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SUMMARY

A scalable and high-throughput method to identify
precise subcellular localization of endogenous pro-
teins is essential for integrative understanding of a
cell at the molecular level. Here, we developed a sim-
ple and generalizable technique to image endoge-
nous proteins with high specificity, resolution, and
contrast in single cells in mammalian brain tissue.
The technique, single-cell labeling of endogenous
proteins by clustered regularly interspaced short
palindromic repeats (CRISPR)-Cas9-mediated ho-
mology-directed repair (SLENDR), uses in vivo
genome editing to insert a sequence encoding an
epitope tag or a fluorescent protein to a gene of inter-
est by CRISPR-Cas9-mediated homology-directed
repair (HDR). Single-cell, HDR-mediated genome
editing was achieved by delivering the editing ma-
chinery to dividing neuronal progenitors through in
utero electroporation. We demonstrate that SLENDR
allows rapid determination of the localization and dy-
namics of many endogenous proteins in various cell
types, regions, and ages in the brain. Thus, SLENDR
provides a high-throughput platform to map the sub-
cellular localization of endogenous proteins with the
resolution of micro- to nanometers in the brain.

INTRODUCTION

Precise mapping of a large number of proteins with subcellular
resolution is essential to understand cellular processes. Thus,
it is critical to develop a rapid and scalable method to determine
the localization of proteins with high specificity, resolution, and
contrast. Conventionally, either immunostaining of endogenous
proteins or overexpression of proteins fused with epitope tags
or fluorescent proteins have been used to determine protein
localization. These methods, however, have significant prob-
lems: immunostaining often suffers from the lack of specific an-
tibodies against a protein of interest and the cross-reaction of
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antibodies with non-targeted proteins; overexpression often
causes mistargeting of the expressed protein and potential
changes in cell function. To address some of these issues,
knockin mice in which a specific protein is tagged with an
epitope tag or fluorescent protein can be used (Yang et al,,
2009). However, in dense tissue, such as mammalian brain, it
is difficult to obtain images with high contrast in subcellular pro-
cesses when all cells are labeled. To overcome these problems,
several methods have been recently developed for single-cell
labeling of endogenous proteins by using recombinant anti-
body-like proteins or a conditional tag knockin strategy (Fortin
et al., 2014; Gross et al., 2013). However, none of these tech-
niques provides rapid, scalable, and high-throughput readouts
for the localization of endogenous proteins.

Direct, single-cell manipulation of the genome in vivo to insert
a tag sequence to a gene of interest would overcome these
limitations, providing rapid, specific, and sparse labeling of the
gene product. Genome editing based on the clustered regularly
interspaced short palindromic repeats (CRISPR)-associated
endonuclease Cas9 enables rapid and efficient modification of
the genome (Cong et al., 2013; Doudna and Charpentier, 2014;
Hsu et al., 2014; Jinek et al., 2012; Sander and Joung, 2014;
Wang et al., 2013; Yang et al., 2013). CRISPR-Cas9 induces tar-
geted DNA double-strand breaks in the genome, which are then
repaired through either non-homologous end-joining (NHEJ) or
homology-directed repair (HDR) pathways (Cox et al., 2015;
Doudna and Charpentier, 2014; Hsu et al., 2014; Sander and
Joung, 2014; Yang et al., 2013). Although introducing frame-shift
knockout mutations through NHEJ at the single-cell level has
been established (Straub et al., 2014; Swiech et al., 2015), tar-
geted insertion of a sequence through HDR has not been
possible in the mammalian brain in vivo (Heidenreich and Zhang,
2016; Platt et al., 2014; Xue et al., 2014; Yin et al., 2014). This is
due to the lack of homologous recombination activity in postmi-
totic cells and the inefficient delivery of HDR machinery to target
cells (Chu et al., 2015; Cox et al., 2015; Heidenreich and Zhang,
2016; Hsu et al., 2014; Maruyama et al., 2015; Saleh-Gohari and
Helleday, 2004).

Here, we developed single-cell labeling of endogenous pro-
teins by CRISPR-Cas9-mediated homology-directed repair
(SLENDR), a technique that allows HDR-mediated genome edit-
ing in the mammalian brain in vivo. Since HDR is known to
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predominantly occur in the S and G2 phases of the cell cycle
(Chu et al., 2015; Heidenreich and Zhang, 2016; Hsu et al.,
2014; Maruyama et al.,, 2015; Saleh-Gohari and Helleday,
2004), we targeted mitotic neuronal progenitors, which presum-
ably have homologous recombination activity. We introduced
CRISPR-Cas9-based HDR machinery into progenitor cells in
the embryonic mouse brain several days before their final neuro-
genic divisions using in utero electroporation (IUE) (Nishiyama
et al., 2012; Tabata and Nakajima, 2001). We demonstrate that
atag sequence for a short epitope or a longer fluorescent protein
can be rapidly and precisely inserted into an endogenous gene of
interest in vivo. This method is scalable to many species of pro-
teins in diverse cell types, and permits high-resolution imaging
with light and electron microscopy both in fixed and live tissue.
Thus, SLENDR allows researchers to rapidly and precisely deter-
mine the localization and dynamics of endogenous proteins with
the resolution of micro- to nanometers in various cell types, re-
gions, and ages of the brain, providing a powerful tool suitable
for large-scale analysis on a broad spectrum of proteins.

RESULTS

In Vivo Single-Cell Labeling of Endogenous Proteins by
Homology-Directed Repair

In order to label a specific protein with a tag in non-dividing brain
cells by HDR-mediated gene editing, it is necessary to introduce
HDR machinery into progenitor cells before their final cell divi-
sion. To test whether this strategy, termed SLENDR, can provide
the efficiency sufficient for imaging subcellular localization of a
protein of interest, we first aimed to insert the human influenza
hemagglutinin (HA) tag into endogenous CaMKIla. and CaMKIIB,
two major subunits of the dodecameric Ca®*/CaM-dependent
kinase Il (CaMKIl) necessary for neuronal plasticity (Kim et al.,
2015; Lee et al., 2009; Lisman et al., 2012).

We designed specific single-guide RNAs (sgRNAs) targeting
the vicinity of the stop and start codon of CaMKIllo. and CaMKIIB,
respectively. We also designed corresponding single-stranded
oligodeoxynucleotides (ssODNs) (~200 bases) to integrate the
HA tag sequence into the genome just upstream of the stop
codon of CaMKlle. and downstream of the start codon of
CaMKIIB (Figures 1A and 1C). To minimize the possibility of
gene knockdown in cells where CRISPR-Cas9-mediated DNA

double-strand breaks were repaired through the NHEJ pathway,
we selected the target sequences throughout this study so that
the CRISPR-Cas9 cleavage sites were located either in the
non-coding region upstream of the start codon or within 10 bp
from the stop codon. We also selected the target sequences
and designed ssODNs so that Cas9 could not recognize the
loci after HDR was completed (see Supplemental Information).
We introduced these constructs (Streptococcus pyogenes
Cas9 or SpCas9 and sgRNA expressing vectors and ssODNs)
together with hyperactive piggyBac transposase and piggyBac
transposon vectors expressing monomeric EGFP (mEGFP) as
a marker of transfection (Chen and LoTurco, 2012; Yusa et al.,
2011) to neuro-progenitor cells using IUE to target pyramidal
neurons in the cerebral cortex. The transposon system induces
genomic integration of transgenes, preventing the dilution of
mMEGFP during cell divisions. Following IUE at embryonic day
12 (E12), we performed immunostaining of brain slices at post-
natal days 14-48 (P14-P48) using anti-HA antibody together
with anti-NeuN antibody to label neurons.

In the stained slices, HA signals were observed in a sparse
subset of neurons, suggesting that HDR was successfully
induced in these cells. Immunofluorescence signal was localized
mostly in cytosol and excluded from the nucleus, consistent with
previously reported distribution of CaMKIlI (Lee et al., 2009). Most
of HA-positive neurons were found in layer 2/3 (Figures 1B, 1D,
and 1E). Among neurons in transfected area in layer 2/3, about
a half of the population was mEGFP-positive (MEGFP/NeuN:
CaMKlla, 48.2% =+ 6.7%; CaMKIIB, 40.0% + 2.9%). Among
these mEGFP-positive cells, a small population of the cells
were found to be HA-positive (HA/mEGFP: CaMKlla, 7.5% =+
1.2%; CaMKIIB, 4.5% + 0.8%), providing a few percent of overall
knockin efficiency (HA/NeuN: CaMKlla, 3.4% + 0.2%; CaMKIIB,
1.8% + 0.5%). We also found a smaller population of HA-positive
neurons in layers 4-6 (HA/mEGFP: CaMKlla, 1.8% + 0.1%;
CaMKIIB, 0.2% =+ 0.1%) (Figures 1B, 1D, and 1E). When IUE
was performed at E15, a smaller population of layer 2/3 neurons
were labeled with the HA tag (HA/mEGFP: CaMKlla, 0.7% =+
0.1%; CaMKIIB, 0.7% + 0.4%, HA/NeuN: CaMKlla, 0.1% =+
0.0%; CaMKIIB, 0.2% + 0.1%) (Figures 1B, 1D, and 1E; Tables
S1 and S2). Given that the superficial cortical layers (layer 2/3)
are populated with later-born neurons (Chen and LoTurco,
2012), these findings suggest that SLENDR is more efficient

Figure 1. In Vivo Single-Cell Labeling of Endogenous Proteins by Homology-Directed Repair

(A and C) Graphical representation of the mouse genomic loci of CaMKila. (A) and CaMKIIB (C) showing the target sites for Cas9, sgRNA, and ssODNs. The sgRNA
targeting sequences are labeled in magenta. The protospacer-adjacent motif (PAM) sequences are labeled in green. The stop and start codons of CaMKila. (A)
and CaMKIIB (C), respectively, are marked in orange. The Cas9 cleavage sites are indicated by the black arrowheads. PCR primer sets (control and recombi-
nation) for PCR genotyping (E and F) are indicated by the arrows.

(B and D) Confocal microscopic images of the cerebral cortex electroporated at E12 (top and middle) and E15 (bottom) showing the DAPI signal (blue) and
immunoreactivities for mMEGFP (magenta) and the HA tag (green) fused to the C terminus of endogenous CaMKlle (B) and N terminus of endogenous CaMKIIB (D).
Middle panels show negative control experiments in which the sgRNA for CaMKllo. was paired with the ssODNs for CaMKIIp (B) and vice versa (D).

(E) The efficiency of SLENDR for CaMKlla. and CaMKIIB (the ratio of the number of HA/mEGFP double-positive neurons to that of mMEGFP-positive neurons).
CaMKilla, E12 layer (L) 2/3, n = 545 neurons/3 mice; E12 L4-L6, n = 275/3; E15 L2/3, n = 713/3. CaMKIIB, E12 L2/3, n = 716/3; E12 L4-L6, n = 379/3; E15 L2/3,
n = 367/3. **p < 0.01, Dunnett’s test, in comparison with E12 L2/3.

(F and G) Left: PCR genotyping using genomic DNA extracted from the electroporated brain. Recombination primer sets (top: F, CaMKlla-F1 and HA-R1;
G, HA-F1 and CaMKIIB-R1) and control primer sets (bottom: F, CaMKllz-F1 and CaMKlla-R1; G, CaMKIIB-F1 and CaMKIIB-R1) were used for PCR. Right: DNA
sequencing analysis of the PCR products for CaMKilla-HA (F) and HA-CaMKIIB (G). The HA tag sequence is marked in orange.

Data are represented as mean + SEM. Scale bars, 50 pm.

See also Figure S1 and Tables S1, S2, and S3.
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Figure 2. SLENDR Is Scalable to Various Endogenous Proteins

(A,C,E, G, 1, K, M, O, and Q) Graphical representation of the mouse genomic loci of MeCP2 (A), B-Actin (C), DCX (E), Rab11a (G), Cay1.2 (I), 14-3-3¢ (K), Fmrp (M),
Arc (0), and PKCa (Q) showing the target sites for Cas9, sgRNA, and ssODNs. The sgRNA targeting sequences are labeled in magenta. The PAM sequences are
labeled in green. The stop (A and I) and start (C, E, G, K, M, O, and Q) codons are marked in orange. The Cas9 cleavage sites are indicated by the black
arrowheads.

(B, F,H, J, N, P, and R) Confocal microscopic images of the cerebral cortex showing the DAPI signal (blue) and immunoreactivities for mEGFP (magenta) and the
HA tag (green) fused to the C terminus of MeCP2 (B) and Cay1.2 (J) and the N terminus of DCX (F), Rab11a (H), FMRP (N), Arc (P), and PKCu (R). The dashed line
represents the shape of the dendrite (H and N).

(D) Images of the cerebral cortex showing the DAPI signal (blue) and immunoreactivities for GFAP (magenta, an astrocyte marker) and the HA tag (green) fused to
the N terminus of B-Actin.

(legend continued on next page)
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when IUE is performed several days before the final neurogenic
divisions of targeted cells.

To test the specificity of the construct, we used incorrect
ssODNs-sgRNA pairs, like CaMKillo. ssODNs-CaMKIIB sgRNA
or vice versa. Under these conditions, no fluorescence signal
was detected in brain slices stained with anti-HA antibody (Fig-
ures 1B and 1D). These results indicate that the genome editing
is specific to the sequence of the sgRNA. We further confirmed
that the expected genome editing occurred at the DNA level by
performing PCR amplification of the targeted locus. Electropho-
retic analysis revealed the presence of recombined PCR product
at a size consistent with the recombined allele in brains trans-
fected with the constructs necessary for HDR (Figures 1F and
1G). In contrast, neither untransfected control brains nor brains
transfected with incorrect ssODNs-sgRNA pairs showed the
corresponding PCR ampilification (Figures 1F and 1G). Further-
more, DNA sequencing of the amplified PCR products indicated
that the HA tag sequence was integrated as expected (Figures
1F and 1G). In addition, sgRNAs targeting different sequences
in the respective genes produced a similar pattern of HA staining
(Figure S1), demonstrating flexibility of construct design. Thus,
SLENDR enables specific single-cell labeling of endogenous
proteins by either N- or C-terminal epitope tagging.

SLENDR Is Scalable to Various Endogenous Proteins

To validate the applicability of SLENDR to visualize the subcellu-
lar localization of a broad spectrum of endogenous proteins in
brain tissue, we performed SLENDR to fuse the HA tag to either
the N or C terminus of a variety of proteins including nuclear,
cytoskeletal, vesicular, cytosolic, and membrane proteins (Fig-
ures 2A-2R, S2, S3, S4, and S5; Table S1).

We first fused the HA tag to MeCP2, a chromatin-associated
protein that regulates gene transcription (Chen et al., 2001).
MeCP2 was selected for the following reasons. First, the
endogenous subcellular localization can be imaged by traditional
immunostaining approaches using a specific, characterized anti-
body. Second, MeCP2 is known to accumulate in heterochro-
matin in the nucleus, allowing for the contrast needed for staining
of the endogenous protein in tissue. Therefore, double-immuno-
staining for the SLENDR inserted HA tag and endogenous
MeCP2 enabled further validation of the SLENDR approach. As
expected, we found that MeCP2-HA and HA-MeCP2 were
distributed exclusively in the nucleus at P7 (Figures 2A, 2B,
S4B, and S4C). In addition, MeCP2-HA was accumulated in the
heterochromatin regions (labeled with DAPI) (Figure 2B) and
well co-localized with endogenous MeCP2 (Figure S4A), confirm-
ing the specificity of SLENDR. We also evaluated potential effects
of SLENDR in transfected cells that did not undergo HDR. Since
many mEGFP-positive cells were expected to undergo the error-
prone, NHEJ-mediated repair of Cas9-induced DNA double-
strand breaks, we designed the targeting sgRNA to place the
cleavage site in the 5'-UTR of MeCP2 gene (Figure S4B). This
strategy was designed to minimize potential effects on expres-

sion of the targeted gene in these cells. Indeed, the intensities
of endogenous MeCP2 detected by an antibody against the
C terminus of MeCP2 was similar between mEGFP-positive
and -negative cells (Figure S4D; p = 0.19, Student’s t test). This
indicated that the endogenous expression of MeCP2 was not
significantly disturbed by the NHEJ-mediated repair.

Next, we applied SLENDR to insert the HA tag to endogenous
B-Actin, a major cytoskeletal protein in dendritic spines. As ex-
pected, immunostaining using the anti-HA antibody showed
that HA-B-Actin was highly accumulated in dendritic spines in
layer 2/3 pyramidal neurons and microfilaments in astrocytes
in the cortex at P28 (Yuste and Bonhoeffer, 2004) (Figures 2C
and 2D). In addition, the high contrast images demonstrate
that SLENDR enables the precise evaluation of the number
and morphology of dendritic spines without the potential
morphological phenotypes caused by overexpression of fluoro-
phore tagged-actin or actin binding proteins (Riedl et al., 2008).

To evaluate the timescale of HDR after introducing SLENDR
constructs, we targeted doublecortin (DCX), a protein that is
expressed early in brain development. DCX is a microtubule-
associated protein expressed in postmitotic migrating and differ-
entiating neurons in the developing brain (Gleeson et al., 1999).
Intriguingly, HA-DCX was detected in the cortical migrating neu-
rons and accumulated in the growth cone as early as 60 hr after
IUE at E12 (Figures 2E and 2F), suggesting that HDR occurred
rapidly, possibly within 1 or 2 days after IUE. HA-DCX was de-
tected at both E14 and E18 (Figures 2F and S5B), suggesting
SLENDR is suitable for studying protein localization in the em-
bryonic brain. In addition, we evaluated the effect of NHEJ on
the expression of DCX by immunostaining using an antibody
against the C terminus of the protein. The images showed that
98.7% of the mEGFP-positive neurons exhibited DCX expres-
sion (n = 151 cells) (Figure S5A). Together with the negligible
NHEJ effects on MeCP2 expression (Figure S4D), these data
suggest that our strategy of targeting the Cas9-mediated cleav-
age at 5’-UTRs minimizes the effect of NHEJ on the expression of
the target gene for N-terminal tagging.

We further applied SLENDR to a variety of endogenous pro-
teins with distinct subcellular localizations. Rab11a, a small
GTPase involved in the endosomal recycling of proteins, was
localized to numerous, small dispersed vesicles throughout the
soma and dendrites in cortical neurons and astrocytes at P23,
consistent with the pattern expected from the localization of
recycling endosomes (Hutagalung and Novick, 2011) (Figures
2G, 2H, and S5C). Cay1.2, the a1C subunit of the L-type
voltage-gated calcium channel, was distributed in clusters on
cell bodies and proximal dendrites in layer 2/3 pyramidal neu-
rons at P16 (Figures 2l and 2J) (Hell et al., 1993). Immunofluores-
cence signal of Cay1.2-HA was also detected in the nucleus. This
signal may represent the C-terminal fragment of Cay1.2, which
functions as a calcium channel-associated transcription regu-
lator (Gomez-Ospina et al., 2006). 14-3-3¢, a signaling protein
involved in neuronal migration and synaptic plasticity, was

(L) Images of the cerebral cortex at PO and P28 showing immunoreactivities for NeuN (blue, a neuron marker) and the HA tag (green) fused to the N terminus of

14-3-3¢.
Scale bars, 5 um (B, D, F, right, H, J, N, P, and R); 50 um (F, left; L).
See also Figures S2, S3, S4, and S5 and Tables S1 and S3.
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diffusely distributed in the cytoplasm both at PO and P28 in neu-
rons and astrocytes (Toyo-oka et al., 2014) (Figures 2K and 2L).
FMRP, a polyribosome-associated RNA-binding protein that
regulates translation of a large number of mRNAs (Contractor
et al., 2015), was found in puncta, which likely reflect FMRP-
associated mRNA granules, in the soma as well as dendrites in
pyramidal neurons at P7 and P28 (Figures 2M, 2N, and S5D).
Arc, an immediate early gene product involved in synaptic plas-
ticity, was localized both in the nucleus and cytoplasm at P29
(Figures 20 and 2P) (Korb et al., 2013; Shepherd and Bear,
2011). Finally, we found that o isoform of protein kinase C
(PKC), a member of a family of serine/threonine kinases impli-
cated in a wide range of cellular functions (Steinberg, 2008),
was distributed mostly on the plasma membrane of the soma
and dendrites at P9 (Figures 2Q and 2R). Interestingly, PKCa.
was less accumulated on the plasma membrane at P27, sug-
gesting that endogenous PKCa may be more active at the devel-
oping stage (Figures S5E-S5G). Thus, SLENDR enables us to
determine the distribution pattern of proteins that has been
undefined or controversial by conventional methods.

Notably, we never observed HA-positive cells when we used
incorrect ssODNs-sgRNA pairs (Figures S2 and S4). In addition,
precise genome editing was confirmed by PCR amplification of
the targeted loci followed by DNA sequencing of the PCR prod-
ucts (Figure S3). Furthermore, for each target protein, all HA-
positive cells in the same region showed similar HA-staining
pattern. These results collectively demonstrate that SLENDR
enables us to label endogenous proteins specifically. Taken
together, SLENDR is a highly generalizable technique that can
be applied to various species of proteins in the brain from embry-
onic to adult stages for high-quality mapping of subcellular
localization.

Nanometer-Resolution Analysis by SLENDR

Immunoelectron microscopy allows nanoscale visualization of
endogenous proteins with defined ultrastructures in cells. How-
ever, the lack of reliable antibodies compatible with electron mi-
croscopy imaging limits its application to a variety of proteins.
Thus, we tested whether SLENDR could be applied to ultrastruc-
tural imaging of endogenous proteins using immunoelectron
microscopy. To do so, we used cortical tissue in which endoge-
nous CaMKIIB is fused with HA using SLENDR (Figures 1C and
1D). We applied pre-embedding staining technique: we incu-
bated the tissue with HA-antibody and secondary antibody con-
jugated with gold, followed by silver enhancement and tissue
embedding. We then prepared serial thin-section (50 nm) of
the tissue using the automatic tape-collecting ultramicrotome
(ATUMtome). ATUMtome permits rapid and automated cutting
and collection of serial thin sections onto a continuous reel of
tape (Kasthuri et al., 2015). We imaged a number of serial
sections on the tape by scanning electron microscopy and re-
constructed three-dimensional images of SLENDR-generated
knockin cells (Figures 3A-3D). We found that CaMKIIp was local-
ized near the postsynaptic density (PSD) (mode ~80 nm) in
dendritic spines (Figure 3F). Finally, the specificity of the immu-
nogold labeling was examined by comparing the labeling density
in HA-positive and surrounding neurons in the same specimen
(Figure 3E; HA-positive, 241.3 = 34.5 particles/um?; surrounding
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control, 2.6 + 2.6 particles/ums; p < 0.001, Student’s t test).
These experiments demonstrate that SLENDR is useful for nano-
meter scale localization of endogenous proteins.

SLENDR Is Scalable to Various Cell Types in Various
Brain Regions

We then tested if SLENDR can be applied to different cell types in
different brain regions by targeting distinct progenitor cells pre-
sent at different locations and timings in the developing brain
(Borrell et al., 2005; Chen and LoTurco, 2012; Kitazawa et al.,
2014; Nishiyama et al., 2012; Soma et al., 2009). By adjusting
the timing and electroporation angle (Figure 4A), various HA-
tagged endogenous proteins ($-Actin, CaMKlla, CaMKIIB, and
MeCP2) were observed in various cell types in widespread brain
regions (Table S2), including CA1 pyramidal neurons and dentate
granule cells in the hippocampus (Figures 4B and 4H), spiny stel-
late cells in the subiculum (Figures 4C and 4H), granule cells in
the olfactory bulb (Figure 4D), medium spiny neurons in the stria-
tum (Figure 4E), basolateral amygdala neurons (Figure 4F), and
granule and Purkinje cells in the cerebellum (Figures 4G and
4H). HA-CaMKIIB in parallel fibers originating from cerebellar
granule cells was detected along the dendrites of Purkinje cells
in the molecular layer (Figure 4G).

As we showed that staining of endogenous HA-B-Actin en-
ables clear visualization of dendritic spine morphology in neu-
rons (Figure 2D), we imaged HA-B-Actin in various cell types in
the brain to compare the structure of dendritic spines. Morpho-
logical diversity of dendritic spines existed among different cell
types including dentate granule cells (Figure 4H) and CA1 pyra-
midal neurons (Figure 4B) in the hippocampus, layer 2/3 pyrami-
dal neurons in the cortex (Figure 2D), spiny stellate cells in the
subiculum (Figure 4H), and cerebellar Purkinje cells (Figure 4H).
Thus, SLENDR enables comparison of subcellular localization of
endogenous proteins in various neuron subtypes and brain re-
gions across developmental stages, providing regional and
developmental specific information about protein localization.

Labeling Multiple Endogenous Proteins by SLENDR

Multiplex labeling of different endogenous proteins with different
tags would enable high-resolution co-localization assays. Since
CRISPR-Cas9 is able to target multiple genes simultaneously
(Cong et al., 2013; Heidenreich and Zhang, 2016; Swiech et al.,
2015), we tested the ability of SLENDR to target two different
proteins in the same cell (Figure 5A). We performed simultaneous
labeling of CaMKlla. and CaMKIIB with the HA and FLAG tag,
respectively, by co-introducing SLENDR constructs for HA-
CaMKllo and FLAG-CaMKIIB into the developing cortex at E13
by IUE (Figure 5A). We performed immunostaining of brain slices
at P14 using anti-HA and anti-FLAG antibodies. HA-CaMKlla.
and FLAG-CaMKIIB were detected in a number of layer 2/3
neurons (HA-positive/mEGFP-positive, 4.5% + 0.4%; FLAG-
positive/mEGFP-positive, 4.9% + 0.6%; n = 577 cells), and a
significant fraction of neurons exhibited both HA and FLAG
signals (HA and FLAG double-positive/mEGFP-positive, 0.7% =+
0.1%; n = 577 cells) (Figure 5B). This double labeling efficiency
was higher than the simple multiplication of each labeling effi-
ciency (4.5% X 4.9% = 0.2%), demonstrating the practicality
of the method for co-localization assay. Thus, SLENDR allows
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Figure 3. Nanometer-Scale Analysis of Endogenous Proteins by SLENDR

(A-D) Electron microscopic images of dendritic spines (A) and shafts (C) in the cerebral cortex showing immunogold labeling for the HA tag (arrowheads) fused to
the N terminus of CaMKIIB in HA-positive (top) and surrounding control (bottom) cells. Three-dimensional reconstructions of corresponding spines (B) and
dendrites (D). Analyzed spines and dendrites are marked in purple and presynaptic terminals are marked in green. Presynaptic vesicles and postsynaptic
densities are marked in yellow and red, respectively (B and D).

(E) Density of immunogold particles in HA-positive spines (n = 6) and surrounding control spines (n = 8). ***p < 0.001, Student’s t test.

(F) The frequency distribution of distances between individual gold particles and cleft surfaces (n = 92 particles/6 spines).

Data are represented as mean + SEM. Scale bars, 500 nm.

See also Table S3.
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Figure 4. SLENDR Is Scalable to Various Cell Types in Various Brain Regions

(A) Schematic illustration of IUE for targeting distinct brain regions. The relative position of the electrodes (+, positive pole; —, negative pole) are shown in the
transverse section of the brain to target different brain areas (left). The position of electrode paddles and the injected DNA (green) are shown in the coronal section
of the brain to target hippocampus and subiculum (a), olfactory bulb (b), striatum and amygdala (c), and cerebellum (d). LV, lateral ventricle; IV, fourth ventricle; PC,
Purkinje cell; GC, granule cell.

(B) Confocal microscopic images of the hippocampus showing the DAPI signal (blue) and immunoreactivities for mMEGFP (magenta) and the HA tag (green) fused
to B-Actin. DG, dentate gyrus.

(legend continued on next page)
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Figure 5. Application of SLENDR by Multiplex Genome Editing

(A) Schematics of multiplex labeling of different endogenous proteins with different tags. The HA and FLAG sequences are inserted to CaMKIla. and CaMKIIB,
respectively, in the same cell through HDR-mediated genome editing.

(B) Multiplex labeling of endogenous CaMKlla. and CaMKIIB. Confocal microscopic images of the cerebral cortex at P14 showing the DAPI signal (blue) and
immunoreactivities for the HA tag (green) and the FLAG tag (magenta) fused to the N terminus of endogenous CaMKlla. and CaMKIIB, respectively. The yellow
arrows indicate HA and FLAG double-positive layer 2/3 neurons.

(C) Schematics of combining SLENDR with NHEJ-mediated gene knockout. The HA sequence is inserted to B-Actin through HDR-mediated genome editing and
a frame-shift mutation is induced in MeCP2 through NHEJ-mediated genome editing in the same cell (left). In our strategy, some cells in the same tissue undergo
only HDR-mediated genome editing (right), allowing comparison of the expression and localization of endogenous proteins within the same brain slice.

(D) Immunofluorescence images of MeCP2 (magenta) and HA-B-Actin (green) in the hippocampus CA1 region. Magenta arrowhead, MeCP2-positive; white
arrowhead, MeCP2-negative. Representative images of secondary dendrites of MeCP2-positive and -negative neurons (right).

(E) The averaged density of spines on secondary or tertiary apical dendrites in MeCP2-positive (n = 527 spines/6 neurons) and -negative (n = 437/5) neurons.
*p < 0.05, Student’s t test.

Data are represented as mean + SEM. Scale bars, 50 um (B and D, left); 5 um (D, right).

See also Table S3.

labeling of two different species of proteins with different tags in
single cells, providing a valuable tool for co-localization assays
of a pair of endogenous proteins.

SLENDR in Combination with Single-Cell Knockout

The ability to examine endogenous subcellular protein localiza-
tion in the context of a knockout of a different protein would
provide functional insight into the interaction between the visu-
alized and deleted proteins. In this regard, combining SLENDR
with NHEJ-based single-cell knockout would be of particular
interest, since it would allow for the study of cell-autonomous

gene function and to compare normal and knockout cells in
the same tissue (Zong et al., 2005). Taking advantage of the
multiplexity of CRISPR-Cas9, we simultaneously introduced
SLENDR constructs to insert the HA tag to B-Actin and CRISPR
constructs to induce NHEJ-mediated gene knockout of MeCP2
in progenitors of hippocampal neurons at E13 (Figure 5C) (In-
contro et al., 2014; Straub et al., 2014; Swiech et al., 2015).
Visualization of HA-tagged B-Actin by SLENDR enables visual-
ization of dendritic spine morphology, providing a useful tool to
study effects of MeCP2 gene deletion on dendritic spines in
single cells.

(C-F) Images of the subiculum (C), olfactory bulb (D), striatum (E), and amygdala (F) showing the DAPI signal (C-E, blue) and immunoreactivities for NeuN (E and F,
blue) and the HA tag (green) fused to B-Actin (C), CaMKlla (D to F), and MeCP2 (E). GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; GCL,
granule cell layer; BLA, basolateral amygdala; Ctx, cerebral cortex.

(G) Images of the cerebellum showing the DAPI signal (blue) and immunoreactivities for calbindin D-28k (magenta, a Purkinje cell marker) and the HA tag (green)
fused to CaMKIIB. ML, molecular layer; PCL, Purkinje cell layer; GCL, granule cell layer.

(H) Images of the dendrites of a dentate granule cell in the hippocampus, a spiny stellate cell in the subiculum and a Purkinje cell in the cerebellum showing
immunoreactivities for mEGFP (magenta) and the HA tag (green) fused to B-Actin.

Scale bars, 50 um (B-G); 5 um (B, right; E, inset; G, inset and right); 1 um (H).

See also Tables S2 and S3.
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While knockout efficiency of NHEJ-mediated genome editing
has been reported to be very high in neurons (~70%-100%)
(Heidenreich and Zhang, 2016; Incontro et al., 2014; Straub
et al.,, 2014; Swiech et al., 2015), immunohistochemistry with
anti-MeCP2 antibody showed that MeCP2 was absent in
48.8% of mEGFP-positive CA1 pyramidal neurons at P28. This
reduced efficiency was probably due to the dilution of the
knockout constructs during cell divisions (Chen and LoTurco,
2012; Yusa et al., 2011). As expected, both MeCP2-negative
and positive neurons were observed in HA-B-Actin-positive
CA1 neurons in the same slices (Figure 5D). Notably, the
knockout efficiency in HA-B-Actin-positive neurons (24.1%)
was substantially lower than that in whole population (48.8%).
This is presumably because the knockout constructs are diluted
in a population of cells that divides extensively, and this popula-
tion of cells likely provides more efficient HDR. A loss of function
mutation in MeCP2, which leads to Rett syndrome in humans,
has been reported to impair maturation of dendritic spines
(Chen et al., 2001; Swiech et al., 2015). Therefore, we compared
the density of dendritic spines between MeCP2-negative and
-positive neurons (Figures 5D and 5E). Spine density in the apical
dendrite of CA1 neurons was comparable in MeCP2-positive
neurons to that reported in these neurons in a previous electron
microscopic study (Harris et al., 1992). Importantly, spine density
was significantly lower in MeCP2-negative neurons, consistent
with previous studies (Figure 5E; p = 0.046, Student’s t test)
(Swiech et al., 2015).

Although high-quality antibodies against endogenous proteins
are required to distinguish knockout and control cells, our strat-
egy combining SLENDR with NHEJ-mediated gene knockout
provides a useful means to investigate cell-autonomous effects
of a gene of interest on endogenous proteins.

Live Imaging of Endogenous Proteins by SLENDR

Labeling endogenous proteins with fluorescent proteins would
allow us to image protein dynamics in live cells without overex-
pression artifacts, further expanding the applicability of SLENDR.
Thus, we tested if SLENDR can be used to insert along sequence
encoding a fluorescent protein into a gene of interest. For this, we
targeted mEGFP to the sequence just upstream of the stop
codon of CaMKlla. or downstream of the start codon of CaMKIIB
in the genome (Figures 6A and 6C). We used a plasmid-based
template (~2.3-2.5 kb) containing the ~0.7 kb sequence of
mMEGFP (see Supplemental Information). The SLENDR con-

structs together with the transposon vectors expressing DsRed2
were introduced to progenitors of layer 2/3 neurons through IUE
at E12. At P14-P28, we found that a sparse subset of layer 2/3
neurons exhibited mMEGFP fluorescence fused to endogenous
CaMKlla. and CaMKIIB (Figures 6B and 6D). The efficiency of
mMEGFP knockin was lower than that of HA knockin (MEGFP-pos-
itive/DsRed2-positive, <1%), consistent with previous studies
showing that a long sequence insertion through HDR is less effi-
cient (Cox et al., 2015). The specificity of mEGFP knockin was
confirmed by control experiments using correct and incorrect
template-sgRNA pairs and DNA sequencing following PCR
amplification of the targeted locus (Figure S6).

To further verify the benefit of imaging endogenous proteins,
we compared the distribution pattern of endogenous and over-
expressed mEGFP-tagged CaMKIl in layer 2/3 cortical neurons
at P14. Since CaMKIIB has an actin-binding domain (Lisman
et al., 2012), overexpressed CaMKIIp tends to accumulate in
spines to a greater extent than overexpressed CaMKllo. Notably,
the degree of enrichment of endogenous CaMKlla and CaMKIIf
in spines, as measured by the spine/dendrite ratio of the peak in-
tensity, was significantly higher and lower than that of overex-
pressed CaMKIlla. and CaMKIIB, respectively (Figures 6E and
6F; CaMKlla, p < 0.001; CaMKIIB, p = 0.004, Student’s t test).
This is perhaps because overexpressed subunits tend to form
homomeric enzymes, while endogenous CaMKllo. and CaMKIIB
tend to form heteromers (Lisman et al., 2012). Thus, the localiza-
tion of endogenous (heteromeric) subunits would be enriched in
spines to an extent that is between homomeric CaMKllo. and
CaMKIIB.

We next performed live imaging to monitor the synapse-spe-
cific translocation of CaMKII after the stimulation of a single den-
dritic spine (Bosch et al., 2014; Lee et al., 2009; Lisman et al.,
2012; Nishiyama and Yasuda, 2015). We prepared organotypic
cortical slice cultures from mice in which endogenous CaMKillo
or CaMKIIB was labeled with mEGFP by SLENDR. When we
applied a train of two-photon glutamate uncaging pulses (1 Hz,
30 s) at single spines, MEGFP-tagged CaMKlla. and CaMKIIf
were rapidly accumulated in the stimulated spines and remained
for more than 30 min. The translocation was highly restricted to
the stimulated spine, with no significant increase in fluorescence
intensity in the surrounding spines (Figures 6G-6L; CaMKlla,
p < 0.001; CaMKIIB, p < 0.001; Dunnett’s test). These results
demonstrate that SLENDR enables monitoring of the dynamics
of endogenous proteins in living tissue.

Figure 6. Localization and Dynamics of Endogenous Proteins Labeled with mEGFP by SLENDR

(A and C) Graphical representation of the mouse genomic loci of CaMKila. (A) and CaMKIIB (C) showing the targeting sites for Cas9, sgRNA, and HDR donor
plasmid. The sgRNA targeting sequences are labeled in magenta. The PAM sequences are labeled in green. The stop and start codons of CaMKilla. (A) and
CaMKIIB (C) are marked in orange.

(B and D) Confocal microscopic images of the somatosensory cortex showing the fluorescence of DsRed2 (magenta) and mEGFP (green) fused to CaMKlla/p.
(E) Images of apical secondary dendrites in layer 2/3 fixed at P14 showing mEGFP-tagged endogenous (knockin) or overexpressed (OE) CaMKlla/p.

(F) The spine/dendrite ratio of the peak intensities of MEGFP-tagged CaMKilla/B. CaMKlla, knockin, n = 51/6 (spines/neurons); OE, n = 40/5. CaMKIIB, knockin,
n = 58/4; OE, n = 83/5.

(G-L) Two-photon microscopic images before and 30 min after glutamate uncaging showing mEGFP-tagged endogenous CaMKlla/p in layer 2/3 neurons (G and
J). Red circles, uncaging spots; red arrowheads, stimulated spines. Averaged time courses (H and K) and sustained values (I and L; averaged over 20-30 min) of
CaMKlla/B intensity change in the stimulated (red; H and |, n = 11/8; Kand L, n = 9/7), nearby (2-5 um from the stimulated spines; blue; Hand I, n =31/8; Kand L,
n = 31/7) and control spines with no stimulation (gray; H and I, n = 23/5; Kand L, n = 13/2). **p < 0.001, Student’s t test (F) and Dunnett’s test (I and L).

Data are represented as mean + SEM. Scale bars, 50 um (B and D); 5 um (E); 2 um (G and J).

See also Figure S6 and Table S3.
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DISCUSSION

In this study, we have developed SLENDR, which allows in vivo
genome editing in the mammalian brain for single-cell labeling of
endogenous proteins. We demonstrated that SLENDR is a sim-
ple and efficient technique to rapidly determine the subcellular
localization of endogenous proteins with the resolution of micro-
to nanometers in brain tissue. Importantly, the technique is
generalizable to a broad spectrum of proteins and various cell
types in widespread brain regions. SLENDR also can be used
for multiplex labeling of different proteins or for mosaic analysis
by combining labeling with single-cell knockout. Furthermore,
SLENDR is capable of inserting a long sequence such as that en-
coding mEGFP in vivo and thus enables live imaging of endoge-
nous proteins during biological processes in the brain.

HDR-mediated genome editing has been a challenge in the
brain due to the lack of HDR activity in postmitotic neurons
and the inefficient delivery of HDR machinery into the brain.
This has limited its application in the field of neuroscience (Hei-
denreich and Zhang, 2016). We circumvented these problems
by targeting mitotic progenitors in the embryonic brain using
IUE. In our experiments, the knockin efficiency for the HA tag
insertion was sufficient to image the subcellular localization of
a protein of interest in single cells in brain tissue. We also showed
that SLENDR can be used to knockin a long mEGFP sequence,
albeit at lower efficiency. To extend the SLENDR technique to
broader applications for multiplexed labeling and fluorescent
protein fusion, it may be necessary to increase the efficiency
of HDR.

It is known that the efficiency of HDR highly depends on the
cell cycle and is limited by the competition with NHEJ (Chu
et al., 2015; Lin et al., 2014; Maruyama et al., 2015). Consistent
with this, we found that SLENDR was efficient in a limited time
window when neuronal progenitors were still dividing. CRISPR-
Cas9-mediated HDR occurred within a few days after IUE (Fig-
ure 2F) and the HDR efficiency was significantly reduced when
IUE was performed near the stage of the final cell divisions of
target cells (Figures 1B and 1D). In this regard, the direct delivery
of pre-assembled Cas9 protein-guide RNA ribonucleoprotein
complexes (RNPs), rather than expressing these components
from plasmids, might increase the time window for SLENDR,
as RNPs have recently been reported to provide rapid nuclease
action with high efficiency and low off-target effects for genome
editing (Kim et al., 2014; Lin et al., 2014). Alternatively, genetic or
pharmacological inhibition of the NHEJ pathway may increase
the HDR efficiency (Chu et al., 2015; Maruyama et al., 2015),
although potential side effects must be addressed.

We validated the specificity of the SLENDR-mediated
sequence insertion in the genome in several ways. First, we de-
signed sgRNAs by unbiased genome-wide analysis to minimize
the potential off-target cleavages by Cas9 (Ran et al., 2013). Sec-
ond, we performed control experiments by using incorrect
sgRNAs and found no cells expressing the HA tag. Third, we
used distinct sgRNAs targeting the identical gene and observed
similar HA staining patterns. Fourth, the localization of HA
staining was consistent with that previously reported based on
immunohistochemical, biochemical or electron microscopic
studies. Fifth, the localization of HA staining was similar from
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cell to cell. In addition, although off-target cleavage by Cas9
may be induced in the genome, HDR is unlikely to occur at the
off-target sites, because homologous recombination is known
to be a highly sequence-specific event. The specificity of
SLENDR could be further enhanced by using recently reported
Cas9 variants with minimum or no off-target effects while retain-
ing comparable on-target cleavage activity (Kleinstiver et al.,
2016; Slaymaker et al., 2016).

One of the merits of SLENDR is that high-quality antibodies
can be used for the detection of tags. In addition, once staining
conditions have been optimized for a tag, SLENDR can be
applied to image various tagged proteins without extensive opti-
mization. Furthermore, since SLENDR allows protein labeling in
a sparse subset of cells in the tissue, the specificity of immuno-
staining can be easily validated by examining surrounding nega-
tive control cells in the same specimen. These features are
particularly advantageous for immunoelectron microscopy im-
aging, which often requires extensive optimization of staining
conditions and good control samples (e.g., knockout mice).

We have demonstrated that introducing a single epitope tag
by SLENDR is sufficient to detect relatively low abundant pro-
teins such as Cay1.2 and Arc (Figures 2J and 2P). The sensitivity
could be further increased by inserting multiple copies of
epitopes or more antigenic probes such as Spaghetti-monster
(Viswanathan et al., 2015). Overall, because many studies are
constrained by the lack of high-quality antibodies against pro-
teins of interest, SLENDR will provide a generalizable and reli-
able platform for exploring localization of uncharacterized
endogenous proteins using light and electron microscopy.

Multiplexing CRISPR-Cas9-mediated processes provided
some insight into how HDR and NHEJ occur following double
strand breaks. We found that the cells labeled with a tag with
SLENDR, orin other words the cells that underwent HDR, showed
less NHEJ-mediated knockout (Figures 5C-5E). This result sug-
gests that HDR occurs more frequently in a population of highly
dividing cells. Consistent with this, the efficiency of double-label-
ing via multiple HDRs was higher than that obtained by the simple
multiplication of each labeling efficiency (Figures 5A and 5B). The
high efficiency of double-labeling by SLENDR opens the possibil-
ity of co-localization assay for a pair of endogenous proteins with
high resolution and contrast. Given relatively consistent knockin
efficiency (Table S1), the SLENDR-based double labeling tech-
nique would be applicable to many pairs of proteins.

There are a few limitations in SLENDR. First, the technique
might lead to unintended sequence changes through insertion/
deletion mutations mediated by NHEJ in the transfected cells.
This problem may cause a large impact particularly in the case
of N-terminal tagging, since altered sequence near the N-termi-
nal region could change the transcription and translation of the
target gene. Therefore, throughout this study, we attempted to
minimize the effect of on-target NHEJ by choosing target se-
quences at 5'-UTR or near the stop codon for N- or C-terminal
tagging, respectively. As expected from this design, the expres-
sion of DCX was detected in 98.7% of the mEGFP-positive
neurons following SLENDR for the N-terminal tagging of DCX
(Figure S5A). In addition, the expression level of MeCP2 was
not significantly affected for the N-terminal tagging of MeCP2
(Figure S4D). However, potential effects of NHEJ have to be



carefully evaluated for each gene depending on the purpose of
experiments. For example, when the target is a secreted or a
type | membrane protein with a signal sequence, one should
select a target sequence for CRISPR-Cas9-mediated cleavage
to minimize the possibility of deletion or mislocalization of the
gene products. Second, immunodetection of a fused epitope
tag may be difficult for some proteins, because the accessibility
of antibodies may be sterically limited. For example, we failed to
detect the HA signal with immunostaining in tissue in which the
HA tag was inserted to the C terminus of PSD-95 with SLENDR,
whereas PCR detected the HA knockin allele at the DNA level
(data not shown). This is likely due to high protein density of
PSD, which is known to often prevent antibodies to access to
targeted proteins in the structure (Fukaya and Watanabe,
2000). This limitation of immunostaining can be overcome by
fusing a fluorescent protein tag with SLENDR and directly
observing the fluorescence (Fortin et al., 2014). These limitations
would not detract the impact of SLENDR, as the technique
should be applicable to most proteins with little optimization as
shown in this study.

Since the 5'-NGG protospacer-adjacent motif (PAM) of
SpCas9 abundantly exists in the genome and other CRISPR en-
donucleases with different PAMs are also available to target
different sites in the genome (Cong et al., 2013; Hsu et al.,
2014; Zetsche et al., 2015), most proteins should be suitable
for SLENDR. Furthermore, its throughput and cost-effectiveness
are much higher than previous single-cell protein labeling
methods (Fortin et al., 2014; Gross et al., 2013). Thus, SLENDR
should allow large-scale, potentially genome-wide, determina-
tion of precise subcellular localization of endogenous proteins
in various cell types and ages, providing a new level of under-
standing of protein and cellular function in the brain.

EXPERIMENTAL PROCEDURES

Full experimental details can be found in the Supplemental Experimental
Procedures.

Animals

All experimental procedures were approved by the Max Planck Florida Insti-
tute for Neuroscience Institutional Animal Care and Use Committee and
were performed in accordance with guidelines from the US NIH. Swiss
Webster mice were obtained from Charles River. The day on which the vaginal
plug was detected was designated as EQ). The first 24 hr after birth was
referred to as P0). Both of male and female mice were used.

DNA Constructs

The human codon-optimized SpCas9 and sgRNA expression plasmid was a
gift from F. Zhang (pX330, Addgene plasmid #42230) (Cong et al., 2013). To
generate sgRNA-expressing plasmids, a pair of annealed oligos (~20 bp)
was ligated into the sgRNA scaffold of pX330 (Ran et al., 2013). We purchased
single-stranded oligodeoxynucleotides (ssODNs) for HDR from Integrated
DNA Technologies. To fuse mMEGFP (monomeric EGFP, A206K) to the C or N
terminus of CaMKlla or CaMKIIB, respectively, plasmid-based donor tem-
plates for HDR were prepared. Other details are described in the Supplemental
Experimental Procedures.

In Utero Electroporation

In utero electroporation was performed as previously described (Borrell et al.,
2005; Chen and LoTurco, 2012; Imamura and Greer, 2015; Kitazawa et al.,
2014; Nishiyama et al., 2012; Soma et al., 2009; Tabata and Nakajima,

2001). The final concentration of each plasmid (pX330-derivatives,
pPB-CAG-mEGFP, pPB-CAG-DsRed2, pPB-CAG-tdTomato, and pCAG-
hyPBase), the ssODNs for HDR and the double-stranded DNA template for
mEGFP insertion were 1 pg/ul, 20 uM, and 1 pg/ul, respectively (Table S3).
The position and angle of the electrode was set as previously described with
some modifications (see Figure 4A). Other details are described in the Supple-
mental Experimental Procedures.

Histology

Mice were fixed by transcardial perfusion with 4% paraformaldehyde in 0.1 M
phosphate buffer and coronal sections (50 or 100 um in thickness) were
prepared using a vibratome (VT1200, Leica). Immunohistochemistry was
performed as previously described (Fukaya and Watanabe, 2000; Nishiyama
et al., 2012). Other details are described in the Supplemental Experimental
Procedures.

Pre-embedding Immunoelectron Microscopy

An HA-CaMKIIB knockin mouse was transcardially perfused with 4% para-
formaldehyde and 0.1% glutaraldehyde in 0.1 M phosphate buffer. The
fixed brain was sectioned into 50-um thick slices with a vibratome (VT
1200, Leica), and sections with positive DsRed2 labeling were chosen.
Tissue processing for pre-embedding immunoelectron microscopy was
performed as previously described (Parajuli et al., 2012). After processing,
a region containing HA-positive neurons was trimmed out, and 50-nm thick
sections were cut and collected onto a Kapton tape by ATUMtome (RMC/
Boeckeler) (Kasthuri et al., 2015; Schalek et al., 2011). The Kapton tape
was placed on a silicon wafer, and a layer of 5-nm-thick carbon was coated
on the wafer surface with a high vacuum sputter coater (ACE600, Leica).
The sections on the wafer were imaged under a scanning electron micro-
scope (SEM, Merlin VP Compact, Zeiss) assisted with Atlas 5 AT software
(Zeiss). Other details are described in the Supplemental Experimental
Procedures.

Two-Photon Glutamate Uncaging

Organotypic cortical slice cultures were prepared from mEGFP-CaMKllo/B
knockin mice as described previously (Stoppini et al., 1991; Yamamoto
et al., 1989). Secondary apical dendritic branches of layer 2/3 neurons were
imaged at 15-17 days in vitro under a custom-built two-photon microscope
with two Ti:Sapphire lasers (Chameleon, Coherent) (Lee et al., 2009). MNI-
caged L-glutamate (4-methoxy-7-nitroindolinyl-caged L-glutamate, Tocris)
was uncaged with a train of 6-ms laser pulses (3.5-4 mW under the objective,
30 times at 1 Hz) near a spine of interest. Experiments were performed at 32°C.
Images were analyzed with MATLAB (MathWorks) and Imaged. Other details
are described in the Supplemental Experimental Procedures.

Statistical Analysis

All statistical values were presented as mean + SEM. The Student’s t test was
used when two independent samples were compared. Dunnett’s test was
used for multiple comparisons. Statistical analysis was performed with
GraphPad Prism 6. Differences between datasets were judged to be signifi-
cant at p < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
six figures, and three tables and can be found with this article online at
http://dx.doi.org/10.1016/j.cell.2016.04.044.
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Figure S1. Visualization of CaMKIl« and CaMKIIB by SLENDR Using Different sgRNA Targeting Sites, Related to Figure 1
(A, C, and E) Graphical representation of the mouse genomic loci of CaMKll« (A, C) and CaMKIIg (E) showing targeting sites different from Figure 1 for Cas9,
sgRNA and ssODNs. The sgRNA coding sequences are labeled in magenta. The PAM sequences are labeled in green. The start codon of CaMKill« (C) and stop

codons of CaMKlla (A) and CaMKIIg (E) are marked in orange.

(B, D, and F) Confocal microscopic images of the cerebral cortex electroporated at E12 showing the DAPI signal (blue) and immunoreactivities for mEGFP
(magenta) and the HA tag (green) fused to the N terminus of CaMKlla. (D) and the C-termini of CaMKlla. (B) and CaMKIIB (F).

Scale bars, 50 pm.
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Figure S2. Negative Control Experiments Using Incorrect sgRNA-ssODNs Pairs, Related to Figure 2

Confocal microscopic images of the cerebral cortex electroporated at E12 showing the DAPI signal (blue, A-D and F-H) and immunoreactivities for mEGFP
(magenta), NeuN (blue, E) and the HA tag (green). The sgRNA for CaMKill« (E, G and H) or CaMKIIg (A-D and F) was paired with the ssODNs for MeCP2 (A), 3-Actin
(B), DCX (C), Rab11a (D), 14-3-3¢ (E), FMRP (F), Arc (G) or PKCa (H), respectively.

Scale bars, 50 pm.

S2 Cell 165, 1803-1817, June 16, 2016



A

B-Actin
wT
- <
B-Actin-F1 B-Actin-R1
B-Actin
Targeted
Z HA I —
»> -
- HA-R3
B-Actin-F1 B-Actin-R1
Ca,1.2
Y
—» <
Ca,1.2-F1 Ca,1.2-R1
Ca,1.2
Targeted
Loroled N HA—
> <
> HA-R2 =
Ca,1.2-F1 Ca,1.2-R1
14-3-3¢
L/ T —
> <
14-3-3¢-F1 14-3-3¢-R1
14-3-3¢
Targeted
z HA —
b <+
HAR2 <
14-3-3¢-F1 14-3-3e-R1
Arc
Y
> <
Arc-F1 Arc-R1
Arc
Targeted
< HA I —
> <
» HAR2 4
Arc-F1 Arc-R1
PKCa
/7N E—
_— <+
PKCa-F1 PKCa-R1
PKCa
Targeted
= HA —
- <+
- HA-F2
PKCa-F1 PKCo-R1

B C

B-Actin
sgRNA_B-Actin - - + TTTGTGTCTTGATAGTTCGCCATGTACCCATACGAT GTTCCAGAT TAC
sgRNA_CaMKIIB - + -
ssODN_HA-B-Actin - + +
-Actin-F1 L
b HA-R3 | —
-Actin-F1

SACHN-RT e e '

E F

Ca,1.2
Vv
GTCCTACGTCAGCAACCTGTACCCATACGATGT TCCA

sgRNA_Ca, 1.2 - - +
sgRNA_CaMKlla - + -
sSODN_Ca,1.2-HA - + +
Ca,1.2-F1 ‘- )
HA-R2 -
Ca,1.2-F1
Can2-R1 e S -

H I C GGAGCC1G4CfG3C€CGCAAT GTACCCATACGATGT TCCAGATTACG
sgRNA_174-3-3¢
sgRNA_CaMKlla
ssODN_HA-14-3-3¢
14-3-3¢-F1
HA-R2

14-3-3¢-F1
14-3-3¢-R1

K L .

sgRNA_Arc
sgRNA_CaMKlla
ssODN_Arc

Arc-F1
HA-R2

Arc-F1
Arc-R1

PKCa
GGCCGGGTAAACGT CAGCAGCGTAATCT GGAACATCGTAT
(Complementary strand)

sgRNA_PKCa - - +
sgRNA_CaMKlla - + -
ssODN_HA-PKCa - + +

= =il

Figure S3. Verification of In Vivo Genome Editing for Generation of an HA Knockin Allele, Related to Figure 2

(A, D, G, J, and M) Graphical representation of the mouse genomic loci of 8-Actin (A), Cay1.2 (D), 14-3-3¢ (G), Arc (J) and PKC« (M) without (upper) or with (lower)
recombination showing PCR primer sets (control and recombination) used for PCR genotyping.

(B, E, H, K, and N) PCR genotyping using the recombination (top) and control (bottom) primer sets.

(C, F, |, L, and O) DNA sequencing analysis of the PCR product using the recombination primer set in (B), (E), (H), (K), and (N). The HA tag sequence is marked in

orange.

Cell 165, 1803-1817, June 16, 2016 S3



B Kcrispr-Caso
Target vy PAM
5’ ...gctgtggtaaaacccgtccggaaaatggccgec. . .3’
37... cgacaccattttgggcaggcct}ttaccggcgg. ..57

MeCP2

180 /72 /277 81 \ (bases)
Oligo donor = HA -
* Homologous recombination
MeCP2
HA I———————

o

ssODN_HA-MeCP2

sgRNA_MeCP2(N)

1000000

750000
-

=}
@ 500000

250000

sgRNA_CaMKIIB
ssODN_HA-MeCP2

MeCP2 intensity per cell g4

GFP(-) GFP(+)

Figure S4. Evaluation of Specificity and Effects on the Protein Expression in the Surrounding Cells that Did Not Undergo HDR, Related to
Figure 2

(A) Colocalization of MeCP2-HA and endogenous MeCP2. Confocal microscopic images of the cerebral cortex electroporated at E12 showing the immunore-
activities for the HA tag (green) and endogenous MeCP2 (magenta).

(B) Graphical representation of the mouse genomic loci of MeCP2 showing the targeting sites for Cas9, sgRNA and ssODNs. The sgRNA targeting sequences are
labeled in magenta. The PAM sequences are labeled in green. The start codon is marked in orange. The Cas9 cleavage sites are indicated by black arrowheads.
(C) Confocal microscopic images of the cerebral cortex electroporated at E12 showing the DAPI signal (blue) and immunoreactivities for mnEGFP (magenta) and
the HA tag (green) fused to the N terminus of MeCP2 in the cortex. The sgRNA for N terminus of MeCP2 (upper) or CaMKIIg (lower) was paired with the ssODNs for
MeCP2.

(D) Confocal microscopic images showing the DAPI signal (blue) and immunoreactivities for mEGFP (magenta) and endogenous MeCP2 (green) in layer 2/3 in the
cortex. The dotted red circles show the nuclear region of mMEGFP positive neurons. The intensities of the fluorescent signal of endogenous MeCP2 in mEGFP
positive (n = 103) and negative (n = 100) neurons are shown (right, bottom). p = 0.19, Student’s t test.

Scale bars, 5 um (A, D); 50 um (C).
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Figure S5. Further Examples of Mapping of the Subcellular Localization of Endogenous Proteins by SLENDR, Related to Figure 2

(A) Confocal microscopic images showing the DAPI (blue) and mEGFP (magenta) signal and immunoreactivities for endogenous DCX (green) and NeuN (red) in
layer 2/3 in the cortex. mMEGFP-positive neurons are indicated as asterisks. A NeuN-negative and DCX-negative cell (thus not a neuron) is indicated as arrowhead.
(B-E) Confocal microscopic images of the cerebral cortex showing the DAPI signal (blue) and immunoreactivities for mMEGFP (magenta) and the HA tag (green)
fused to the N terminus of DCX (B), Rab11a (C), FMRP (D) and PKCu. (E).

(F and G) Images of the layer 2/3 pyramidal neurons at P9 (F) and P27 (G) showing the immunoreactivities for mMEGFP (magenta) and the HA tag (green) fused to
PKCa. Signal intensities for HA-PKCa (green) and mEGFP (magenta) along the yellow dashed lines are shown.

Scale bars, 50 pm (B, left); 5 um (A; B, right; C-G).
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Figure S6. Verification of In Vivo Genome Editing for Generation of a mEGFP Knockin Allele, Related to Figure 6

(A and B) Negative control experiments for Figures 6B and 6D. The sgRNA for CaMKll« was paired with the plasmid-based donor for CaMKIIg (A) and vice versa
(B) Confocal microscopic images of the cerebral cortex showing the fluorescence of DsRed2 (magenta) and mEGFP (green).

(C) Graphical representation of the mouse genomic loci of wild (upper) or recombined (lower) CaMKIllo showing the PCR primer set (CaMKllo-F2 and mEGFP-R1)
for PCR genotyping.

(D) PCR genotyping using the primer set in C.

(E) DNA sequencing analysis of the PCR product in D. The 12 bp linker sequence is marked in gray. The mEGFP sequence is marked in green.

Scale bars, 50 um.
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

DNA Constructs

The human codon-optimized S. pyogenes Cas9 (SpCas9) and single guide RNA (sgRNA) expression plasmid was a
gift from F. Zhang (pX330, Addgene plasmid # 42230) (Cong et al., 2013). The FLAG tag sequence in SpCas9 in
pX330 was removed (pX330N) for experiments in which the FLAG tag sequence is inserted into endogenous
CaMKIIS (Figures 5A and 5B). The 20-base sequences which precede a 5'-NGG protospacer-adjacent motif
sequence were selected to induce DNA double strand breaks within 10 bp from the tag insertion sites. To minimize
off-targeting effects, the CRISPR design tool was used (http://crispr.mit.edu/) (Ran et al., 2013). To generate
sgRNA-expressing plasmids, a pair of annealed oligos (~20 bp) was ligated into the sgRNA scaffold of pX330 (Ran
et al., 2013). We purchased single-stranded oligodeoxynucleotides (ssODNs) for homology-directed repair (HDR),
which contained the 27-base HA or 24-base FLAG tag sequence flanked by sequences of ~80 bases on each side
that were homologous to the target region, from Integrated DNA Technologies. Details of the oligonucleotides are
described in “Oligonucleotides and Plasmid-Based Donor Templates”. To fuse mMEGFP (monomeric EGFP, A206K)
to the C- or N-terminus of CaMKlla or CaMKIIp, respectively, plasmid-based donor templates for HDR were
prepared (see “Oligonucleotides and Plasmid-Based Donor Templates”). To target CaMKIla, a donor template
containing the mEGFP sequence flanked by ~0.9 kbp homology arms was generated and subcloned into Sacl and
Sall sites of the pPCAGGS vector. The ~2.5 kbp fragment for HDR was cut out by the flanking restriction enzymes.
To target CaMKIIB, a donor template containing the mMEGFP sequence flanked by ~0.7-0.9 kbp homology arms was
prepared and subcloned into EcoRI and Kpnl sites of the pUC57 vector. The vector was linearized by cutting once at
the EcoRlI site. The resulting fragment, or linearized vector, were purified with QiaQuick gel extraction kit (Qiagen)
and concentrated with ethanol precipitation. For the piggyBac transposon system, which was used to avoid episomal
plasmid loss upon cell division, we constructed pPB-CAG-mEGFP, pPB-CAG-DsRed2 and pPB-CAG-tdTomato by
subcloning mEGFP, DsRed2 (a gift from Edward Callaway, Addgene plasmid # 15777) (Wickersham et al., 2007)
and tdTomato into pPB-CAG.EBNXN (a gift from Sanger Institute) and pCAG-hyPBase by subcloning hyPBase
(pCMV-hyPBase, a gift from Sanger Institute) into the pPCAGGS vector. We constructed pPCAG-CaMKIla-mEGFP
and pCAG-mEGFP-CaMKIIB by subcloning CaMKlIlo. and CaMKIIf ¢cDNA from Camuioa (Lee et al., 2009; Takao
et al., 2005) and pCMV-CaMKIIB (Kim et al., 2015), respectively, into pCAG-mEGFP. For MeCP2 knockout, we
incorporated previously reported sgRNA sequence (Swiech et al., 2015) into pX330. All the plasmid constructs were
verified with DNA sequencing.

Oligonucleotides and Plasmid-Based Donor Templates

Details of the oligonucleotides and plasmid-based donor templates are as follows.

sgRNA target sequences (5°-3")

CaMKIlo (C-terminus)  ggaagaaagaatccttactg
CaMKllo (C, different)  ccctcegtectgecgeagta
CaMKIlIo (N-terminus)  ctgcctgeccagtgccagga
CaMKIIB (N-terminus)  gagcccgatcgecaccgeca
CaMKIIp (C-terminus)  ccagtggccccgetgeagtg
MeCP2 (N-terminus) ggtaaaacccgtccggaaaa
MeCP2 (C-terminus) gtaaagtcagctaactctct
MeCP2 (knockout) ccattctgcagagccageag
B-Actin tgtgtcttgatagttcgeca
DCX gctgtggttccaccaaaata



Rablla tcagctcctcggecgegeca

Cayl.2 tcgccagecctgaggactac
14-3-3¢ tgccggagecgetgecgceaa
FMRP cgcgaggacggacgagaaga
Arc ccgeagcaccgacgaccaga
PKCa gaggtggttggggggaacca

ssODNs sequences (5'-3', upper case: HA tag sequence)

CaMKlIlIo (C-terminus)
gaggagacccgcgtctggcaccgcagggacggcaaatggcagatcgtceacttccacagatctggggegeccteegtectgecgcacTACCCTTACGAC
GTTCCAGACTACGCTtaaggattctttcttcctgaatctctggggtgcattaagggtattgecttagtagaggggcatgecccaggggagtggagatgag

CaMKIIo (N-terminus)
gtggcccctagttctgggggeagegcttcagcatcccagecctagttcccagectaaagectegectgectgeccagtgecaggatgTACCCATACGATGT
TCCAGATTACGCTgctaccatcacctgcacccgattcacagaagagtaccagctctttgaggaactgggaaagtgagtcacacctcagggagtcctag

CaMKIIB (N-terminus)
ccgegeccgegececgtgtcgecgecgtgeccgcgagegggagecggagtcgecgecgeccgagegcagecgagegeacgccgageccgatcgecaccgecatg
TACCCATACGATGTTCCAGATTACGCT(gccaccacggtgacctgcacccgtttcaccgacgagtaccagctatacgaggatattggcaagtaa
gag

CaMKIIp (C-terminus)
aagagacccgtgtgtggcaccgccgcgacggcaagtggcagaatgtacatttccactgctcgggegcetccagtggecccgetgcagTACCCATACGATG
TTCCAGATTACGCTtgaggtgagtccctgecggtgtgcgtagggceagtgcggceatgegtgggacagtgcagegtgeatggggtgtggeccagtgeagegt
gc

MeCP2 (N-terminus)
gtcccggceatcggttgegegegegcteectectctcggagagagggctgtggtaaaacccgtccggaaaatgTACCCATACGATGTTCCAGATTA
CGCTgccgecgcetgecgecaccgecgecgeegecgeecgegecgageggaggaggaggaggaggcgaggaggagagactgtgagty

MeCP2 (C-terminus)

aaagacattgtttcatcttccatgccaaggccaaacagagaggagcctgtggacagecggacgeccgtgaccgagagagitagc TACCCATACGATGTT
CCAGATTACGCTtgactttacatagagcggattgcaaagcaaaccaacaagaataaaggcagctgttgtctcttctccttatgggtagggctctgacaaag

B-Actin
cttgccggaagtgggcagggceggcageggctgcetcttggcggecccgaggtgactatagcecttcttttgtgtcttgatagticgccatgTACCCATACGATGT
TCCAGATTACGCTgatgacgatatcgctgcgctggtcgtcgacaacggetccggceatgtgcaaagecggcttcgcgggegacgatgete

DCX
ctcccttatccatccttattctttgectctecttatctccacccttttctctaacaatcaggttgetgtggttccaccaaaatatgTACCCATACGATGTTCCAGA
TTACGCTgaacttgattttggacattttgacgaacgagacaaagcatctagaaatatgagagggtcacggatgaatggacttccaagtccca

Rablla
gctcgggttacccctgcagcgacgecccctggtcccgecgecgttgecaccgecgetceeecgeccctcagetectcggecgegecatgTACCCATACGATG
TTCCAGATTACGCTggcacccgcgacgacgagtacgactacctctttaaaggtgaggecgtgggcecagegagageccattiggggeccgagacactce

Cayl.2
cagaggacgagagctgcgcatatgcecctggggegaggecggagegaggaggcegcetcgcggacageaggtcctacgtcagcaacctgTACCCATACGAT
GTTCCAGATTACGCTtagtcctcagggctggcgagacgegggtggtttttttattcgtttcaatgttcctaatgggttcgtttcagaagtgecteactgttc

14-3-3¢
cctgctcggacgecggagegagaagcetgagagagtcggagacgctatccgcettccatcegtegegeagacccetgecggagecgetgecgcaatgTACCCATA
CGATGTTCCAGATTACGCTgatgatcgggaggatctggtgtaccaggcgaagctggcagagcaggccgagcegatacgacggtgagtcgg

FMRP
cggcggcgacggceggetgggcectcaagegectgcageccacctceccggaggegggceteccggegegaggacggacgagaagatgTACCCATACGAT




GTTCCAGATTACGCTgaggagctggtggtggaagtgcggggctccaatggegcetttctacaaggtaaccggetaccggacaggeccggtectcggecte
c

Arc
ctgcagccgcecggctctgcetcecttccggcttctgectcagaggagttcttagectgticggagecgeageaccgacgaccagatgTACCCATACGATGTT
CCAGATTACGCTgagctggaccatatgaccaccggcggcctccacgectaccctgecccgeggggtgggecggecgecaaacccaatgtgatectgeag

PKCa
ccacctcggecgecgeccccgeccaccecggeccteeccggetgctgetccecggeggaggcaagaggtggttggggggaaccatgTACCCATACGAT
GTTCCAGATTACGCTgctgacgtttacccggccaacgactccacggegtctcaggacgtggecaaccgettcgeccgcaaaggggegetgaggcagaa
gaac

ssODNs sequence (5'-3', bold: a single amino acid linker which disrupts PAM sequence; upper case: FLAG tag

sequence)

CaMKIIB (N-terminus, FLAG)
ccgegececgegeccgtgtecgecgecgtgeccgegagegggagecggagtecgeecgecgeccgagegeagecgagegeacgecgageccgatcgecaccgecatg
tccGACTACAAGGACGACGATGACAAGgccaccacggtgacctgcacccgtttcaccgacgagtaccagctatacgaggatattggcaagtaag
ag

PCR primer sequences (5'-3")

HA-R1 gcgtagtctggaacgtcgtaag
HA-R2 gcgtaatctggaacatcgtatg
HA-R3 agcgtaatctggaacatcg
HA-F1 cccatacgatgttccagatt
HA-F2 catacgatgttccagattacgc

mEGFP-R1 cttgtggccgtttacgtcge
CaMKIlIa-F1 atcgcctatatccgcatcactc
CaMKIIa-R1 ccttaatgcaccccagagattc
CaMKIIa-F2 acggcaaatggcagatcgtc
CaMKIIB-F1 agcccgatcgcecaccgccat
CaMKIIB-R1 cgcgcecegaggctcettacttge

B-Actin-F1 gccagcegtttgecttttatg
B-Actin-R1 gaacagccttcttagcaccg
Cayl.2-F1 accttttgtgaactgcagggac
Cayl.2-R1 acccattaggaacattgaaacgaat
14-3-3¢-F1 caggcggaagtcccggattgag
14-3-3¢-R1 acaccagatcctcccgatcatc
Arc-F1 cactcgctaagctcctccg
Arc-R1 gatcacattgggtttggcgg
PKCa-F1 gaggcaagaggtggttgag

PKCa-R1 agatgaagtcggtgcagtgg



Plasmid-based donor template sequences (5°-3")

CaMKIlo (bold: linker; upper case: mMEGFP)
cagggtttctctgcatagcectggcetgtectggaactcactttgtagaccaggcetggectcgaactcagaaatctgectgectetgecteccgagtgetgggattaaaggeg
tgtgccaccactgeccctaactgecatttagtatcttatactcagetcggectctategtttaactggtcccaatagggatetgtgttaaagaaaaatcaaccttacctggttcag
gaaattgtctggaatcatgtttttgtatggacaagacactgattctaaaatccccccatgtttgaacaattcggcacgtccgaagaccactgtaccttatctgggatgtggtate
ctgttatctaggttatgtaatggttctgccttgactccggggtagecgatcectgticcagagatccecectgetgcaaaggegtcaggtagacacagtctcectccaagggg
aagctggaagctgagagaacaatggaatgaggcaggagttcctctctccacceeccteecccacceectaccteecteccteccaccecctececggggttgectetectea
gccccteecgttectgeccctagtgtggtcccggaacagcaageccgtgcacaccaccatcctgaaccctcacatccacctgatgggtgacgagtcagectgeatcgec
tatatccgcatcactcagtacctggatgcaggcggcataccccgcacggeccagtcagaggagacccgegtctggcaccgcagggacggcaaatggeagatcgteca
cttccacagatctggggcgceccteegtectgecgcaaccggtcgeccaccAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCC
ATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCLG
ATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGLCLCCTGGLCC
ACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCA
CGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACG
GCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAA
GGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCAC
AACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACA
TCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGLGACGGCCeeaT
GCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGC
GATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAA
Gtaaggattctttcttcctgaatctctggggtgcattaagggtattgccttagtagaggggceatgccccaggggagtggaggtggggtgagggtggaggageaggetge
tgccttcagtctccaaattgctccagaagggtgagaaggctagagatgtgggagaactgggtggaaggceagaatcgaccacgtctaaggttgtgggtttactgtgtcttac
agttgaaggaccaggccagggtccctgegtecttgettcgcagagatecgctctttgtcegtggaatgtggetgetggttetectttggattttgetggaattcteectgtcag
atcaccctaccattgccacctatgtactcgcgtcacgaaaacctgettgttcacagaagtcgecacgacatcacagtgaacagcecagcetctccccagetcegttgeccaag
ctcttectgecagtggggaccttettccggcettaagtacccagggtgcetggecccaggaaccceccaccecctacceactgttgttggectagectagetttagcetatagatg
gggcctcagctgtgcaattggcaggaagtgaggaagaggcaggceaagcetgtgttgagggeacctctcatcgattecttetttcctggggttccccggggaagetcacac
gaggccctcagtctccaagccaaccccttatgagggagagtgagagaggagcecaacgccagtgagecaggaactgetgetctcatctgetetectetgtgttggecttge
ctttgaccagaccatccgcetacgaggggtgggctctaccgeccaggtgecccactcactctgectcagtectectgtgaagtttgectcecagtgttgacccacccaccectg
cccttcaacgtccttggagaattccagcttcatctgtctgagaggagattggaag

CaMKIIp (bold: a single amino acid linker which disrupts PAM sequence; upper case: mMEGFP)
gctctcagaagtcacaggagtccctgaaagagcetgagcageccacgttttgctgectcaatctgcactccgaatgttcaccacaggcagaagacatcctagttgecagtce
ctaggagaagcagggagagactcgggaccacctccctatecattttctctcatcccattcagectaggagactcgtgggeagetctgecacgaataggaaggtgggaag
gotcttatgaggggtatggggaatggaggageccagtggagggegactcccaaatggggtgcagttcectectgcagtctaggggaggtgggcectttaggggataag
agtctgggttcactgttcaactgcggcagcagaagagtcageccattggcettgtcegtgcagggegegggectagagggtcagacgeagtgegtgggeacegtgtggt
gcagcccatgtgctgggatagggcgcgagcacgggtgggattgcatggtgcgggegceagtgegggtgeecggegegggegegacgggeatgcgaggggageege
ggtgcgggtgcagggtgcgggegeagtgegegtgcaggegegggegctagtgcaggtacaaggegegggtgcggtgagtgtgcgggtgcaggegtgtgtacggt
gcgagtgaggcgegtgcaaggggeggegggeggggegggegeggeggegacageggegeccgegectetgegegegtaggtgtgeggegegetectggegg
ggacagagcgagcagatctcgegtgegetcgecgeecggegeageccageeccggeccccgeccggegecgegagecgaggtgteteecgegeecgegeecgtgt
cgccgecgtgeccgegagcgggagcecggagtegecgecgeccgagegceagecgagegceacgecgageccgatecgecaccgecatgtccGTGAGCAAG
GGCGAGGAGCTCTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACA
AGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGC
ACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTT
CAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCC
AGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGG
CGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGG
CACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCA
TCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCA
GCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCA
AGCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGG
GATCACTCTCGGCATGGACGAGCTGTACAAGgccaccacggtgacctgcacccgtttcaccgacgagtaccagctatacgaggatattgg
caagtaagagcctcggegegegegggctgtccgeagaccecggggageagggacccecatcgeegeccgectegegegeactgeggeccecgegegeeeccggcet
ccttccagetgegggeccaagegeacagecccgtgcagecccgaccecegtgecttgggttetgggecccgcetectccaccgeagtgettacggecctgeegggtge
catagcttagcggggaccgggactcagggacatggacgcggegeggegggggcggeageaggtgtceecccgagegecgggeagacgtgacgceatttggeggeg



gggaggtcagagaggagcggeacccgggggcggctgecaggectagagtgeccgaggggteggteatggectcagggggtegteteeggtgtgggeacgctgte
ctcacccccacccgagaggegggeggeageggtageggaccegcteegegectgetectecgegtggecccatetgetttgggggageagegtgggageagcettetg
ccttgggteecttggggaatctgggttctagaggattttccccccagattettctggaaacaagaacttggagggggtggacgaggtcagagagecaggatcaggecgt

9gagtgg

In Utero Electroporation

In utero electroporation (IUE) was performed as previously described (Borrell et al., 2005; Chen and LoTurco,
2012; Imamura and Greer, 2015; Kitazawa et al., 2014; Nishiyama et al., 2012; Soma et al., 2009; Tabata and
Nakajima, 2001). In brief, mice were deeply anesthetized with 2% isoflurane (Piramal Healthcare). Buprenorphine-
SR (0.1 mg/mouse, ZooPharm) was subcutaneously administered for analgesia. To relax the myometrium, ritodorin
hydrochloride (0.7-1.4 ug/g of body weight; Sigma-Aldrich) was applied to the exposed uterine horns. The final
concentration of each plasmid (pX330-derivatives, pPB-CAG-mEGFP, pPB-CAG-DsRed2, pPB-CAG-tdTomato
and pCAG-hyPBase), the ssODNs for HDR and the double-stranded DNA template for mEGFP insertion were 1
pg/pl, 20 uM and 1 pg/ul, respectively (Table S3). The concentration of DNA was chosen based on previous IUE
studies (Borrell et al., 2005; Chen and LoTurco, 2012; Imamura and Greer, 2015; Kitazawa et al., 2014; Nishiyama
et al., 2012; Soma et al., 2009). It should be noted that higher DNA concentration may cause complication in
injecting the DNA solution in the ventricle. DNA solution was mixed with Fast Green (0.1 mg/ml, Sigma-Aldrich)
and 1-2 pl of the solution was injected into the lateral ventricle (for the cerebral cortex, olfactory bulb, amygdala,
striatum and hippocampus) or the fourth ventricle (for the cerebellum) of each pup. Electroporation was performed
at E10 (for Purkinje cells in the cerebellum), at E11-12 (for the olfactory bulb, amygdala, striatum and cerebral
cortex), E13 (for the cerebral cortex, hippocampus, subiculum and granule cells in the cerebellum) or E15 (for the
cerebral cortex at the later stage). Electric pulses (at E10, 33 V for 30 ms, 4 times with 970 ms intervals; at E11-12,
40 V for 30 ms, 4 times with 970 ms intervals; at E13, 40 V for 50 ms, 4 times with 950 ms intervals; and at E15, 45
V for 50 ms, 4 times with 950 ms intervals) were delivered with forceps-shaped electrodes (at E10-13, CUY650P3;
at E13-15, CUY650P5; Nepa Gene) connected to an electroporator (NEPA21, Nepa Gene). The position and angle
of the electrode was set as previously described with some modifications (see Figure 4A) (Borrell et al., 2005; Chen
and LoTurco, 2012; Imamura and Greer, 2015; Kitazawa et al., 2014; Nishiyama et al., 2012; Soma et al., 2009;
Tabata and Nakajima, 2001).

Histology

Under deep ketamine-xylazine anesthesia (100 pg of ketamine -10 ug of xylazine per g of body weight, i.p.), mice
were fixed by cardiac perfusion with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The brain was then
removed and soaked in the fixative for 4-12 h. After rinsing with phosphate-buffered saline (PBS), coronal
vibratome sections (50 pm in thickness and 100 um in thickness for embryonic brain) were prepared (VT1200,
Leica). For immunohistochemistry, sections were permeabilized with 0.3-0.4% Triton X-100 in PBS, blocked with
5% normal goat serum and 2% BSA or 5% normal donkey serum in PBS, and incubated overnight with the
following primary antibodies: rabbit anti-HA (1:1000, Cell Signaling Technology), mouse anti-HA (1:1000,
Covance), rabbit anti-FLAG (1:1000, Sigma), chicken anti-GFP (1:1000, Millipore), guinea pig anti-NeuN (1:1000,
Millipore), rabbit anti-GFAP (1:1000, DAKO), rabbit anti-MeCP2 (1:1000, Cell Signaling Technology), rabbit anti-
MeCP2 (1:200, Millipore), goat anti-DCX (1:200, Santa Cruz) and rabbit anti-calbindin antibodies (1:1000,
Millipore). For the visualization of CaMKIIa-HA, antigen retrieval was performed using pepsin (1 mg/ml in 0.2 N
HCI for 1 min, DAKO) (Fukaya and Watanabe, 2000). After 1-3 h incubation with Alexa Fluor-conjugated
secondary antibodies (Invitrogen or Jackson Immunoresearch) followed by DAPI staining (0.1 pg/ml, Life
technologies), the stained slices were imaged using a confocal laser-scanning microscope (LSM780 or LSM880 with
Airyscan, Zeiss). The acquired images were processed using the Zen (Zeiss) or Adobe Photoshop (Adobe Systems)
and analyzed with the ImageJ (http://rsbweb.nih.gov/ij/). For analyzing mEGFP knock-in cells, coronal vibratome
sections were imaged without immunostaining using LSM780. For the spine/dendrite ratio analysis, secondary
branches with similar width of apical dendrites of layer 2/3 pyramidal neurons in the somatosensory cortex were
examined. Z-stack images with 0.5 pum intervals covering all spines in a dendrite were used to measure the
fluorescence intensity of mEGFP-labeled CaMKIlo. or CaMKIIp. To calculate the spine/dendrite ratio of mEGFP-
tagged CaMKII intensity, the intensity profile along a line crossing the center of a spine and its adjacent dendritic
shaft was obtained to measure the ratio of intensity peaks corresponding to the spine and the shaft. We examined
only isolated spines which displayed clear peaks in the intensity profile. The analysis was performed using ImageJ.



Preembedding Immunoelectron Microscopy

An HA-CaMKIIB knock-in mouse was anesthetized, and transcardially perfused with 4% paraformaldehyde and
0.1% glutaraldehyde in 0.1 M phosphate buffer (PB, pH 7.4) for 20 min after flushing with 0.9% NaCl. The brain
was then post-fixed with 4% paraformaldehyde in 0.1 M PB for 3 h and sectioned into 50-um thick slices with a
vibratome (VT 1200S, Leica). DsRed2-positive brain sections were chosen for further processing. The brain sections
were incubated in 50 mM glycine in 0.1 M PB, cryo-protected with 15% then 30% sucrose and subjected for two
cycles of freeze-and-thaw with liquid nitrogen (Parajuli et al., 2012). The sections were blocked with 10% normal
goat serum (NGS) and 1% fish skin gelatin (FSG) in Tris-buffered saline (TBS, pH 7.6), and then incubated with the
rabbit anti-HA primary antibody (1:1000, Cell Signaling Technology) in TBS with 1% NGS and 0.1% FSG for 48 h
at 4 °C, followed by the incubation with 1.4 nm gold-conjugated secondary antibody (1:100, Nanoprobes) in TBS
with 1% NGS and 0.1% FSG for 16 h at 4 °C. Silver enhancement was performed with HQ silver enhancement kit
(Nanoprobes) until HA positive neurons became visible under a light microscope. The sections were then post-fixed
in 1% glutaraldehyde in 0.1 M PB for 10 min, fixed with 0.5% aqueous osmium tetroxide for 40 min at 4 °C, stained
in 1% aqueous uranyl acetate for 35 min at room temperature, dehydrated by sequentially replacing the solution with
ethanol, acetone and then propylene oxide, and embedded in Durcupan ACE (Sigma). The resin was polymerized at
60 °C for 48 h. A region containing HA positive neurons was trimmed out, and 50-nm thick sections were cut and
collected onto a kapton tape by ATUMtome (Schalek et al., 2011) (RMC/Boeckeler). The kapton tape was placed on
a silicon wafer, and a layer of 5-nm thick carbon was coated on the wafer surface with a high vacuum sputter coater
(ACE600, Leica). The sections on the wafer were imaged under a scanning electron microscope (SEM, Merlin VP
Compact, Zeiss) assisted with Atlas 5 AT software (Zeiss). We zoomed into dendrites of immunogold labeled HA-
positive neurons and imaged at 4 nm/pixel resolution. For analysis, we identified high electron-dense particles larger
than 14 nm radius as silver-enhanced gold particles (1.98 pm® of a gold-positive dendrite and 2.35 pm® of a
surrounding control dendrite, respectively). As negative controls, we randomly selected a dendrite near the HA-
positive dendrite. Images were analyzed with ImageJ and Adobe Photoshop, and three-dimensional reconstruction of
the spines was performed using Amira (FEI).

Genomic PCR and DNA Sequencing

To isolate genomic DNA from the IUE-transduced (MEGFP or DsRed2-positive) brain area, DNeasy Blood &
Tissue Kit (Qiagen) was used according to the manufacturer’s instruction. Using the extracted DNA as a template,
we performed genomic PCR with the primers indicated in Figures 1, S3 and S6 and “Oligonucleotides and Plasmid-
Based Donor Templates”. We further amplified the recombination product with a semi-nested PCR using the first
PCR product as a template. The PCR product was purified by QiaQuick gel extraction kit (Qiagen) and then
proceeded to DNA sequencing using one of the primers used in the semi-nested PCR.

Organotypic Slice Culture Preparation

Organotypic cortical slice cultures were prepared as described previously (Stoppini et al., 1991; Yamamoto et al.,
1989). In brief, coronal slices of 400 um thickness were dissected using a tissue chopper from the electroporated
somatosensory cortex at P1-3. The slices were plated on a membrane filter (Millicell-CM PICMORG50, Millipore).
These cultures were maintained at 37 °C in an environment of humidified 95% air and 5% CO,. The culture medium
was exchanged with fresh medium every other day.

Two-Photon Microscope and Glutamate Uncaging

Glutamate uncaging and imaging of live neurons were performed under a custom-built two-photon microscope with
two Ti:Sapphire lasers (Chameleon, Coherent) as previously described (Lee et al., 2009). In brief, the lasers were
tuned at the wavelength of 920 nm and 720 nm for imaging and uncaging, respectively. The intensity of each laser
was independently controlled with electro-optical modulators (Conoptics). The fluorescence was collected with an
objective (60x, 1.0 numerical aperture, Olympus), divided with a dichroic mirror (565dcxr) and detected with
photoelectron multiplier tubes (PMTs) placed after wavelength filters (ET520/60M-2P for green, ET620/60M-2p for
red, Chroma). MNI-caged L-glutamate (4-methoxy-7-nitroindolinyl-caged L-glutamate, Tocris) was uncaged with a



train of 6 ms laser pulses (3.5-4 mW under the objective, 30 times at 1 Hz) near a spine of interest. Experiments
were performed at 32 °C in a solution containing (in mM): 127 NaCl, 2.5 KCI, 25 NaHCO3, 1.25 NaH,POQy,, 4 CaCl,,
25 glucose, 0.001 tetrodotoxin (Tocris) and 4 MNI-caged L-glutamate bubbled with 95% O, and 5% CO,. We
examined secondary branches of apical dendrites of layer 2/3 pyramidal neurons in organotypic cultured cortical
slices at 15-17 days in vitro. Images were analyzed with MATLAB (MathWorks) and ImageJ.



HA/MEGFP (%)

HA/NeuN (%)

MEGFP/NeuN (%)

CaMKlIla-HA
HA-CaMKIIB
MeCP2-HA
HA-B-Actin
HA-DCX
HA-Rablla
Cayl.2-HA
HA-14-3-3¢
HA-FMRP
HA-Arc
HA-PKCa

7.5+ 1.2 (545)
4.5+ 0.8 (716)
0.6 +0.0 (548)
3.4 +0.7 (256)
1.7 + 0.4 (1419)
5.0+0.5 (377)
0.8 +0.0 (366)
4.7 £1.1(221)
1.9 + 0.3 (1250)
8.2 + 1.0 (467)
3.3+0.7 (283)

3.4+0.2 (1110)
1.8 + 0.5 (1816)
0.3+0.0 (1179)
0.8+0.2 (1134)
0.9 +0.2 (2731)
1.6+ 0.2 (1186)
0.3+0.0 (978)
1.3+ 0.4 (843)
0.9 +0.2 (2633)
3.8+ 0.6 (998)
1.2+0.2 (714)

48.2 + 6.7 (1110)
40.0 + 2.9 (1816)
47.3+3.5 (1179)
22.3+1.2 (1134)
51.0 £ 2.0 (2731)
31.7 + 3.3 (1186)
37.8 £3.0 (978)
26.3 + 1.7 (843)
48.1 + 2.3 (2633)
46.6 + 1.9 (998)
39.1 + 3.8 (714)

Table S1. The Ratio of HA (+) to mEGFP (+) Neurons, HA (+) to NeuN (+) Neurons and
MEGFP (+) to NeuN (+) Neurons for Each Target Protein, Related to Figures 1 and 2.

The numbers of cells analyzed are indicated in parentheses.
Data are represented as mean + SEM.



CaMKIla-HA HA-CaMKIIp HA-B-Actin
HA mEGFP HA mEGFP HA mEGFP (%)
0
mEGFP NeuN mEGFP NeuN mEGFP NeuN
L2/3 pyramidal neurons 75+1.2 482+ 6.7 45+0.8 40.0+29 34+07 223+1.2
in the cortex (E12) (545) (1110) (716) (1816) (256) (1134)
L2/3 pyramidal neurons 0.7+0.1 18.6 £ 0.5 0.7+04 21.6+35 N/A
in the cortex (E15) (713) (3796) (211) (934)
CA1 pyramidal neurons 32406
in the hippocampus N/A N/A '(65 4)' N/A
(E13)
Spiny stellate cells 55+1.4
in the subiculum (E13) N/A N/A (341) N/A
Granule cells
. 27+04 49.0+105
in the olfactory bulb N/A N/A
(E12) (1222) (2446)
Medium spiny neurons 43+0.8 166+1.2
in the striatum (E12) (351) (2091) N/A N/A
Basolateral amygdala 100+£13 245+47
neurons (E12) (204) (821) N/A N/A
Granule cells in lobule
9.1+33 31.0%56
X of the cerebellar N/A (622) (1953) N/A

hemisphere (E13)

Table S2. The Ratio of HA(+) to mEGFP(+) Neurons and mEGFP(+) to NeuN(+) Neurons
for Each Cell Type, Related to Figures 1 and 4.

The numbers of cells analyzed are indicated in parentheses.
Data are represented as mean £ SEM.



Figure Experiment DNA constructs for IUE
1,4 CaMKIlo-HA pX330-CaMKIla (C) (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_CaMKIla-HA (20 pM)
1,4 HA-CaMKIIB pX330-CaMKIIB (N) (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_HA-CaMKIIp (20 uM)
1 CaMKIlo-HA (Ctrl) pX330-CaMKIIB (N) (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_CaMKIla-HA (20 uM)
1 HA-CaMKIIB (Ctrl) pX330-CaMKIla (C) (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_HA-CaMKIIB (20 uM)
2,4,54 | MeCP2-HA pX330-MeCP2 (C) (1), PB-CAG-mEGFP or tdTomato (1), CAG-hyPBase (1), sSODNs_MeCP2-HA
(20 uM)
2,4,53 | HA-B-Actin pX330-B-Actin (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssSODNs_HA-B-Actin (20 uM)
2,55 HA-DCX pX330-DCX (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_HA-DCX (20 uM)
2,85 HA-Rablla pX330-Rab1la (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_HA-Rabl1a (20 uM)
2,53 Cayl.2-HA pX330-Cay1.2 (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_Cay1.2-HA (20 uM)
2,S3 HA-14-3-3¢ pX330-14-3-3¢ (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_HA-14-3-3¢ (20 uM)
2,55 HA-FMRP pX330-FMRP (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_HA-FMRP (20 uM)
2,S3 HA-Arc pX330-Arc (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_HA-Arc (20 uM)
2,53,S5 | HA-PKCa. pX330-PKCa (1), PB-CAG-MEGFP (1), CAG-hyPBase (1), ssODNs_HA-PKCo. (20 uM)
3 HA-CaMKIIB pX330-CaMKIIB (N) (1), PB-DsRed2 (1), CAG-hyPBase (1), ssODNs_HA-CaMKIIB (20 uM)
5 HA-CaMKlla, pX330N-CaMKIIa (N) (1), pX330N-CaMKIIB (N) (1), PB-CAG-mEGFP (1), CAG-hyPBase (1),
FLAG-CaMKIIB ssODNs_HA-CaMKlla (20 uM), ssODNs_FLAG-CaMKIIB (20 uM)
5 MeCP2 knockout, pX330-MeCP2 knockout (1), pX330-B-Actin (1), PB-CAG-mEGFP (1), CAG-hyPBase (1),
HA-B-Actin ssSODNs_HA-B-Actin (20 uM)
6, S6 CaMKIla-mEGFP pX330-CaMKIla (C) (1), PB-CAG-DsRed2 (1), CAG-hyPBase (1),
Plasmid-based donor CaMKIla-mEGFP (1)
6 MEGFP-CaMKIIB pX330-CaMKIIB (N) (1), PB-CAG-DsRed2 (1), CAG-hyPBase (1),
Plasmid-based donor_mEGFP-CaMKIIB (1)
6 CaMKIla-mEGFP CAG-CaMKIIa-mEGFP (1), PB-CAG-DsRed2 (1)
(overexpression)
6 MEGFP-CaMKIIp CAG-mEGFP-CaMKIIB (1), PB-CAG-DsRed2 (1)
(overexpression)
S1 CaMKlla-HA pX330-CaMKIla (C) (different) (1), PB-CAG-mEGFP (1), CAG-hyPBase (1),
(different) ssODNs_CaMKIla-HA (20 uM)
S1 HA-CaMKlla pX330-CaMKIla (N) (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_HA-CaMKlla (20 uM)
S1 CaMKIIB-HA pX330-CaMKIIB (C) (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_CaMKIIB-HA (20 uM)
S2 MeCP2-HA (Ctrl) pX330-CaMKIIB (N) (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_MeCP2-HA (20 uM)
S2,S3 HA-B-Actin (Ctrl) pX330-CaMKIIB (N) (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_HA-B-Actin (20 M)
S2 HA-DCX (Ctrl) pX330-CaMKIIB (N) (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_HA-DCX (20 uM)
S2 HA-Rab11a (Ctrl) pX330-CaMKIIB (N) (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_HA-Rab11a (20 uM)
S2,S3 HA-14-3-3¢ (Ctrl) pX330-CaMKIla (C) (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_HA-14-3-3¢ (20 uM)
S2 HA-FMRP (Ctrl) pX330-CaMKIIB (N) (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_HA-FMRP (20 uM)
S2,S3 HA-Arc (Ctrl) pX330-CaMKIla (C) (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_HA-Arc (20 uM)
S2,S3 HA-PKCa (Ctrl) pX330-CaMKIla (C) (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_HA-PKCa (20 uM)
S3 Cay1.2-HA (Ctrl) pX330-CaMKIla (C) (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_Cay1.2-HA (20 uM)
sS4 HA-MeCP2 pX330-MeCP2 (N) (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_HA-MeCP2 (20 uM)
S4 HA-MeCP2 (Ctrl) pX330-CaMKIIB (N) (1), PB-CAG-mEGFP (1), CAG-hyPBase (1), ssODNs_HA-MeCP2 (20 uM)
S6 CaMKIla-mEGFP pX330-CaMKIIB (N) (1), PB-CAG-DsRed2 (1), CAG-hyPBase (1),
(Ctrl) Plasmid-based donor CaMKIla-mEGFP (1)
S6 MEGFP-CaMKIIB pX330-CaMKIla (C) (1), PB-CAG-DsRed2 (1), CAG-hyPBase (1),

(Ctrl)

Plasmid-based donor_ mEGFP-CaMKIIB (1)

Table S3. DNA Constructs Used in This Study, Related to Figures 1-6 and S1-S6.

(C), C-terminus; (N), N-terminus; (Ctrl), negative control; (1), 1 ug/ul; PB, piggyBac; hyPBase,
hyperactive piggyBac transposase; pX330N, pX330 without the FLAG tag sequence fused to

SpCaso.
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