GFAP for astrocytes (Fig. 4G). We found that FXR1P-
deficient (Cre) aNSCs showed no significant difference in neuro-
nal differentiation compared to control aNSCs (dCre) (Fig. 4H).
However, the percentage of astrocytes produced from FXR1P-
deficient cells was decreased by a third compared with those
formed from WT cells (Fig. 41). These findings were further con-
firmed by acute knockdown of FXR1P using shFxrl (astrocytes,
F=7.645, P = 0.0224) (Fig. 4] and K). Since we saw no change
in neuronal differentiation and astrocytes are known to be pro-
liferative even after differentiation, we postulated that this re-
duction in astrocyte production was not necessarily due to
altered fate specification but rather altered proliferation of as-
trocytes. To test this theory, we assessed proliferation of
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astrocytes using proliferative marker Ki67 after 1 and 4 days of
aNSC differentiation (Fig. 4L and M). The proportion of prolifera-
tive astrocytes (Ki67 +GFAP+) trended downward for Cre-
infected cells after 1 day of differentiation and was significantly
lower compared to dCre-infected cells at day 4 (n = 3, P < 0.05)
(Fig. 4N and O). This is consistent with our in vivo observation
that the deletion of FXR1P causes a strong proliferative deficit
rather than changes in cell fate, leading to decreases in astro-
cyte numbers.

FXR1P directly binds and regulates p21 mRNA levels

Since deletion of FXR1P in primary aNSCs recapitulated our
findings in vivo, we decided to use these cells to further examine
the mechanism underlying FXR1P’s regulation of aNSCs.
Because FXR1P-deficient aNSCs exhibited significant changes in
cell proliferation, we compared Cre and dCre virus-infected
aNSCs wusing Cell Cycle gPCR pathway arrays (Qiagen;
Supplementary Material, Table S1). We found that the most
commonly upregulated mRNAs in Cre-infected aNSCs were for
cell cycle arrest factors, whereas the most common downregu-
lated genes were factors for cell cycle progression (S and M
phase), which is consistent with the reduced proliferation phe-
notype of Cre-infected cells (Fig. 5A and B). We next compared
our list of differentially expressed mRNAs to a published list of
mRNAs differentially expressed in an FXR1P-deficient muscle
stem cell line (Fig. 5C) (33). From this comparison, we found a
single factor in common, p21 (P21°"P* or P21%3fY), a well-known
cell cycle inhibitor (47). We further confirmed that Cre virus-
infected aNSCs indeed exhibited increased p21 mRNA levels
(Fig. 5D). Since p21 acts to arrest the cell cycle and inhibit cell
death, the upregulation of p21 mRNA is consistent with the de-
creases in proliferation and cell death. Therefore, FXR1P may
regulate aNSC proliferation through direct regulation of p21
mRNA.

In muscle stem cells, FXR1P is found to bind p21 mRNA (33).
Knowing this, we then determined whether FXR1P binds p21
mRNA in WT aNSCs using RNA immunoprecipitation (RNA-IP)
comparing our FXR1P mAb and a control mouse IgG. Our anti-
body specifically pulled down FXR1P, versus little to none in the
IgG control (Fig. 5E). When p21 mRNA levels were quantified us-
ing qPCR, they were found to be enriched over 30-fold in RIP
samples compared to the IgG control samples (Fig. 5F); on the
other hand, the negative control Gapdh mRNA was not signifi-
cantly enriched in RIP samples compared to IgG samples (Fig.
5G). Therefore, FXR1P directly binds p21 mRNA in aNSCs, mak-
ing p21 a likely modulator of FXR1P regulation of aNSCs.

Downregulation of p21 mRNA rescues the proliferation
deficits in FXR1P-deficient cells

FXR1P deletion altered the levels of multiple cell cycle regula-
tors. To determine whether p21 is a key mediator for FXR1P, we
investigated whether reducing p21 levels would have a func-
tional impact on FXR1P-deficient aNSCs. We first infected Fxr1¥*
aNSCs with either Cre or dCre virus, and then we transfected
small inhibitor RNA (siRNA) against p21 (siP21) or a non-

Quantitative comparison of the numbers of tdT + NeuN+ mature neurons among total tdT+ cells in the DG of cKO (red) and WT control mice (black). (Q) Comparison of
the percentage of tdT + NeuN+ neurons among total tdT+ cells in the DG of cKO (red) and WT control mice (black). For all graphs the bar represents = SEM. ANOVA
symbols: Significantly different between genotypes: *P < 0.05; **P < 0.01; **P < 0.001; Significantly different between time points: tP < 0.05; t1P < 0.01; t11P < 0.001;
Significant interaction between genotypes and time points, 0P < 0.05; 0P < 0.01; 0 OP < 0.001.
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Figure 4. FXR1P deletion in primary aNSCs leads to decreases in proliferation and cell death. (A) Primary aNSCs from a Fxr1¥/ mouse, infected with either a control
Lenti-dCre (left panels) or Lenti-Cre to delete Fxrl (right panels). Top panels: Neurospheres four days post-infection after trypsinizing cells at day 2. Bottom panels:
Representative proliferation assays, virus (green), EAU (red). (B) Relative expression of Fxrl mRNA in control dCre- (black) and Cre-infected cells (red). (C) Immunoblot of
FXR1P in control dCre- (black) and Cre-infected cells (red). (D) Comparison of the percentage of EAU + GFP+ cells out of total GFP+ cells, relative to dCre control (black)
in Fxr’f aNSCs. (E) Comparison of the percentage of BrdU + GFP+ cells out of total GFP+ cells, for Fxr1-shRNAs (1 and 2, vertical and horizontal red stripe, respectively)
relative to non-coding (NC) shRNA control (black). (F) Comparison of the percentage of propidium iodide-positive (PI+) cells out of total Hoechst-positive cells for dCre-
(black circles) and Cre-infected (red squares) Fxr1”f cells. *Significantly different between dCre and Cre, F15=9.376, P < 0.05; t11: Significantly different among time
points, F, =34.93, P = 0.0001 (G) Representative images for four-day differentiation into neurons (red, pIlI-Tubulin) and astrocytes (white, GFAP) for dCre- and Cre-in-
fected Fxr1#f aNSCs (green). DAPI = blue. (H) To evaluate neuronal differentiation, the percentage of plil-tubulin + GFP+ cells among total GFP+ cells was assessed for
dCre- (black) and Cre-infected (red) Fxr2/ cells. (I) To evaluate astrocyte differentiation, the percentage GFAP + GFP+ cells among total GFP-+ cells was assessed for
dCre- (black) and Cre-infected (red) Fxr1#/ aNSCs. (J) The percentage of BlIl-tubulin + GFP+among total GFP+ cells was assessed for non-coding (NC) shRNA control
(black) and Fxr1-shRNAs (1 and 2, vertical and horizontal red stripe, respectively)-infected Fxrl/ aNSCs. (K) The percentage GFAP + GFP+ among total GFP+ cells was as-
sessed for non-coding (NC) shRNA control (black) and Fxrl-shRNAs (1 and 2, vertical and horizontal red stripe, respectively) infected aNSCs. (L) Timeline for astrocyte
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Figure 5. FXR1P directly binds and regulates p21 mRNA levels. (A) Pie graph categorizing mRNAs upregulated on the Qiagen Cell Cycle gPCR arrays in Cre-infected Fxr1”f aNSCs
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silencing control siRNA (siNC) into these cells. At 2 days post-
transfection, we assayed cell proliferation (Fig. 6A) and con-
firmed that siP21 siRNA could effectively knock down p21 ex-
pression using qPCR (Fig. 6B). We found that the acute
knockdown of p21 restored proliferation of Cre-infected aNSCs
(Cre, siP21) to near WT (dCre, siNC) levels (Fig. 6C and D).
Therefore, p21 is a mediator of FXR1P’s regulation of aNSC
proliferation.

Discussion

The neonatal lethality of FXR1P-null mice clearly demonstrates
that FXR1P plays an important role in development. Although
most research has focused on FXR1P’s role in heart and muscle
(48), FXR1P is also important in eye and neural crest develop-
ment (34); however, despite being highly expressed in mouse
and human neurons, particularly in the hippocampus, little is
known about its role in the brain (6,49,50). In this study, we

have shown a clear and important role for FXR1P in sustaining
neural stem and progenitor cell proliferation during adult neu-
rogenesis. Although FXR1P regulates multiple mRNA targets in
aNSCs, here we examined only one. Others should be further
explored to fully understand FXR1P’s impact on adult
neurogenesis.

In our model in wild-type cells, FXR1P binds to p21 mRNA
(Fig. 6E). Previously, FXR1P was found to regulate p21 mRNA sta-
bility in myoblasts and cancer cells by binding an ARE in the
3'UTR, leading us to speculate that this is also the case in aNSCs
(33,51). Decreased levels of p21 mRNA keep p21 protein levels
low and allow proliferation to occur. When FXR1P is absent, the
stability of p21 mRNA increases, leading to increased p21 pro-
tein levels (Fig. 6E). This results in the inhibition of proliferation.
This cell cycle regulator is known to inhibit cell cycle progres-
sion and short-term cell death, in keeping with our phenotypic
results. p21 is also known to be an important regulator of adult
neurogenesis (52-54). Knockout animals exhibit increased

Representative image for 4-day astrocyte proliferation assay. Virus (green), GFAP (red), Ki67 (white). (N) Astrocyte proliferation assay after 1day of differentiation; com-
parison of the percentage of Ki67 + GFAP + GFP++/GFAP + GFP+ cells for dCre- (black) and Cre-infected (red) Fxr1f aNSCs. (O) Assessment of astrocyte proliferation after
4 days of differentiation; comparison of the percentage of Ki67 + GFAP -+ GFP+ cells over GFAP + GFP+ cells for dCre- (black) and Cre-infected (red) Fxrl/ aNSCs. For all

graphs, the bar represents mean + SEM. See text for statistical analysis.
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Figure 6. Downregulation of p21 mRNA rescues the proliferation deficits in FXR1P-deficient cells. (A) Timeline for the rescue experiment. Fxr1”/ aNSCs were infected
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was performed using one-way ANOVA with a Bonferroni post-hoc test using dCre and siNC condition as the control, *P < 0.05. (C) Representative images of proliferating
aNSCs infected with either Cre or dCre lentiviruses (green), transfected with either siNC or siP21, and pulse-labeled with BrdU (red). Scale bar = 20uM. (D) Comparison
of the percentage of BrdU+GFP+ cells among total GFP+ cells, relative to dCre infected and with siNC transfected control condition (black bar) in Fxr1¥f aNSCs.
Statistical analysis was performed using one-way ANOVA with a Bonferroni post-hoc test. P < 0.05. (E) Model of FXR1P regulation of p21. WT: FXR1P normally binds
P21 mRNA, leading to its instability and degradation. This leads to low levels of p21 and allows proliferation. cKO: without FXR1P, p21 mRNA is more stable, leading to

higher p21 protein levels, which inhibit proliferation.

numbers of proliferative cells, until the stem cell pool becomes
depleted (52). This factor was also shown to be a key effector in
antidepressant drug effects on adult neurogenesis (54,55).

FXR1P’s function in promoting proliferation is supported by
research in the cancer field. FXR1P was identified as a key driver
in the 3926-27 amplicon for lung squamous cell carcinoma, and
its overexpression is essential for non-small cell lung cancer
growth (56,57). FXR1P is also elevated in the plasma of colorectal
cancer patients and acts as an oncogene to promote the prolif-
eration, invasion and migration of cancer cells (58). Its overex-
pression is also associated with poor survival outcomes (56,58).
Functionally, this is likely due to FXR1P’s participation in an
RNP complex that regulates translation in metastasis (59).
FXR1P was also found to destabilize p21 mRNA in cancer cells,
and deletion of Fxrl in these cells rescues cell cycle control (51).
This evidence supports a regulatory role for FXR1P on the cell
cycle that is important in cancer as well as stem cells.

The process of adult neurogenesis relies on a largely quies-
cent pool of radial glia-like stem cells (RGLs) that expand into
fast proliferating cell types (neuroblasts and IPCs), which ma-
ture into neurons. Changes in the proliferation and cell death of
this pool can dramatically impact the maintenance of stem cell
numbers throughout life. These processes can be affected by a
variety of cellular factors including FMRP, FXR2 and, as demon-
strated, FXR1 (21,37) . Because of the high homology of the FXRs,
there has been debate about the unique and overlapping roles
of these proteins. Their functional differences in the brain were

first indicated in Drosophila melanogaster, which has a single
dFMR1; of the three human FXRs, only the FMRP could rescue
the mutant’s neuronal deficits (23). In comparing our findings to
past studies, these proteins also have unique functions in neu-
rogenesis. We found that the protein expression patterns of
FXR1P, FXR2P and FMRP are highly similar within cell types in
the DG, yet each has distinct functions in adult neurogenesis.
Both FMRP and FXR2P inhibit proliferation of aNSCs, whereas
we demonstrate here that FXR1P enhances proliferation (21,37).
In terms of differentiation, FMRP promotes neurogenesis,
whereas FXR2P promotes astrogenesis (21,37). Uniquely, we find
that FXR1P has no demonstrated preference in aNSC differentia-
tion. In considering all three proteins of this family, differential
regulation of distinct and similar targets throughout neurogene-
sis could determine cell fate. It is possible that the balance and
upstream regulation of the fragile X proteins control major as-
pects of adult neurogenesis, making an intriguing avenue for fu-
ture study.

FXR1P is considered an autism-associated protein due to its
high homology with FMRP (5). The silencing of the FMRP gene
(FMR1) in fragile X syndrome (FXS) is the largest single-gene
contributor to autism (60). FXR1P may be a key regulator in FXS
as it is also capable of hetero-dimerizing with FMRP and is be-
lieved to have many overlapping mRNA targets (1-4,18).
Understanding the role of FXR1P may allow us to better under-
stand FXS. In support of this, SNPs in FXR1 are found to enhance
the severity of phenotypic autistic behaviors (10). Hippocampal



deletion of FXR1P also alters spatial learning and memory in
adult mice (40). In addition to its interaction with FMRP, FXR1P
can also bind other autism-associated proteins (12). Since
FXR1P can interact with a large number of autism-associated
factors, insights into its function in the brain may help explain
this genetically complex disease.

Beyond its association with autism, FXR1P has ties to bipolar
disorder and schizophrenia (13,14,61). Schizophrenia, unlike au-
tism, has more direct ties to adult neurogenesis. The schizophre-
nia susceptibility gene, Disrupted-In-Schizophrenia 1 (Discl),
regulates both the speed and migration of new neurons in adult
neurogenesis (62,63). DISC1 is a scaffolding protein that interacts
with multiple pathways, including glycogen synthase kinase 3b
(GSK3B) (64). FXR1P is a substrate for GSK3p, and their interaction
affects emotional stability for human subjects (65). Interestingly,
inhibition of GSK3p also rescues adult neurogenesis and hippo-
campal learning in a FXS mouse model (66). This regulation is
likely important to FXR1P’s role in neurogenesis and schizophre-
nia and, in addition to neuronal morphology, should be explored
further. In conclusion, FXR1P plays an important regulatory role
in adult neurogenesis. Its function in this process may elucidate
its importance in the brain and provide important therapeutic in-
sights for a variety of neurological disorders.

Materials and Methods
Mice

All animal procedures were performed according to protocols
approved by the University of Wisconsin-Madison Animal Care
and Use Committee. All mice were maintained on a C57B/L6 ge-
netic background. Nestin-GFP mice were used solely for immu-
nohistochemistry (67). The Fxr1”f mice and Fxrl-/-, KO tissue
were obtained from Baylor College of Medicine and used for
mADb validation (28). We generated the inducible conditional
knockout and wildtype control mice by breeding Nes-CreER™
with the Ail4 reporter line (42,43). Double heterozygous off-
spring were then crossed with the Fxr1/ line and then further
crossed to create Fxr1¥f:Nes-CreER"?:Ai14 (cKO) and Nes-
CreER™::Ai14 (WT) homozygous lines used for in vivo fate map-
ping. Tamoxifen (Sigma-Aldrich) injection and preparation
were performed based on a previously published procedure (42).

Tissue preparation, immunohistochemistry and
confocal imaging

Brain tissue processing and histological analysis of mouse
brains were performed as described in our previous publications
(21,37,44). FXR1P mAb was created in collaboration with
Neoclone against amino acids 543-562, which had generated
previously successful polyclonal antibodies (32,41). The primary
antibodies used were: chicken-anti-GFP (1:500, Invitrogen,
A10262), rabbit anti-MCM2 (1:500, Cell Signaling, 4007), rabbit
anti-GFAP (1:1000, Dako, Z0334), mouse anti-Ki67 (1:500,
Thermo, 9106S), mouse anti-NeuN (1:500, Millipore, MAB377),
rabbit anti-S100pB (1:1000, Dako, Z0334), rabbit DCX (1:500, Cell
Signaling, 4604) and chicken anti-TBR2 (1:1000, Millipore,
AB15894). Fluorescent secondary antibodies used were: goat
anti-mouse 568 (1:500, Invitrogen, A11004), goat anti-rat 568
(1:500, Invitrogen, A11077), goat anti-rabbit 568 (1:500,
Invitrogen, A11011), goat anti-rabbit 647 (1:500, Invitrogen,
A21245), goat anti-mouse 647 (1:500, Invitrogen, A21235), goat
anti-chicken 488 (1:500, Invitrogen, A11039) and goat anti-
mouse 488 (1:500, Invitrogen, A11029).
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In vivo cell fate mapping

For in vivo fate mapping of tdT" cells, at 1, 7, 14 or 70 d after the
last tamoxifen injection, we killed mice by intraperitoneal injec-
tion of sodium pentobarbital, and then transcardial perfusion of
4% paraformaldehyde. We performed histological analysis of
mouse brains as previously described (68,69). For quantification of
total tdT+ DG cells, we used 1 in 6 serial sections from the begin-
ning to the end of the hippocampus and stained with DAPI and
determined the tdT+ cell count and volume (three-dimensional
size) of the dentate gyrus using unbiased stereology (Stereo
Investigator, MBF Biosciences). For individual cell populations, 2-5
sections were stained (see above for antibody details), and we
used a Nikon A1l confocal microscope. Then 100+ tdT+ cells were
randomly selected, and their colocalization with cell lineage
markers was determined and quantified using Image] software
and the Cell Counter plugin [National Institutes of Health (NIH)].
This number was used as a percentage of a specific population.
These numbers were then multiplied by total cell counts from
Stereo Investigator to calculate the cell type-specific population.

Isolation and analysis of aNSCs

Primary aNSCs were isolated and cultured from 8-week-old
Fxr”f or WT mice as previously described (45). Three lines of in-
dependently isolated cells served as biological replicates.
Proliferation and differentiation of NPCs were analyzed for pro-
liferation, differentiation and cell death as described (21,37,44).
Proliferation was assessed using BrdU or EAU pulse labeling and
cell death was determined using propidium iodide (Sigma). Both
proliferation and cell death were quantified using a Operetta
high content imaging system and the Harmony software
(PerkinElmer). We used only early passage cells (P4-10), and 2-3
replicate wells of cells were analyzed and averaged as one data
point (n = 1). Fxri’f cells were infected with a lentivirus ex-
pressing a Cre-GFP fusion protein or a nonfunctional dCre-Cre
GFP control. Constructs were previously published and a gener-
ous gift from Lu Chen (Stanford) (46). Lentiviral vectors express-
ing shFxrl were created from purchased SureSilencing shFxrl
vectors (Qiagen, KM35574G) as described (21). Lentiviruses were
prepared as previously described (70). aNSCs were assayed at 2
days post-infection. For siRNA rescue experiments, aNSCs were
first infected with lentivirues, and at 1 day post-infection, trans-
fected with double-stranded scrambled siRNA control (IDT, 51-
01-19-08) or previously publishes p21 siRNA (AGACC
AGCCUGACAGAUUU) using SiLentFect (BioRad) as described in
the literature (71,72). At least three independent biological repli-
cates were used (n = 3) for statistical analyses.

RNA immunoprecipitation

RNA-IP was performed on WT aNSCs as described, using 1 mg of
monoclonal antibody against immunoglobulin G (IgG) (5415S,
Cell Signaling) or FXR1 mAb (Neoclone) (21,44). An aliquot of
precleared input was saved for RNA extraction (200 ml) and pro-
tein analysis (100ml). The precleared lysates were incubated
with antibody for 2h and immunoprecipitated with recombi-
nant G Dynabeads (Invitrogen) at 4°C for 1h. After 3 washes
with lysis buffer, 10% of immunoprecipitate was saved for pro-
tein analysis. The remainder was re-suspended in 1mL TRIzol
(Invitrogen) for RNA isolation.
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Real-time quantitative PCR and qPCR pathway arrays

Real-time PCR was performed using standard methods as de-
scribed (60). The first-strand complementary DNA (cDNA) was
generated by reverse transcription with oligo(dT) primer
(Roche). To quantify the mRNA expression using real-time PCR,
aliquots of first-strand cDNA were amplified with gene-specific
primers and SYBR Green PCR Master Mix (Bio-Rad) using a
StepOne Real-Time PCR System (Applied Biosystems). The PCR
reactions contained 1 mg cDNA (except the cDNA for immuno-
precipitation, for which 5% of the cDNA was used for each gene
examined), Universal Master Mix (Applied Biosystems) and
10 mM of forward and reverse primers in a final reaction volume
of 20ml. The mRNA expression of different samples was calcu-
lated by the data analysis software built in with the 7300 Real-
Time PCR System. For RNA immunoprecipitation/real-time PCR,
cDNA from immunoprecipitation and input were used and
immunoprecipitated samples were normalized to input sam-
ples. Fxrl-f: GATGATCGAGAGACTCGACATC; Fxrl-R: TTAGTA
CTGTGGTGAGATTCGC; cdknla(p21)-f: GGAACATCTCAGGGCCG
AAA; cdknla(p21)-R: GAAGATGGGGAAGAGGCCTC; gapdh-f:
GCTCCTCCCTGTTCCAGAGACGG; gapdh-f: ACAATCTCCACTTT
GCCACTGC.

Immunoblot

Protein samples were separated on SDS-polyacrylamide gel
electrophoresis gels (Bio-Rad), transferred to polyvinylidene
difluoride membranes (Millipore) and incubated with primary
antibodies. Primary antibodies include anti-actin (1:5000;
Sigma), anti-GAPDH (1:5000; Thermo Scientific, MAS5-15738),
anti-FXR1P rabbit polyclonal 830 antibody (1:5000; gift) and
FXR1P monoclonal antibody (1:500; created in collaboration
with Neoclone, Inc). After incubation with fluorescence-labeled
secondary antibodies (LI-COR), the membranes were imaged us-
ing a LI-COR Odyssey.

Statistical analysis

All experiments were randomized and blinded to scientists who
performed quantification. Statistical analyses were performed us-
ing ANOVA and Student’s t-test, unless otherwise specified, with
the GraphPad software. Two-tailed and unpaired t-tests were used
to compare two conditions. One-way ANOVA was used for com-
parison among multiple experimental conditions. Bonferroni’s
post-hoc test was then used to determine significance between
paired conditions. Two-way ANOVAs were used to compare multi-
ple time points and genotypes during in vivo cell fate mapping.

Supplementary Material

Supplementary Material is available at HMG online.
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