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Significance

Many neurological disorders share 
symptoms, despite disparity 
among diseases. Treatments are 
prescribed based on diagnosis 
rather than individual symptoms. 
While only treating symptoms may 
obscure the disease, mechanism-
based drug development allows 
the two approaches to converge. 
Hub proteins, those that 
coordinate the expression of 
proteins that mediate specific 
cellular functions, may be 
dysregulated across a broad range 
of disorders. We show that the 
RBP DJ-1 controls the activity of 
L-type voltage-gated calcium 
channels (L-VGCC), via the 
expression of its alpha subunit 
CaV1.2 and the auxiliary subunit 
alpha2delta2 (α2δ2). Importantly, 
we demonstrate that this pathway 
is commonly disrupted among 
neurological disorders, namely 
Alzheimer’s disease (AD) and 
tuberous sclerosis complex (TSC). 
Collectively, these data rationalize 
mechanism-based drug therapy to 
treat disease.
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L-type voltage-gated calcium (Ca2+) channels (L-VGCC) dysfunction is implicated 
in several neurological and psychiatric diseases. While a popular therapeutic target, 
it is unknown whether molecular mechanisms leading to disrupted L-VGCC across 
neurodegenerative disorders are conserved. Importantly, L-VGCC integrate synaptic 
signals to facilitate a plethora of cellular mechanisms; however, mechanisms that reg-
ulate L-VGCC channel density and subcellular compartmentalization are understud-
ied. Herein, we report that in disease models with overactive mammalian target of 
rapamycin complex 1 (mTORC1) signaling (or mTORopathies), deficits in dendritic 
L-VGCC activity are associated with increased expression of the RNA-binding protein 
(RBP) Parkinsonism-associated deglycase (DJ-1). DJ-1 binds the mRNA coding for 
the alpha and auxiliary Ca2+ channel subunits CaV1.2 and α2δ2, and represses their 
mRNA translation, only in the disease states, specifically preclinical models of tuberous 
sclerosis complex (TSC) and Alzheimer’s disease (AD). In agreement, DJ-1-mediated 
repression of CaV1.2/α2δ2 protein synthesis in dendrites is exaggerated in mouse models 
of AD and TSC, resulting in deficits in dendritic L-VGCC calcium activity. Finding 
of DJ-1-regulated L-VGCC activity in dendrites in TSC and AD provides a unique 
signaling pathway that can be targeted in clinical mTORopathies.

voltage-gated calcium channels | RNA-binding protein | tuberous sclerosis complex |  
Alzheimer’s disease | mammalian target of rapamycin

Tuberous sclerosis complex (TSC) is considered a linchpin mTORopathy, suggesting that 
research findings on TSC may be broadly applicable to other neurological disorders with 
dysregulated mTOR activity, such as Alzheimer’s disease (AD) (1). TSC results from a 
loss of function of either TSC1 or TSC2, upstream inhibitors of the mTOR signaling (2). 
Loss of TSC1 repression leads to constitutive activity of mTOR (2). Dysfunction of TSC2 
and hyperactive mTOR have been reported in Alzheimer’s disease (AD) (3); however, to 
date, nothing is known about common downstream signaling mechanisms shared between 
TSC and AD leading to neuronal dysfunction.

mTOR forms two complexes—mTORC1 and mTORC2. The classic role for mTORC1 
is to signal downstream proteins that promote mRNA translation initiation, leading to 
an increase in protein synthesis (4, 5). In contrast, our laboratory has shown that mTORC1 
signaling actively represses protein synthesis of select mRNAs in the brain (6, 7). In 
agreement with mTOR’s role in repression of mRNA translation, Bear and colleagues 
found that in a preclinical model of TSC neuronal protein synthesis was reduced (8). 
Likewise, neuronal protein synthesis deficits have been detected in AD (9). Mechanisms 
describing how mTORC1 activity represses protein synthesis, which is likely to lead to 
the pathological state, are beginning to emerge (6, 10).

We previously identified Parkinsonism-associated deglycase (DJ-1), an RNA-binding 
protein (RBP), as an mTORC1-sensitive protein that is up-regulated with mTORC1 
activity and overexpressed in Tsc1-null neuronal dendrites (6). DJ-1 has been reported to 
repress translation of its target mRNAs (11). Thus, we hypothesize that mTORC1’s upreg-
ulation of DJ-1, combined with DJ-1’s repressive RNA-binding properties, makes it a 
suitable candidate for mediating deficits in protein synthesis in TSC and AD.

Neuronal hyperexcitability is a common symptom in both TSC and AD (12, 13). Loss 
of ion channel expression/function is a prominent cause of hyperexcitability (14). Indeed, 
animal models that harbor loss of function mutations in critical ion channels suffer from 
hyperexcitable circuits (15, 16). Additionally, ion-channel dysfunction has been implicated 
in neuropsychiatric disorders comorbid with TSC and AD (17–22). To date, ion channels 
are undercharacterized in TSC and AD. Collectively, these data led us to predict that D
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overactive mTORC1 signaling leads to a loss of critical ion chan-
nels due to deficits in protein synthesis in both diseases.

Based on the parallel findings outlined above in TSC and AD, 
we hypothesize that there will be common mechanisms between 
these disorders. Herein, we demonstrate in two preclinical models, 
TSC1 conditional knockout (TSC) and APP/PS1 (AD) mice, that 
the mTORC1-regulated RNA-binding protein DJ-1 1) represses 
the protein synthesis of the dendritic L-type voltage-gated calcium 
channels (CaV1.2) and its auxiliary subunit α2δ2 in TSC and AD 
mouse models, 2) contributes to deficits in dendritic L-VGCC 
activity in both disease models, and 3) synaptic expression of DJ-1, 
CaV1.2, and α2δ2 is disrupted in cortices from human AD patients.

Results

mRNAs Encoding for Calcium Channel Subunits Contain Several 
Predicted DJ-1 Binding Sites. How does overactive mTORC1 
signaling in TSC lead to deficits in protein synthesis? To begin to 
address this question, we reasoned that the RNA-binding protein 
DJ-1 is up-regulated by mTORC1 activity and is predicted to 
repress mRNA translation and thus, is a promising target. We first 
identified a putative DJ-1 RNA-binding motif(s), starting with 
a list of known DJ-1 target mRNAs reported by van der Brug 
et al. and computationally defined the short, highly represented 
DJ-1-binding sequence—GNGCNG and CNGCNG (11). To 
predict which synaptic proteins are putative DJ-1 target mRNAs, 
we screened a list of 1416 postsynaptic-associated proteins for the 
DJ-1-binding motifs (6, 23, 24). We found that Grin2a was a 
predicted DJ-1 mRNA target present in the postsynaptic proteome 
and common between three overactive mTORC1-related diseases; 
epilepsy, autism spectrum disorder (ASD), and AD (6). We used 
Grin2a as a threshold with 81 predicted DJ-1 binding motifs, 
to identify novel DJ-1 binding mRNA targets. Out of 1,416 
postsynaptic-associated proteins, 214 were above the set threshold 
(Dataset S1). To test the specificity of the predicted DJ-1 binding 
sites, we compared the frequency/kb of DJ-1 binding sites between 
putative DJ-1-targets and nontargets. This analysis determined 
that the difference in binding sites between targets and nontargets 
are significantly different (P = 1.2 × 10−38, Student’s t test).

Next, we note that several voltage-gated calcium channel sub-
units are probable DJ-1 target mRNAs (Fig. 1A). Interestingly, 
Cacna1a and Cacna1c, the pore forming alpha subunits, have the 
highest numbers of predicted binding sites, 158 and 156 respec-
tively (25), while the second highest number resides in the mRNA 
coding for the auxiliary subunit, α2δ2 with 98 putative binding 
sites. Therefore, DJ-1, an RBP, might play a role in differentially 
regulating de novo protein synthesis of calcium channel subunits 
in TSC and AD.

Cacna1c and Cacna2d2 mRNA Preferentially Associate with DJ-1 
in TSC. To determine the best candidate to pursue, we considered 
our previous work suggesting that 1) mTORC1 activity promotes 
DJ-1 de novo protein synthesis in neuronal dendrites, 2) both 
Cacna1c mRNA and the protein it codes for, CaV1.2, are present 
in dendrites, and 3) DJ-1 is overexpressed in Tsc1-null dendrites 
(6, 26). Using a DJ-1 specific antibody, we performed an RNA-
immunoprecipitation (RIP) using cortical lysates from Tsc1-null mice 
and WT littermates [Tsc1fl/flSyn1-Cre+: Tsc1 cKO, and Tsc1fl/fl: 
WT; (27, 28)]. Western blot analysis shows the specificity of the 
DJ-1 immunoprecipitation (SI Appendix, Fig. S1). When the DJ-
1-bound mRNAs are isolated, Cacna1c mRNA was detected only 
in Tsc1 cKO lysates via qRT-PCR, but not in WT or IgG, similar 
to the positive control Akt1 (11). In contrast, the negative control, 
Gapdh mRNA, does not bind to DJ-1 in either genotype (Fig. 1 

Fig. 1. DJ-1 associates with Cacna2d2 and Cacna1c in Tsc1 cKO. (A) List of 
predicted DJ-1 binding mRNA targets coding for Ca2+ channel subunits (coding 
region, CR) (B) (Top) qRT-PCR analyses of Tsc1Cre/Cre: KO and Tsc1 fl/fl: WT from 
DJ-1-RNA-immunoprecipitation. Cacna1c: WT = 0.05 ± 0.03, Tsc1 cKO = 0.95 ± 
0.3, P = 0.03. Akt1: WT = 0.04 ± 0.02, Tsc1 cKO = 0.44 ± 0.05, P = 0.001. Gapdh: 
WT = 0.04 ± 0.03, Tsc1 cKO = 0.09 ± 0.06, P = 0.47. (Bottom) qRT-PCR of 5% of 
the input. Cacna1c: WT = 1 ± 0.09, Tsc1 cKO = 0.83 ± 0.1251, P = 0.29. Akt1: 
WT = 1 ± 0.05, Tsc1 cKO = 1.22 ± 0.17, P = 0.24. Gapdh: WT = 1 ± 0.01, Tsc1 
cKO = 1.15 ± 0.05, P = 0.006. n = 3 technical replicates, 3 independent mice. 
Student’s t test, two-tailed. (C) (Top) Representative images of Cacna2d2 mRNA. 
(Bottom) Magnified dendrites (dashed-lines) Cacna2d2 mRNA, indicated by 
green puncta/yellow arrowheads. (D) (Top) qRT-PCR of mRNA isolated from DJ-
1 RNA-IP. Cacna2d2: WT = 0.07 ± 0.04, Tsc1 cKO = 0.4 ± 0.05, P = 0.01. Cacna2d1: 
WT = 0.002 ± 0.002, Tsc1 cKO = 0.04 ± 0.04, P = 0.4. (Bottom) qRT-PCR of 5% 
input RNA from DJ-1 RNA-IP. Cacna2d2: WT = 1 ± 0.03, Tsc1 cKO = 0.8 ± 0.09,  
P = 0.08. Cacna2d1: WT = 1 ± 0.03, Tsc1 cKO = 1.23 ± 0.21, P = 0.26. N = 3 
technical replicates, 3 independent mice, t test, two-tailed.D
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B, Top and SI Appendix, Fig. S2). Of note, the input for Cacna1c 
and Akt1 are similar between genotypes (Fig. 1 B, Bottom). These 
results suggest that Cacna1c binds to DJ-1 in a disease-specific 
manner (Fig. 1 B, Top and SI Appendix, Fig. S2).

Next, we hypothesized that mRNAs with coordinated function 
are repressed together, suggesting that Cacna2d2 may be a target 
of DJ-1. Importantly, Cacna2d2 has 98 predicted DJ-1 binding 
sites, more than the other Cacna2d mRNAs (29). Paradoxically, 
the literature suggests that α2δ2 is expressed at presynaptic ter-
minals (30, 31); however, it has been detected in the postsynaptic 
proteome (23). To verify the dendritic presence of α2δ2 mRNA, 
we performed an in situ hybridization in cultured hippocampal 
neurons. Indeed, Cacna2d2 mRNA was detected in Map2 
(microtubule-associated protein 2) positive dendrites using anti-
sense probes [green puncta (RNA) within red dendrite (Map2)], 
with no signal in the no probe control (Fig. 1C). These data com-
bined with the literature suggest that DJ-1 protein and mRNA 
coding for CaV1.2 and α2δ2 are present in dendrites (6, 26).

Next, we asked whether Cacna2d2 mRNA binds to DJ-1. 
Again, DJ-1 RNA-IP revealed that Cacna2d2 mRNA only binds 
to DJ-1 in Tsc1 cKO cortical lysates (Fig. 1 D, Top and SI Appendix, 
Fig. S2). As an additional control, we assessed whether Cacna2d1 
mRNA binds DJ-1, which bears 46 predicted DJ-1 binding 
motifs, below our set threshold. Indeed, Cacna2d1 did not asso-
ciate with DJ-1 in either genotype, as verified by a single t test 
that was not significant from zero. The input mRNA expression 
is not significantly different between genotypes (Fig. 1 D, Bottom). 
These data suggest that Cacna1c and Cacna2d2 selectively bind 
to DJ-1 in the disease state.

Reduced De Novo Protein Synthesis of CaV1.2 and α2δ2 but Not 
α2δ1 in the Hippocampus of Tsc1 Conditional Knockout (Tsc1 
cKO) Mice. Based on the DJ-1 RNA-IP experiment, we predict 
that new protein synthesis of CaV1.2 and α2δ2 is reduced in TSC. 
Thus, we performed a surface sensing of translation (SUnSET) 
assay, combined with proximity ligation assay (PLA), to label newly 
synthesized CaV1.2 and α2δ2 in the hippocampus of Tsc1 cKO 
mice, that have excess DJ-1 expression (6). As predicted, there was 
reduced protein synthesis of CaV1.2 in Tsc1 cKO hippocampal 
slices (Fig. 2 A and B and SI Appendix, Fig. S3). As an additional 

control, we assessed newly synthesized α2δ1 protein. Interestingly, 
we saw that there was a significant increase in newly synthesized 
α2δ1 in Tsc1 cKO hippocampal slices (Fig. 2C). Collectively, the 
binding of DJ-1 to Cacna1c and Cacna2d2 mRNAs is in line with 
DJ-1’s function as a translational repressor.

Overexpression of DJ-1 Represses CaV1.2 and α2δ2 Expression 
in Neuronal Dendrites. To determine whether DJ-1 directly 
impacts protein expression of these calcium channel subunits, we 
overexpressed DJ-1 (DJ-1 OE) in the hippocampus of C57Bl6 
mice using a recombinant adeno-associated virus (rAAV) coding 
for DJ-1 and measured CaV1.2, α2δ2, and α2δ1 protein levels by 
immunocytochemistry (SI Appendix, Fig. S4). Fig. 3A demonstrates 
that DJ-1 is overexpressed in CA1 by ~threefold. As predicted, 
overexpression of DJ-1 reduces CaV1.2 and α2δ2 in dendrites by 
~34% and ~33%, respectively, consistent with the role for DJ-1 as a 
translational repressor (Fig. 3B) (11). Of note, DJ-1 overexpression 
has no effect on α2δ1 (Fig. 3B). As an additional control, CaV1.3, 
another L-VGCC that is present in the hippocampus (32) yet was not 
detected in the postsynaptic-proteome (23, 24), shows no difference 
in protein expression upon DJ-1 OE (SI Appendix, Fig. S5), and its 
mRNA does not associate with DJ-1 (SI Appendix, Fig. S6). These 
data suggest that DJ-1 selectively represses the protein expression of 
CaV1.2 and α2δ2 (Fig. 3B) with no effect on α2δ1 or CaV1.3.

Overexpressing DJ-1 Attenuates Dendritic L-VGCC Activity. As 
our data suggest that DJ-1 represses the expression of CaV1.2 
and α2δ2 proteins in dendrites (Figs. 2 A and B and 3B), we 
asked whether overexpression of DJ-1 reduces L-VGCC activity. 
Therefore, we assessed L-type channel function by performing 
live Ca2+ imaging in dissociated rat hippocampal neurons that 
overexpress DJ-1 filled with the calcium indicator, Oregon 
Green Bapta (OGB). We note that WT cultured neurons are 
spontaneously active such that L-VGCC are open, can be further 
opened with BayK-8644 (BayK), and specifically blocked with the 
L-VGCC antagonist nimodipine (33) (SI Appendix, Fig. S7). We 
treated DJ-1 OE neurons with BayK (5 μM) and measured the 
change in dendritic Ca2+ fluorescence (ΔF/F). Application of BayK 
on pcDNA-expressing neurons increases dendritic fluorescence 
by ~50% (Fig. 3C). Interestingly, DJ-1-overexpressing neurons 

Fig. 2. Tsc1 cKO mouse model exhibits decreased de novo  
protein synthesis of CaV1.2 and α2δ2, but not α2δ1. De novo  
protein synthesis, visualized by SUnSET-PLA (green) in 
hippocampal dendrites (MAP2, red). WT (W) and TSC (T) 
dendrites are outlined by broken lines. (A) Basal CaV1.2 
protein synthesis is detected in dendrites of WT is markedly 
reduced in TSC, quantified below (WT = 1.00 ± 0.07, 117 total 
ROIs, 12 to 18 ROIs/slice, 2 to 3 slices/animal, 3 animals; 
Tsc1 cKO = 0.01 ± 0.01, 106 total ROIs, 12 to 18 ROIs/slice, 
2 to 3 slices/animal, 3 animals). (B) α2δ2 basal new protein 
synthesis is detected in dendrites of WT but is attenuated 
in TSC as quantified below (WT = 1.00 ± 0.15, n = 77 total 
ROIs, 12 to 18 ROIs/slice, 2 to 3 slices/animal, 3 animals; Tsc1 
cKO = 0.12 ± 0.02, n = 73 total ROIs, 12 to 18 ROIs/slice, 2 to 
3 slices/animal, 3 animals). (C) Basal α2δ1 protein synthesis 
in dendrites of WT is lower than TSC as quantified below  
(WT = 1.00 ± 0.17, n = 28 total ROIs, 12 to 18 ROIs/slice, 2 to 3 
slices/animal, 3 animals; Tsc1 cKO = 3.97 ± 0.90, n = 17 total 
ROIs, 12 to 18 ROIs/slice, 2 to 3 slices/animal, 3 animals). For 
representative images in A through C, CaV1.2, α2δ2, and α2δ1 
puncta were dilated once using ImageJ. Bar values represent 
mean ± SEM. ***P < 0.001, ****P < 0.0001.D
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fail to display BayK-induced elevation of Ca2+ signal in dendrites 
(Fig. 3C). To further verify these findings, we used GCamp6-XC 
expressing neurons and similarly observed a significant increase 
in dendritic fluorescence signal upon BayK application in WT, 
which was absent in DJ-1 OE neurons (SI Appendix, Fig. S8). 
These data collectively support that DJ-1 regulates the protein 
expression of the channel subunits and dendritic L-VGCC 
activity.

Protein Expression of CaV1.2 and α2δ2 Are Reduced and L-VGCC 
Activity Is Attenuated in Tsc1 cKO. Since DJ-1 is excessively 
expressed in dendrites of Tsc1 cKO neurons, we hypothesized that 
CaV1.2 expression, along with α2δ2, is reduced in hippocampal 
neurons from Tsc1 cKO mice (11). We first measured CaV1.2 
and α2δ2 levels, in vitro, after knocking out the Tsc1 gene by 
Cre expression (Tsc1 cKO) in dissociated hippocampal Tsc1fl/fl 
neurons. By immunostaining, Tsc1 cKO dendrites display ~34% 

Fig.  3. Overexpression of DJ-1 represses CaV1.2 and α2δ2 
expression in neuronal dendrites and reduces L-VGCC activity 
in response to BayK. Protein of interest density is denoted by 
pseudo coloring (fire) and Map2 (grayscale). Representative 
images of control (CTL, Left) and overexpression (DJ-1 OE, Middle). 
(A) DJ-1 expression (Left) and quantification (Right); Scale bar, 
20 µm, (Right) DJ-1/Map2 intensity ratio (control = 1.00 ± 0.08; 
OE = 2.99 ± 0.40; n per condition = 5 ROI/slice, 2 slices/animal,  
4 animals; P < 0.0001). (B) (Top) CaV1.2. (Top, Right) quantification 
of CaV1.2/Map2 ratio (control = 1.00 ± 0.09; OE = 0.66 ± 0.06, 
n per condition = 5 ROI/slice, 2 slices/animal, 4 animals;  
P < 0.002). (Middle) α2δ2. (Middle, Right) quantification of α2δ2/
Map2 ratio (control = 1.00 ± 0.13; OE = 0.67 ± 0.06, n per condition 
= 5 ROI/slice, 2 slices/animal, 4 animals; P = 0.02). (Bottom) α2δ1. 
(Bottom, Right) quantification of α2δ1/Map2 ratio (control = 1.00 
± 0.12; OE = 1.06 ± 0.11, n per condition = 5 ROI/slice, 2 slices/
animal, 4 animals; P = 0.72). Bar values are shown as mean ± 
SEM; statistical tests: Student’s t test. (C) L-VGCC activity detected 
by L-type agonist, BayK-8644 (BayK, 5 μM). (Left) Average traces 
of Ca2+ fluorescence signal before (baseline; 0 to 60 s) and after 
(520 to 580 s) the addition of vehicle or BayK at ~90 s. In pcDNA-
transfected neurons (control), Ca2+ fluorescence increases 
with BayK (black) compared to vehicle treatment (gray). In DJ-1 
overexpressing neurons, addition of BayK (red) has similar Ca2+ 
fluorescence as vehicle treatment (pink). (Right) Quantification 
of change in fluorescence (ΔF) normalized to baseline (F). 
Significance determined by two-way ANOVA (F1,34 = 12.04,  
P = 0.0014) and genotype (F1,34 = 7.22, P = 0.0111). pcDNA-Vehicle 
(gray, 5.80 ± 3.16, n = 4 dendrites, 4 neurons) vs. pcDNA-BayK 
(black, 57.07 ± 14.81, n = 6 dendrites, 4 neurons), DJ-1-OE-Vehicle 
(pink, −3.10 ± 6.04, n = 17 dendrites, 11 neurons) vs. DJ-1-OE-BayK 
(red, 13.44 ± 7.57, n = 11 dendrites, 9 neurons). Statistical tests: 
A and B by Student’s t test; C by two-way ANOVA. Bar values 
represent mean ± SEM. *P < 0.05, **P < 0.01.
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less CaV1.2 (Fig. 4A) and ~48% less α2δ2 (Fig. 4B), compared 
to WT neurons. The control, α2δ1, increases by approximately 
~69% (Fig. 4C).

Low CaV1.2 and α2δ2 levels predict reduced Ca2+ signaling in 
Tsc1 cKO dendrites (34). Using hippocampal neurons loaded with 
OGB, we performed live calcium imaging to assess dendritic 
L-VGCC activity. WT dendrites show a ~27% increase in ΔF/F 
with BayK (Fig. 4D) (34–36). As predicted, BayK-induced L-type 
activity is absent in Tsc1 cKO dendrites, similar to DJ-1 overex-
pression (Fig. 3C). These data reveal that a preclinical model of 
TSC has reduced dendritic L-VGCC activity.

DJ-1 Preferentially Associates with Cacna1c and Cacna2d2 mRNAs 
in APP/PS1 Model of AD. Having established that DJ-1, CaV1.2, 
and α2δ2 protein and L-type channel activity are disrupted in TSC, 

we wanted to examine whether the dysregulation of this pathway 
is conserved in AD, another mTORopathy (37–39). We used a 
preclinical mouse model of AD—APP/PS1 transgenic mouse—
where we demonstrate that mTORC1 is overactive (SI Appendix, 
Fig. S9). First, we examined dendritic DJ-1 expression in cultured 
APP/PS1 hippocampal neurons, and saw that DJ-1 is overexpressed, 
similar to Tsc1 cKO neurons (6) (Fig. 5A).

Next, we examined whether DJ-1 associates with Cacna1c and 
Cacna2d2 mRNAs in APP/PS1 mice, as we previously detected in 
Tsc1 cKO mice. Indeed, we observed that DJ-1 binds to Cacna1c 
and Cacna2d2 mRNAs exclusively in the disease state, similar to 
the positive control Akt1 mRNA (Fig. 5 B, Top and SI Appendix, 
Fig. S10). The negative control Gapdh mRNA did not bind DJ-1 
in either genotype. Again, Cacna2d1 does not bind to DJ-1 in either 
genotype, as determined by a single t test with a value that is not 

Fig. 4. Tsc1 cKO neurons have reduced levels of calcium 
channel-associated proteins and L-VGCC function. (A–C) 
Map2 staining (red) marks dendrites. (A) CaV1.2 (blue). 
Compared to wild type (WT, Top), TSC1cKO dendrites 
(Bottom) have less CaV1.2 as quantified (Right). CaV1.2/Map2: 
(WT = 1.00 ± 0.10, n = 27 neurons; Tsc1 cKO = 0.66 ± 0.09,  
n = 23 neurons; P = 0.0129). (B) α2δ2 (blue) expression is 
greater in WT (Top) than Tsc1 cKO as quantified (Right). α2δ2/
Map2 (control = 1.00 ± 0.10, n = 15 neurons; Tsc1 cKO = 0.52 
± 0.08, n = 12 neurons; P = 0.0017). (C) Representative WT 
(Top) and Tsc1 cKO (Bottom) neurons express α2δ1 (blue) in 
dendrites. α2δ1/Map2 (WT = 1.00 ± 0.12, n = 30 neurons; 
Tsc1 cKO = 1.69 ± 0.21, n = 34 neurons; P < 0.0085). (D) (Left) 
Average traces of calcium fluorescence before (baseline; 0 to 
60 s) and after (520 to 580 s) the addition of vehicle or BayK 
at ~90 s. With BayK, dendritic calcium fluorescence increases 
in WT (black) but not in Tsc1 cKO (red). (Right) Quantification 
of change in fluorescence (ΔF) normalized to baseline (F). 
Two-way ANOVA revealed a significant main effect of 
treatment (F1,76 = 8.15, P = 0.0055), genotype (F1,76 = 9.64, P 
= 0.0027), and a significant genotype × treatment interaction 
(F1,76 = 6.591, P = 0.0122). WT-Vehicle (gray, −0.96 ± 1.12, n = 
20 dendrites, 15 neurons) vs. WT-BayK (black, 27.92 ± 6.39, 
n = 14 dendrites, 11 neurons) Tsc1cKO-Vehicle (pink, −3.82 
± 2.98, n = 28 dendrites, 20 neurons) vs. Tsc1cKO-BayK (red, 
−2.29 ± 2.44, n = 18 dendrites, 14 neurons). Statistical tests: 
A through C by t test; D by two-way ANOVA, Tukey post hoc 
test. Bar values represent mean ± SEM. *P < 0.05, ***P < 
0.001, ****P < 0.0001.
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Fig. 5. The APP/PS1 preclinical model of AD exhibits aberrant DJ-1 expression and CaV1.2 and a2d2 de novo translation. (A) In hippocampal neuronal cultures, 
expression of DJ-1 (blue) in dendrites (Map2, red), yellow arrows indicate puncta, is low in WT (Top) compared to APP/PS1 (Bottom) as quantified (Right). 
Quantification: WT = 1.00 ± 0.088, n = 133 dendrites, 48 neurons; APP/PS1 = 1.89 ± 0.10, n = 143 dendrites, 50 neurons, ****P < 0.0001. (B) (Top). qRT-PCR 
from DJ-1-RIP from APP/PS1 and WT animals, showing Cacna1c and Cacna2d2 bind to DJ-1. Cacna1c: WT = 0.06 ± 0.01, APP/PS1 = 0.87 ± 0.2, P = 0.01. Cacna2d2:  
WT = 0.02 ± 0.01, APP/PS1 = 0.89 ± 0.3, P = 0.03. Cacna2d1: WT = 0.26 ± 0.1, APP/PS1 = 0.27 ± 0.07, P = 0.99. Akt1: WT = 0.01 ± 0.01, APP/PS1 = 0.61 ± 0.05, P = 
0.0004. Gapdh: WT = 0.11 ± 0.06, APP/PS1 = 0.15 ± 0.08, P = 0.71. (Bottom) qRT-PCR of 5% of the input from APP/PS1 or WT. Cacna1c: WT = 1 ± 0.06, APP/PS1 = 
0.91 ± 0.14, P = 0.61. Cacna2d2: WT = 1 ± 0.08, APP/PS1 = 0.57 ± 0.10, P = 0.0042. Cacna2d1: WT = 1 ± 0.04, APP/PS1 = 1.3 ± 0.22, P = 0.23. Akt1: WT = 1 ± 0.04, APP/
PS1 = 1.2 ± 0.11, P = 0.14. Gapdh: WT = 1 ± 0.05, APP/PS1 = 1.28 ± 0.03, P = 0.0001. n = 3 technical replicates, 3 independent mice. t test, two-tailed. (C) De novo 
protein synthesis, SUnSET-PLA (green) in dendrites (MAP2, red). (Left) CaV1.2 is basally translated in WT but is repressed in APP/PS1 as quantified in rightmost 
panel. Quantification (Bottom): WT = 1.00 ± 0.09, n = 110 total ROIs, 15 to 21 ROIs/slice, 3 slices/animal, 3 animals; APP/PS1 = 0.01 ± 0.003, n = 114 total ROIs, 
15 to 21 ROIs/slice, 3 slices/animal, 3 animal. (Middle) Basal translation of α2δ2 is robust in WT but is attenuated in APP/PS1 as quantified in rightmost panel. 
Quantification (Bottom): WT = 1.00 ± 0.13, n = 100 total ROIs, 15 to 21 ROIs/slice, 3 slices/animal, 3 animals; APP/PS1 = 0.03 ± 0.005, n = 100 total ROIs, 15 to 21 
ROIs/slice, 3 slices/animal, 3 animals. (Right) New synthesis of α2δ1 protein in WT is lower than APP/PS1 as quantified in rightmost panel. Quantification (Bottom): 
WT = 1.00 ± 0.14, n = 104 total ROIs, 15 to 21 ROIs/slice, 3 slices/animal, 3 animals; APP/PS1 = 2.00 ± 0.14, n = 112 total ROIs, 15 to 21 ROIs/slice, 3 slices/animal, 
3 animals. For representative images, CaV1.2, α2δ2, and α2δ1 puncta were dilated once using ImageJ. Statistical tests: A and C by Student’s t test. Bar values 
represent mean ± SEM. ****P < 0.0001.D
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significant from zero (Fig. 5 B, Top and SI Appendix, Fig. S11). 
While the input mRNAs were more variable in the APP/PS1 lysates, 
there was no correlation between how much the transcript was 
bound to DJ-1 (Fig. 5 B, Bottom).

Reduced De Novo Protein Synthesis of CaV1.2 and α2δ2 in the 
Hippocampus of APP/PS1 Mice. To determine whether de novo 
protein synthesis of CaV1.2 and α2δ2 is affected in APP/PS1, 
we repeated the SUnSET-PLA experiment in hippocampal slices 
from these mice. We observed the same reduction in new protein 
synthesis of CaV1.2 and α2δ2 as indicated by the reduced number 
of puncta in dendritic fields of CA1 relative to WT (Fig. 5C) and 
similar to Tsc1 cKO mice (Fig. 2). Again, we saw a marked increase 
in α2δ1 (Fig. 5C). Collectively our data strongly argue that DJ-1 
selectively represses CaV1.2 and α2δ2 mRNA translation in two 
different mTORC1-related diseases.

Aberrant α2δ2 and CaV1.2 Expression and L-type VGCC Activity 
in APP/PS1. Consistent with the changes in new protein synthesis, 
we verified that the total dendritic protein for CaV1.2 and α2δ2 
are reduced (Fig. 6 A and B), while α2δ1 is increased in APP/
PS1 relative to WT (Fig. 6C). In light of these data, we predict 
that there will be a parallel decrease in L-type VGCC activity 
in dendrites of APP/PS1 hippocampal neurons, similar to Tsc1 

cKO dendrites. Indeed, live calcium imaging showed that BayK 
activation of the L-VGCCs is absent in APP/PS1 dendrites, while 
there was a significant increase in L-type-mediated Ca2+ signal in 
neurons isolated from WT littermates (Fig. 6D). Evidently, DJ-1 
and CaV1.2/α2δ2 pathway is conserved between AD and TSC.

AD Patients Have Increased mTORC1 and DJ-1 Expression at Their 
Synapses, with Reduced CaV1.2 and α2δ2. As preclinical models 
of TSC and AD show the same abnormal DJ-1/CaV1.2/α2δ2 
signaling, we sought whether this signaling pathway is similarly 
disrupted in AD patients. Subject gender, age, beta-amyloid load, 
Braak score, and dementia status are reported in SI  Appendix, 
Fig.  S12. In synaptoneurosomes (pre- and postsynaptic nerve 
endings) isolated from human prefrontal cortices (PFC), we first 
measured mTORC1 activity in control and AD-diagnosed tissue. 
Western blot analyses of phospho-S6 are significantly elevated 
by ~94% in AD samples, consistent with previous reports that 
mTORC1 is hyperactive in AD (Fig. 7A) (40–42). We assessed 
DJ-1 expression and observed ~56% more in AD compared to age-
matched donors (Fig. 7B). Because DJ-1 interacts with Cacna1c 
and Cacna2d2 mRNAs (Figs.  1 C and E and 5B) and abates 
dendritic CaV1.2 and α2δ2 levels (Fig. 3B), we measured CaV1.2 
and α2δ2 in human PFC synaptoneurosomes. Recapitulating 
the observations in AD and TSC mouse models, the human AD 

Fig. 6. APP/PS1 neurons express reduced levels of calcium 
channel-associated proteins and L-type VGCC function. (A–C) 
Map2 staining (red) marks dendrites. (A) CaV1.2 proteins 
(blue) in dendrites, wild type (WT, Top), APP/PS1 dendrites 
(Bottom) have less CaV1.2. (Right) Quantification of CaV1.2/
Map2: WT = 1.00 ± 0.06, n = 114 dendrites, 39 neurons; 
APP/PS1 = 0.45 ± 0.05, n = 108 dendrites, 38 neurons.  
(B) α2δ2 (blue) expression is greater in WT (Top) than APP/PS1 
(Bottom). (Right) Quantification of α2δ2/Map2: WT = 1.00 ± 
0.10, n = 104 dendrites, 38 neurons; APP/PS1 = 0.79 ± 0.08, n 
= 98 dendrites, 39 neurons. (C) Representative WT (Top) and 
APP/PS1 (Bottom) neurons express α2δ1 (blue) in dendrites. 
APP/PS1 dendrites express more α2δ1. (Right) Quantification 
of α2δ1/Map2 WT = 1.00 ± 0.11, n = 91 dendrites, 35 neurons; 
APP/PS1 = 1.30 ± 0.10, n = 85 dendrites, 32 neurons.  
(D) L-VGCC function as measured by BayK-induced calcium 
fluorescence is absent in APP/PS1. (Left) Average traces of 
calcium fluorescence before (baseline; 0 to 60 s) and after 
(520 to 580 s) the addition of vehicle or BayK at ~90 s. In 
BayK, dendritic calcium fluorescence increases in WT (black) 
but not in APP/PS1 (red). (Right) Quantification of change 
in fluorescence (ΔF) normalized to baseline (F). ΔF/F was 
determined by normalizing ΔF of each condition/genotype 
to its respective baseline fluorescence (F). Two-way ANOVA 
revealed a significant main effect of treatment (F1,60 = 9.962, 
P = 0.0025) but not genotype (F1,60 = 3.512, P = 0.0658). There 
was a significant genotype × treatment interaction (F1,60 = 
16.72, P = 0.0001). Tukey’s multiple comparisons post hoc 
test revealed a significant difference between WT-Vehicle 
(gray, −9.86 ± 3.57, n = 14 dendrites, 11 neurons) vs. WT-
BayK (black, 26.90 ± 7.27, n = 16 dendrites, 12 neurons), 
but no significant difference between APP/PS1-Vehicle 
(pink, 1.3810 ± 3.87, n = 19 dendrites, 15 neurons) vs. APP/
PS1-BayK (red, −4.51 ± 4.51, n = 15 dendrites, 12 neurons). 
There is a significant difference between WT-BayK vs. APP/
PS1-BayK. Statistical tests: A through C by Student’s t test; 
D by two-way ANOVA. Bar values represent mean ± SEM.  
*P < 0.05, ***P < 0.001, ****P < 0.0001.D
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samples express ~57% less CaV1.2 (Fig. 7C) and ~54% less α2δ2 
(Fig. 7D) relative to control. To demonstrate equal enrichment of 
synaptic proteins between samples, we measured two additional 
markers, TTBK1 and PSD-95, with no change between control 
and AD (SI Appendix, Fig. S13). Altogether, these data suggest 
that TSC and AD share dysregulated L-VGCC-associated protein 
expression.

Discussion

Using an unbiased bioinformatics approach to identify new TSC- 
and AD-related proteins, we found that the RBP DJ-1, which is 
elevated in overactive mTOR, preferentially targets Ca2+ channel 
mRNAs. This approach uncovered a unique L-VGCC pathology 
shared between TSC and AD. L-VGCC has been suggested to be 
a homeostat for multiple pathways (36, 37). Our data expand the 
role of L-VGCC as a central homeostat for mTORopathies. The 
animal models of TSC and AD that we use here express elevated 
DJ-1, low CaV1.2, and α2δ2 and repressed L-VGCC activity in 
dendrites. Interestingly, previous studies have suggested that 
L-VGCC activity increases in the cell bodies of aged rodents and 
preclinical models of TSC2, affecting action potential firing (43, 44). 

The data presented herein demonstrate a signaling pathway that 
effects the dendritic protein expression.

At the cellular level, dendritic L-VGCC activity triggers a 
cascade of signaling pathways that mediate gene expression and 
local protein synthesis (45, 46). Our original question sought 
to find mTORC1-regulated RBPs that repress mRNA translation 
as a mechanism for deficits in protein synthesis in overactive 
mTOR-related diseases. Surprisingly, we identified a potential, 
additional mechanism that may account for deficits in protein 
synthesis through reduced dendritic L-VGCC activity.

Interestingly, dendrites isolated from mouse models of TSC 
and AD show a marked decrease in L-VGCC activity in dendrites 
with only moderate reduction in total protein levels of CaV1.2 
and α2δ2. Since TSC and AD are disorders of dysregulated protein 
synthesis, it would be expected that other proteins that influence 
L-VGCC activity have dysregulated protein expression. Potential 
examples are Ras-related small G-proteins that inhibit L-VGCC 
plasma membrane expression and activity as well as other dendritic 
proteins (45–50). While our study focuses on translational regu-
lation, future studies that include methods that detect protein–
protein interactions may yield further insight into L-VGCC 
function in TSC and AD.

The large increase in expression of α2δ1 suggests that α2δ1 
should be involved in an upregulation of CaV1.2 and other 
calcium channels (51). It is unclear why this is not observed 
here. In addition, α2δ subunits have been implicated in synap-
togenesis (31, 52, 53). Future questions exploring the expression 
of other CaV subunit function and their interaction with α2δ1 
are needed to better understand how dendritic calcium channels 
and/or synaptogenesis contribute to the pathological states of 
TSC and AD.

α2δ2 is an auxiliary calcium channel subunit that has been best 
characterized in the cerebellum (16, 35, 54–57). Interestingly, 
knocking out tsc1 in cerebellar Purkinje cells results in reduced 
excitability and impaired firing rates (58, 59). Thus, determining 
whether DJ-1/CaV1.2/α2δ2 signaling is also disrupted in the cer-
ebellum of mouse models of TSC and AD and whether this path-
way contributes to the observed changes in firing rates in Purkinje 
cells is warranted in follow up studies.

It has not escaped our attention that L-VGCC blockers are 
being considered as potential drug therapies (60–62). Our data, 
however, suggests that blocking L-VGCC may not be suitable for 
TSC, AD, and perhaps for other mTORopathies, since L-VGCC 
function in these neurological disorders is already absent or low 
at best in dendrites. Moreover, these data collectively may explain 
why L-VGCC blockade can facilitate subtle, nonconvulsive epi-
lepsy, paralleling what is observed in TSC and dementia patients 
(63–66). In summary, our work identifies the DJ-1/α2δ2/L-VGCC 
pathway in AD and TSC, providing new druggable targets for the 
treatment of these disorders.

Methods

All methods are explained in detail in SI Appendix, Supplemental Methods.

Mice. Experiments follow the NIH’s Guide for the Care and Use of Laboratory 
Animals and have been approved and supervised by the Wake Forest Institutional 
Animal Care and Use Committee.

Stereotaxic Injections. For DJ-1 overexpression, 3 to 4-mo-old WT male mice 
were used. Coordinates and detailed methods are outlined in SI Appendix, Fig. S3 
and Supplemental Methods.

Surface Sensing of Translation–Proximity Ligation Assay. SUnSET was per-
formed by combining the methods described by refs. 67 and 68.

A B

C D

Fig. 7. Synapses isolated from prefrontal cortex of AD individuals express 
upregulation of mTORC1 signaling and DJ-1 levels, and downregulation of 
CaV1.2 and α2δ2 levels. (A) Western blot of phosphorylated S6 ribosomal 
protein (Ser240/244) (control = 1.00 ± 0.07, n = 3; AD = 1.94 ± 0.34, n = 3) (B) 
DJ-1 protein (control = 1.00 ± 0.15, n = 5; AD = 1.56 ± 0.18, n = 5;). (C) AD patient 
synapses have decreased CaV1.2 (control = 1.00 ± 0.20, n = 5; AD = 0.42 ± 0.21, 
n = 5) and (D) decreased α2δ2 levels (control = 1.00 ± 0.15, n = 4; AD = 0.45 ± 
0.20, n = 3). Statistical tests: Student’s t test. Bar values represent mean ± SEM. 
*P < 0.05. For pathological details, see SI Appendix, Fig. S6.
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Calcium Imaging. Dissociated hippocampal neurons at DIV 14–21 were used 
for live calcium imaging. Prior to imaging, cells were incubated in ACSF with 
Oregon Green 488 BAPTA-1 AM (OGB, 200 μM; 30 min; 37 °C; ThermoFisher) 
as described by Workman et  al. (69) with detailed methods outlined in the 
SI Appendix, Supplemental Methods. The equation, ΔF/F = ((F – F0)/F0) , was 
used to measure the change in signal, and data were plotted as a percentage 
of the baseline (69).

Subjects and Tissues. Postmortem human prefrontal cortex (PFC) tissue 
samples were acquired from the University of Washington (UW) BioRepository 
and Integrated Neuropathology (BRaIN) laboratory and UW ADRC Precision 
Neuropathology Core in accordance with the UW and Wake Forest University 
School of Medicine Institutional Review Boards. The donor characteristics are 
shown in SI Appendix, Fig. S12. Mean age of death is 86.9 y, and the postmortem 
interval (PMI) ranged between 2 and 5 h with an average of 4.03 h.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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