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Deregulated expression of a longevity
gene, Klotho, in the C9orf72 deletion mice
with impaired synaptic plasticity and adult
hippocampal neurogenesis
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Abstract

Hexanucleotide repeat expansion of C9ORF/2 is the most common genetic cause of amyotrophic lateral sclerosis and
frontotemporal dementia. Synergies between loss of COORF72 functions and gain of toxicities from the repeat expan-
sions contribute to COORF72-mediated pathogenesis. However, how loss of C9orf72 impacts neuronal and synaptic
functions remains undetermined. Here, we showed that long-term potentiation at the dentate granule cells and long-
term depression at the Schaffer collateral/commissural synapses at the area CA1 were reduced in the hippocampus
of C9orf72 knockout mice. Using unbiased transcriptomic analysis, we identified that Klotho, a longevity gene, was
selectively dysregulated in an age-dependent manner. Specifically, Klotho protein expression in the hippocampus of
C9orf72 knockout mice was incorrectly enriched in the dendritic regions of CA1 with concomitant reduction in gran-
ule cell layer of dentate gyrus at 3-month of age followed by an accelerating decline during aging. Furthermore, adult
hippocampal neurogenesis was reduced in C9orf72 knockout mice. Taken together, our data suggest that COORF72 is
required for synaptic plasticity and adult neurogenesis in the hippocampus and Klotho deregulations may be part of
C90RF72-mediated toxicity.
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Hexanucleotide repeat expansion of C9ORF72 is the
most frequent genetic cause of amyotrophic lateral scle-
rosis (ALS) and frontotemporal dementia (FTD) [10, 33].
Although loss of C90rf72 does not cause neurodegener-
ation per se [5, 18, 21, 31], reduced C9orf72 expression
exacerbates the gain of toxicities inflicted by the repeat
expansion [36, 37, 43]. Specifically, loss of C9orf72 trig-
gers systemic and neuronal inflammation [5, 18, 31], in
part, through altering gut microbiota [6]. Molecularly,
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C90RF72 acts as GDP/GTP exchange factors (GEFs)
for several small RAB GTPases that are potentially
involved in membrane trafficking [1, 35, 40, 41]. Fur-
thermore, we and others have showed that COORF72
associates with ULK1-autophagy initiation complex to
regulate autophagy [17, 19, 35, 38—41] and COORF72 is
required for neuronal and dendritic morphogenesis via
ULK1-mediated autophagy [17]. In addition, increased
CI90RF72 expression due to intermediate repeat expan-
sion disrupts autophagy and is associated with cortico-
basal degeneration [7], suggesting that varying COORF72
levels may evoke different pathogenic pathways. How-
ever, how COORF72 may contribute to neuronal and syn-
aptic dysfunction remains to be defined.
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Accumulating evidence indicate that synaptic impair-
ment is a common and early event in major neurode-
generative diseases [16, 27, 32]. To investigate whether
C9orf72 knockout mice develop synaptic deficits, we
measured the long-term potentiation (LTP) and long-
term depression (LTD) in the CAl and dentate gyrus
(DG) of the hippocampus (see below). LTP and LTD,
which measure the enduring changes in synaptic
strength, has been used as the cellular models of synaptic
plasticity for learning and memory [20, 30]. Furthermore,
LTP and LTD dysfunctions typically correlate and may
underlie the cognitive deficit often observed in a broad
spectrum of neurological disorders [11, 27].

C90rf72 knockout (c90rf72~/~) mice, where exon 2—6
were replaced with a neomycin and lacZ cassette, were
described previously (Additional file 1: Supplemental
Figure 1a) [17, 18]. C9orf72 knockout mice showed pre-
mature lethality (Additional file 1: Supplemental Fig-
ure 1b). The shortened lifespan of C9orf72 knockout
mice has been attributed to systemic inflammation [5, 18,
31]. Consistent with these previous reports, the C9orf72
knockout mice in our colony also have enlarged spleens
(splenomegaly) (Additional file 1: Supplemental Fig-
ure 2). Thus, it is likely these mice die of auto-immune
disease. Furthermore, the survival curve was similar to
the Harvard group’s mice [5], but appeared to acceler-
ate when compared with the UCSD group’s mice [18],
potentially due to environmental factors [6]. Since the
C9orf72 knockout mice began to die after 100 days of age,
we focused our analysis on a 3-month timepoint, where
C9orf72 knockout mice showed normal locomotor activi-
ties in the open field assay (Additional file 1: Supplemen-
tal Figure 1c).

To address synaptic dysfunctions that may be associ-
ated with loss of C9ORF72 functions, we first examined
synaptic plasticity in corticohippocampal connections,
where the inputs from entorhinal cortex project via the
perforant path to the granule cells of dentate gyrus (DQG)
(Fig. 1a). We used a theta burst stimulation (TBS) pro-
tocol to induce LTP in DG by stimulating the medial
perforant path as described previously [9]. After a sta-
ble baseline of 30 min in synaptic inputs S1, theta burst
stimulation was applied to S1 which resulted in a stable
late-LTP which lasted for the recorded time period of 3 h
in wild type mice (Fig. 1b, Additional file 1: Supplemental
Table 1-2). In contrast, the perforant path mediated-LTP
at DG (thereafter abbreviated as DG-LTP) was reduced
in C9orf72 knockout mice (p<0.05, Fig. 1c, Additional
file 1: Supplemental Table 1-2).

For assessing synaptic plasticity of the CA1 area, we
used an established long-term potentiation (LTP) para-
digm by stimulating Schaffer collateral fibers that send
input to the CA1l dendritic regions. After recording a
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stable baseline, strong tetanus stimulation (STET) was
given via the stimulating electrode S1, whereas the stimu-
lating electrode S2 served as a control for the input speci-
ficity of LTP (Fig. 1d) [34]. Under this condition, LTP
was induced and maintained for more than 3 h in both
wild type and C9orf72 knockout mice at 3-month of age
(Fig. 1e, f, Additional file 1: Supplemental Table 1-2). The
control input S2 remained stable throughout the time of
recording (Fig. le, f). The data indicates that LTP at the
area CA1 (thereafter abbreviated as CA1-LTP) was nor-
mal in C9orf72 knockout mice at 3 months of age.

Next, we determined whether the induction and main-
tenance of long-term depression (LTD) is affected in the
CA1 synapses. To do so, a strong low frequency stimula-
tion (SLFS) was delivered to the S1 input in the CA1 of
hippocampus, whereas S2 served as a control (Fig. 1g).
A significant depression (thereafter abbreviated as CA1-
LTD) was observed and remained stable throughout the
time period of recording in the wild type mice (Fig. 1h,
Additional file 1: Supplemental Table 1-2). In contrast,
this CA1-LTD was abolished in the C9orf72 knockout
mice (p<0.01, Additional file 1: Supplemental Table 1-2),
while the response to the control input S2 remained sta-
ble throughout the time period of recording (Fig. 1i).
Collectively, these electrophysiological data suggest that
there are deficits in the synaptic plasticity in DG and
CA1 regions of hippocampus in the C9orf72 knockout
mice, where DG-LTP and CA1-LTD, but not CA1-LTD, is
reduced.

To investigate how loss of C9orf72 may be required for
regulating synaptic plasticity, we performed transcrip-
tomic analysis on the hippocampi isolated from C9orf72
knockout mice and their wild type littermate controls
at 3 months of age using Affymetrix GeneChip mouse
microarray that covers coding and noncoding RNAs
(Fig. 2a). Using a 2-fold-change cut-off, there are 48 up-
regulated genes and 12 down-regulated genes. 14 of 48
(29.1%) up- and 7 of 12 (58.3%) down-regulated genes
belong to the noncoding RNAs (Fig. 2b). Gene ontol-
ogy (GO) analysis of these differentially expressed genes
(DEGs) revealed that they are enriched with secreted
proteins and glycoproteins (Fig. 2c). The most down-
regulated genes, including C9orf72 itself, Gm7120 and
Zfp932, and the most up-regulated genes, including
Htr2c, K, Enpp2, Clic6, Kenj, and Ttr, were further vali-
dated using qRT-PCR (Additional file 1: Supplemental
Figure 3).

Among these DEGs, KI (encodes Klotho) is of particular
interest. KLOTHO has been proposed to be a longevity
gene, where whole body deletion of Klotho in mice causes
accelerated aging and premature death [23] and systemic
over-expressing Klotho enhances cognition and extend
lifespan [12, 24]. Mouse KI can be alternatively spliced
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Fig. 1 C90rf72 knockout mice showed LTP and LTD deficits in the hippocampus. a Schematic of the transverse hippocampal slice showing the
positioning of the electrodes in dentate gyrus (DG) area. A single stimulating electrode S1 was placed in the medial performant path input. The
recording electrode was placed in the dentate granule layer and lowered to the same level to record fEPSPs. b Late-LTP induced by TBS in the

DG shows that a stable long-lasting LTP can be recorded in DG of WT (wild type) mice by using TBS (filled circles) (n=7). Control inputs were
stable throughout the 3-h time period of recording. c The same experiment was repeated in C9orf/2 knockout mice, which shows that late-LTP is
significantly impaired in C9orf72 knockout mice compared to the WT (filled circles). Control inputs remained stable for 3 h (open circles) Analog
traces always represent typical field EPSP traces 30 min before (dotted line), 30 min after (dashed line) and 3 h (solid line) after tetanization. Arrows
indicate the time point of induction of plasticity in the corresponding synaptic input. d Schematics of the transverse hippocampal slice showing
the positioning of the electrodes in hippocampal area CA1. The two independent synaptic inputs ST and S2 to the same neuronal population and
the recording sites (rec) for the field EPSPs are shown. e The time course of fEPSP after the induction of LTP by STET in 3-month-old WT littermates
of C9orf72 knockout mice (filled circles). The open circles represent the control synaptic input S2 (n=7). f Late-LTP induced by STET in C9orf72
knockout mice at 3 months shows that the post tetanic potentiation is higher, but after 20 min the percentage of potentiation comes back to
normal like late-LTP in WT littermates (n =8). g Schematics of the transverse hippocampal slice showing the positioning of the electrodes. The two
independent synaptic inputs S1 and S2 to the same neuronal population and the recording sites (rec) for the field EPSPs are shown. h Late-LTD was
induced using a strong low frequency stimulation (SLFS) in S1 (filled circles) which resulted in the weakening of synaptic responses that remained
stable throughout the recording period of 3 h. Control inputs remained stable throughout the recorded time period (open circles) (n=6). i The
time course of the fEPSPs after low frequency stimulation in C9orf/72 knockout mice at 3 months showed, the absence of LTD (filled circles) (n=7).
Open circles represent the control synaptic input (open circles). Analog traces always represent typical field EPSP traces 30 min before (dotted line),
30 min after (dashed line) and 3 h (solid line) after tetanization. Arrows indicate the time point of SLFS/tetanization of the corresponding synaptic
input

to give rise to a membrane bound form (isoform 1, KI-L)  hippocampi of C90rf72 knockout mice when compared
and secreted form (isoform 2, KI-S) (Fig. 2d). Using prim-  with the wild type mice at 3 months of age (Fig. 2di).
ers that are specific to isoform 1 and isoform 2, we fur-  Intriguingly, the Klotho mRNA expressions of both iso-
ther confirmed that both K/ isoforms were increased to  forms became comparable at 6 months of age (Fig. 2dii)
6- (p<0.05) and 3.5-fold (p<0.05), respectively, in the and reduced by 80% (isoform 1, p<0.0001) and 60%
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Fig. 2 C9orf72 regulates the expression of a longevity gene, Klotho, and is required for adult neurogenesis in the hippocampus. a Schematic

for transcriptomic analysis of the hippocampus from wild type and C9orf72 knockout mice. b Total of 60 differentially expressed genes (DEGs)
were identified. Among them, 48 and 12 genes are up- and down-regulated, respectively. Furthermore, 14 of 48 (29.1%) up- and 7 of 12 (58.3%)
down-regulated genes belong to the noncoding RNAs (magenta). ¢ Gene otology analysis of up-regulated DEGs. d Age-dependent deregulation
of Klotho expression in C9orf72 knockout mice. Schematic of two Klotho isoforms due to the alternative usage of exon 3. RNAs were extracted from
wild type and C9orf72 knockout mice, reverse transcribed and quantified using primers specific for isoform 1 and 2 of Klotho gene. Sub-panel i, i,
and iii are gRT-PCR results for 3, 6, and 12-month animals. *p < 0.05, ***p <0.0001. (di) 3 months, KL-L: p=0.0328; KL-S, p =0.0476, (dii) 6 months,
KL-L: p=0.4734; KL-S, p=0.9766, and (diii) 12 months, KL-L, p=0.0002; KL-S, p =0.0008. n =3, per genotype, per timepoint. e Confocal images

of Klotho protein in CA1 and DG region of wild type and C9orf72 knockout mice. Klotho immunoreactivity is increased at the dendritic region of
CA1 and reduced in the granule cell layer of DG in the C9orf72 knockout mice. Scale bar is 20 pm. n=3 per genotype. f Schematic of EdU-pulse
chase experiment (left panel). g Confocal image of EdU/doublecortin (DCX) staining. Scale bar is 50 and 10 pm, respectively. h Quantification of
EdU-positive cells. i Quantification of EdU/DCX-double positive cells in the DG region. (3-5 slices per animals, n=3 per genotype, p <0.05)

(isoform 2, p<0.0001) at 12 months of age (Fig. 2diii).
The data suggest that KLOTHO levels are dysregulated in
the C90rf72 knockout mice in an age-dependent manner.

To further investigate the Klotho expression pattern in
the C9orf72 knockout mice, Klotho immunofluorescence
was performed. The Klotho expression within the den-
dritic region of CA1 was increased (Fig. 2ei). In contrast,
the Klotho expression within the granule cell layer of DG
was reduced at 3 months of age (Fig. 2eii). Thus, although
total Klotho expression was elevated in 3-month-old
C9orf72 knockout mice, the pattern of Klotho expression
was altered. Consistent with the qRT-PCR data, Klotho
levels were comparable between WT and C9orf72 knock-
out mice at 6 months of age (Additional file 1: Supple-
mental Figure 4).

As (i) varying Klotho levels affect adult neurogen-
esis in the hippocampus [25], and (ii) Klotho expression
within DG is reduced in the C9orf72 knockout mice, we
hypothesized that adult hippocampal neurogenesis may
be affected in the C9orf72 knockout mice. To test this,
we determined the rate of adult neurogenesis by per-
forming an EdU-pulse chase experiment (Fig. 2f). EdU, a
thymidine analogue that is incorporated into DNA dur-
ing replication, was used to label new born cells for two
constitutive days and then chased for 12 days, until the
new born progenitor cells had matured into neurons
[15]. The degree of neurogenesis was quantified by co-
labeling EdU-positive cells with doublecortin (DCX), an
immature neuronal marker (Fig. 2f, g). The total numbers
of EdU-positive cells were comparable between the con-
trol and the C9orf72 knockout mice (Fig. 2h). However,
we observed a 30% of reduction (p<0.05) of EAU/DCX-
double positive cells in the DG region (Fig. 2i), indicat-
ing the adult hippocampal neurogenesis is reduced in the
C9orf72 knockout mice.

In this study, we showed the loss of C9orf72 impairs
DG-LTP and CA1-LTD as well as adult neurogenesis in
the hippocampus. New born neurons provide additional

plasticity to the brain and are involved in spatial mem-
ory, pattern separation and stress resilience [4, 14]. Fur-
thermore, adult hippocampal neurogenesis appears to
be reduced dramatically in patients with Alzheimer’s
disease [29], highlighting the potential role of impaired
adult neurogenesis in the pathogenesis of neurodegen-
erative diseases. Thus, our results suggest that defective
synaptic functions and adult neurogenesis may contrib-
ute to CI9ORF72-mediated pathogenesis. We further
identified that a longevity gene, Klotho, is mis-regulated
in the hippocampus of C9orf72 knockout mice. In par-
ticular, Klotho levels are reduced in the DG, where adult
neurogenesis occurs, followed by an accelerated reduc-
tion in the hippocampus at 12 months of age. Klotho
is a pleiotropic protein and involved in regulating the
homeostasis of phosphate, calcium, and vitamin D [22].
Although the exact function of Klotho in the central
nervous system (CNS) is not known, it has been shown
to enhance N-methyl-D-aspartate receptor (NMDAR)-
mediated synaptic activity [12] and oligodendrocyte
maturation [8]. Furthermore, Klotho has been shown
to regulate hippocampal synaptic plasticity [12, 26, 28].
Thus, it is conceivable that ablation of C9orf72 alters the
Klotho expression and affects Klotho-mediated regula-
tion on synaptic plasticity. Importantly, polymorphisms
in the KLOTHO gene (known as KL-VS variant) have
been identified to associate with a longer lifespan [2],
better cognition in human [12], and is protective for the
APOQOE4 carriers in Alzheimer’s disease [3, 13]. In the
context of ALS, overexpressing Klotho was beneficial in
protecting neuronal loss in a SOD1 mouse model [42].
In conclusion, our results highlight that (1) C9ORF72 is
required for synaptic plasticity and adult neurogenesis
in the hippocampus, and (2) the expression of longevity
gene, Klotho, may be one of the downstream effectors of
C90RF72 and could have implications in ALS-FTD spec-
trum diseases.
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