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SUMMARY

Translation ofmRNAs in dendritesmediates synaptic
plasticity, the probable cellular basis of learning and
memory. Coordination of translational inhibitory and
stimulatory mechanisms, as well as dendritic trans-
port of mRNA, is necessary to ensure proper control
of this local translation. Here, we find that the deade-
nylaseCNOT7dynamically regulates dendriticmRNA
translation and transport, as well as synaptic plas-
ticity and higher cognitive function. In cultured hippo-
campal neurons, synaptic stimulation induces a rapid
decrease in CNOT7, which, in the short-term, results
in poly(A) tail lengthening of target mRNAs. However,
at later times followingstimulation, decreasedpoly(A)
and dendritic localization ofmRNA take place, similar
to what is observed when CNOT7 is depleted over
several days. In mice, CNOT7 is essential for hip-
pocampal-dependent learning and memory. This
study identifies CNOT7 as an important regulator of
RNA transport and translation in dendrites, as well
as higher cognitive function.
INTRODUCTION

Experience-induced modifications of synapses are thought to

serve as the molecular basis of learning and memory (Kandel,

2001). Synaptic plasticity provides long-lasting alterations in

neuronal communication that allows memories to be retained

for many years (Costa-Mattioli et al., 2009). Of the several forms

of synaptic plasticity, at least three are dependent on protein

synthesis: long-lasting neurotrophin-induced enhancement of

synaptic efficacy (Kang and Schuman, 1996), metabotropic

glutamate receptor long-term depression (mGluR-LTD) (Huber

and Bear, 2000), and N-methyl-D-aspartate late-phase long-

term potentiation (L-LTP) (Bradshaw et al., 2003; Miller et al.,

2002). The necessity for new protein production in synaptic plas-

ticity is independent of transcription and relies upon mRNAs and

translation factors in dendrites (Bradshaw et al., 2003; Kang and

Schuman, 1996; Martin and Kandel, 1996). Following synaptic

stimulation, dendritic mRNAs are translated at postsynaptic

sites where their protein products modify synapse structure

and function (Sutton and Schuman, 2006). Based on sequence
This is an open access article under the CC BY-N
analysis of RNAs in the mammalian hippocampal neuropil, a

region rich in axons and dendrites, there are >2,500 mRNAs

localized to neurites (Cajigas et al., 2012). It is almost axiomatic

that regulation of these mRNAs is necessary to ensure localized

translation in response to synaptic activity (Buxbaum et al.,

2015); when this regulation goes awry, autism and other neuro-

logical disorders can ensue (Kelleher and Bear, 2008).

Repression of translation is necessary during mRNA transport

to dendrites, but, even when localized, silencing must continue

until synaptic activity occurs (Costa-Mattioli et al., 2009). This

mRNA masking takes multiple forms and involves repression at

initiation (Krichevsky and Kosik, 2001) and elongation (Sutton

et al., 2007; Richter and Coller, 2015). Although the mecha-

nism(s) and/or factors by which these and other processes con-

trol mRNA expression in dendrites is often unclear, it is evident

that they frequently involve microRNAs (miRNAs) (Ashraf et al.,

2006; Bicker et al., 2013; Schratt, 2009) or RNA binding proteins

(Darnell, 2013; Eom et al., 2013; Udagawa et al., 2015). Many of

these trans-acting factors utilize deadenylation as an initiation

step to silence mRNAs (Ashraf et al., 2006; Giorgi et al., 2007;

Richter, 2007). Mechanistically, deadenylases repress transla-

tion by shortening poly(A) tails and thereby abrogate association

of poly(A) binding protein (PABP), which is important for circular-

izing mRNA and recruiting the 40S ribosomal subunit (Richter,

2007). The deadenylase PARN (poly(A) ribonuclease) was pre-

sumed to be the enzyme responsible for initiating repression

for at least a subset of dendritic mRNAs because it interacts

with the RNA-binding protein CPEB1 (Richter, 2007; Udagawa

et al., 2012). In oocytes, CPEB1 regulates translation by recruit-

ing both Gld2, a non-canonical poly(A) polymerase, and PARN to

specific mRNAs (Richter, 2007). Upon phosphorylation of CPEB,

PARN is expelled from the ribonucleoprotein complex, which re-

sults in polyadenylation and subsequently translation of target

mRNAs. In the brain, CPEB1 and Gld2 mediate translation in

dendrites in response to synaptic stimulation (Wu et al., 1998;

Zearfoss et al., 2008; Udagawa et al., 2012). However, because

depletion of PARN had no discernable effect on synaptic plas-

ticity, the deadenylase essential for repressing translation was

unclear (Udagawa et al., 2012). We surmised that one or perhaps

multiple deadenylases would likely govern poly(A) tail length of

several different populations of dendritic mRNAs to impact

learning and memory.

The carbon catabolite repression 4 negative on TATA-less

(CNOT) is a conserved, multisubunit complex that functions as

the major deadenylase in yeast to humans (Tucker et al., 2001;
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Temme et al., 2004; Schwede et al., 2008). The mammalian

CNOT complex consists of four functional deadenylase en-

zymes: CNOT6, CNOT6L, CNOT7, and CNOT8 (Lau et al.,

2009). Of these, CNOT7 and CNOT8 regulate poly(A) tail length

on the majority of mRNAs (Schwede et al., 2008). Although

CNOT7 and CNOT8 are 75% homologous, they have distinct

targets, probably because they are differentially expressed and

associate with different complexes (Lau et al., 2009). CNOT7

levels are enriched in neurons relative to CNOT8 (Chen et al.,

2011); CNOT7 also associates with both the miRNA machinery

(Fabian et al., 2009; Piao et al., 2010) and CPEB1 (Ogami et al.,

2014). These data suggest that CNOT7 might influence transla-

tion in dendrites and as a consequence modify synaptic trans-

mission and higher cognitive function.

Here, we identify CNOT7 as an important enzyme that

regulates local translation, synapse efficacy, and learning and

memory. Within 3 min following induction of synaptic plasticity

in vitro by glycine-induced LTP, CNOT7 levels begin to

decrease, which is necessary for the immediate increase in to-

tal dendritic poly(A) occurring at this time. Interestingly 20 min

following stimulation, when CNOT7 levels are low, total den-

dritic poly(A) is decreased. We found that these different

effects are due to short-term versus long-term depletion of

CNOT7. Paradoxically, poly(A) tails are lengthened following

both short-term (%10 min) and long-term CNOT7 depletion

(R20 min), but long-term depletion induced by stimulation of

LTP or knockdown of the enzyme also impairs dendritic local-

ization of CNOT7 target mRNAs resulting in reduced dendritic

poly(A). These observations indicate a critical role for CNOT7

in localization and deadenylation of dendritic mRNAs. The

effect of long-term CNOT7 depletion is most apparent after

4 days, which in addition to the effects stated above, also re-

sulted in reduced local translation as well as impaired synaptic

plasticity. Depletion of CNOT7 in the hippocampus over several

weeks following injection of AAV-expressed small hairpin RNA

(shRNA) resulted in reduced poly(A) in the CA1 neuropil and

impaired learning and memory in several cognitive tests. These

and other data demonstrate that CNOT7 governs the localiza-

tion, polyadenylation, and translation of specific dendritic

mRNAs and that it has a key role in synaptic plasticity, learning,

and memory.

RESULTS

Depletion of CNOT7 Decreases Dendritic Poly(A) and
Local Protein Synthesis
We analyzed the mRNA levels of all nine known cytoplasmic

deadenylases (Angel1, Angel2, CNOT6, CNOT6L, CNOT7,

CNOT8, Nocturnin, Pan2, and PARN) in the liver, cerebellum,

hippocampus, and cortex from 40-day-old mice. CNOT7 and

CNOT8 were enriched in the hippocampus compared to the

other enzymes (Figure S1A). CNOT7 RNA also exceeds the

levels of all other deadenylases in the hippocampal CA1 neuro-

pil, an area enriched for dendrites (Figure S1B) (Cajigas

et al., 2012). Immunostaining of cultured hippocampal neurons

(DIV17) showed that CNOT7 is present throughout the cells

including dendrites (Figure 1A) and is significantly reduced

upon shRNA-mediated depletion (Figure S1C). Western blot
684 Cell Reports 20, 683–696, July 18, 2017
analysis of mouse brain lysates revealed CNOT7 to be present

in synaptosomes (Figure S1D), suggesting that it may have a

synaptic function.

Using fluorescence in situ hybridization (FISH) with labeled

oligo(dT), we analyzed poly(A) in cultured hippocampal neurons

4 days after infection with a lentivirus expressing either a

CNOT7-specific shRNA or a scrambled control (Figure 1B). Sur-

prisingly, CNOT7 knockdown (CNOT7KD) resulted in an �50%

decrease in dendritic poly(A), not the expected increase. This

result occurred mostly on dendritic mRNA because the cell

body poly(A) FISH signal (Figure 1C) as well as total cellular

poly(A) (Figure S1E) was not significantly affected. The decrease

in dendritic poly(A) signal was replicated with a second shRNA

targeting CNOT7 (Figures S1F and S1G). Knockdown of

CNOT8, the CNOT7 paralog, had no effect on dendritic poly(A)

(Figure S1H). We ectopically expressed a catalytically inactive

form of the enzyme (D40A, mtCNOT7) as well as the wild-type

enzyme (WTCNOT7) and performed oligo(dT) FISH. Neurons

expressing mtCNOT7 had decreased dendritic poly(A) signal

similar to the CNOT7KD neurons, while ectopic expression of

WTCNOT7 produced the opposite effect (Figures S1I and S1J).

Ectopic expression of wild-type CNOT7 was able to rescue the

reduced dendritic poly(A), indicating that this dramatic effect

was due to the loss of CNOT7 and not non-specific effects (Fig-

ure S1K). Newly synthesized proteins, as measured by fluores-

cent non-canonical amino acid tagging (FUNCAT), decreased

by �60% in dendrites of CNOT7KD neurons but only modestly

in their cell bodies (Figure 1D), similar to the observations of

poly(A). Ectopic expression of WTCNOT7 resulted in increased

dendritic FUNCAT signal (Figure S1L). We also treated neurons

with nocodazole, a microtubule depolymerizing agent that dis-

rupts microtubules and inhibits protein transport to dendrites

(Cid-Arregui et al., 1995; Köhrmann et al., 1999; Yuen et al.,

2005). This procedure distorted tubulin staining (Figure S1M)

and is admittedly quite stressful to the neurons; however, the

neurons still produced protein as shown by FUNCAT labeling,

and this labeling was reduced in distal dendrites of CNOT7KD

neurons relative to control shRNA-expressing neurons by 32%

(Figure S1M). These data indicate that CNOT7 mediates den-

dritic translation.

It was possible that the decrease in dendritic poly(A) signal

following CNOT7KD could be due to increased protein binding

tomRNA and not reduced poly(A) (Buxbaumet al., 2014). Conse-

quently, we treated cultured neurons with pepsin prior to FISH,

which caused an �2-fold increase in poly(A) signal in the control

neurons, indicating that proteins do obscure probe hybridization

to poly(A) (Figures 2A and 2B). CNOT7KD neurons, however, did

not display an increased poly(A) signal following pepsin diges-

tion, indicating that, in dendrites, there is reduced poly(A)

following CNOT7 depletion.

Knockdown of CNOT7 Decreases Synaptic Plasticity
In Vitro
Because poly(A) regulation in dendrites is correlated with alter-

ations in synaptic plasticity (Udagawa et al., 2012), we tested

whether CNOT7 modulates synapse function. We evoked one

form of synaptic plasticity, glycine-induced LTP (also referred

to as chem-LTP), in CNOT7 depleted or control neurons. Twenty
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Figure 1. CNOT7 Regulates Dendritic Poly(A)

(A) Immunocytochemistry of cultured hippocampal neurons DIV17 for CNOT7 (green), MAP2 (red), and DAPI (blue). Scale bar represents 20 mm.

(B) Representative western blot of CNOT7 (top) and tubulin (bottom). Histogram represents the average of three experiments.

(C) (top) Representative bright-field and oligo(dT) fluorescent in situ hybridization (FISH) images from the cell body (left) and dendrites (right) of scrambled (Scram)

or CNOT7 knockdown (CNOT7KD) neurons. Scale bar represents 10 mm. (bottom) Bar and line graph are averages of the oligo(dT) FISH signal inR60 neurons/

condition from three experimental replicates.

(D) FUNCAT analysis of scrambled andCNOT7 knockdown neurons in the presence (+CHX) or absence (–CHX) of cycloheximide. Bar graph is the average ofR40

neurons/condition from three experimental replicates.

The error bars represent SEM, *p < 0.05, **p < 0.01, ***p < 0.001. NS, not significant. See also Figure S1.
minutes after glycine treatment, phosphorylation of GluR1 at

S831 and S845 increased 3- to 4-fold in control neurons,

indicating successful induction of LTP (Figures 3A and S2A)
(Lee et al., 2000). In CNOT7KD neurons, S831 phosphorylation

modestly increased �1.5-fold, while S845 phosphorylation was

virtually unchanged (Figures 3A, S2A, and S2B). Depletion of
Cell Reports 20, 683–696, July 18, 2017 685
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Figure 2. CNOT7 Does Not Regulate Masking of Dendritic mRNAs

(A and B) Representative images (A) and quantification of oligo(dT) FISH signal (B) in scrambled or CNOT7KD dendrites with (+) or without (–) pepsin. Scale bars

represent 10 mm. Bar and line graphs are the average oligo(dT) FISH signal in R60 dendrites/condition from three experimental replicates.
CNOT8 did not impede the increase in S845 phosphorylation

following stimulation (Figure S2B), indicating that the inhibition

of GluR1 phosphorylation was specific to CNOT7. Recycling of

GluR1 to the membrane surface of dendrites was also impaired

in CNOT7KD neurons (Figures 3B and 3C). This impairment

was not due to decreasedGluR1 because the level of this protein

was unchanged between scrambled or CNOT7KD neurons (Fig-

ures 3A and S2C). These data suggest that CNOT7KD neurons

have impairment in LTP induction.

CNOT7 Regulates LTP-Induced Changes in
Polyadenylation
We induced chem-LTP in cultured hippocampal neurons and

collected protein 0, 3, 10, and 20 min later. Twenty minutes

was chosen as the final time point because that is when both

the amplitude and frequency of miniature excitatory post-synap-

tic currents (mEPSCs) are at their peaks (Lu et al., 2001).Western

blotting revealed that CNOT7 decreased in the neurons to�50%

of pre-stimulation levels (Figure 4A). Immunocytochemistry of

neurons fixed at 0 or 20 min post-glycine revealed that the

decrease in CNOT7 was more substantial in dendrites relative

to cell bodies, 53% versus 29%, respectively (Figure 4B). The

NMDA receptor antagonist MK801 prevented this in both the

cell body and dendrites (Figure S3A).

To determine whether this decrease in CNOT7 was due to

ubiquitination, we expressed hemagglutinin-tagged ubiquitin

(HA-Ub) in neurons, immunoprecipitated for HA, and western

blotted for CNOT7. MG132 was added to all cells to inhibit the

degradation of ubiquitinated proteins. Several CNOT7-ubiquitin
686 Cell Reports 20, 683–696, July 18, 2017
conjugates were identified in the HA-Ub-expressing cells (de-

noted with numbers in the figure) that were absent from control

cells not expressing HA-Ub, indicating that CNOT7 is ubiquiti-

nated in neurons (Figure S3B). Stimulation did not increase the

abundance or number of these CNOT7-ubiquitin conjugates;

however, this could be due to the presence of MG132 which

inhibits the proteasomal machinery, vital for LTP induction

(Alvarez-Castelao and Schuman, 2015).

Oligo(dT) FISH on neurons fixed at various times following

stimulation demonstrated that dendritic poly(A) increases to

�160% of pre-stimulation levels 10 min after glycine treatment

(Figure S3C). Surprisingly, dendritic poly(A) then decreases to

pre-stimulation levels at the 20-min time point, which coincides

with when CNOT7 levels are at 50% of their pre-stimulation

levels and when mEPSCs are at their peak (Lu et al., 2001)

(Figure S3C).

The effect of glycine stimulation on dendritic poly(A) under

normal conditions or upon CNOT7 depletion was examined. Fig-

ure 4C demonstrates that shRNA treatment resulted in an�50%

knockdown of CNOT7, which declined by an additional 50%

upon glycine stimulation. In control (scrambled shRNA-infected)

neurons, dendritic poly(A) increased at 10 min post-glycine

but fell dramatically at 20 min. This same biphasic trend also

occurred in CNOT7KD neurons, although the differences were

not statistically different. This result is not surprising because

the�50% of control levels of CNOT7 present in these cells is still

under stimulation-induced regulation and sufficient to elicit mild

changes in dendritic poly(A). Moreover, these reduced levels of

CNOT7 are still adequate for glycine to promote modest LTP
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Figure 3. CNOT7KD Inhibits Long-Term

Potentiation

(A) Western blot analysis of S845 GluR1 phos-

phorylation in scrambled or CNOT7KD neurons at

different time points following glycine stimulation.

Phospho-GluR1 was normalized to total GluR1,

and the bar graphs represent the average of

three experiments. Time points are plotted relative

to the 0 time point.

(B and C) Representative images and (C) quantifi-

cation of surface GluR1 in scrambled and

CNOT7KD neurons fixed at 0 or 20 min following

glycine stimulation. Scale bars represent 10 mm.

Bar graph represents the average surface GluR1

in R50 dendrites/condition from three experi-

mental replicates relative to the scrambled control.

The error bars represent SEM, *p < 0.05, **p < 0.01,

***p < 0.001. NS, not significant. See also

Figure S2.
as assessed by phosphorylation of GluR1 and surface GluR1 im-

munostaining (Figure 3).

To further investigate the importance of CNOT7 in stimula-

tion-induced biphasic changes in dendritic poly(A), we ectopi-

cally expressed FLAG-tagged CNOT7 in neurons followed by

glycine treatment (Figure 4D). CNOT7 levels were approxi-

mately double relative to those expressing only the vector

(compare vector 0 and CNOT7 0). This high level of CNOT7

results in increased dendritic poly(A) (Figures 4D and S1J).

Glycine treatment caused destruction of exogenous and

endogenous CNOT7, but the total amount of CNOT7 remaining

was nearly identical to that observed in naive (vector only

expressing) cells. Maintenance of this near-control level of

CNOT7 inhibited the increase and decrease in dendritic poly(A)

at 10 and 20 min post-glycine treatment (Figure 4D). This near-

control level of CNOT7 also impaired LTP induction as

measured by pGluR1 S845 (Figure S3D). These data indicate

that rapid stimulation-induced depletion of CNOT7 is necessary

for stimulation-induced changes in dendritic poly(A) and induc-

tion of LTP (Figure 4E).

CNOT7 Regulates Polyadenylation and Stability of
Specific Neuronal mRNAs
We sought to identify specific CNOT7 target mRNAs. RNA from

control or CNOT7KD neurons was incubated with poly(U)

agarose, washed at 50�C to elute mRNAs with short (<50 nucle-

otides) poly(A) tails (Du and Richter, 2005) (Figure S4A), and

mRNAs with longer poly(A) tails (<50 nucleotides) were eluted

at 75�C. Sequencing of the mRNAs with long poly(A) tails identi-

fied 97 that were differentially distributed between the scrambled

and CNOT7KD samples (Figure 5A). Most of these (�65%) were

enriched in the long tailed sample following CNOT7KD, suggest-

ing that they could be direct targets of CNOT7. Gene ontology

term analysis (GO terms) indicated thatmany are involved in neu-

ral development and function (Figure 5B).
C

Many mRNAs from neurons depleted

of CNOT7 that were disproportionately

eluted from poly(U) at 75� also underwent
alterations in their steady-state levels as assessed by RNA

sequencing (RNA-seq) and RT-PCR (Figures 5C and 5D). We

examined four RNAs that increased (Uchl1 and Cdkl2) or

decreased (SNCA and Shisa6) in the poly(U) 75� elution fraction

in CNOT7KD neurons. RT-PCR with primers spanning an exon-

exon junction was used to assess predominantly cytoplasmic

RNA, and primers spanning an exon-intron junction were used

to detect pre-mRNA, which serves as a proxy for transcription

(Figure 5D). Because RNA levels increased in CNOT7KD cells

only when analyzed with exon-exon primers, we infer that

enhanced RNA stability was likely the cause of the changes in

transcript levels upon CNOT7 depletion (Figure 5D). To confirm

this, we examined Uchl1 (ubiquitin C-terminal hydrolase L1)

RNA because CNOT7 depletion elicited a large change in the

apparent poly(A) tail size as well its steady-state RNA levels.

Moreover, Uchl1 is an abundant mRNA that encodes a protein

involved in synaptic plasticity (Gong et al., 2006; Hegde et al.,

1997). To measure the decay rate of Uchl1 mRNA, control or

CNOT7KD neurons were treated with actinomycin D to inhibit

transcription and cells were collected 0–9 hr later. Figure 5E

shows that, although there was little change in the Uchl1 RNA

in CNOT7KD cells, the transcript underwent a steady decline

in control cells, confirming that this deadenylating enzyme

mediates RNA instability. Furthermore, ectopic expression of

CNOT7 in CNOT7KD cells appeared to partially rescue the in-

crease in both Uchl1 and Cdkl2 mRNA, indicating that this

increased stability was due to CNOT7 depletion (Figure S4B).

We attempted to assess Uchl1 RNA poly(A) tail size by north-

ern blotting (Figure S4C) or with a RT-PCR-based poly(A) tail-

length assay (Figure S4D). The large increase in Uchl1 mRNA

following CNOT7KD obscured any tail size changes. Because

of the slower kinetics involved in ectopic expression of a domi-

nant-negative catalytically inactive form of CNOT7 (D40A), we

suspected this method would allow us to detect Uchl1 after it

gained a poly(A) tail but before it had time to accumulate due
ell Reports 20, 683–696, July 18, 2017 687
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Figure 4. CNOT7 Regulates Dendritic Poly(A) following Synaptic Plasticity

(A) Western blot analysis of CNOT7 (top), pGluR1 S845 (middle), and tubulin (bottom) at different time points following glycine stimulation. CNOT7was normalized

to tubulin and the bar graph represents the average of three experiments. Time points are plotted relative to the 0 time point.

(B) Representative images of CNOT7 immunofluorescence at different time points following stimulation. Bar graphs represent the average relative CNOT7 in-

tensity in either the soma (left) or dendrites (right) from R40 neurons/condition from three experimental replicates.

(C) (top) Western blot depicts CNOT7 and tubulin levels in neurons infected with scrambled shRNA (scram) 0 min after glycine treatment or CNOT7 shRNA 0 or

20 min following glycine treatment. The histogram depicts average relative dendritic poly(A) signal in stimulated cells infected with either a scrambled or CNOT7

targeting shRNA from R24 neurons/condition from three experimental replicates. All conditions are plotted relative to the scrambled control 0 time point.

(D) (top) Western blot depicts CNOT7 and tubulin levels in neurons expressing empty vector (vector) 0 min following glycine stimulation or expressing ectopic

FLAG-CNOT7 at 0 or 20 min following glycine stimulation. The histogram depicts average relative dendritic poly(A) signal in stimulated cells infected with either

(legend continued on next page)

688 Cell Reports 20, 683–696, July 18, 2017



to increased stability (Figure 5E). Because Uchl1 is a large tran-

script (1,156 bases), we annealed RNA from control and CNOT7

D40A-expressing neurons with an antisense oligonucleotide

positioned 606 nucleotides from the 30 end, which was followed

by RNase H cleavage and northern analysis. Figures 5F, S4E,

and S4F show that the Uchl1 median tail size lengthened from

�49 to �118 nt following the D40A mutant expression. We

also demonstrated that FLAG-mtCNOT7 interacts directly with

Uchl1 mRNA by formaldehyde crosslinking, FLAG immunopre-

cipitation, and RT-PCR for Uclhl1 and GAPDH mRNAs (Fig-

ure S4G). Wild-type CNOT7 was not used, because it would

increase deadenylation and likely degradation of Uchl1 RNA.

These results indicate that CNOT7 directly regulates the poly(A)

tail length and overall stability of Uchl1 and likely many other

RNAs identified in Figure 5.

Differential Localization and Polyadenylation of CNOT7
Targets following Long-Term CNOT7 Depletion
Our data seem paradoxical: CNOT7 knockdown or ectopic

expression of a catalytically inactive protein causes a reduction

in dendritic poly(A) when analyzed by oligo(dT) FISH (Figures 1

and 2) yet also results in increased poly(A) tail size and/or stability

of specific RNAs (Figure 5). To resolve this issue, we repeated

the FISH experiments but examined specific mRNAs whose

poly(A) and/or stability is regulated by CNOT7 (Figure 5). Our

reasoning was that a possible differential localization of specific

RNAs would not be discernable by oligo(dT) FISH yet could at

least partially explain the loss of dendritic poly(A) upon CNOT7

knockdown. For these experiments, we utilized the ViewRNA

ISH kit, which utilizes �20 oligonucleotide pairs/target and only

when the oligo pairs bind side by side is there fluorescent signal.

This provides high specificity to this technique. FISH for Uchl1

RNA in control and CNOT7KD neurons shows that CNOT7

depletion resulted in decreased Uchl1 puncta in dendrites but

increased signal in the cell body (Figures 6A–6C). The RNA en-

coding Cdkl2 (cyclin-dependent kinase-like 2) also shifted from

a dendritic to a cell body localization following CNOT7 knock-

down. Thus, RNAs that gain poly(A) and/or are stabilized by

CNOT7 knockdown also accumulate in the cell body over the

4 days of knockdown, at the expense of decreased localization

to dendrites. On the other hand, SNCA (synuclein a) and Shisa6,

two RNAs that had reduced poly(A) and/or steady-state levels

following CNOT7 knockdown, displayed decreased FISH signals

in both dendrites and cell bodies (Figures 6A–6C). We are confi-

dent these signals are specific, as they matched perfectly the

changes we observed via qPCR (Figure 5C). CaMKIIa (calmod-

ulin-dependent kinase IIa) and PPIB (peptidylprolyl isomerase

B) RNAs, whose poly(A) tail length and stability were not altered

byCNOT7, exhibited no change in their localization upon CNOT7
empty vector or CNOT7-expressing lentivirus. Data are fromR26 neurons/condit

vector control 0 time point.

(E) Summary diagram showing that, in normal neurons, glycine stimulation cause

poly(A) and LTP induction. In CNOT7KD neurons, �50% of normal CNOT7 is pre

These CNOT7 levels are correlated with modest changes in dendritic poly(A) chan

in about a doubling of this protein. Twenty minutes after glycine treatment, CNO

Consequently, there are no changes in dendritic poly(A) and LTP is not induced.

The error bars represent SEM, *p < 0.05, **p < 0.01, ***p < 0.001. NS, not signific
depletion (Figure S5A). Control cells treated with all FISH re-

agents except for the targeting probe resulted in no detectable

fluorescence (Figure S5B). Importantly, ectopic expression of

CNOT7 caused an increase in dendritic localization of Uchl1

RNA (Figure S5C), opposite from what was observed in

CNOT7 knockdown neurons. These data indicate that CNOT7

regulates dendritic localization of specific target RNAs.

RNA from neurons (DIV17–19) collected 0–20 min following

chem-LTP was used for northern analysis of Uchl1. Chem-LTP

induced a gradual, NMDA-dependent increase in Uchl1 RNA

poly(A) over the 20 min following stimulation (Figures S5D and

S5E). To determine whether this polyadenylation is mediated

by the rapid depletion of CNOT7 as suggested by the data in Fig-

ure 4, wild-type CNOT7 was ectopically expressed in cultured

neurons followed by chem-LTP. Ectopic CNOT7 prevented the

glycine-induced increase in Uchl1 poly(A) (Figure 6D). We

conclude that rapid destruction of CNOT7 is essential for stimu-

lation-induced polyadenylation of target mRNAs. We next per-

formed FISH for Uchl1 RNA in dendrites fixed at 0 or 20 min

post-stimulation. Uchl1 RNA exhibited decreased dendritic

localization in response to stimulation (Figure 6E). These data

indicate that depletion of CNOT7 following stimulation could

activate translation through lengthening of dendritic mRNA

poly(A) tails and, over time (i.e., long-term depletion), inhibit

translation by impairing localization of new mRNAs to dendrites.

Because both long-term stimulation-induced depletion and

CNOT7 knockdown have similar effects, we consider long-

term depletion of CNOT7 to be 20 min to several days.

Depletion of CNOT7 in the Hippocampus Decreases
Poly(A) in the Neuropil and Impairs Cognitive Function
We injected AAV-expressing CNOT7 or scrambled shRNAs into

the hippocampus of wild-type mice (Figure S6A). The CNOT7KD

mice exhibited significantly reduced CNOT7 in the CA1 region

(Figure S6B). Two CNOT7 target RNAs, Uchl1 and Cdkl2, were

increased in CA1 of these mice (Figure S6B), indicating that

in vivo CNOT7 activity is similar to that observed in cultured neu-

rons. Oligo(dT) FISH signal was detected in hippocampal CA1

dendritic projections emanating from the cell body of scrambled

shRNA-injected mice (Figure 7A, arrows). However, there was a

strong reduction in FISH signal in these projections in CA1 from

the CNOT7 shRNA-injected mice (Figure 7A). The average oli-

go(dT) signal in the neuropil relative to the corresponding so-

matic region was reduced by �40%, indicating impaired den-

dritically localized poly(A) in vivo (Figure S6C).

We next tested the AAV-injected mice for anxiety by the

elevated plus maze (EPM) and the open-field test (OFT). For

the EPM, mice choose to spend time in the closed or open

arms of an elevated platform. More time spent in the closed
ion from three experimental replicates. All conditions are plotted relative to the

s an �50% decrease in CNOT7, which is correlated with a change in dendritic

sent, which decreases by an additional 50% 20 min after glycine stimulation.

ges and LTP induction. Ectopic expression of FLAG-CNOT7 in neurons results

T7 levels fall to about the same level as in control (vector) neurons at time 0.

ant. See also Figure S3.
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Figure 5. CNOT7 Regulates Poly(A) Tail Length and Stability of Specific mRNAs

(A) Heatmap of the 97 differentially expressed mRNAs eluted from poly(U) agarose at 75� (high temp) following CNOT7KD.

(B) Bar graph representing the top five GO terms for the 63 mRNAs enriched in the high-temperature samples following CNOT7KD.

(C) Venn diagram of genes differentially expressed in either the input samples (pink) or the high-temperature (blue) samples.

(D) (top) Diagram depicts placement of primers (arrows) to detect mature mRNA or pre-mRNA; black boxes represent the exons, and lines represent the introns.

(bottom) Representative gel images and quantification of four different mature mRNAs (Uchl1, Cdkl2, Shisa6, or SNCA) and their corresponding pre-mRNAs in

scrambled and CNOT7KD neurons. Bar graph depicts the average of three different experiments.

(E) Quantification of Uchl1 mRNA in either scrambled or CNOT7KD neurons at the indicated time points following the addition of actinomycin D. The graph

represents the average of two different experiments.

(F) Representative northern blot analysis of Uchl1 in neurons ectopically expressing either empty vector or catalytically inactive mutant CNOT7 (mtCNOT7). Line

graph represents the Uchl1 band intensity relative to the intensity of each respective band at the 600 base mark.

The error bars represent SEM, *p < 0.05, **p < 0.01, ***p < 0.001. NS, not significant. See also Figure S4.
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arms indicates increased anxiety. CNOT7KD mice spent equal

time in the closed arms as the scrambled controls (Figure 7B).

The OFT, which measures the time mice spend in the center of

an open field, showed that CNOT7KD mice spent 50% less

time (31 versus 62 s) in the center compared to control mice

(Figure 7C). These results are not due to decreased locomotor

activity as distance traveled in the OFT, and the total number

of entries into the arms of the EPM were comparable between

groups (Figures S6D and S6E).

We used several assays to measure working (short-term)

and long-term memory. Working memory was assessed using

the T-maze, where the spontaneous alternations of mice are

measured in a T-shaped apparatus. On the habituation day 1,

the percentage of alternations was comparable between both

sets of mice. On day 2, CNOT7KD mice had significantly

decreased alternations compared to controls (33.6% versus

54.7%), indicating impaired working memory (Figure 7D).

Long-term memory was assessed using two assays: novel ob-

ject recognition and passive avoidance. In novel object recogni-

tion, mice were placed in an arena with a novel object and a

familiar object. Mice that remember the familiar object spend

more time with the novel object. CNOT7KD mice spent 61% of

their time exploring the novel object compared to 78% for the

control animals (Figure 7E). In the passive avoidance assay,

mice were placed in a light chamber connected to a dark cham-

ber by a door. The mice prefer the dark and immediately enter

the dark chamber, after which the door closes and the mice

were given a mild foot shock. Twenty-four hours later, the mice

were placed back in the light chamber, and the latency to enter

the dark was measured, with a longer latency indicating memory

of the foot shock. Control animals had an average latency of 459

s, while CNOT7KD animal latency was only 72 s (Figure 7F). Nest

building was also impaired in CNOT7KD animals (Figure 7G).

Increased anxiety, impaired learning and memory, and impaired

nest building are shared features of various autistic models,

which could suggest a role for CNOT7 in this disorder.

DISCUSSION

This study identifies CNOT7 as a coordinator of mRNA transport

and translation in dendrites and does so by modulating RNA

poly(A) tail length and stability. Figure 7H shows amodel that de-

picts some of the most salient activities of this enzyme in neu-

rons. Although it is expressed throughout the cells, CNOT7 has

a particularly important function in dendrites. In response to syn-

aptic stimulation, it is gradually destroyed. This leads to polyade-

nylation of specific dendritic mRNAs and is likely followed by a
Figure 6. CNOT7 Regulates Its Target’s Localization and Poly(A) Tail L

(A) Representative images of FISH for specific targets (Uchl1, Cdkl2, Shisa6, or S

(B and C) Bar graphs represent the average quantification of either the relative

specific targets in either scrambled (blue) or CNOT7KD (red) neurons. Bar graphs r

scrambled control.

(D) (top) Northern blot of Uchl1 zero or 20min following stimulation in either vector

intensity relative to the intensity of each respective band at the 500 base mark.

(E) (left) Representative images for Uchl1mRNAFISH in dendrites of neurons fixed

signal from R30 neurons/condition plotted relative to the 0-min control.

The error bars represent SEM, *p < 0.05, **p < 0.01, ***p < 0.001. NS, not signific
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burst of translation in dendrites (Udagawa et al., 2012). Twenty

minutes after stimulation, the localization of these specific poly-

adenylated mRNAs are decreased in dendrites resulting in

reduced overall dendritic poly(A), which is caused by the

destruction of CNOT7. This event is recapitulated when

CNOT7 is knocked down for 4 days, indicating stimulation-

induced long-term (20 min) depletion of CNOT7 and shRNA-

mediated knockdown in vivo for several days result in similar out-

comes.When CNOT7 is depleted for 4 days, the enzyme’s target

RNAs become more stable and are mostly confined to the cell

body. The dendritic RNAs, at least in part, are then destroyed,

resulting in decreased protein synthesis. Two additional events

occur upon prolonged CNOT7 knockdown in vivo: reduction

of poly(A) in CA1 dendrites and a decline in the performance

in several cognitive tasks, indicating impaired learning and

memory.

Wewere unable to confirm a physical link betweenCPEB1 and

CNOT7 as shown by Ogami et al. (2014) and consequently sur-

mise that these proteins act independently, probably on unique

sets of mRNAs to control poly(A) tail length and translation in

dendrites. CPEB1 requires a 30 UTR cytoplasmic polyadenyla-

tion element (CPE) to affect polyadenylation. The RNAs whose

poly(A) tails are controlled by CNOT7, at least as identified by dif-

ferential thermal elution from poly(U) beads, are not enriched for

this element relative to total RNA. HowCNOT7might be tethered

to specific RNAs such as Uchl1 is unknown, but it may involve

unique RNA binding proteins. These RNA binding proteins are

likely unique to CNOT7 because depletion of CNOT8, the

CNOT7 paralog, has no obvious effect on dendritic poly(A) or

chem-LTP. In non-neuronal cells, CNOT8 apparently compen-

sates for the loss of CNOT7 (Aslam et al., 2009; Doidge et al.,

2012), which we do not observe. Of course, CNOT8 or other

deadenylating enzymes such as PARN or PAN2 (Udagawa

et al., 2015) could modulate poly (A) tail length in dendrites, but

a consequential change in synaptic efficacy may not necessarily

occur.

CNOT7 regulates a dynamic translational landscape in neu-

rons and thus has multiple roles in RNA expression and conse-

quent changes in synaptic function. For example, soon after

glycine activation of LTP (%10 min), CNOT7 levels are moder-

ately reduced, resulting in polyadenylation of target RNAs in

dendrites. At longer times (R20min) after treatment with glycine,

substantial CNOT7 destruction takes place, which evokes

further polyadenylation and a reduction in transcript level in den-

drites. This effect of long-term CNOT7 depletion is more dramat-

ically evident when CNOT7 is depleted for 4 days by treatment of

neurons with a shRNA. Such time-dependent effects of CNOT7
ength

NCA) in scrambled or CNOT7KD neurons. Scale bars represent 10 mm.

number of dendritic puncta (B) or relative cell body signal intensity (C) for the

epresent the average signal fromR40 neurons/condition plotted relative to the

or CNOT7-expressing neurons. (bottom) Line graph represents the Uchl1 band

either 0 or 20min following stimulation. (right) Bar graphs represent the average

ant. See also Figure S5.
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Figure 7. CNOT7KD in the Hippocampus Decreases Poly(A) Localization and Impairs Cognitive Function

(A) Magnified images of oligo(dT) FISH signal in the CA1 neuropil of set 1mice (Figure S6) injected with either scrambled or CNOT7 targeting shRNA.White arrows

show examples of neurite-localized signal. Bottom-right image is the CNOT7KD image with brightness level increased.

(B) Bar graphs represent the average time (seconds) spent in the junction, closed, or open arms of an EPM (14 mice per condition).

(C) Bar graph represents the average time in seconds spent in either the periphery or the center of an open field (14 mice/condition).

(D) Bar graph represents the percentage of alternations performed in a T-maze (eight to ten mice/condition).

(E) Bar graph represents the percentage of time animals spent exploring a novel object (12–14 mice/condition).

(F) Bar graph represents the latency to enter the dark compartment either on a training day or 24 hr after a foot shock in the dark (ten to 12 mice/condition).

(G) Representative images (top) of nestlets from either scrambled or CNOT7KDmice. Bar graph (bottom) represents the average nest scores (tenmice/condition).

(H)Model ofmajor CNOT7 activities in neurons. The top diagram depicts mRNAs throughout a dendrite and cell bodywhose poly(A) tails are shortened by CNOT7

(blue). The middle diagram depicts a dendrite shortly after CNOT7 depletion, which occurs during glycine-induced LTP. Dendritic mRNAs have lengthened

poly(A) tails. The bottom diagram depicts a dendrite after long-term CNOT7 depletion, such as by shRNA-mediated knockdown orR20min following stimulation.

CNOT7 target RNAs retain long poly(A) tails but transport to dendrites is impeded; RNAs extant in dendrites are likely degraded.

The error bars represent SEM, *p < 0.05, **p < 0.01, ***p < 0.001. NS, not significant. See also Figure S6.
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at least partially explain the bimodal changes in dendritic poly(A)

and translation that occur after synaptic stimulation.

The key event that mediates this mRNA regulation is CNOT7

destruction. Some evidence suggests that a reduction of

CNOT7 takes place with other types of stimulation in cultured

neurons (Schanzenbächer et al., 2016) and even during learning

and memory in living animals (Cho et al., 2015). Although it is

clear from our data that CNOT7 is rapidly destroyed upon LTP in-

duction, reduced CNOT7 synthesis may also occur at this time.

CNOT7 destruction is most likely mediated by the ubiquitin-pro-

teasome system, which is known to regulate synaptic function

and the dendritic proteome (Lee et al., 2012; Huang et al.,

2015; Hegde, 2017; Alvarez-Castelao and Schuman, 2015).

Depletion of CNOT7 from the hippocampus results in deficient

short- and long-term memory, which may be causally linked to

the decreased poly(A) in the CA1 neuropil we observed following

knockdown. It was recently demonstrated that contextual fear

learning in mice correlated with a significant decrease in the

translational efficiency of several mRNAs including that for

CNOT7 (Cho et al., 2015). This decrease occurred within 5 min

and was moderately maintained for up to 4 hr. However,

the entire hippocampus was analyzed and not just the neurite-

rich neuropil, which our data suggest would be the region

where CNOT7 levels would decrease most dramatically. Taken

together these data indicate that the changes we observed in

cultured neurons may represent similar events that occur during

learning in the living animal and that dynamic control of CNOT7

destruction may regulate dendritic translation and higher cogni-

tive function.

EXPERIMENTAL PROCEDURES

Mouse Maintenance

Mouse protocols were reviewed and approved by the institutional animal care

and use committee (IACUC), and all colonies weremaintained following animal

research guidelines. Only C57BL/6 wild-type mice were used in this study with

the ages indicated for each experiment in the method details.

Hippocampal Neuron Culture and Drug Treatments

Hippocampal neurons were cultured and maintained exactly as described in

Huang and Richter (2007). For chem-LTP, 17–19 days in vitro (DIV) hippocam-

pal neurons were stimulated with 200 mM glycine as described in Lu et al.

(2001). Actinomycin D (Sigma) was added to DIV17–19 hippocampal neurons

at a concentration of 2.5 mg/mL.

Immunocytochemistry

Hippocampal neurons were grown on coverslips, permeabilized with 0.1%

Triton X-100, fixed with 4% paraformaldehyde (PFA)/4% sucrose, blocked

with 10% BSA, and immunostained for CNOT7 1:100, Map2 1:500, tubulin

1:1,000, or GluR1 1:10. Surface staining of GluR1 was performed as described

above except without permeabilization. Imageswere acquiredwith a Zeiss Ax-

iovert 200Mmicroscope and a Hammatsu ORCA-ER camera using a 1003 oil

objective. The z stack maximum projection images as well as the straightened

dendrites were obtained using ImageJ software. To quantify fluorescence in-

tensity, a 20-pixel-wide line that was either 100 pixels long (cell body) or 1,800

pixels long (dendrite) was drawn over the desired cell region, and the fluores-

cence intensity under this line was quantified.

Fluorescent In Situ Hybridization

Oligo(dT) FISH was performed as described in Swanger et al. (2011) with a

50-mer oligo(dT) probe labeled using the Cy5 Mono-Reactive Dye Pack

(GE). Pepsin digestion was performed post-fixation with 0.05 mg/mL pepsin
694 Cell Reports 20, 683–696, July 18, 2017
for 45 s on ice. For FISH of specific targets, the ViewRNA ISH (Affymetrix) kit

was used according to manufacturer’s instructions except the protease step

was omitted.

Fluorescent Non-canonical Amino Acid Tagging

FUNCAT was performed using the Click-iT kit (Thermo Fisher Scientific). For

control cells, 100 mg/mL cycloheximide was added 15 min prior to the 1 hr

L-azidohomoalanine (AHA) incubation. Cells were then fixed with 4% PFA/

4% sucrose, and the FUNCAT reaction was performed (Dieterich et al., 2010).

Poly(U) Chromatography and Thermal Elution

Extracted RNA was denatured in CSB buffer (25% formamide, 700 mM NaCl,

50 mM Tris-Cl [pH 7.5], and 1 mM EDTA). Forty micrograms of RNA was incu-

bated with 0.025 g of poly(U) agarose (Sigma) for 1–2 hr. The agarose was then

washed with room temperature LSB buffer (25% formamide, 0.1 M NaCl,

50 mM Tris-Cl [pH 7.5], 10 mM EDTA). To elute mRNAs with short poly(A) tails

(Du and Richter, 2005; Udagawa et al., 2012), the agarose was washed again

with 50�C LSB buffer (this step was omitted in the total RNA samples). Long-

tailed mRNAs were then eluted with 75�C LSB buffer.

Behavioral Assays

Adult male wild-type mice from the C56BL/6 background were used for all

mouse studies. For AAV injections, 10- to 12-week-old mice were injected

bilaterally with 2 3 1011 viral particles in the hippocampal CA1 region, and

behavioral experiments were performed 3 weeks later. The EPM, OFT, novel

object recognition, T-maze, and passive avoidance were performed as

described in Mansur et al. (2016). For the nest-building assay, �2.5-g nestlets

were placed in the cages of single housed animals 1 hr prior to the dark cycle.

Sixteen hours later, the nestlets were collected to determine a nest-building

score (Deacon, 2006). Nests were scored blinded.

Quantification and Statistical Analysis

Statistical details of each experiment are provided in the figure legends for that

experiment. Student’s t test was used to determine the significance for all fig-

ures except Figures 3A, 4A, 4C, 4D, and S3Bwhere the ANOVA test was used.

Significancewas defined as a p value <0.05. On all figures, error bars represent

the SEM, and *p% 0.05, **p % 0.01, ***p % 0.001, NS, nonsignificant. Please

refer to our Supplemental Information for sequence-based reagents and

resource table.
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