
RESEARCH ARTICLE EDITORS’ PICK
SRC3 acetylates calmodulin in the mouse brain to regulate
synaptic plasticity and fear learning
Received for publication, March 2, 2021, and in revised form, July 20, 2021 Published, Papers in Press, August 4, 2021,
https://doi.org/10.1016/j.jbc.2021.101044

Hai-Long Zhang1,2,‡ , Wei Han1,‡, Yin-Quan Du1,‡, Bing Zhao1, Pin Yang1, and Dong-Min Yin1,*
From the 1Key Laboratory of Brain Functional Genomics, Ministry of Education and Shanghai, School of Life Science, East China
Normal University, Shanghai, China and 2Jiangsu Key Laboratory of Neuropsychiatric Diseases and Institute of Neuroscience,
Soochow University, Suzhou, China

Edited by Roger Colbran
Protein acetylation is a reversible posttranslational modifi-
cation, which is regulated by lysine acetyltransferase (KAT) and
lysine deacetyltransferase (KDAC). Although protein acetyla-
tion has been shown to regulate synaptic plasticity, this was
mainly for histone protein acetylation. The function and
regulation of nonhistone protein acetylation in synaptic plas-
ticity and learning remain largely unknown. Calmodulin
(CaM), a ubiquitous Ca2+ sensor, plays critical roles in synaptic
plasticity such as long-term potentiation (LTP). During LTP
induction, activation of NMDA receptor triggers Ca2+ influx,
and the Ca2+ binds with CaM and activates calcium/
calmodulin-dependent protein kinase IIα (CaMKIIα). In our
previous study, we demonstrated that acetylation of CaM was
important for synaptic plasticity and fear learning in mice.
However, the KAT responsible for CaM acetylation is currently
unknown. Here, following an HEK293 cell-based screen of
candidate KATs, steroid receptor coactivator 3 (SRC3) is
identified as the most active KAT for CaM. We further
demonstrate that SRC3 interacts with and acetylates CaM in a
Ca2+ and NMDA receptor-dependent manner. We also show
that pharmacological inhibition or genetic downregulation of
SRC3 impairs CaM acetylation, synaptic plasticity, and
contextual fear learning in mice. Moreover, the effects of SRC3
inhibition on synaptic plasticity and fear learning could be
rescued by 3KQ-CaM, a mutant form of CaM, which mimics
acetylation. Together, these observations demonstrate that
SRC3 acetylates CaM and regulates synaptic plasticity and
learning in mice.

Synaptic plasticity is crucial for several brain functions
such as learning and memory. It is regulated by long-term
mechanisms such as gene transcription (1, 2), as well as
acute mechanisms at synapses including protein phosphor-
ylation (3, 4). Protein acetylation is regulated by lysine ace-
tyltransferase (KAT) and lysine deacetylase (KDAC) and was
discovered initially as a posttranslational modification of
histone proteins to activate gene transcription (5). While
protein acetylation has been implicated in synaptic plasticity
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and learning before, this was mainly for histone protein
acetylation (6–9).

Calmodulin (CaM), a ubiquitous Ca2+ sensor, plays critical
roles in Ca2+ signaling and synaptic plasticity (10–14). In an
accompanying paper in this issue, we revealed acetylation of
CaM on three lysine residues (K22, 95, and 116), which are
conserved across species (15). Moreover, CaM acetylation
could be upregulated by neural activities, which play
important roles in synaptic plasticity and learning (15).
However, the KAT responsible for CaM acetylation and how
acetylation of CaM is regulated by neural activities remain
largely unknown.

There are 20 total KAT proteins, which can be classified
into four major families (16). Most if not all KAT proteins are
expressed in the nucleus to regulate gene transcription (9). In
addition, some KAT proteins are expressed in the cytoplasm
and can shuttle between the nucleus and cytoplasm (17). In
this study, we performed unbiased screen to identify steroid
receptor coactivator 3 (SRC3) as the KAT that interacts with
and acetylates CaM in a Ca2+-dependent manner. In agree-
ment, neural activities increase the interaction between SRC3
and CaM in an NMDA receptor-dependent way. Lastly, we
demonstrate that SRC3 regulates synaptic plasticity and
contextual fear learning at least partially through CaM acety-
lation. Together, these observations provide evidence for a role
of SRC3-mediated CaM acetylation in regulating synaptic
plasticity and learning.

Results

Increase of CaM acetylation by SRC3 overexpression in
HEK293 cells

Since CaM acetylation is important for synaptic plasticity
and learning (15), we aim to identify the KAT that can
acetylate CaM. The KAT proteins are generally classified
into four major families (Fig. 1A) (16). Given that CaM is
highly expressed in the cytoplasm and synaptosomes
(including both pre and postsynaptic fractions), we reason
that the KAT responsible for CaM acetylation is relatively
enriched in the cytoplasm or synaptosomes, instead of or in
addition to the nucleus. To investigate the subcellular dis-
tribution of KAT, we separated mouse brain tissues into
nuclear (N), cytosolic (C), and crude synaptosome (P2)
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Figure 1. Subcellular distribution of KAT proteins and acetylation of CaM by SRC3 in HEK293 cells. A, the family and representative proteins of KAT. B,
expression of Histone H3 (H3), α-tubulin, and synapsin 1 (SYN1) in the nuclear (N), cytoplasmic (S2), and P2 fractions. The bottom image is the Ponceau
staining. C, distribution of different KAT proteins in the nuclear (N), cytoplasmic (S2) and P2 fraction of mouse forebrain. Histone H3 (H3), α-tubulin, and
Synapsin1 (SYN1) are markers for the N, S2, and P2 fractions. D, heat map of KAT protein levels in the nuclear (N), cytoplasmic (S2), and P2 fractions of
mouse forebrain. Original western blots were shown in panel C. E, overexpression of SRC3 induces acetylation of CaM in HEK293 cells. The total lysates from
HEK293 cells treated with 1 μM TSA or transfected with different KAT plasmids for 36 h were probed with the indicated Abs. F, expression of Flag-tagged
KAT constructs in HEK 293 cells. The total lysates of HEK293 cells transfected with different Flag-tagged KAT constructs were probed with anti-Flag an-
tibodies. The arrows indicate the main bands for different KAT proteins. G, SRC3 has a higher capacity to acetylate CaM than other KATs. Shown were
acetylated CaM levels normalized by the intensity of Flag signal in panel F. Data were represented as mean ± SD. NS, not significant, **p = 0.0024, ***p <
0.0001, compared with control, one-way ANOVA, n = 6, data were normalized by control.
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fractions (Fig. 1B). The purity of the N, C and P2 fractions
was confirmed by the enrichment of different markers: his-
tone protein H3 in the N, α-tubulin in the C and Synapsin 1
in the P2 (Fig. 1B). All the KATs we examined were
expressed in the nucleus (Fig. 1C). For the P300/CBP family,
P300 is expressed in the cytoplasm in addition to the nucleus
(Fig. 1, C and D). Among the GNAT family proteins, GCN5
and PCAF were relatively higher in the P2, compared with
HAT1 and ELP3 (Fig. 1, C and D). TIP 60 is expressed in
both the nucleus and P2 (Fig. 1, C and D). In the SRC family,
SRC3 rather than SRC1 or SRC2 is highly expressed in the
cytoplasm (Fig. 1, C and D).

Due to these findings, we focused on the following proteins
in each KAT family: P300 for the P300/CBP family; PCAF and
GCN5 for the GNAT family; TIP60 for the MYST family;
SRC3 for the SRC family (Fig. 1D). To determine which KAT
can acetylate CaM, we overexpressed the candidate KATs in
HEK293 cells and 36 h after transfection of the plasmids,
acetylated proteins were precipitated with anti-Ac-K antibody
and probed by anti-CaM antibody. As a positive control,
treatment with TSA, a pan KDAC inhibitor (18), for 30 min
could induce CaM acetylation in HEK293 cells (Fig. 1E).
Intriguingly, expression of SRC3 and P300 rather than other
KATs led to CaM acetylation in HEK293 cells (Fig. 1E). Flag
immunoblotting indicated that the expression levels of SRC3
were similar with P300 and TIP60, but lower than PCAF and
GCN5 (Fig. 1F). The acetylated CaM levels normalized by the
intensity of Flag signal verified that SRC3 had a higher capacity
to acetylate CaM than other KATs (Fig. 1G). Altogether, these
2 J. Biol. Chem. (2021) 297(3) 101044
results demonstrate that overexpression of SRC3 can increase
CaM acetylation in HEK293 cells.
SRC3 acetylates CaM in a calcium-dependent way

SRC3 (also known as p/CIP, RAC3, AIB1, ACTR, TRAM1,
and NCOA3) is a member of the family of steroid receptor
coactivators and has been implicated in regulating steroid
hormone signaling (19). To investigate whether SRC3 could
acetylate CaM, recombinant GST-CaM proteins were sub-
jected to in vitro acetylation assay by incubation with Flag-
SRC3 purified from HEK293 cells. The resulting GST-CaM
proteins after in vitro acetylation assay were probed with
anti-Ac-K antibodies. GST-CaM purified from bacteria could
not be acetylated without SRC3 (Fig. 2A). However, Flag-SRC3
could acetylate GST-CaM in vitro (Fig. 2A). Analysis of pre-
vious proteomic studies and publicly available database
revealed that CaM could be acetylated on three lysine residues
(K 22, 95, and 116) in mouse brain (15). SRC3-mediated
acetylation of CaM was abolished by the 3KR mutation
(Fig. 2, A and B). By contrast, SRC3 was able to interact with
3KR-CaM (Fig. 2, A and C).

To investigate whether SRC3 could acetylate CaM on the
three lysine residues—K22, 95, and 116, the GST-CaM pro-
teins after in vitro acetylation assay were probed with site-
specific anti-Ac-CaM antibodies (15). The anti-Ac-K22-CaM
antibody could detect the acetylation of WT, K95R, and
K116R-CaM but not K22R-CaM and vice versa (Fig. 2D).
These results demonstrate that SRC3 can acetylate CaM on



Figure 2. Acetylation of CaM by SRC3 in a calcium-dependent manner. A, Flag-SRC3 purified from HEK293 cells could acetylate GST-WT-CaM. 3KR
mutation diminished CaM acetylation, but not SRC3-CaM interaction. Flag-SRC3 was immunoprecipitated by anti-Flag-conjugated beads and then incu-
bated with GST-tagged WT or 3KR-CaM for in vitro acetylation assay (top two lanes). In another experiment, Flag-SRC3 was immunoprecipitated by anti-Flag-
conjugated beads and then incubated with GST-tagged WT or 3KR-CaM for pull-down assay (bottom two lanes). B, quantification of Ac-K/CaM in panel A.
Data were represented as mean ± SD. ***p < 0.0001, t test, n = 6, data were normalized to WT-CaM. C, quantification of CaM-SRC3 interaction as CaM/SRC3
in panel A. Data were represented as mean ± SD. NS, not significant, t test, n = 6, data were normalized to WT-CaM. D, CaM acetylation at K22, 95, and 116 by
SRC3. GST-CaM was subjected to in vitro acetylation assay with Flag-SRC3 purified from HEK293 cells overexpressing Flag-SRC3, and the reaction was
probed with site-specific anti-CaM antibodies. Note that the site-specific antibodies against Ac-CaM cannot recognize the CaM proteins with the K-R
mutation. E, Stoichiometry levels of K22, 95, and 116 acetylated by SRC3 in vitro from panel D. Data were represented as mean ± SD. n = 6. F, the KAT
domain instead of RID of SRC3 could acetylate CaM. His-tagged SRC3 HAT domain and RID were purified from bacteria and used for in vitro acetylation assay
with GST-CaM. G, purified CBP KAT domain cannot acetylate GST-CaM. H, acetylation of CaM by the KAT domain of SRC3 is Ca2+-dependent. All proteins
were purified from bacteria. Acetylation was performed in the presence of 0.1 mM Ca2+ or 1 mM EGTA.
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K22, K95, and K116. The stoichiometry analysis indicated that
SRC3 could acetylate 66% K22, 68% K95, and 47% K116
in vitro (Fig. 2E). SRC3 has an RID (receptor-interaction
domain) and a KAT domain (19). We generated recombinant
His-tagged RID and KAT domain of SRC3 and incubated them
with GST-CaM. Our data indicate that CaM is acetylated by
the KAT, but not the RID domain of SRC3 (Fig. 2F). By
contrast, CaM could not be acetylated by the KAT domain of
CBP (Fig. 2G), indicating the specificity of SRC3 in regulating
CaM acetylation. Moreover, the KAT domain can acetylate
GST-CaM in the presence of Ca2+ but not in the presence of
EGTA (Fig. 2H). These results demonstrate that SRC3 acety-
lates CaM in a Ca2+-dependent manner.
SRC3 interacts with CaM in a calcium-dependent manner

In the following study, we investigate whether SRC3 could
interact with CaM. To this end, we performed GST pull-down
assay using purified His-tagged SRC3-KAT domain and GST-
CaM proteins. His-SRC3-HAT domain could bind with CaM
under 0.01 mM Ca2+ (Fig. 3A). Moreover, this interaction was
enhanced in the presence of 0.1 mM Ca2+ and was abolished
with 1 mM EGTA (Fig. 3, A and B). These results suggest that
SRC3-CaM interaction was direct and required Ca2+. The Kd

value of Ca2+ for the interaction between GST-CaM and His-
SRC3-KAT is 2.734 μM (Fig. 3C). To further study whether
SRC3 could interact with CaM in mammalian cells, we over-
expressed Flag-SRC3 in HEK293 cells. The cell lysates were
immunoprecipitated with anti-Flag antibodies and probed with
anti-CaM antibodies. As shown in Figure 3D, CaM was
coimmunoprecipitated (Co-IP) with SRC3 when the Co-IP
buffer did not contain EGTA. However, the co-IP dis-
appeared when the incubation buffer contains 1 mM EGTA
(Fig. 3D). These data imply that SRC3 interacts with CaM in
mammalian cells in a Ca2+-dependent way. Next, we address
whether neural activity could enhance SRC3-CaM interaction.
Toward this aim, we performed chemical LTP (cLTP) stimu-
lation in hippocampal slices for 10 min, and after that, we
collected the total lysates for Co-IP experiments. Intriguingly,
cLTP stimulation increased the interaction between SRC3 and
CaM, and the potentiation could be blocked by the NMDAR
antagonist AP5 (Fig. 3, E and F). Together, these results
demonstrate that the SRC3 interacts with CaM in a way
dependent on Ca2+ and NMDAR.
Inhibition of SRC3 impairs CaM acetylation and hippocampal
LTP

SRC3 is highly expressed in hippocampal pyramidal neurons
revealed by Src3 reporter mice (20). cLTP stimulation could
increase CaM acetylation and activate CaMKIIα in hippo-
campal slices (Fig. 4A). Autophosphorylated CaMKIIα was
J. Biol. Chem. (2021) 297(3) 101044 3



Figure 3. CaM-SRC3 interaction in a Ca2+ and NMDAR-dependent manner. A, increased CaM-SRC3 interaction by Ca2+. His-SRC3-KAT and GST-CaM were
purified from bacteria and their interaction was investigated by GST pull-down during which acetylation could not occur. B, quantification of CaM-SRC3
interaction as His/GST in panel A. Data were represented as mean ± SD. ***p < 0.0001, one-way ANOVA, n = 6, data were normalized to 0.01 mM Ca2+.
C, the binding curve of GST-CaM and His-SRC3-KAT under different Ca2+ concentrations. The Kd of Ca

2+ for the interaction between GST-CaM and His-SRC3-
KAT is 2.734 μM, n = 3. Data were represented as mean ± SD. D, CaM-SRC3 interaction in HEK293 cells depends on Ca2+. The immunoprecipitation (IP) of
Flag-SRC3 was probed with anti-CaM antibodies. The CaM-SRC3 interaction was abolished when the IP buffer contained 1 mM EGTA. E, increased CaM-SRC3
interaction by cLTP, which is dependent on NMDAR. The CaM-SRC3 interaction was assessed by coimmunoprecipitation (co-IP) from total lysate of hip-
pocampal slices with different treatment. The co-IP was performed in RIPA buffer without EGTA or detergent. F, quantification of CaM-SRC3 interaction as
CaM/SRC3 in panel E. Data were represented as mean ± SD. ***p < 0.0001, one-way ANOVA, n = 6, data were normalized to control.
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detected with a phospho-specific antibody against Thr286,
whose phosphorylation is an indicator of CaMKIIα activation
(21). To determine whether SRC3 is important for CaM
acetylation and CaMKIIα activation after cLTP stimulation,
the hippocampal slices were treated with 1 μM SI-2, an SRC3
inhibitor (22), for 20 min before cLTP stimulation. As shown
in Figure 4, A–C, cLTP-induced CaM acetylation and CaM-
KIIα activation in hippocampal slices were reduced by SI-2.
CaMKIIα could phosphorylate the AMPA receptor subunit
GluR1 at Ser831 during LTP (23, 24). Consistent with the
reduction of CaMKIIα activity after cLTP stimulation in the
presence of SI-2, p-GluR1 Ser831 also decreased after treatment
with SI-2 (Fig. 4, A and D). These results indicate that SRC3
inhibition impairs CaM acetylation and CaMKIIα activation by
cLTP stimulation.

To investigate whether SRC3 could regulate functional LTP,
we applied theta burst stimulation (TBS) into hippocampal
slices to induce LTP at SC-CA1 synapses (Fig. 4E) (21). Hip-
pocampal slices were treated with SI-2, an SRC3 inhibitor for
20 min before TBS, which effectively attenuated posttetanic
potentiation (PTP) and LTP in a dose-dependent manner
(Fig. 4, F–H). Treatment of hippocampal slices with 1 μM SI-2
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for 20 min did not affect the input–output (I/O) curves or
paired-pulse facilitation (PPF) of SC-CA1 synapses (Fig. 4,
I and J), indicating no effects on basal glutamatergic trans-
mission by acute SRC3 inhibition. Treatment of hippocampal
slices with 1 μM SI-2 10 min after TBS for 20 min had no
effect on PTP or LTP (Fig. 4, K–M). These results demonstrate
that SRC3 is important for LTP induction but not
maintenance.
SRC3 regulates hippocampal LTP through acetylation of CaM

Next, we determine whether SRC3 regulation of LTP is
mediated by CaM acetylation. To this end, we performed
whole-cell LTP recording in CA1 pyramidal neurons and
observed the effects of purified GST-WT-CaM and GST-3KQ-
CaM proteins (acetylation mimicking CaM) (15) that were
delivered into CA1 pyramidal neurons via the recording pi-
pettes (Fig. 5A). Acute treatment with SI-2 did not affect the
basic properties of CA1 pyramidal neurons such as input
resistance (Fig. 5B). However, high-frequency stimulation
(HFS)-induced PTP and LTP in CA1 pyramidal neurons were
reduced by acute treatment with SI-2 when the neurons were



Figure 4. Impaired CaM acetylation and hippocampal LTP by SRC3 inhibition. A, increased Ac-CaM, p-CaMKIIα, and p-GluR1 after cLTP stimulation were
attenuated by 1 μM SI-2. Total lysate of hippocampal slices after different treatment was probed for Ac-CaM, CaM, p-CaMKIIα, CaMKIIα, p-GluR1, and GluR1.
B–D, quantification of Ac-CaM/CaM (B), p-CaMKIIα/CaMKIIα (C), and p-GluR1/GluR1 (D) in panel A. Data were represented as mean ± SD. ***p < 0.0001, two-
way ANOVA followed by Tukey’s multiple comparisons test, n = 6, data were normalized to control. E, diagram showing field EPSP recording at SC-CA1
synapses. WT hippocampal slices were treated with vehicle or SI-2. F, normalized fEPSP amplitudes were plotted every 1 min for hippocampal slices
treated with vehicle or different concentrations (0.1, 0.3, 1 μM) of SI-2, which was applied during the period indicated by the bar. G and H, SI-2 attenuated
PTP (G) and LTP (H) in a dose-dependent manner. Data in panel F were quantified. Data were represented as mean ± SD. NS, not significant, *p = 0.0187,
**p = 0.0062, ***p = 0.001, compared with Veh, one-way ANOVA, n = 11 slices from five mice for Veh, n = 9 slices from four mice for other groups. Veh:
vehicle. I, SI-2 (1 μM) did not alter input–output (I/O) curves at SC-CA1 synapses. Data were represented as mean ± SD. F (1,16) = 3.736, p = 0.0711, two-way-
ANOVA, n = 9 slices from four mice for each group. J, SI-2 (1 μM) did not affect paired pulse facilitation (PPF) at SC-CA1 synapses. Data were represented as
mean ± SD. F (1,22) = 1.975, p = 0.1738, two-way-ANOVA, n = 12 slices from four mice for each group. K, normalized fEPSP amplitudes were plotted every
1 min for hippocampal slices treated with vehicle or 1 μM SI-2, which was applied during the period indicated by the bar. L and M, SI-2 (1 μM) inhibited LTP
induction but not maintenance. Data of PTP (L) and LTP (M) in panel K were quantified. Data were represented as mean ± SD. NS, not significant, **p =
0.0093, ***p = 0.0004, compared with Veh, one-way ANOVA, n = 8 slices from four mice for each group. Veh: vehicle, Pre: before TBS, Post: after TBS.
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delivered with GST-WT-CaM proteins (Fig. 5, C–E). Intrigu-
ingly, these inhibitory effects were diminished in neurons
delivered with GST-3KQ-CaM proteins (Fig. 5, C–E). The
rescue effects by acetylation-mimicking CaM suggest that
CaM acetylation is downstream of SRC3, contributing to LTP.
Figure 5. SRC3 regulates hippocampal LTP through acetylation of CaM. A, d
mouse hippocampus. Recording pipettes were infused with GST-tagged WT or
affected by SI-2 (1 μM) treatment. Data were represented as mean ± SD. NS, no
mice for WT-CaM and SI-2 + 3KQ-CaM, n = 6 cells from six mice for SI-2 + W
pyramidal neurons infused with 100 nM GST-WT-CaM or GST-3KQ-CaM proteins
(D) and LTP (E) after SRC3 inhibition. Data in panel C were quantified. Data we
compared with GST-WT-CaM, one-way ANOVA, n = 10 cells from ten mice for
Downregulation of SRC3 attenuates CaM acetylation and
hippocampal LTP

To verify that SRC3 in adult hippocampus is important for
CaM acetylation and LTP with a genetic approach, we took use
of the CRISPR-Cas9 technique (22). To this end, we injected
iagram showing whole-cell recording of eEPSC in CA1 pyramidal neurons of
3KQ-CaM proteins. B, the input resistance of CA1 pyramidal neurons was not
t significant, compared with WT-CaM, one-way ANOVA, n = 10 cells from ten
T-CaM. C, normalized eEPSC amplitudes were plotted every 1 min for CA1
with or without SI-2 treatment. D and E, 3KQ-CaM rescued the deficit of PTP
re represented as mean ± SD. NS, not significant, *p = 0.0346, **p = 0.0036,
WT-CaM and SI-2 + 3KQ-CaM, n = 6 cells from six mice for SI-2 + WT-CaM.
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EDITORS’ PICK: SRC3 as a CaM acetyltransferase
adenoassociated virus (AAV) expressing Src3 or control gRNA
and EGFP into the hippocampal CA1 region of adult Rosa26-
Cas9 knockin mouse (Fig. 6, A–C). Three weeks after injection,
Src3 gRNA efficiently reduced the protein levels of SRC3, but
not SRC1 or SRC2 (Fig. 6, D and E). The CaM acetylation and
CaMKIIα activation after cLTP stimulation were significantly
reduced in SRC3 knockdown (SRC3 KD) slices, compared with
control slices (Fig. 6, F–H). These results suggest that down-
regulation of SRC3 in adult hippocampus is sufficient to
impair CaM acetylation and CaMKIIα activation after cLTP
stimulation. We next performed LTP recording at SC-CA1
synapses in hippocampal slices 3 weeks after AAV injection
(Fig. 6I). The Src3 gRNA severely impaired TBS-induced PTP
and LTP, compared with control gRNA (Fig. 6, J–L), demon-
strating that SRC3 in adult hippocampus is important for LTP.
Together with the results with SRC3 inhibitor SI-2, these re-
sults demonstrate the importance of SRC3 in regulating CaM
acetylation and hippocampal LTP.
Figure 6. Attenuated CaM acetylation and hippocampal LTP by SRC3 dow
U6 Polymerase III promoter, CMV, human cytomegalovirus promoter, bottom,
hippocampus of Rosa26-Cas9 knockin mice. B, experimental design. C, expre
400 μm. D, reduced protein levels of SRC3 in Rosa26-Cas9 hippocampus inje
indicated Abs. E, quantification of SRC3/α-tubulin in panel D. Data were repre
control gRNA. F, increased Ac-CaM, p-CaMKIIα after cLTP stimulation were att
different treatment were probed for Ac-CaM, CaM, p-CaMKIIα, and CaMKIIα. G a
F. Data were represented as mean ± SD. NS, not significant, ***p < 0.0001, two-
normalized to control. I, diagram showing field EPSP recording at SC-CA1 syn
gRNA and EGFP. J, normalized fEPSP amplitudes were plotted every 1 min for R
PTP (K) and LTP (L) in mice injected with Src3 gRNA AAV. Data in panel J were q
slices from four mice for each group.
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Importance of SRC3 in contextual fear learning

The LTP at SC-CA1 synapses in the hippocampus is
coupled to contextual fear learning (25, 26). Next, we address
whether SRC3 is important for contextual fear learning. To-
ward this aim, we injected the SRC3 inhibitor SI-2 or vehicle
into the lateral ventricles of adult mouse brain. Consistent with
our previous finding, pairing with unconditioned stimulation
(US) and conditioned stimulation (CS) during fear condition-
ing increased CaM acetylation (Fig. 7A). However, the eleva-
tion of CaM acetylation, p-CaMKIIα, and p-GluR1 after
pairing with US and CS was greatly attenuated by the SRC3
inhibitor SI-2 (Fig. 7, A–D), which suggests a role of SRC3 in
CaM acetylation and CaMKIIα activation during fear
conditioning.

Strikingly, SI-2 injection 1 h before pairing of US and CS
severely impaired contextual fear memory (Fig. 7E). By
contrast, fear memory was not altered by SI-2 delivery 1 h
nregulation. A, top, schematic diagram of AAV-Src3 gRNA-EGFP. U6, human
diagram showing the stereotaxic injection of AAV-Src3 gRNA-EGFP into the
ssion of EGFP in the hippocampus 3 weeks after AAV injection. Scale bar,
cted with Src3 gRNA AAV. The hippocampal lysates were probed with the
sented as mean ± SD. ***p < 0.0001, t test, n = 6, data were normalized to
enuated by SRC3 knockdown (KD). Total lysate of hippocampal slices after
nd H, quantification of Ac-CaM/CaM (G) and p-CaMKIIα/CaMKIIα (H) in panel
way ANOVA followed by Tukey’s multiple comparisons test, n = 6, data were
apses. Rosa26-Cas9 mice were injected with AAV expressing control or Src3
osa26-Cas9 hippocampal slices injected with indicated AAV. K and L, reduced
uantified. Data were represented as mean ± SD. ***p < 0.0001, t test, n = 8



Figure 7. Importance of SRC3 in contextual fear learning. A, increased Ac-CaM, p-CaMKIIα, and p-GluR1 after contextual fear conditioning were
attenuated by SI-2. Total lysates of hippocampus from different groups of mice were probed for Ac-CaM, CaM, p-CaMKIIα, CaMKIIα, p-GluR1, and GluR1. B–D,
quantification of Ac-CaM/CaM (B), p-CaMKIIα/CaMKIIα (C), and p-GluR1/GluR1 (D) in panel A. Data were represented as mean ± SD. ***p = 0.0003 for column
A and B, ***p = 0.0005 for column B and D in panel B, **p = 0.0085, *p = 0.013 in panel C, *p = 0.0118, **p = 0.0094 in panel D, two-way ANOVA followed by
Tukey’s multiple comparisons test, n = 3, data were normalized to control. E, reduced freezing during paired tests by SI-2 treatment 1 h before training. SI-2
had no effect on freezing when it was delivered 1 h before paired tests. Data were represented as mean ± SD. NS, not significant, ***p = 0.0007, two-way
ANOVA followed by Dunnett’s multiple comparisons test, n = 16 for group a (control), n = 16 for group b (formation), n =12 for group c (retrieval). Top,
schematic diagram of behavioral tests. F, reduced freezing during paired tests in Rosa26-Cas9 mice injected with AAV expressing Src3 gRNA. Data were
represented as mean ± SD. ***p = 0.0008, two-way ANOVA followed by Sidak’s multiple comparisons test, n = 14 for each group. Top, schematic diagram of
behavioral tests. G, 3KQ-CaM partially rescued fear learning deficits by SI-2. The mice receiving lentivirus expressing CaMKD+WT-CaM or CaMKD+3KQ-CaM
were treated with SI-2 1 h before training. Data were represented as mean ± SD. NS, not significant, ***p < 0.0001, two-way ANOVA followed by Dunnett’s
multiple comparisons test, compared with control, n = 13 for each group. Top, schematic diagram of behavioral tests.
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before the paired test (Fig. 7E). These results suggest that
SRC3 may be important for fear learning but not fear memory
retrieval. Similar effects were observed in mice where SRC3
proteins were downregulated in adult hippocampus using
CRISPR/Cas9 technique (Fig. 7F). These results indicate the
importance of SRC3 in contextual fear learning. Notice that
neither inhibition nor downregulation of SRC3 in adult mice
affected locomotion in the open field (Fig. 8).
Figure 8. No effects of SRC3 inhibition or downregulation on locomotion
treated with vehicle or SI-2. Data were represented as mean ± SD. Genotype F (
time staying in the center and margin of the open field during the first 5 min fo
not significant, p = 0.5613, two-way ANOVA followed by Sidak’s multiple comp
30 min in open field for Rosa26-Cas9 mice receiving hippocampal injection of
Genotype F (1,22) = 0.9887, p = 0.3309, two-way ANOVA, n = 12 for each group
first 5 min for Rosa26-Cas9 mice receiving hippocampal injection of the indicate
two-way ANOVA followed by Sidak’s multiple comparisons test, n = 12 for ea
Lastly, we determine whether SRC3 regulation of fear
learning is mediated by CaM acetylation. To this end, we did
stereotaxic injection of lentivirus expressing Cam shRNA plus
shRNA-resistant WT-CaM (CaMKD+WT) or CaMKD+3KQ-
CaM (acetylation-mimicking CaM) (15) into CA1 hippocam-
pus region. Two weeks after lentivirus injection, the mice were
subjected to contextual fear conditioning (Fig. 7G). Fear
learning was reduced by the SRC3 inhibitor SI-2 in mice
. A, equal distance traveled during the first 30 min in open field for mice
1,22) = 0.3879, p = 0.5398, two-way ANOVA, n = 12 for each group. B, similar
r mice treated with vehicle or SI-2. Data were represented as mean ± SD. NS,
arisons test, n = 12 for each group. C, equal distance traveled during the first
the indicated AAV. Data were represented as mean ± SD. NS, not significant,
. D, similar time staying in the center and margin of the open field during the
d AAV. Data were represented as mean ± SD. NS, not significant, p = 0.9811,
ch group.
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expressing CaMKD+WT-CaM (Fig. 7G). However, this
inhibitory effect was diminished in mice expressing
CaMKD+3KQ-CaM (Fig. 7G). The rescue effect by
acetylation-mimicking CaM suggests that CaM acetylation is
downstream of SRC3, contributing to contextual fear learning.
Discussion

In this study, we identified SRC3 as the KAT that interacts
with and acetylates CaM. CaM could be acetylated by SRC3
purified from HEK293 cells. Moreover, acetylation was
detectable when CaM was incubated with recombinant KAT
domain of SRC3, but not that of CBP. These results suggest
that CaM is a direct substrate of SRC3. CaM acetylation by
SRC3 and CaM-SRC3 interaction are dependent on Ca2+

in vitro. In agreement, neural activities increased CaM-SRC3
interaction and CaM acetylation in an NMDAR-dependent
way.

SRC3 belongs to the SRC family of p160 proteins, which also
include SRC1 and SRC2. The SRC family proteins physically
interact with steroid receptors in a ligand-dependent manner
(27–29). SRC1 and SRC2 are widely expressed in several brain
regions such as the cortex, hippocampus, amygdala, cere-
bellum, and hypothalamus (30, 31). By contrast, SRC3 is
expressed predominantly in the hippocampus and very
sparsely in the hypothalamus (20, 30). Different from SRC1
and SRC2, which are mainly distributed in the nucleus, SRC3
is highly expressed in the cytoplasm of mouse brain, which
suggests that SRC3 could regulate both genomic and non-
genomic signaling pathways of steroid hormones.

SRC3 has been extensively studied in the fields of cancer,
metabolism, and endocrinology (20, 32–35). However, the
function of SRC3 in the brain remains largely unknown. An
early study showed that female but not male Src3 mutant mice
increased anxiety in the open filed test (36). A previous study
indicated that SRC3 regulates dendritic arborization in
cultured hippocampal neurons (37). Here we demonstrate that
SRC3 is important for synaptic plasticity in the hippocampus
and contextual fear memory. The LTP at SC-CA1 synapses in
the hippocampus is linked with contextual fear memory
(25, 26). However, other brain regions such as amygdala and
the hippocampal-amygdala circuit are also important for
contextual fear memory (38–41). Injecting SI-2 into the brain
ventricle may affect both the hippocampus and amygdala (or
other brain regions important for contextual fear memory) and
thus has significant effects on behaviors.

The PTP at SC-CA1 synapses was also significantly
reduced after inhibition or knockdown of SRC3, which
indicated that SRC3 was important for LTP induction. This
hypothesis is supported by the finding that SRC3 inhibitor
SI-2 attenuates LTP when applied before but not after the
induction of LTP. Considering that acetylation of CaM is
increased within 1 min after cLTP stimulation in hippo-
campal slices (15), it is reasonable that acetylation of CaM is
also involved in the induction of LTP. Together, these results
indicate that both SRC3 and CaM acetylation are important
for LTP induction.
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SRC3 has an RID and HAT domain. The RID of SRC3
contains three LXXLL (in which X represents any amino acid)
motifs, which form amphipathic α-helices and are responsible
for binding with nuclear receptors (19). The KAT domain is
localized in the C terminus of SRC3 and exhibits histone
acetyltransferase activity (42), although its cellular substrates
are incompletely identified. The previous study indicated that
the presence of RID did not influence the activity of KAT
domain of SRC3 (42). Our finding that SRC3 acetylates CaM
and contributes to CaMKIIα activation and synaptic plasticity
will broaden our understanding of SRC3 function in the brain.
The CaM deacetylase is currently unknown and waits for
future investigation. Given that CaM is a ubiquitous Ca2+

sensor and has multiple target proteins (43), future work is
warranted to study whether SRC3-mediated CaM acetylation
could regulate Ca2+ signaling in other tissues in addition to the
brain.

Experimental procedures

Animals

C57BL/6N male mice at age of 7–8 weeks were used in
experiments unless otherwise described. Animals were housed
in rooms at 23 �C and 50% humidity in a 12 h light/dark cycle
and with food and water available ad libitum. All experimental
procedures were approved by the Institutional Animal Care
and Use Committees of East China Normal University.
Rosa26-Cas9 knockin mice were generated by Shanghai Model
Organisms Center, Inc. The knockin mice used in this study
were all males.

Subcellular fractions

Mouse brain tissues were homogenized in Buffer A
(0.32 M sucrose, 1 mM MgCl2, 1 mM PMSF, and a protease
inhibitor cocktail). Homogenates were passed through a filter
to remove cell debris and centrifuged at 500g for 5 min in a
fixed angle rotor to yield P1 and S1 fractions. P1 fractions
were washed in Buffer B containing 10 mM KCl, 1.5 mM
MgCl2, 10 mM Tris-HCl (pH 7.4) and centrifuged at 500g for
5 min. Pellets were dissolved in Buffer C containing 20 mM
HEPES (pH 7.9), 25% glycerol, 1.5 mM MgCl2, 1.4 M KCl,
0.2 mM EDTA, 0.2 mM PMSF, 0.5 mM DTT and incubated
on a shaker at 4 �C for 30 min. After centrifugation at 12,000g
for 10 min, the supernatant of P1 was collected as nuclear
proteins. The S1 fraction was centrifuged at 10,000g for
10 min to yield P2 that contains membranes and synapto-
somes and the cytoplasmic S2.

Western blot

Nuclear and S2 solutions were mixed with 6× SDS-PAGE
sample buffer. P2 fractions were directly dissolved in 1×
SDS-PAGE sample buffer. Respective subcellular fractions
were resolved on SDS-PAGE and transferred to nitrocellulose
membranes, which were incubated in the TBS buffer con-
taining 0.1% Tween-20 and 5% milk for 1 h at room temper-
ature before incubation with a primary antibody overnight at
4 �C. After wash, the membranes were incubated with an
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HRP-conjugated secondary antibody in the same TBS buffer
for 1 h at room temperature. Immunoreactive bands were
visualized by ChemiDocTM XRS + Imaging System (BIO-
RAD) using enhanced chemiluminescence (Pierce) and
analyzed with Image J (NIH). The primary antibodies used
were as follows: anti-SYN1, Cell Signaling (2312); anti-HAT1,
Abcam (ab194296); anti-P300, Santa Cruz (sc-585); anti-CBP,
Cell Signaling (7389); anti-PCAF, Cell Signaling (3378); anti-
GCN5, Cell Signaling (3305); anti-TIP60, Abcam (ab23886);
anti-ELP3, Abcam (ab190907); anti-SRC3, Cell Signaling
(5765); anti-SRC2, Bioss (bs-20558R); anti-SRC1, Bioss (bs-
10603R); anti-α-tubulin, Cell Signaling (3873); anti-Histone
H3, Cell Signaling (9715); anti-Flag, Sigma (F7425); anti-
CaM, Millipore (05-173); anti-CaMKIIα, Cell Signaling
(11945); anti-p-CaMKIIα Thr286, Sigma (SAB4300228); anti-
Acetyllysine, Cell Signaling (9441); anti-p-GluR1 Ser831,
Abcam (ab109464); anti-GluR1, Abcam (ab109450); anti-GST,
Abmart (12G8), and anti-His, Abmart (10E2). The site-specific
anti-Ac-CaM antibodies were generated in house (15).

Cell transfection

The HEK293 cells were transfected with different KAT
plasmids using linear PEI (Polysciences, 23966-2). The KAT
plasmids we used were all Flag-tagged. The constructs of P300,
PCAF, and GCN5 were from addgene. The plasmids of TIP60
and SRC3 were kindly provided by Dr Jiemin Wong (ECNU,
China). The pan KDAC inhibitor TSA is from Sigma (T1952)
and was used as a positive control to analyze CaM acetylation.

In vitro acetylation assay

Acetylation was assayed as previously described (44) with
modification. In brief, precipitated Flag-SRC3 from HEK293
cells or His-tagged SRC3 KAT domain purified from bacteria,
0.5 mM acetyl-CoA (Sigma), and 1 μg GST-tagged WT or
3KR-CaM were incubated for 30 min at 31 �C in acetylation
buffer (50 mM HEPES, pH 8.0, 10% glycerol, 1 mM DTT,
1 mM PMSF, 0.1 mM CaCl2, 1 μM TSA, and 2.5 mM NAM)
with constant shaking. Reactions were stopped by an addition
of 2× SDS sampling buffer, followed by western blot with anti-
acetyllysine antibodies (Cell signaling, 9441) or site-specific
anti-Ac-CaM antibodies generated in house. The purified
GST-tagged CBP KAT domain is from Sigma (SRP 5173).

GST pull-down

GST-WT, 3KR and His-WT, acetylated CaM were
expressed in Escherichia coli BL21 cells and purified using
Glutathione Sepharose 4 Fast Flow (GE Health) according to
the manufacturer’s instructions. His-tagged SRC3 HAT
domain or acetylated CaM proteins were purified using Ni-
NTA agarose beads (QIAGEN) following the manufacturer’s
protocols. For binding assays, eluted His-SRC3-KAT was
incubated with immobilized GST-CaM for 2 h at 4 �C with
1 mM EGTA (no Ca2+, as a negative control), 0.01 mM, or
0.1 mM CaCl2. The mixture was then washed, eluted, and
subjected to western blot with anti-His and anti-GST anti-
bodies (Abmart). To determine the Kd value, His-SRC3-KAT
was incubated with immobilized GST-CaM for 2 h at 4 �C
with different concentrations of Ca2+. The mixture was then
washed, eluted, and subjected to ELISA assay with anti-His
antibodies and HRP-conjugated goat-anti-mouse secondary
antibodies. The calcium concentration was adjusted to 0, 0.1,
0.3, 1, 3, 10, 30, 100 μM using the calcium calibration buffer kit
(Invitrogen, C-3008MP). A Ca2+ titration curve was used to
calculate Kd value by nonlinear regression analysis.

Coimmunoprecipitation

Lysates of hippocampal slices containing 500 μg protein
were diluted in RIPA buffer without Triton X-100 or EGTA
and incubated with rabbit SRC3 antibodies (Cell Signaling,
5765) immobilized on Protein A/G PLUS-Agarose (Santa
Cruz) overnight at 4 �C. Immunoprecipitated proteins were
subjected to western blot and probed with mouse anti-CaM
antibodies (Millipore, 05-173). SRC3 was immunoprecipi-
tated with α-Flag M2 agarose (Sigma, A2220) from HEK293
cells overexpressing pCMV-Flag-SRC3 following the manu-
facturer’s protocols. The immunoprecipitated proteins were
subjected to western blot and probed with mouse anti-CaM
antibodies (Millipore, 05-173).

Chemical LTP

cLTP stimulation in hippocampal slices was performed as
previously described (45). Briefly, cLTP was induced by incu-
bating slices for 15 min in aCSF lacking MgCl2 and containing
4 mM CaCl2, 100 μM picrotoxin, 50 μM forskolin, and 100 nM
rolipram. Slices were transferred to a well containing standard
aCSF solution.

Electrophysiology

Hippocampal slices from 7–8-week-old mice were placed in
a recording chamber continuously superfused with prewarmed
(32 ± 1 �C) aCSF at a rate of 3 ml/min. fEPSPs were evoked
(0.033 Hz, 0.1 ms current pulses) in the CA1 stratum radiatum
by stimulating Schaffer collateral (SC) with a two-concentrical
bipolar stimulating electrode (FHC) and recorded in current-
clamp by a HEKA EPC 10 (HEKA Elektronik) amplifier with
aCSF-filled glass pipettes (1–5 MΩ). fEPSPs were evoked by a
serial of incremental intensities (0.01–0.2 mA in 0.01 mA in-
crements, 100 μs in duration, at 0.033 Hz) to build up an I/O
curve. For PPF, two stimuli were delivered and separated by
20 ms, 50 ms, 100 ms, 150 ms, and 200 ms. LTP was induced
using three trains of theta burst stimulation (10 bursts at 5 Hz,
each having 50 pulses, at 100 Hz) with intertrain intervals of
30 s.

We took use of voltage clamp to record whole cell LTP as
previously described (46). Three-week-old male mice were
used for whole cell LTP recording with 20 μM BIC in the
aCSF. Briefly, EPSCs of hippocampal CA1 pyramidal neurons
were evoked (0.1 Hz, 0.1 ms current pulses) by stimulating
SC with electrode placed 200 μm away from recorded neu-
rons at −70 mV. LTP was induced by three trains of HFS
(100 Hz, 1 s) separated by 20 s with the patched cells
depolarized to −20 mV. To avoid “wash-out” of LTP, the HFS
J. Biol. Chem. (2021) 297(3) 101044 9
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was applied within 10 min after achieving whole cell
configuration.

All data were acquired at a 10 kHz sampling rate of using
PATCHMASTER version 2 x 90.1 software (HEKA Elek-
tronik) and filtered offline at 2 kHz. Analysis was performed
with Neuromatic version 3.0 (http://www.neuromatic.
thinkrandom.com). Each EPSP or EPSC trace was normal-
ized to baseline. Two consecutive EPSP or six consecutive
EPSC traces were averaged to generate 1-min bin, which
generated LTP summary time course graphs. For the LTP of
field potential, the magnitude of LTP was calculated at an
average of normalized EPSP amplitudes 50–60 min after
TBS. For whole-cell LTP, the magnitude of LTP was calcu-
lated at the averaged of normalized EPSC amplitudes
45–50 min after HFS.

Generation of adenoassociated virus (AAV) and lentivirus (LV)

To screen Src3 gRNA sequences and avoid potential off-
target effects, we used the Cas9 design tool (http://crispr.mit.
edu). The Src3 gRNA 1# and 2# were designed to target
exon 1 and 2 of mouse Src3 gene, respectively. The target
sequence for Src3 gRNA 1# and 2# were atccgctggccgct-
gagtctcgg and acagtggtgagaagtggcgacgg, respectively. The
pAAV-U6-Src3 gRNA (1#) v2.0-U6-Src3 gRNA (2#) v2.0-
CMV-EGFP cDNA was cloned into the pAAV-MCS vector,
which was packaged into AAV2/9 chimeric virus with AAV9
capsids and AAV2 ITR (inverted terminal repeat) element. To
generate AAV that expresses WT and 3KR-CaM, we first
subcloned cDNA of WT or 3KR-CaM into the pAAV-Syn1
promoter-EGFP-p2A-MCS-3Flag vector before packaging the
AAV.

The lentivirus vectors expressing Cam shRNA and shRNA-
resistant Cam genes were kindly provided by Dr Thomas C.
Südof (47). We changed the sequence of IRES in the original
vector to p2A to increase the expression level of EGFP. We
also mutated the WT-CaM to 3 KR or 3KQ-CaM in the
lentivirus vector. All the AAV and lentivirus were generated in
OBiO Technology Corp, Ltd.

Stereotaxic injection

For virus injection, Rosa26-Cas9 knockin mice at age of
7–8 weeks were anesthetized with 1% pentobarbital sodium
(100 mg/kg, i.p.) and were placed in a stereotaxic apparatus
(RWD Life Science). Viruses were injected bilaterally in the
CA1 regions of hippocampus with the coordinates: ante-
roposterior (AP) −2.7 mm, mediolateral (ML) ± 2.25 mm,
dorsoventral (DV) −1.625 mm relative to bregma. Each in-
jection used 0.5 μl AAV or 1 μl LV and took 5 and 10 min for
AAV and LV, respectively. After injection, the glass pipette
was left in place for 5 min in order to facilitate diffusion of the
virus. The injection sites were examined at the end of the
experiments, and animals with incorrect injection site were
excluded from the data analysis. Three weeks after AAV in-
jection or 2 weeks after LV injection, mice were subjected to
experiments. All surgery was conducted with aseptic
technique.
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Administration of SI-2 into lateral ventricles

A permanent cannula was placed in the right lateral
ventricle with the coordinates: AP −0.58 mm, ML +1.20 mm,
DL −1.20 mm relative to bregma. Animals at age of 9–-
10 weeks were allowed to recover from surgery for a week
before experiments. The infusion cannula was connected via
PE20 tubing to a microsyringe driven by a microinfusion pump
(KDS 310, KD Scientific). The SRC3 inhibitor SI-2 (TOCRIS,
5964) was prepared in aCSF (0.5 M) and 1 μl stocking solution
was injected into the right lateral ventricle through infusion
cannula. The half-life of SI-2 is 12 h (22). The injection sites
were examined at the end of the experiments, and animals
with incorrect injection site were excluded from the data
analysis.

Contextual fear conditioning

The investigators who performed behavioral analysis were
blind to the treatment of the mice. Mice at age of 10–11 weeks
were first habituated to the behavioral room and apparatus
(Fear Conditioning System, Panlab) for 5 min. During training,
mice were placed in the conditioning chamber and exposed to
three foot shocks (2 s, 0.5 mA) with an interval of 30 s. One
day after training, mice were returned to the same chamber
where training was performed to evaluate contextual fear
learning. SI-2 was delivered 1 h before training or 1 h before
test. Freezing during training and testing was scored using
PACKWIN software. Data were expressed as percent freezing
in 180-s epochs, with each epoch divided into 12 bins.

Statistical analysis

All the data were shown as mean ± SD. Comparisons be-
tween two groups were made using two-tailed t test. Com-
parisons between three or more groups were made using
one-way ANOVA analysis followed by Tukey’s post-hoc
test. Data on the open filed and contextual fear learning
were analyzed by two-way-ANOVA. Statistically significant
difference was indicated as follows: ***p < 0.001, **p < 0.01,
and *p < 0.05. The statistical analysis was performed with the
software of GraphPad Prism 8.

Data availability

All data supporting the results presented herein are avail-
able from the article paper.
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