
Expanded View Figures

Figure EV1. Effects of Sun deletion on Nesprin expression on the NE.

(A–E) Control, Sun1 knockout (KO), and Sun2 KO cortical neurons at 21 DIV. (F, G) Signal intensity of Nesprin-1 (F) and Nesprin-2 (G) on the NE was quantified. The data
represent the mean ± SEM. n= 30 cells from three independent experiments (Control, Sun1 KO, and Sun2 KO) (F, G). ****P < 0.0001; ns, not significant, P= 0.0822 (1),
0.6530 (2) (ordinary one-way ANOVA Dunnett’s multiple comparison test). Scale bars: 10 μm. Source data are available online for this figure.
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Figure EV2. Analysis of LINC complex expression in AAV-administered mice.

(A) Schematic of the AAV experiment to investigate the effects of Sun1 introduction and AIS disruption in aged neurons. 12-month-old mice were infected with AAV-
Venus (20M Control), AAV-Sun1 (20M + Sun1), AAV-AnkG KO (20M + AnkG KO), or AAV-Sun1 plus AAV-AnkG KO (20M + Sun1 + AnkG KO), and analyzed at
20 months of age. (B, C) Analysis of Sun1 expression. Representative images are shown for layer V pyramidal neurons in the prefrontal cortex from 3- and 20-month-old
mice in no virus (3M NV or 20M NV) and AAV-Sun1 (20M + Sun1) groups (B). Signal intensity of Sun1 on the NE was quantified (C). The data represent the mean ± SEM.
n= 37 (3M NV), n= 32 (20M NV), and n= 31 cells (20M + Sun1) from three brains. ****P < 0.0001; ns, not significant, P= 0.0708 (ordinary one-way ANOVA
Dunnett’s multiple comparison test). (D–G) Analysis of Nesprin expression in young and aged neurons. Brain sections from 3- or 20-month-old mice in no virus (3M NV or
20M NV), AAV-Venus (20M Control), and AAV-Sun1 (20M + Sun1) groups were co-immunostained with antibodies against Nesprin-1 (D) or Nesprin-2 (F), along with
HA (for Sun1). Representative images are shown for layer V pyramidal neurons in the prefrontal cortex. Signal intensity of Nesprin-1 (E) and Nesprin-2 (G) on the NE were
quantified. The data represent the mean ± SEM. n= 33 (3M NV), n= 29 (20M NV), n= 30 (20M Control), and n= 30 (20M + Sun1) for Nesprin-1 (E); n= 30 (3M NV),
n= 29 (20M NV), n= 27 (20M Control), and n= 31 cells (20M + Sun1) for Nesprin-2 (G) from three brains. ****P < 0.0001; ns, not significant, P= 0.9797 (1), 0.9920
(2) (ordinary one-way ANOVA Dunnett’s multiple comparison test). (H) Localization of exogenous Sun1 in layer V pyramidal neurons in the prefrontal cortex of 20M
+Sun1 mice. Note that HA-tagged Sun1 localizes at the NE and GM130-labeled Golgi apparatus (arrowheads) in neurons. (I, J) Quantification of the percentage of cells
containing five or more Golgi-localized aggregates (> 0.5 μm) of Nesprin-1 (I) and Nesprin-2 (J) in the experiments shown in (D, F). The data represent the mean ± SEM.
n= 3 brains, 6–13 cells per brain (I, J). *P= 0.0347; ***P < 0.0005; ns, not significant, P= 0.9919 (1), 0.9658 (2), 0.8204 (3), 0.5478 (4) (ordinary one-way ANOVA
Dunnett’s multiple comparison test). Scale bars: 10 μm. Source data are available online for this figure.
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Figure EV3. Analysis of genome-wide chromatin structure in young and aged neurons.

(A) Schematics of the AAV experiment for genome analyses. 1- or 12-month-old mice were infected with AAV-eGFP-Cre to label the neuronal nuclei, and analyzed at 3 or
20 months of age, respectively (3M or 20M). In a separate group, 12-month-old mice were co-infected with AAV-Sun1 and AAV-eGFP-Cre, and analyzed at 20 months of
age (20M + Sun1). (B) Contact map across the whole genome in AAV-eGFP-Cre alone (3M or 20M) and AAV-eGFP-Cre + AAV-Sun1 (20M + Sun1) groups.
(C) Distance-dependent contact frequency profiles on chromosomes 1–3. The boxed regions are magnified in the inset. d(contacts)/d(distance) represents the derivative
of the contact number according to distance. (D) Percentage of age-related A/B compartment shift for the GO term “Axon initial segment.” Note that 58.1% of the genes
undergo A/B shifts with aging (indicated in orange and green in the left pie chart), whereas 55.6% of these shifts are inhibited by Sun1 (indicated in orange in the right bar
graph). (E, F) A/B compartment analysis of the Scn2a (E) and Kcna2 (F) loci. Source data are available online for this figure.
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Figure EV4. Analysis of gene expression in young and aged neurons.

(A, B) GO analysis for AAV-eGFP-Cre alone (3M or 20M) and AAV-eGFP-Cre + AAV-Sun1 (20M + Sun1) groups. The three GO terms highlighted in red showed
significant expression changes in both 3M vs 20M (A) and 20M vs 20M + Sun1 (B). P values were derived from hypergeometric tests and adjusted using the
Benjamini–Hochberg method. (C) Heatmap of clustered DEGs associated with GO terms highlighted in red in (A, B). The line above the heatmap indicates the
classification of expression similarity of the 3M and 20M + Sun1 groups relative to the 20M group. Each group consists of three mice. DEGs were defined as those with
|log2(fold_change)| >1, P < 0.001. FPKM values were subjected to gene-wise z-score normalization before generating the heatmap. Source data are available online for this
figure.
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Figure EV5. Effects of LINC complex inhibition on the AIS in vitro.

(A, B) Quantification of AIS length and position, measured as the distance from the soma, in control and LINC-DN-expressing hippocampal neurons at 21 DIV (A) and
Purkinje cells at 7 DIV (B). The data represent the mean ± SEM. n= 50 (Control and LINC-DN) (A); n= 47 (Control) and n= 55 cells (LINC-DN) (B) from three
independent experiments. ***P < 0.0005; ****P < 0.0001 (unpaired two-tailed Welch’s t test for the left graphs in (A, B)). ns, not significant, P= 0.2424 (1), 0.4637 (2)
(unpaired two-tailed Mann–Whitney test for the right graphs in (A, B)). (C–E) Effects of Nesp2-KASH expression on the AIS. Representative images of control and Nesp2-
KASH-expressing cortical neurons at 21 DIV are shown (C). The AIS is indicated by the two arrowheads, and its length (D) and position (E) were quantified. The data
represent the mean ± SEM. n= 30 cells from three independent experiments (Control and Nesp2-KASH) (D, E). **P= 0.0089 (unpaired two-tailed Welch’s t test for (D)).
ns, not significant, P > 0.9999 (unpaired two-tailed Mann–Whitney test for (E)). (F, G) Effects of Sun deletions on the AIS. Representative images of control, Sun1 knockout
(KO), and Sun2 KO cortical neurons at 21 DIV are shown (F). Nme2Cas9 (HA-tagged) was detected by immunostaining with an anti-HA antibody. The AIS is indicated by
the two arrowheads, and its length was quantified (G). The data represent the mean ± SEM. n= 30 cells from three independent experiments (Control, Sun1 KO, and Sun2
KO). ****P < 0.0001; ns, not significant, P= 0.9995 (ordinary one-way ANOVA Dunnett’s multiple comparison test). (H, I) Analysis of cytoskeletal interactions essential
for LINC complex-mediated regulation of the AIS. Mini N2G SR52-56, mini N2G SR55-56, or N2G SR52-56 (see schematic shown in Fig. 2C) were expressed in cortical
neurons with or without LINC-DN and analyzed at 21 DIV for AIS structure (H). The AIS is indicated by the two arrowheads, and its length was quantified (I). The data
represent the mean ± SEM. n= 50 cells from three independent experiments (all groups). ****P < 0.0001; ns, not significant, P= 0.9831 (1), 0.9973 (2) (ordinary one-way
ANOVA Dunnett’s multiple comparison test). (J–M) Effects of LINC complex inhibition on AIS structure in mature neurons. Cortical neurons were induced to express
LINC-DN by the addition of 4-OHT at 14 DIV and cultured for an additional 7 or 14 days (J). Representative images of neurons at 28 DIV are shown (K). The AIS is
indicated by the two arrowheads, and its length (L) and position (M) were quantified. C, Control; DN, LINC-DN. The data represent the mean ± SEM. n= 51 (C, 21 DIV),
n= 50 (DN, 21 DIV), n= 50 (C, 28 DIV), and n= 50 cells (DN, 28 DIV) (L, M) from three independent experiments. ****P < 0.0001; ns, not significant, P= 0.4454 (1),
0.1778 (2), 0.3621 (3) (unpaired two-tailed Welch’s t test for (L)). ns, not significant (unpaired two-tailed Mann–Whitney test for (M)). (N–Q) Effects of LINC complex
inhibition on the structural plasticity of the AIS in mature neurons. Cortical neurons were induced to express LINC-DN by the addition of 4-OHT at 14 DIV and cultured for
an additional 7 days, followed by treatment with 10 mM NaCl or 10 mM KCl for 48 h (N, O). The AIS is indicated by the two arrowheads, and its length (P) and position (Q)
were quantified. NT no treatment. The data represent the mean ± SEM. n= 51 (NT, NaCl), n= 52 (NT, KCl), n= 50 (4-OHT, NaCl), and n= 50 cells (4-OHT, KCl) (P, Q)
from three independent experiments. ****P < 0.0001; ns, not significant, P= 0.3741 (1), 0.8195 (2), 0.4115 (3) (unpaired two-tailed Welch’s t test for (P)). ns, not
significant (unpaired two-tailed Mann–Whitney test for (Q)). Scale bars: 10 μm. Source data are available online for this figure.
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Figure EV6. Effects of LINC complex inhibition on the AIS in vivo.

(A–G) Effects of embryonic LINC-DN expression on the AIS. LINC-DN was expressed in neurons using in utero electroporation (A). Representative images are shown for
layer II/III pyramidal neurons in the somatosensory cortex (B) and Purkinje cells in the cerebellum (E). The AIS is indicated by the two arrowheads. AIS length (C, F) and
position (D, G), measured as the distance from the soma, were quantified. The data represent the mean ± SEM. n= 72 (Control) and n= 39 cells (LINC-DN) (C, D) from
four brains; n= 37 (Control) and n= 42 cells (LINC-DN) (F, G) from six brains. *P= 0.0472; ****P < 0.0001 (unpaired two-tailed Welch’s t test for (C, F)). ns, not
significant, P= 0.4226 (1), 0.1258 (2) (unpaired two-tailed Mann–Whitney test for (D, G)). (H–M) Effects of postnatal LINC-DN expression on the AIS. LINC-DN was
expressed in neurons of 1.5-month-old mice via AAV delivery. Representative images are shown for layer II/III pyramidal neurons in the somatosensory cortex (SSC) (H),
layer V pyramidal neurons in the motor cortex (MC) (J), and CA3 neurons in the hippocampus (HP) (L) from 3-month-old mice in no virus (3M NV), AAV-Venus alone
(3M Control), and AAV-Venus + AAV-LINC-DN (3M LINC-DN) groups. The AIS is indicated by the two arrowheads, and its length was quantified (I, K, M). The data
represent the mean ± SEM. n= 55 (3M NV), n= 53 (3M Control), and n= 47 (3M LINC-DN) (I); n= 51 (3M NV), n= 50 (3M Control), and n= 51 (3M LINC-DN) (K);
n= 51 (3M NV), n= 50 (3M Control), and n= 51 cells (3M LINC-DN) (M) from three brains. ****P < 0.0001; ns, not significant, P= 0.3183 (1), 0.8891 (2), 0.8679 (3)
(ordinary one-way ANOVA Tukey’s multiple comparison test). Scale bars: 10 μm. Source data are available online for this figure.
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Figure EV7. Analysis of AIS length, neuronal excitability, and brain function in aged mice.

(A–D) Analysis of Ankyrin-G deletion in neurons in vitro. Control and Ankyrin-G knockout (AnkG KO) cortical neurons at 21 DIV (A, C). The AIS is indicated by the two
arrowheads. Ankyrin-G-positive cells (B) and cells exhibiting AIS-localized pan-Nav signal (D) were quantified. The data represent the mean ± SEM. n= 3 independent
experiments, eight–fifteen cells per experiment (B, D). **P= 0.0011; ***P < 0.001 (unpaired two-tailed Welch’s t test). (E) Analysis of Ankyrin-G deletion in neurons in vivo.
Representative image of layer V pyramidal neurons in the prefrontal cortex of 20-month-old mice administered AAV-AnkG KO (20M + AnkG KO). The arrowhead and
arrow indicate Nme2Cas9-positive and -negative neurons, respectively. Note that the Ankyrin-G signal is specifically lost in Nme2Cas9-positive neurons. The efficiency of
Ankyrin-G deletion is 81.6% ± 0.2 (n= 3) and 82.0% ± 1.1 (n= 3) in the prefrontal and somatosensory cortices, respectively. (F) Schematic of the AAV experiment to
investigate the effects of Sun1 introduction in aged neurons. 20-month-old mice were infected with AAV-Venus (23M Control) or AAV-Sun1 (23M + Sun1), and analyzed
at 23 months of age. (G, H) Analysis of AIS structure in 3- or 23-month-old mice in no virus (3M NV or 23M NV), AAV-Venus (23M Control), and AAV-Sun1 (23M +
Sun1) groups. Brain sections from the indicated groups were co-immunostained with antibodies against Ankyrin-G and HA (for Sun1). Representative images are shown for
layer V pyramidal neurons in the prefrontal cortex (G). The AIS is indicated by the two arrowheads, and its length was quantified (H). The data represent the mean ± SEM.
n= 60 (3M NV), n= 60 (23M NV), n= 58 (23M Control), and n= 60 cells (23M + Sun1) from three brains. ****P < 0.0001; ns, not significant, P= 0.9996 (ordinary
one-way ANOVA Dunnett’s multiple comparison test). (I–L) Representative recordings in layer V pyramidal neurons in the prefrontal cortex of 3- or 23-month-old mice
from the same groups as shown in (G, H): responses to a 20-ms current injection (I) and spiking activity during 500-ms current injections at 100, 200, and 300 pA (K).
Current threshold (J) and firing frequency (L) were quantified. The data represent the mean ± SEM. For current threshold (J): n= 13 (3M NV), n= 13 (23M NV), n= 11
(23M Control), and n= 11 cells (23M + Sun1) from 6 to 11 brains. ***P < 0.001; ****P < 0.0001; ns, not significant, P= 0.8224 (ordinary one-way ANOVA Dunnett’s
multiple comparison test). For firing frequency (L): n= 17 (3M NV), n= 13 (23M NV), n= 11 (23M Control), and n= 11 cells (23M + Sun1) from 6 to 11 brains.
*P= 0.0167; **P= 0.0012 (1), 0.0063 (2); ***P < 0.001; ****P < 0.0001 (two-way ANOVA Dunnett’s multiple comparison test vs 23M NV). (M, N) Behavioral analyses.
The elevated plus maze test was performed on 3- or 20-month-old mice in no virus (3M NV), AAV-Venus (20M Control), and AAV-Sun1 (20M + Sun1) groups (M).
Novel object recognition test was performed on 3- or 23-month-old mice in no virus (3M NV), AAV-Venus (23M Control), and AAV-Sun1 (23M + Sun1) groups (N). The
data represent the mean ± SEM. n= 9 (3M NV), n= 6 (20M Control), and n= 9 (20M + Sun1) (M); n= 14 (3M NV), n= 9 (23M Control), and n= 12 mice (23M +
Sun1) (N). *P= 0.0308; **P= 0.0056; ns, not significant, P= 0.2995 (1), 0.9890 (2) (ordinary one-way ANOVA Dunnett’s multiple comparison test). Scale bars: 10 μm.
Source data are available online for this figure.
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