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Antibodies and Chemicals. The following antibodies were used at
the indicated dilutions: mouse anti–PSD-95 (1:500–1:2,000,
MA1-046; Thermo Fisher Scientific), mouse anti-synaptophysin
(1:3,000, MAB5258, EMD Millipore), mouse anti-GluA2
(1:1,000, MAB397; EMD Millipore), mouse anti-FLAG
(1:5,000, F1804; Sigma-Aldrich), anti–β-actin (1:5,000, A3853;
Sigma-Aldrich), mouse anti-Cdk5 (1:5,000, DC-17; Santa Cruz
Biotechnology), mouse anti-Arc (1:500, C-7; Santa Cruz Bio-
technology), rabbit anti-HA (1:2,000, Y-11; Santa Cruz Bio-
technology), mouse anti-HA (1:1,000, 326700; Invitrogen), mouse
anti-GFP (1:1,000, A-11120; Invitrogen), rabbit anti–phospho-
DCX (p-DCX, Ser297, 1:1,000, 4605; Cell Signaling Technol-
ogy), and rabbit anti-p35 (1:1,000, C64B10; Cell Signaling Tech-
nology). The antibody against phospho-WAVE1 (Ser310, 1:2,000)
was a gift from P. Greengard, The Rockefeller University.
The chemicals used in this study included roscovitine (Ros;

Calbiochem), bicuculline (bic; Sigma-Aldrich), KCl (Sigma-
Aldrich), NaCl (USB; GE Healthcare), and glutamate (Sigma-
Aldrich). All chemicals were of analytical grade and used as
received without any further purification.

Site-Directed Mutagenesis.The site-directed mutagenesis of liprinα1
was performed with oligonucleotide primers designed to substitute
the threonine residue with alanine (TA) or glutamic acid (TE)
using the QuikChange Site-Directed Mutagenesis Kit (Stratagene)
as described previously (57).

Cell Cultures, Transfection, and Protein Extraction.HEK293T cells were
transfected using Lipofectamine with Plus Reagent (Invitrogen)
according to the manufacturer’s instructions. The cells were har-
vested at 24 h after transfection for protein extraction, Western blot
analysis, and coimmunoprecipitation analysis. The knockdown ef-
ficiencies of liprinα1 shRNAs were evaluated in cultured neurons as
described previously (58). The cortical or hippocampal neurons at
14–16 DIV were subjected to various chemical treatments. The
neurons were lysed in RIPA buffer containing protease and phos-
phatase inhibitors as described previously (30).

Immunoprecipitation and Western Blot Analysis. The synaptosome and
PSD fractions were prepared as described previously (30, 59, 60). In
brief, the brain homogenate was centrifuged at 1,000 × g at 4 °C for
5 min, and the supernatant was centrifuged at 10,000 × g at 4 °C for
15 min to yield the synaptosomal fraction. Following suspension in
4 mM Hepes buffer, the supernatant was centrifuged at 25,000 × g
for 20 min. The pellet was resuspended in a sucrose discontinuous
gradient and centrifuged at 150,000 × g for 2 h. The membrane
floating between the sucrose gradient was harvested, diluted in

Hepes buffer, and centrifuged at 150,000 × g for another 30 min to
generate the SPM fraction. The SPM was resuspended in Hepes
buffer and lysed with 0.5% Triton X-100 for 15 min, after which the
mixture was centrifuged at 32,000 × g for 20 min to generate the
PSD pellet. For coimmunoprecipitation, the neurons were lysed in
buffer A (20 mM Tris pH 7.6, 50 mM NaCl, 1 mM EDTA, 1 mM
NaF, and 0.5% Nonidet P-40) with protease and phosphatase in-
hibitors. The mouse brains were homogenized in PBS plus protease
and phosphatase inhibitors. The protein lysate was incubated with
the corresponding antibody (1:1,000) overnight at 4 °C and sub-
sequently with 50 μL protein G-Sepharose for 1 h at 4 °C. The
samples were washed with buffer A and resolved in SDS sample
buffer. The coimmunoprecipitated proteins were examined by
Western blot analysis as described previously (30).

Image Analysis and Quantification. To analyze spine morphology, we
analyzed the following parameters of three representative dendrite
segments from each neuron: spine head width, neck width, and
spine length. We defined the protrusions with a head width/neck
width ratio >1.5 as mature dendritic spines. Three dendrites were
selected for each neuron, and the dendrite morphology was ana-
lyzed in two ways: by quantifying the number of dendrites using
ImageJ software with the NeuronJ plugin and by measuring the
number of dendritic intersections by Sholl analysis with the Sholl
analysis plugin as described previously (19, 49). The ratio of sur-
face HA signal was quantified as described previously (54). In
brief, after setting the threshold with respect to the background of
all images in each experiment, the total intensities of the surface
and intracellular HA signals were quantified; the ratio of the
surface HA signal was obtained by dividing the intensity of the
surface HA signal by the total HA signal.
To measure and quantify the changes in liprinα1 distribution with

respect to PSD-95 or synaptophysin in synapses of STORM images,
1.2 × 1.2-μm (i.e., 400 × 400-pixel) synaptic regions centered on
PSD-95 were cropped out. In each cropped image, the outline of
PSD-95 was determined by thresholding the grayscale STORM
image, designating it “area 1.” “Area 2” was defined as the region
that doubles each dimension of area 1 but excludes area 1 to rep-
resent the peripheral area of PSD-95. The information regarding
the relative distribution of liprinα1 within these two regions was
obtained by summing the localization counts of liprinα1 within area
1 or area 2. The density of liprinα1 localization was obtained by
further dividing the total number of localizations by the corre-
sponding area. Quantitative analysis was performed by constructing
the outline of PSD-95 and measuring the localization points of
liprinα1 in the indicated areas.
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Fig. S1. Cdk5-dependent phosphorylation of liprinα1 is regulated by neuronal activity. (A) Representative images of cultured hippocampal neurons costained
with liprinα1 (green) and PSD-95 (red) at 23 DIV. (Scale bar: Upper, 25 μm; Lower, 10 μm.) (B) Schematic of liprinα1 indicating domains and motifs. The
conserved TP (proline-directed threonine) sites of liprinα1 in human (h) and mouse (m) are highlighted in red (positions 701 and 725, respectively). The
C-terminal PDZ-binding motif is highlighted in green. (C) Phosphorylation of liprinα1 by Cdk5 in HEK293T cells. WT liprinα1 or TA mutant was transfected with
or without Cdk5/p35. (D and E) Roscovitine (Ros; 25 μM) treatment for 1 or 2 h reduced liprinα1 phosphorylation in cultured cortical neurons at 14–16 DIV.
(D) Representative Western blot. (E) Quantification analysis of liprinα1 phosphorylation *P < 0.05, Student’s t test; n = 3 independent experiments. Data are
mean ± SEM. (F) Developmental profile of liprinα1 phosphorylation (p-T701) in the mouse hippocampus at the indicated stages, with actin serving as a loading
control. (G and H) Glutamate (Glu) treatment (50 μM, 10 min) reduced liprinα1 phosphorylation level in cultured cortical neurons at 14–16 DIV. (G) Representative
Western blot. (H) Quantification analysis of liprinα1 phosphorylation. *P < 0.05, Student’s t test; n = 4 independent experiments. Data are mean ± SEM.
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Fig. S2. Liprinα1, but not its phosphorylation status, is required for dendrite maintenance. (A and B) Western blot analysis of liprinα1 expression in cultured
cortical neurons transfected with pSUPER vector as control (Con) and liprinα1 shRNAs. Protein level normalized to actin; **P < 0.01 vs. Con, Student’s t test; n =
3 independent experiments. (C and D) Liprinα1 knockdown resulted in significant dendritic defects, which were partially rescued by an RNAi-resistant human
liprinα1 construct (WT). Cultured hippocampal neurons were transfected with the indicated plasmids at 12 DIV and cultured for 5 d. (C) The dendritic com-
plexity of transfected neurons was analyzed by Sholl analysis. Knockdown of liprinα1 reduced the dendritic intersections 10–120 μm from somas compared with
Con, which was partially rescued by WT. (D) Quantification of dendrites of transfected neurons. ***P < 0.001 vs. Con; ###P < 0.001 vs. shLIP-1, one-way ANOVA
with the Student–Newman–Keuls test; n = 14, 12, and 12 neurons for Con, shLIP-1, and shLIP-1+WT, respectively. (E–G) Liprinα1 expression was significantly
reduced in the hippocampal CA1 region by lentiviral infection. (E) Representative images of mouse hippocampal slices infected by lentivirus containing shLIP-
1 or GFP control (Con). Slices were stained with GFP (green) and DAPI (blue). (Scale bar: 500 μm.) (F) GFP-infected CA1 regions were dissected for Western blot
analysis. (G) Quantification of liprinα1 expression. Normalized to actin; *P < 0.05, Student’s t test; n = 4 mice for each condition. (H and I) The expression levels
of different liprinα1 constructs are comparable. (H) Immunostaining of overexpressed liprinα1 (green) in cultured neurons. (Scale bar: 25 μm.) (I) Western blot
analysis of the overexpression levels of liprinα1 and its mutants in HEK293T cells. (J and K) Overexpression of TA or TE mutants of liprinα1 did not affect
dendritic complexity compared with WT. Cultured hippocampal neurons were transfected with WT, TA, or TE liprinα1 or control pcDNA3 vector (Con) together
with GFP at 12 DIV. Neurons were fixed and imaged at 17 DIV. n = 21, 24, 20, and 24 neurons for Con, WT, TA, and TE, respectively. All data are mean ± SEM.
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Fig. S3. Superresolution imaging showing that reduced liprinα1 phosphorylation increases the colocalization of liprinα1 with PSD-95 at postsynaptic regions.
(A–C) Roscovitine (Ros) treatment increased liprinα1 localization density in the surrounding region of PSD-95 (area 2) but did not change PSD-95 puncta size.
(A) Wide-field images of endogenous liprinα1 (green) and PSD-95 (red) (Upper: magnification, 40×, scale bar: 8 μm; Lower: magnification, 150×) and the
corresponding STORM images (scale bar: 2 μm.) Neurons were treated with DMSO as a control (Con) or with Ros for 2 h and then stained with liprinα1 and PSD-
95. (B and C) Quantification of the number of localization points (NLPs) of liprinα1 per μm2 of area 2 and the size of PSD-95 puncta, respectively. ***P < 0.001,
Student’s t test; n = 53 and 51 synapses for Con and Ros, respectively. Data are mean ± SEM. (D–G) Liprinα1 was more enriched in the PSD-95–positive region
than the synaptophysin (SYN)-positive region. (D and E) Low-magnification images and corresponding STORM images of liprinα1 (green) and SYN (red) (Scale
bars: Left, 2 μm; Right, 200 nm.) (F and G) Quantification analysis of liprinα1 distribution density in PSD-95–positive and SYN-positive regions in area 1 (F) and
area 2 (G). ***P < 0.001, Student’s t test; n = 53 and 52 PSD-95– and SYN-positive regions, respectively. Data are mean ± SEM. (H and I) Quantification analysis
showing that Ros treatment did not alter the density of liprinα1 localization in area 1 (H) or area 2 (I) of SYN. Student’s t test; n = 52 and 34 regions for Con and
Ros treatment, respectively.
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Fig. S4. Liprinα1 siLIP promotes synaptic localization of PSD-95. (A) The amino acid sequence of liprinα1 from 601 to 900, with the sequence of the siLIP
highlighted in red. (B and C) Liprinα1 siLIP inhibited liprinα1 phosphorylation after treatment for 30 min to 4 h. (B) Western blot analysis of phosphorylated
(p-T701) and total liprinα1. Cultured neurons were incubated with siLIP (10 μM) for the indicated period at 14 DIV. (C) Quantification of liprinα1 phosphory-
lation, normalized to liprinα1 protein level. ***P < 0.001, one-way ANOVA with the Student–Newman–Keuls test; n = 3 independent experiments. (D and E)
Liprinα1 siLIP (≤10 μM) did not alter the levels of p-WAVE1 (Ser310) or p-DCX (Ser297). (D) Cultured neurons were incubated with siLIP for 2 h at the indicated
dosages. (E) Cultured neurons were incubated with siLIP (10 μM) for the indicated periods. (F–H) Liprinα1 siLIP treatment increased the density and size of PSD-
95 puncta at synaptic regions. Cultured hippocampal neurons were transfected with GFP at 12 DIV and treated with siLIP (10 μM, 30 min) at 19 DIV.
(F) Representative images of PSD-95 localization along dendrites treated with scr or siLIP. (Scale bar: 10 μm.) (G and H) Quantification analysis of PSD-95 puncta
density and size after treatment with scr (G) and siLIP (H). *P < 0.05; **P < 0.01, Student’s t test; n = 15 and 12 dendrites for scr and siLIP, respectively. All data
are mean ± SEM.
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