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NEUROSCIENCE

Neuronal potassium channel activity triggers initiation
of mRNA translation through binding of

translation regulators

Taylor J. Malone'?t, Jing Wu't, Yalan Zhang'+, Pawel Licznerski®, Rongmin Chen?,
Sheikh Nahiyan', Maysam Pedram’, Elizabeth A. Jonas®*, Leonard K. Kaczmarek'->*

Neuronal activity stimulates mRNA translation crucial for learning and development, but the mechanism linking
translation to neuronal activity is not understood. In humans, learning and memory are severely disrupted by
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mutations in the potassium channel Slack (KCNT1, Slo2.2). We find that pharmacological stimulation of this chan-
nel and a constitutively active Slack mutation stimulate mRNA translation of a reporter for -actin mRNA in cell
lines and increases the synthesis of f-actin in the neurites of cortical neurons. Moreover, channel activation pro-
motes the binding of two key mRNA translation regulators, FMRP (fragile X mental retardation protein) and
CYFIP1 (cytoplasmic FMR1-interacting protein 1), to the channel itself, releasing both from elF4E (eukaryotic ini-
tiation factor 4E), where they normally inhibit initiation of translation. This interaction provides a molecular mech-
anism for Slack activity-dependent regulation of translation and suggests that the effects of Slack mutations on
this process may explain the severe intellectual disabilities associated with these mutations.

INTRODUCTION
The Slack channel (sequence like a calcium-activated potassium chan-
nel, also termed Ky,1.1, KCNT1, or Slo2.2) is a sodium-activated po-
tassium channel (Ky, channel) that can be activated by Na* influx
through various pathways, including the voltage-dependent Na* (Nay)
channels, nonselective HCN cation channels, or AMPA receptors
(1-3). Slack is predominantly expressed in neurons of the central
nervous system where it regulates neuronal excitability (1, 2, 4-6).
In the past 10 years, gain-of-function mutations in the Slack channel
have been identified in patients with several distinct early onset epi-
lepsy disorders (7-9), all of which are also associated with severe
intellectual disability (10). Slack was also the first of several ion chan-
nels shown to interact directly with the mRNA-binding protein fragile
X mental retardation protein (FMRP) (11, 12). Other FMRP-binding
channels include Kv1.2, Kv4.3, BK, SK2, Cav2.2, and Cav3.1 (13-19).
In all cases, the interaction of FMRP alters some aspects of channel
activity. For example, FMRP binding to Slack increases the Slack open
probability and current and modulates action potential shape (11, 12).
In neurons, FMRP regulates both the trafficking and activity of
its mRNA targets, controlling local translation via several different
mechanisms (20-23). Slack channels also bind another regulator of
mRNA translation, CYFIP1 [cytoplasmic FMR1-interacting pro-
tein 1, also known as a eukaryotic initiation factor 4E (eIF4E)-binding
protein (4E-BP)] (24). Among its functions, FMRP controls initia-
tion of translation by forming a complex with CYFIP1 (25). The FMRP/
CYFIP1 complex binds the initiation factor eIF4E, suppressing the
first step in protein synthesis (25-29). Upon neuronal stimulation, the
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FMRP/CYFIP1 complex dissociates from eIF4E, releasing FMRP tar-
get mRNAs for translation (25).

The regulation of ion channel activity, including that of Slack, by
FMRP has previously been considered a noncanonical function of
FMREP, distinct from its role in the regulation of translation. It is pos-
sible, however, that Slack could reciprocally regulate the functions of
FMRP in translation. This is supported by the finding that Slack
channels have been found to be required for protein synthesis—
dependent changes in the excitability of neurons in Aplysia (12). We
have now found that pharmacological stimulation of the wild-type
Slack channel promotes translation in both cell lines and neurons
and that a disease-causing mutation in the C terminus of Slack
(Slack-R455H), which constitutively activates the channel, results in
constitutive activation of translation, an effect that requires the un-
translated region (UTR) of the mRNA. Furthermore, we demonstrate
that activation of Slack channels triggers the redistribution of FMRP
and CYFIP1, increasing their binding to the channel complex and
releasing them from eIF4E. Last, suppressing FMRP and CYFIP1 ex-
pression abolishes the ability of the channel to stimulate translation.
The link between channel activity and stimulation of protein syn-
thesis, as well as its dysregulation by mutations, is likely to play a
key role in the intellectual disability observed in patients with Slack
mutations.

RESULTS

Gain-of-function Slack-R455H mutation increases protein
expression of a f}-actin reporter construct

To measure the active translation of ribosome-associated RNAs, we
used a reporter construct, dendra2,.,, which contains the coding
region of the fluorescent protein dendra2 flanked by the p-actin 5'UTR
and 3'UTR in a pCS2 vector (Fig. 1A). This reporter was selected
because B-actin mRNA is a known binding target of FMRP (30) and
[-actin is rapidly translated in response to neuronal stimulation (31).
Dendra2 fluorescence can be irreversibly photoconverted to red fluo-
rescence or photobleached using a 405- or 488-nm laser, respectively
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Fig. 1. Slack-R455H mutation increases translation of f}-actin reporter construct. (A) Schematic of p-actin translation reporter construct: Fluorescent dendra2 protein
flanked by 5’UTR and 3’UTR of B-actin contains nonfunctional myristylation (myr) tag. (B and C) Protein expression of dendra2 and Slack (n = 3 to 10 replicates), and
(D) baseline fluorescence intensity of the dendra2,cn reporter [n = 5 plates, six FOV per plate, 3 to 22 cells per FOV, two-way analysis of variance (ANOVA) with post hoc
comparisons] in human embryonic kidney (HEK) cells 24 hours after co-transfection of dendra2,.in with vector control, rat wild-type Slack (Slack-WT, WT), or Slack-R455H
(R455H). a.u., arbitrary units. (E) qPCR of dendra2 and Slack mRNA levels (n = 3 replicates) and (F and G) actively translating protein of dendra2 and Slack using puromycin
treatment and puromycin antibody IP (n = 5 replicates) 24 hours after co-transfection of dendra2,cin With Slack-WT or Slack-R455H. (H and 1) Global translation levels
(n =3 replicates) after puromycin treatment 24 hours after transfection with Slack-WT or Slack-R455H. (J) Schematic of subcloned dendra2 reporter construct inserted into
PEGFP-C1 vector without B-actin UTR. (K and L) Protein expression of dendra2 and Slack (n = 6 replicates) in HEK cells 24 hours after co-transfection of dendra2-C1 with
vector control, Slack-WT, or Slack-R455H. [(C), (1), and (L)] Data are first normalized by glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [(C) and (L)] or Slack (1) levels
and then to Slack-WT level [(C), (G), (1), and (L)]. (E) Gapdh was used as the housekeeping gene. (G) Data are normalized to Slack-WT level. Comparisons for all panels except
D used unpaired t test. Data are expressed as means + SEM. *P < 0.05; **P < 0.01; ***P < 0.001. See data S2 for exact P values. n.s., not significant.

(32, 33). This construct contains a nonfunctional myristylation tag
(myr) that would normally target the protein to the cell membrane.
This nonfunctional tag was removed for a subset of experiments de-

corresponds to the human mutation Slack-R474H, which causes epi-
lepsy of infancy with migrating focal seizures (EIMFS) with severe
intellectual disability and results in one the greatest increases in K*

scribed later. We compared the translation of this reporter in cells
and neurons expressing either wild-type Slack or the gain-of-function
mutant Slack-R455H. The Slack-R455H mutation in mice and rats
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current among Slack mutations (34, 35). As is the case with humans,
heterozygote mice bearing one copy of this mutation have seizures
and persistent interictal spikes but homozygous Slack-R455H mice
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do not survive birth (35). For simplicity, the heterozygotes are termed
Slack-R455H mice in this study.

We first compared levels of dendra2,., in human embryonic
kidney (HEK) cells transiently co-expressing either wild-type rat
Slack or Slack-R455H. While wild-type Slack had no effect relative to
an empty vector, Slack-R455H significantly increased levels of den-
dra2 protein detected on Western blots (Fig. 1, B and C). Slack pro-
tein levels themselves were unchanged between wild-type Slack and
Slack-R455H expressing cells, ruling out preferential translation of
dendra2 due to a poorly expressed Slack-R455H construct (Fig. 1, B
and C). We also measured baseline dendra2 fluorescence levels, as
increased reporter expression should lead to increased fluorescence.
Dendra2 baseline fluorescence was significantly increased when co-
expressed with wild-type Slack compared to an empty vector and
further increased when expressed with Slack-R455H (Fig. 1D). The
observed difference between vector and wild-type Slack conditions
only in fluorescence levels is likely due to differences in sensitivity
between the two assays. The fluorescence assay examines individual
transfected cells, while the Western blotting measures bulk protein
from both transfected and untransfected cells.

These results demonstrate that the Slack-R455H mutation increases
the expression of the dendra2,, reporter. To test for possible effects of
Slack on transcription, real-time quantitative polymerase chain reaction
(qPCR) was performed to examine mRNA levels for dendra2,, and
Slack. No differences in mRNA levels were observed when dendra2,.i,
was co-transfected with wild-type Slack or Slack-R455H, suggesting
that changes in transcription do not contribute to Slack-R455H-
mediated regulation of dendra2,, protein levels (Fig. 1E).

Slack-R455H mutation specifically increases mRNA
translation of the f-actin reporter construct

We next examined whether the Slack-R455H mutation alters the
translation of dendra2,i, mRNA using a puromycin incorporation
assay. Puromycin is a mild translation inhibitor that covalently binds
to the nascent peptide strand at the ribosome, causing its release
(36). Incubating cells with puromycin before protein extraction al-
lows the labeling of proteins that are being actively synthesized and
can be used to measure global translation levels. We combined this
technique with co-immunoprecipitation (co-IP) to detect the trans-
lating population of specific proteins. We found that levels of actively
translating dendra2 were increased when expressed with Slack-R455H
compared to wild-type Slack (Fig. 1, F and G). Again, there were no
statistically significant changes in the rate of incorporation of puro-
mycin into Slack. The increase in dendra2,, translation without a
change in Slack levels suggests that Slack-R455H may specifically
regulate dendra2,., translation without affecting global translation.
Alternatively, Slack translation could be specifically protected from
regulation.

To assess global translation levels, we performed a traditional pu-
romycin incorporation assay in HEK cells transfected with either
wild-type Slack or Slack-R455H, without co-transfection of the den-
dra2,i, reporter. The expression of Slack-R455H had no effect on
global translation levels compared to wild-type Slack (Fig. 1, Hand I).
While this result does not rule out the possibility that Slack regulates
additional targets, it suggests that its regulation is limited in scope.

The B-actin UTRs are the target of Slack-R455H regulation
The specificity of the effect of Slack-R455H in stimulating transla-
tion of dendra2,., could, in theory, reside in sequences in either the
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B-actin UTR or the dendra2 coding region. To determine whether
regulation by Slack-R455H requires the p-actin UTR, we generated
an alternate dendra2 construct (dendra2-C1), in which the coding
region of dendra2 was inserted into an alternate vector (pEGFP-C1),
which lacks the p-actin UTR (Fig. 1J). We found no difference in
dendra2 protein levels when dendra2-C1 was co-expressed with an
empty vector, wild-type Slack, or Slack-R455H (Fig. 1, K and L),
confirming that the B-actin UTR is a target of Slack regulation.

Activation of wild-type Slack channels stimulates translation
of the p-actin reporter construct

To further test the effects of Slack activation on translation, we used
the fluorescence recovery after photobleaching (FRAP) technique to
monitor dendra2,.;, fluorescence in real time in HEK cells co-
transfected with the dendra2,, reporter and either wild-type Slack
or an empty vector as a negative control. These cells were subjected
to treatment with either the Slack activator niclosamide (10 pM), a
compound known to activate both wild-type and EIMFS mutant
Slack channels (24), or with dimethyl sulfoxide (DMSO; vehicle) for
30 min. Dendra2 is irreversibly photoconverted to red fluorescence
or irreversibly photobleached by 405- and 488-nm light, respective-
ly (32, 33). Because the rate of maturation of the dendra2 protein is
fast (32), the rate of fluorescence recovery after the photobleaching
of an entire cell provides a measure of newly synthesized dendra2
protein (Fig. 2A). Although some previous studies with dendra2 have
used photoconversion rather than photobleaching for this purpose
(37, 38), we found in preliminary experiments that photobleaching
caused less cytotoxic damage to the cells while still allowing sufficient
depletion of green fluorescence to observe recovery.

The time course of fluorescence recovery of dendra2,, was de-
termined using a two-photon microscope with automated software
that obtains baseline images, identifies and photobleaches cells by
50%, and then obtains post-bleach images at 10-min intervals. We
compared the time courses of recovery in the presence or absence of
the Slack channel activator niclosamide. In the absence of niclosamide,
wild-type Slack had no effect on fluorescence recovery of dendra2,in
(Fig. 2, B and C). In the presence of niclosamide, however, the rate
of fluorescence recovery was greatly increased relative to negative
controls. Niclosamide caused a slight increase in fluorescence in neg-
ative controls relative to DMSO, likely due to oft-target effects, but
these changes were much smaller than seen in the presence of wild-
type Slack.

To determine whether the ability of Slack channel activation to
stimulate synthesis of the reporter is conserved in human Slack
channels, we repeated the above experiment using HEK cells stably
expressing the wild-type human Slack channel (hSlack-WT). These
cells were transiently transfected with dendra2,.,. HEK cells not
expressing the channel were used as the negative control. As with
the rat channel, hSlack-WT had no effect on dendra2,, fluores-
cence recovery in the absence of niclosamide, but the rate of recov-
ery was markedly stimulated by the channel activator (Fig. 2, D and
E). Together, these data indicate that pharmacological activation
of both rat and human Slack channels increases translation of the
dendra2,;, reporter.

To determine whether K™ flux through Slack channels is required
for stimulation of dendra2,, reporter synthesis, we used quini-
dine, a nonspecific channel pore blocker (39, 40) that inhibits Slack
channel-mediated currents (41). We carried out FRAP experiments
in HEK cells expressing hSlack-WT, treated with DMSO, niclosamide,
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Fig. 2. Slack activation increases translation of f-actin reporter construct. (A) Top: Schematic of FRAP experiment protocol. Bottom: Example cell from FRAP experi-
ments (left, pre-photobleaching; center, post-photobleaching; right, post-recovery). (B to G) FRAP experiments with or without niclosamide (10 pM, 30 min) in HEK cells
(n=4to 8 plates, 13 to 53 cells per plate). [(B) and (C)] Vector control or rat Slack-WT were co-transfected with dendra2,ctin. [(D) and (E)] Only dendra2,ctin Was transfected
into stable human Slack cells (hSlack-WT) or untransfected control cells. [(F) and (G)] Rat Slack-WT or Slack-R455H were co-transfected with dendra2,cn. [(B), (D), and (F)]
FRAP time course. P values represent differences between the groups indicated, two-way repeated-measures ANOVA with post hoc comparisons with Holm-Sidék correc-
tion. [(C), (E), and (G)] Bar graph of 60-min recovery time point, ordinary two-way ANOVA with post hoc comparisons. Data are expressed as means + SEM. *P < 0.05;

#*P < 0.01; ***P < 0.001. See data S2 for exact P values. WT, wild type.

or niclosamide and quinidine. We found that, compared to niclosamide
alone, co-treatment with quinidine blocked the increase in
dendra2,., fluorescence recovery produced by the activator (fig. S1,
A and B). While this suggests that K" flux through the Slack channel
pore may be required for activation of translation, quinidine is a
nonspecific channel blocker with potential off-target effects (39, 40).
Definitive conclusions will require both the development of more
selective pore blockers and the use of genetically engineered non-
conducting Slack mutants to distinguish between conductance-
dependent and conductance-independent mechanisms.

We next tested whether stimulation of dendra2,., reporter syn-
thesis is simply a consequence of increased K* conductance. We
compared the effects of Slack with those of the structurally related
BK (Kc,1.1, KCNMAL, and Slo1) potassium channel. A Chinese Hamster
Ovary (CHO) cell line that stably expresses the BK channel was
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transiently co-transfected with the dendra2,, reporter. Treatment
of these cells with the well-characterized BK channel activator NS1619
(42) had no statistically significant effect on the rate of FRAP (fig.
S1, C and D), suggesting that the increases in translation produced
by Slack channels do not result simply from elevated K™ flux.

Slack-R455H mutation constitutively stimulates translation
of the f-actin reporter construct

We next carried out similar FRAP experiments to assess the impact
of the Slack-R455H mutant on the time course of fluorescence re-
covery of dendra2,. For this, HEK cells were co-transfected with
the dendra2,, reporter and either Slack-R455H or wild-type Slack.
Consistent with the results of the biochemical experiments in Fig. 1,
the presence of the mutant channel significantly increased the rate
of fluorescence recovery compared to wild-type Slack, even in the
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absence of a channel activator (Fig. 2, F and G). Previous work has
shown that some disease-causing mutant Slack channels can still be
further activated by niclosamide (24). Here, we found that treatment
of cells expressing Slack-R455H with niclosamide did result in a fur-
ther increase in the rate of fluorescence recovery (Fig. 2, F and G).
Although the degree of stimulation induced by niclosamide appeared
slightly reduced relative to wild-type Slack, this is likely due to the
higher baseline fluorescence level induced by Slack-R455H, as the
absolute increase in fluorescence in the presence of niclosamide was
not significantly different between wild-type Slack and Slack-R455H
(fig. S1, E and F).

Endogenous neuronal Slack channels regulate

p-actin translation

To determine whether the regulation of translation by Slack chan-
nels that we characterized in HEK cells also occurs in neurons, we
first carried out similar FRAP experiments using primary cortical
neurons from wild-type mice, which express Slack protein endoge-
nously (5). Control experiments were carried out using cortical neu-
rons isolated from Slack knockout (Slack_/_) mice (35, 43, 44).
Neurons were transiently transfected with dendra2,.n as in the ex-
periments with HEK cells, but bleaching and recovery were moni-
tored using manual epifluorescence microscopy and with a single
recovery time point. As in HEK cells, the addition of the Slack acti-
vator niclosamide in wild-type neurons significantly increased fluo-
rescence recovery and, therefore, translation of dendra2,, (Fig.
3A). In contrast, treatment of Slack™~ neurons with niclosamide did
not stimulate fluorescence recovery but produced a small decrease
in recovery. The difference between the small off-target effects of
niclosamide in HEK cells and cortical neurons may reflect differ-
ences in the regulation of p-actin translation in these cell types. We
also observed a higher number of outliers in FRAP recovery in
DMSO-treated Slack-WT neurons, which may be due to several fac-
tors. Unlike in HEK cells, translation regulation in neuronal cultures
is more dynamic and influenced by the cellular environment, and
primary neurons have lower and more variable transfection efficien-
cy than HEK cells, leading to differences in reporter expression lev-
els. It is also possible that, in the absence of an activator, Slack-WT
neurons exhibit a broader range of translation activity, contributing
to increased variability.

To determine whether the constitutive stimulation of dendra2,,
translation by the Slack-R455H mutant that was detected in HEK
cells also occurs in native neurons, we compared translation in wild-
type neurons to that in neurons isolated from the heterozygous
Slack-R455H mice described earlier. FRAP experiments were car-
ried out on primary cortical neurons from both genotypes of mice
transiently transfected with dendra2,.,. As in HEK cells, the Slack-
R455H mutation caused a significant increase in fluorescence recov-
ery of dendra2,;, compared to that in wild-type neurons (Fig. 3B),
demonstrating that the Slack-R455H phenotype of dysregulated
translation occurs in cortical neurons.

The constitutive stimulation of the dendra2,., reporter transla-
tion by the Slack-R455H mutation in neurons implies that the trans-
lation of endogenous B-actin should also be comparably increased.
To test this directly, we carried out puromycin labeling combined
with a proximity ligation assay (PLA) using antibodies against puro-
mycin and p-actin (Fig. 3, C and D). This assay specifically identifies
local B-actin synthesis by staining individual puncta of newly trans-
lated protein (45, 46). The number of puncta in a given region of a
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cell represents the number of B-actin transcripts that are being ac-
tively translated and serves as a measure of endogenous translation
rate. These experiments were carried out using cortical neurons
from wild-type and Slack-R455H mice. We examined translation
levels in both the soma and neurites (within 100 pm of the soma) of
cultured neurons independently because activity-dependent trans-
lation in neurons is often a highly localized process (47-51). While
we found no difference in the number of PLA puncta in the soma
of neurons from wild-type and Slack-R455H mice, neurons from
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Fig. 3. Endogenous neuronal Slack channels regulate p-actin translation.
(A and B) Bar graph of FRAP experiment in primary cortical neurons (A) from Slack-WT
mice or Slack™~ mice with or without niclosamide (10 pM) (n = 9 to 22 cells) and (B)
from Slack-WT or Slack-R455H mice (n = 61 to 91 cells). (C) Representative PLA images
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data S2 for exact P values.
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Slack-R455H mice had two to threefold more puncta within neu-
rites, indicating higher levels of B-actin translation (Fig. 3, Cand D).
Our findings align with recent studies showing that Ky, channels
are highly abundant in dendrites of cortical and hippocampal neu-
rons (52). Overall, these results demonstrate that endogenous Slack
activity regulates the translation of both the dendra2,., reporter and
endogenous B-actin.

Slack-R455H mutation regulates translation initiation

We next characterized which step of RNA translation is regulated by
the Slack channel. RNA translation is a cyclical process that includes
initiation, elongation, and termination, each of which makes differ-
ent predictions regarding the amount of nascent protein product as-
sociated with ribosomes (Fig. 4, A and B). If the Slack-R455H mutation
were to increase translation by relieving stalling during elongation or

A Regulation of elongation or
termination stalling

Dendra2 alone:
Ribosome release is rate limiting

YRR,

AUG UAG
Translation flux: |  Ribosome binding: 1

Slack transfection:
Mutant Slack relieves stalling

s
AUG UAG :;?:’2\

Translation flux: 1 Ribosome binding: |

termination, then the levels of nascent dendra2,.;, on ribosomes
would decrease relative to those in cells expressing wild-type Slack
or not expressing the channel (Fig. 4A). In contrast, increased levels
of nascent dendra2,, associated with ribosomes would predict in-
creased initiation of translation (Fig. 4B).

To differentiate between these two possibilities, we isolated ribo-
somes to measure the amount of bound dendra2,;,. Ribosomes were
pelleted by centrifugation on a sucrose cushion according to a previ-
ously established protocol (53). A validation experiment revealed that
cytoplasmic proteins were found exclusively in the supernatant, while
ribosomal proteins were found only in the pellet (fig. S2, A and B).
Membrane proteins, however, also pelleted with the ribosomal
fraction. While most dendra2 was in the cytosolic fraction, a small
portion was found in the pelleted fraction, presumably ribosome-
bound dendra2. However, because our original dendra2,, construct
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occurs normally but with low total translation levels and ribosome binding. This model does not require a secondary mechanism to explain the baseline condition. Bot-
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means + SEM. *P < 0.05. See data S2 for exact P values.
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contained a nonfunctional myristylation tag that normally targets
protein to the membrane, we generated a construct without the myri-
stylation tag (dendra2-Amyr) to ensure that no fraction of dendra2,n
was targeted to membrane. When we isolated ribosomes from cells
co-expressing dendra2-Amyr and Slack, we found that there was
significantly more dendra2 bound to ribosomes in the presence of
Slack-R455H than wild-type Slack (Fig. 4, C and D). As in previous
experiments, Slack levels did not change. These results support the
model proposed in Fig. 4B, suggesting that Slack regulates the initia-
tion of translation. However, it remains possible that additional
mechanisms, such as elongation and termination as shown in Fig.
4A, may also contribute to Slack-mediated translation regulation.
Further investigation using elongation and initiation inhibitors will
be necessary to clarify these potential mechanisms.

Slack channel activation triggers the redistribution of the
FMRP/CYFIP1 complex

We further characterized the molecular mechanism by which Slack
activity regulates translation initiation. In most mammalian mRNAs,
translation initiation is mediated by a 5’ cap structure that binds
eIF4E. A canonical mechanism through which the FMRP/CYFIP1
complex regulates mRNA translation is by inhibiting initiation
through the sequestration of eIF4E (25, 27). Dissociation of the
FMRP/CYFIP1 complex from eIF4E is expected to release FMRP
target mRNAs for translation (25). Because FMRP and CYFIP1 can
be co-immunoprecipitated with Slack channels (11, 24), we tested
their role in Slack activity—dependent translation. We first determined
whether the interactions of Slack channels with FMRP and CYFIP1
are altered by the disease-causing Slack mutation, Slack-R455H.

Immunoprecipitation (IP) from extracts of cerebral cortex of
2-month-old wild-type and Slack-R455H mice was carried out using
an antibody against the N-terminal domain of Slack (5, 24). We
found that the levels of FMRP and CYFIP1 bound to Slack were
higher in lysates from Slack-R455H mice than those from wild-type
mice, with no difference in the levels of total or immunoprecipitated
Slack in the two conditions (Fig. 5, A and C). Higher levels of phos-
phorylated FMRP [p-FMRP, a post-translation modification that
regulates its activity; (54, 55)] were also associated with the Slack-
R455H mutant channel. To determine whether the increased bind-
ing of FMRP/CYFIP1 to Slack alters the amounts of FMRP/CYFIP1
bound to the translation initiation factor eIF4E, IP was carried out
using an anti-eIF4E antibody. We found decreased levels of FMRP,
p-FMRP, and CYFIP1 immunoprecipitated by an eIF4E antibody in
lysates from Slack-R455H mice (Fig. 5, B and C). There were no dif-
ferences in levels of eIF4E between the two conditions.

We next tested whether the dissociation of FMRP/CYFIP1 from
eIF4E occurs in response to pharmacological activation of the channel
expressed in a mammalian cell line. Co-IP experiments were carried
out using HEK cells expressing wild-type rat Slack or the Slack-R455H
mutant channel, treated with or without the Slack channel activator ni-
closamide (24, 41, 56). Transfection with Slack constructs did not alter
the levels of FMRP, p-FMRP, and CYFIP1 in cell lysates (Fig. 6, A and
D). Both in cells expressing the wild-type and Slack-R455H mutant
channels, however, treatment with niclosamide resulted in higher
levels of FMRP, p-FMRP, and CYFIP1 bound to Slack (Fig. 6, B and D)
but lower levels bound to eIF4E (Fig. 6, C and D). Collectively, our
results indicate that activation of Slack channels triggers the redistri-
bution of the FMRP/CYFIP1 complex, with decreased binding of
the complex to eIF4E and increased binding to Slack channels.
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FMRP and CYFIP1 are required for Slack

activity-dependent translation

The recruitment of FMRP and CYFIP1 to the Slack channel com-
plex, resulting in reduced levels of both proteins bound to eIF4E,
provides a ready explanation for increases in translation upon chan-
nel activation. If this is the case, then deletion of FMRP and CYFIP1
would unlink Slack from the translation machinery. To test this hy-
pothesis, we suppressed FMRP and CYFIP1 expression in HEK cells
using small interfering RNA (siRNA). Western blots revealed that
the siRNAs are highly effective in reducing total levels of FMRP and
CYFIP1 but do not affect levels of Slack protein (Fig. 7, A to D).

70of16



SCIENCE ADVANCES | RESEARCH ARTICLE

A Input B Slack IP C elF4E IP
150 - .
150_-8'“k 150_@““ ek
2
- 150 - [
15°-|-.---.|CYF|P1 150 _CYFIP1 %0 B @ = W = [CYFIP1
75__FMRP " - -- . PR
75- 75-0 Ty
- aw we aw e w= | FMRP ““ p-FMRP
25_| m'.. elF4E 25_‘ w= W e W elFAE
7| R SR GAPDH 37— GAPDH 37~ GAPDH
c';‘é & s& &® o§'3z\ o\o« & é\ & g:\:b & c}é & s& & @‘52\ &®
K% &x g x QPK & QP (X ¥ x Q‘b‘ ‘z\x $© ‘x N «x Q'P( %x
o S & S o F e BTN &S
¥ ¥ B o K4 ¥ A o @ ¥ o o
& KL & S° & & X L
2 & > I > Sl
® o4 &%
D = Vector = Vector + nic
= Slack-WT £ Slack-WT + nic
Slack == Slack-R455H = Slack-R455H + nic CYF|p1*
T T
8 3
£ <
k) 2
<} o
I &
2 2
k] 5
& ¢

Input Slack-IP elF4E-IP

Relative protein level

Slack-IP elF4E-IP

-

Relative protein level

o

Slack-IP elF4E-IP

Relative protein level

Slack-IP elF4E-IP

Input

Slack-IP

elF4E-IP

Fig. 6. Slack channel activation triggers the redistribution of the FMRP/CYFIP1 complex. (A) Western blotting showing protein expression in HEK cells transfected
with vector control, rat wild-type Slack (Slack-WT), or Slack-R455H treated with or without niclosamide (nic; 5 pM, 30 min). (B and C) IP of Slack (B) or elF4E (C) in HEK cells
treated with/without niclosamide (5 pM, 30 min). (D) Quantification of Western blots in (A) to (C). Input, Slack IP, and elF4E IP samples are normalized by GAPDH, Slack, and
elF4E levels, respectively, followed by normalization to Slack-WT level (n = 4 replicates, paired t test). Data are expressed as means + SEM. *P < 0.05; **P < 0.01;

##%P < 0.001. See data S2 for exact P values.

We co-transfected dendra2 with either fmrl or cyfipl siRNA or
with both siRNAs together into hSlack-expressing HEK cells. After
48 hours, cells were incubated with the Slack activator niclosamide or
with DMSO alone for 90 min before protein extraction. Treatment
with either fmr1 or cyfipl siRNA alone did not prevent an increase in
levels of dendra2 in response to the channel activator (Fig. 7, E to H).
Combined treatment with both siRNAs, however, eliminated the effect
of niclosamide, while treatment with the negative control siRNAs had
no effect on the ability of the activator to simulate dendra2 synthesis
(Fig. 7,1and]). Neither the siRNA for fmr1 and cyfipI nor the negative
control had any effect on levels of Slack. Last, we also carried out FRAP
experiments in hSlack-expressing HEK cells treated with fmrl and

Malone et al., Sci. Adv. 11, eadv3140 (2025) 28 May 2025

cyfipl siRNAs or the negative control, with and without niclosamide.
Again, reducing both translation regulators fully eliminated the ability
of niclosamide to stimulate the synthesis of the dendra2,, reporter in
the FRAP assay (Fig. 7K), confirming a requirement for FMRP and
CYFIP1 for Slack activity-dependent translation.

DISCUSSION

We have found that activation of Slack Na*-activated K* channels
increases the rate of translation initiation of a dendra2,.;, reporter
mRNA in mammalian cell lines and enhances the synthesis of native
fB-actin itself in cortical neurons. This effect can be recapitulated in
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cell lines expressing either rat or human Slack channels and is
blocked by reducing expression of both FMRP and CYFIP1. Mecha-
nistically, we observe that this Slack activity—dependent translation
is coupled to the redistribution of the FMRP/CYFIP1 complex. Chan-
nel activation increases the binding of these two regulatory proteins
to the channel and decreases their binding to the translation initia-
tion factor eIF4E (25). The gain-of-function Slack-R455H mutation
similarly enhances the binding of FMRP/CYFIP1 to the channel, lead-
ing to less binding to eIF4E, which results in constitutive activation
of translation in both neurons and cell lines (Fig. 8). Mice that are
heterozygous for Slack-R455H have spontaneous seizures and per-
sistent interictal spikes and the corresponding mutation in humans
causes early onset epilepsy with severe intellectual disability (10, 35).

Slack channel activity is regulated by the binding of FMRP
(11, 12). In neurons, intracellular injection of the peptide FMRP(1-
298) rapidly increases the native Slack current and produces nar-
rowing of action potentials (12). In addition, single-channel open
probability is increased when FMRP(1-298) is added directly to the
cytoplasmic face of Slack channels in excised patches, further sup-
porting a direct regulation of Slack by FMRP (11). The translational
regulation of Slack through FMRP raises the possibility of a cyclical
positive feedback loop between FMRP binding and Slack channel
activation, which could theoretically lead to uncontrolled transla-
tion. However, Slack channel activation is primarily dependent on
Na* influx through various pathways (1-3). While FMRP binding
can enhance Slack channel activity, the overall level of sodium influx
remains the key determinant of Slack activation. As a result, up-
stream Na™ dynamics may provide a natural limit to Slack activation
and prevent uncontrolled neuronal excitability and excessive trans-
lation. As Slack is a potassium channel, its activation will also hyper-
polarize the cell, thereby shutting down Na* entry and further Slack
activation, preventing runaway translation. In addition, while our
current findings demonstrate that Slack channel activation directly
regulates translation, future studies should explore whether changes
in neuronal activity, such as those induced by electrical or chemical
stimulation, affect channel-FMRP interactions and translational

Inactive channels

Slack
channels

—
elF4G e—
‘ elF4E

Inhibition of translation initiation

—

regulation. Furthermore, these findings raise the question of wheth-
er the interactions of FMRP with other ion channels (13-19) influ-
ence protein synthesis or other biological processes regulated by
FMRP. For example, although we did not find an increase in transla-
tion of dendra2,, reporter with pharmacological stimulation of
BK channels, FMRP binding to the channels may alter its availabil-
ity for other functions, such as mRNA transport or other aspects of
cellular metabolism (57-59).

Loss of expression of FMRP in humans results in fragile X syn-
drome (FXS), the leading inherited cause of intellectual disability
and autistic spectrum behavior, with co-occurring seizures, anxiety,
hyperactivity, hypersensitivity, and hyperarousal (20, 60). Although
FMRP has been extensively studied for its role in binding neuronal
mRNAs to regulate their translation, it remains unclear whether its
primary function is to activate or repress translation, affect RNA sta-
bility or trafficking, or control other aspects of RNA metabolism
(26, 30, 59, 61-63). Notably, FMRP binds to up to 4% of total brain
mRNAs (64, 65) and previous work has shown that the Slack-FMRP
complex contains known mRNA targets of FMRP, such as Maplb
and Arc (11). While our study found that activation of Slack chan-
nels specifically affects the translation of actin without influencing
global translation, it remains to be determined whether the transla-
tion or trafficking of other targets of FMRP are also regulated by
Slack channel activity.

One well-established mechanism of translational control involves
FMRP forming a complex with CYFIP1 (25). This complex inhibits
translation by binding to the initiation factor eIF4E, which prevents
elF4E from binding to eIF4G, a critical step for translational initia-
tion. The FMRP-CYFIP1-eIF4E complex is present in dendritic spines
and actively participates in the local regulation of protein synthesis,
including actin, during synaptic activity (27). Synaptic activation by
BDNF or mGluR promotes the release of FMRP and CYFIP1 from
eIF4E and promotes local translation (25, 66). Additionally, phar-
macological inhibition of the eIF4E-eIF4G interaction with 4EGI-1
unlinks CYFIP1 from the protein synthesis machinery in FXS mice
(27). In the present study, we found that activation of Slack channels

Active or GOF mutant channels

K* K* K*

Stimulation

elF4G

elF4E

Stimulation of translation initiation

Fig. 8. Model of potential mechanism of Slack activity-dependent translation. When Slack channels are inactive, the FMRP/CYFIP1 complex binds to elF4E in a trans-
lation initiation suppression complex. When Slack channels are activated or when gain-of-function (GOF) channels are present, the FMRP/CYFIP1 complex moves from the

elF4E complex to Slack channels, allowing translation to resume.
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increases the binding of both FMRP and CYFIP1 to the channel
while reducing their binding to eIF4E. This suggests that the FMRP/
CYFIP1 complex shuttles between eIF4E and the Slack channel,
connecting translation regulation to channel activity, both of which
are dysregulated in Slack mutant mice (Fig. 8). However, the FMRP/
CYFIP1 complex may also originate from translationally stalled
FMRP granules, where FMRP regulates mRNA transport and local-
ized translation (22, 23). Given the broad distribution of FMRP across
different cellular regions, it is plausible that Slack activation influ-
ences FMRP redistribution beyond elF4E-associated complexes. Ad-
ditional experiments, including PLAs and ribosome profiling, will be
necessary to gain further insight into this mechanism. We also
found that suppression of both FMRP and CYFIP1 fully unlinked
Slack channel activity from changes in translation. Perhaps unex-
pectedly, removal of these translation regulators did not increase
basal levels of translation of the dendra2,., reporter construct. One
possible explanation is that FMRP and CYFIP1 independently regu-
late the expression of numerous cellular proteins, including other
regulators of translation, in both positive and negative directions
to maintain translational homeostasis. Further studies will be re-
quired to identify the subset of mRNAs that bind the Slack-FMRP-
CYFIP1 complex and determine whether Slack channel activation
selectively influences FMRP target mRNAs.

Regulation of the translation of the dendra2,, reporter by Slack
requires the UTR regions of the pf-actin gene. B-actin translation
was selected as potential target of Slack regulation for several rea-
sons. First, B-actin mRNA is a known binding target of FMRP (30).
As previous experiments demonstrated a functional interaction be-
tween Slack and FMRP, targets of FMRP binding are an obvious
initial set of targets to examine (12). B-Actin is also known to be
expressed both pre- and postsynaptically, where its translation is up-
regulated following synaptic stimulation (31, 48), as would be ex-
pected of targets of Slack activity-dependent translation (1, 5).
Although we found that global translation levels are not affected by
the Slack-R455H mutation in heterologous cells, it is probable that
other subsets of neuronal mRNA are also sensitive to Slack channel
activation. For example, levels of the sodium channel Nay1.6 are sub-
stantially increased in the cerebral cortex of mice with the Slack-
R455H mutation (67). Further study will be required to determine
whether Slack channel activation alters the translation of Nay1.6 and
other mRNAs across various neuronal cell types.

Our findings strongly suggest that severe intellectual disability, a
hallmark of Slack-related epilepsies, does not result from the effects
of the mutations on neuronal excitability alone. One of the conditions
produced by gain-of-function mutations is autosomal dominant sleep-
related hyperkinetic epilepsy (ADSHE). Patients with ADSHE caused
by Slack mutations have a very high chance of developmental delay
and intellectual disability (8, 68-70). ADSHE is, however, also caused
by mutations in the nicotinic acetylcholine receptors CHRNA2,
CHRNA4, or CHRNB?2 (69). These patients almost always have nor-
mal cognitive development, despite identical seizure presentation
to that caused by Slack mutations (69, 70). Our data suggest that,
under normal physiological conditions, activation of Slack channels
stimulates the translation of mRNAs as part of the normal homeo-
static process. Under pathological conditions, this translation regu-
lation becomes constitutively active. This strongly suggests that the
disruption of Slack activity-dependent protein synthesis, rather than
the seizures themselves, is a major factor that accounts for the sever-
ity of the effects of Slack mutations in humans. This conclusion is
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also consistent with the fact that dysregulation of translation is a
recognized cause of intellectual disability (59, 68, 71-74).

MATERIALS AND METHODS

Experimental design

The first objective of this study was to determine whether a gain-of-
function Slack channel mutation regulated the translation of a f-actin
reporter construct in HEK cells. This was accomplished using tran-
sient transfection and Western blotting. The next objective was to
determine whether channel activity is sufficient to stimulate translation.
This was accomplished by tracking FRAP of the reporter con-
struct. The next objective was to determine whether Slack activity-
dependent translation is present in cortical neurons and whether
endogenous f-actin is regulated by this mechanism. This was accom-
plished using neuron cell culture, FRAP, and a PLA. The final objec-
tive was to identify the mechanism of Slack activity—-dependent
translation. This was accomplished using ribosome isolation, co-IP,
and Western blotting.

Drugs

All pharmacological agents were obtained as dry compounds and
dissolved in DMSO (AmericanBio) to form 1000x stock solutions.
Niclosamide (Santa Cruz Biotechnology) was diluted to a final con-
centration of 5 or 10 pM as noted, quinidine (Tocris Bioscience) was
diluted to a final concentration of 500 pM, and NS1619 (MedChem-
Express) was diluted to a final concentration of 30 pM.

DNA constructs and subcloning

Rat-Slack-B-mCherry (Slack-WT), Slack-R455H, and mCherry-alone
(empty vector) were engineered and characterized as described (7, 75).
The pCS2-myrDendra2-Actb5’'UTR3’ (dendra2,,) construct was a
gift from D. Benson (Icahn School of Medicine). myrDendra2-
Actb5'UTR3’ subcloning into pEGFP-C1 vector (dendra2-C1) was
performed with restriction enzyme cloning using NEBNext Ultra II
Q5 Master Mix (New England BioLabs) using the following primers:
forward primer: ATAACTAGTATGGGCACGGTGCTGTGC; reverse
primer: AATGGTACCTAGAAGCATTTGCGTCGAGTCTT); bold
represents restriction enzyme target sequences. Subcloning PCR prod-
uct and pEGFP-C1 backbone were cut using KpnI-HF and Spel-HF
restriction enzymes (New England BioLabs) and ligated using Quick
Ligase Kit (New England BioLabs) according to the manufacturer’s
protocols. The myristylation tag of dendra2 was removed to generate
pCS2-AmyrDendra2-Actb5'UTR3’ (Amyr-dendra2) using the Q5
Site-Directed Mutagenesis Kit, substituting NEBNext Ultra II Q5
Master Mix for the kit’s polymerase (forward primer: AACACCCC-
GGGAATTAACC; reverse primer: CATGGCGAACTGGTGGCQG).
All constructs were verified by DNA sequencing from Yale Keck facility.

Cell culture and transfection

HEK 293 T cells [American Type Culture Collection (ATCC)] were
maintained in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco). Medium was supplemented with 10% fetal bo-
vine serum (FBS; MilliporeSigma) and 1% penicillin-streptomycin
solution (MilliporeSigma) incubated at 37°C with 5% CO,. HEK cells
stably transfected with human Slack (hSlack-WT) were obtained as
a gift from Autifony Therapeutics. hSlack-WT cells were cultured in
medium supplemented with G418 (500 pg/ml; Thermo Fisher Sci-
entific). Cells were split every 3 to 4 days when confluent using TrypLE
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Express (Gibco). For all immunoblotting and imaging experiments,
cell dishes were precoated with 0.002% poly-L-lysine (MilliporeSigma)
for 15 min followed by 2x wash with water. Cells were plated on dish
in 2 ml of DMEM at a density such that they were confluent 48 hours
after plating. For standard immunoblotting, IP, and imaging ex-
periments, cells were plated in 35-mm dishes (HEK, 2.5E5 cells;
hSlack-WT, 4E5 to 4.5E5 cells). For ribosome binding assay experi-
ments, cells were plated in 60-mm dishes (2.5% all 35-mm values; all
further quantities listed are for 35-mm dishes unless specified).
Transient transfection was performed 24 hours after plating using
Lipofectamine 2000 (Thermo Fisher Scientific) according to the
manufacturer’s protocol. Cells were transfected with 500 ng of den-
dra2 construct and/or 500 ng of Slack construct, as specified, in 500 pl
of optiMEM (Gibco) medium with 5 pl of lipofectamine.

CHO cells (ATCC) were maintained similar to HEK cells with the
following differences: Culture medium was Iscove’s modified Eagle’s
medium (Invitrogen) supplemented with 10% FBS, 1% penicillin-
streptomycin solution, and 1% hypoxanthine-thymidine supplement
(Invitrogen). Cells were split approximately every 2 days. CHO cells
were plated at 2.5E5 cells per dish in 35-mm dishes.

Animals/primary neuronal culture

Rodents were handled in accordance with protocols approved by
the Yale University Institutional Animal Care Committee (approv-
al number and license number are 2025-07842). Mice were housed
on a 12-hour/12-hour light/dark cycle with access to food and water
ad libitum. Slack WT mice (Slack-WT) were C57BL/6] mice. Slack
KO (Slack™") and Slack-R455H mice were generated as previously
described (35, 76). Genotyping was performed by ear clip biopsy-
derived genomic DNA using established PCR protocols.

For IP experiments, cortex lysates from 2-month-old mice were
used. Primary cortical neurons were prepared from postnatal day 2
(P2) to P3 mice (for niclosamide experiments) or from embryonic
day 16 (E16) to E17 mouse embryos (for knock-in mouse experi-
ments) as described previously with modifications specific for
this study (77). After isolation of cortex from neonatal or embryonic
brains, neurons were dissociated and seeded (on coverslips inside a
six-well plate: 2E5 cells per six-well plate) onto plates containing neu-
robasal medium supplemented with B27 (Gibco), 5% FBS (Gibco),
L-glutamine, and antibiotics (Gibco). After 2 hours of incubation,
primary cultures were maintained in neurobasal medium without
FBS in a 5% CO, and 20% O, incubator at 37°C. Subsequently, half
the medium was replaced every 2 days. Neuronal cultures were
transfected using Lipofectamine 2000 and experiments were per-
formed at day in vitro 14 (DIV14) to DIV21. Depending on the
culture density, 0.1 to 0.5 pg of dendra2 DNA vector was used for
transfection.

Puromycin assay

For standard immunoblotting or IP experiments, puromycin in-
corporation protocols were identical. Before protein extraction,
cells were incubated with puromycin (10 pg/ml), dihydrochloride
(MilliporeSigma) for 10 min at 37°C. Cells were immediately placed
on ice and protein extraction was begun.

RNA interference

FMRP knockdown was performed using a silencing RNA (siRNA)
cocktail made with equal parts of three Silencer Select siRNA against
the fmrl gene (Thermo Fisher Scientific, s5315, s5316, and s5317)
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(24). CYFIP1 knockdown was performed using Silencer Select siRNA
against the cyfipl gene (Thermo Fisher Scientific, s23242) (24).
Silencer Select Negative Control 1 (Thermo Fisher Scientific) was
used as a control. For transfection, 50 pmol of siRNA of either cock-
tail or both together was co-transfected with DNA plasmids using
Lipofectamine 2000 as described above. The negative controls used
the same amount of total siRNA.

Immunoblotting/co-IP

Protein lysates from HEK cells or 2-month-old mice frontal cortex
were prepared using Pierce IP Lysis Buffer (Thermo Fisher Scientific)
supplemented with cOmplete EDTA-free Protease Inhibitor Cock-
tail (MilliporeSigma) according to the manufacturer’s protocol. Pro-
tein quantification was performed using Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific). For standard immunoblotting experi-
ments or co-IP input controls, 7.5 pg of protein was loaded onto pre-
cast 15-well 4 to 15% Mini-Protean TGX Stain Free Gels (Bio-Rad).

For co-IP experiments, 187.5 ug of protein was transferred to
1.5-ml Eppendorf tubes. Sample was precleared with 70 pl of Pierce A/G
agarose beads (Thermo Fisher Scientific) or Anti—-immunoglobulin
Y (IgY) PrecipHen beads (AvesLabs) (50% v/v Pierce IP lysis buffer).
Tubes were incubated at 4°C for 1 hour on rotator. Samples were
centrifuged at 3000 rpm at 4°C for 2 min. Sample (75 pg) was incubated
at 4°C overnight on rotator with 5 pg of mouse anti-puromycin
antibody (MilliporeSigma, MABE343), rabbit anti-eIF4E (Abcam,
ab33766), chicken anti-Slack antibody, or IgG (Santa Cruz Biotech-
nology, sc-2025) or IgY (AvesLabs) control antibodies. Beads (30 pl)
were added to samples, which were then incubated at 4°C for 2 hours
on rotator. Samples were centrifuged at 3000 rpm at 4°C for 1 min to
collect beads, which were washed seven times with Pierce IP Lysis
Buffer. Protein was eluted by incubation with 50 pl of 2X Laemelli
Buffer (Bio-Rad) at room temperature for 30 min on rotator. Mini-
protean gel was loaded with 15 pl of eluted sample.

For all immunoblotting experiments, gels were processed and
blots were developed as previously described (12). Primary and sec-
ondary antibodies were used at the following concentrations: anti-
dendra2, 1:5000 (OriGene: TA150090); anti-Slack, 1:5000 (Aves labs,
custom); anti-puromycin, 1:1000 (MilliporeSigma, MABE343); anti-
FMRP, 1:2000 (MilliporeSigma, MAB2160); anti-p-FMRP, 1:1000
(Thermo Fisher Scientific, PA5-35389); anti-CYFIP1, 1:500 (Santa
Cruz Biotechnology, sc-49932); anti-eIF4E, 1:1000 (Abcam, ab33766);
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 1:1000
(Santa Cruz Biotechnology, sc-32233); anti-rabbit horseradish per-
oxidase (HRP), 1:1000 (Thermo Fisher Scientific, 32460); anti-mouse
HRP, 1:1000 (Thermo Fisher Scientific, 32430); anti-goat, 1:10,000
(Thermo Fisher Scientific, 31402); and anti-chicken HRP, 1:20,000
(Jackson Laboratories, 703-035-155). Wash steps were performed
with three 10-min washes. When multiple antibodies were stained
successively on the same blot, blots were stripped as necessary with
5 ml of Restore Plus Western blot Stripping Buffer (Thermo Fisher
Scientific) followed by three 5-min washes. Protein bands were ana-
lyzed with Image] [National Institutes of Health (NIH)] software.
Where applicable, blots were normalized to GAPDH or Slack levels
followed by normalization to the level of the denoted control group,
as described in the figure legends. Both normalization steps were per-
formed on a per-blot basis. When individual blots contained one sam-
ple of each condition (Figs. 5, 6, and 7, E to ]), paired ¢ tests were
performed. When individual blots contained multiple samples of each
condition (Figs. 1,4, and 7, A to D), unpaired ¢ tests were performed.
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Imaging experiments

For HEK and CHO cell imaging experiments, cells were replated 12
(baseline fluorescence) or 36 (FRAP) hours after transfection. Cells
were rinsed twice with phosphate-buffered saline (PBS) followed by
a 5-s rinse with 0.5 ml of TrypLE Express. Cells were replated onto
fresh 35-mm dishes coated with poly-L-lysine (as described above)
at a density of 1.5E5 cells/dish in 2 ml of high-glucose DMEM. Cells
were imaged 12 to 24 hours after replating. Medium was changed to
2 ml of phenol red-free DMEM (Gibco) supplemented with 25 mM
Hepes and 4 mM L-glutamine with any denoted drugs 30 min (ex-
cept where noted) before imaging.

HEK and CHO cell imaging experiments were performed with
semiautomated imaging using a Scientifica Hyperscope multiphoton
system using custom-built Matlab scripts. For baseline imaging ex-
periments, the only active user input is initial focal plane selection.
The program selects six arbitrary fields of view (FOVs). For FRAP
experiments, the user manually selects FOV. One to two FOVs are
imaged per plate, so manual selection is desired to ensure that FOV
contains enough cells without any overbright cells or debris. Once
FOV are selected, the program takes initial Z-stack image of FOV
and automatically segments image to identify all cells from sum-
intensity projection of Z-stack image. In FRAP experiments, program
photobleaches identified cells by about 50% and takes a post-bleach
Z-stack image. Bleaching is performed using a high-laser power and
high-density imaging. These steps are performed successively for
each FOV. After the initial imaging and bleaching, microscope re-
turns to each FOV at set time intervals, taking a time course of re-
covery Z-stacks. For all automated imaging, fluorescence levels are
automatically calculated for all cells and FOV. Range for Z-stack is
determined by identifying focal plane edges past which total FOV
fluorescence is below a threshold value. This automation allows sub-
stantial imaging throughput, prevents user-generated bias in both
focal plane selection and cell detection, and maximizes reproduc-
ibility. Imaging parameters are as follows: acquisition system, Galvo-
Imaging; laser wavelength, 960 nm; beam power, 20%; photomultiplier
tube gain, 600; image resolution, 1024 pixels; frame/slice, 4; slice
number, 5; focus threshold, 600 arbitrary units (a.u.); bleach power,
40%. Cells were filtered to include only healthy bleached cells. HEK
cell inclusion criteria were as follows: minimum bleach, 20% base-
line reduction; maximum bleach, 75% baseline reduction; minimum
fluorescence (at t = 0), 25 a.u.; maximum fluorescence (at t = 0),
2000 a.u.; and minimum recovery (at t = 60), 0 a.u. Quinidine and
siRNA FRAP experiment used the following modifications due to
laser recalibration and software updates. Quinidine: beam power,
25%; bleach power, 85%; manual segmentation (for bleaching only).
siRNA: beam power, 25%; no bleaching (does not alter observed re-
covery, as seen with negative control siRNA); maximum time point
1 decrease, 50% baseline reduction (removes cells with large fluctua-
tions); and recovery time point extremes, 75%, 400% (removes out-
lier cells). Due to differences in CHO cell bleaching and fluorescence
levels, CHO cell inclusion criteria were different as follows: mini-
mum bleach, not used; minimum fluorescence (at t =0), 20 a.u.; and
minimum recovery (at t = 30), 0 a.u. Using the FRAP assay, we
found that the translation inhibitor, anisomycin, prevents fluores-
cence recovery, demonstrating that fluorescence recovery is a valid
measure of translation levels (DMSO, mean recovery after 60 min =
0.22 + 0.037, n = 3; anisomycin, mean recovery after 60 min =
0.057 =+ 0.031, n = 4; Student’s ¢ test, P = 0.019)
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FRAP experiments in neurons were performed manually using
a Zeiss Axiovert 200 epifluorescence microscope 24 hours post-
transfection. Drug was directly added to medium before imaging.
After taking baseline image, cells were bleached for 2 min at full la-
ser power, after which post-bleach image was taken. Recovery period
for neurons was 5 min. Fluorescence intensity (center of the soma)
was analyzed using Image]J software. No inclusion criteria were used
for neuron FRAP as recovery was calculated for individual cells at a
single time point and fit a normal distribution (Fig. 3, A and B, bottom).

Real-time qPCR

For qPCR experiments, mRNA was isolated using the RNeasy Mini
Kit (QIAGEN), and cDNA was generated using the ProtoScript II
Reverse Transcription Kit (New England BioLabs). qPCR was per-
formed on a LightCycler 480 real-time PCR system (Roche) using
PowerUp SYBR Green Master Mix (Thermo Fisher Scientific) ac-
cording to the manufacturer’s instructions. RNA levels for each con-
dition were calculated using the single-delta cycle threshold (CT)
method with Gapdh as the housekeeping gene. Data for dendra2 and
Slack represent the mean mRNA level of two independent primer
pairs for a given sample. See table S1 for primer sequences.

Ribosome binding assay

Ribosome binding assay is adapted from previously published ribo-
some profiling protocol (53). Above protein extraction protocol was
used with the following changes: Cells were washed three times with
2 ml of ice cold PBS spiked with cycloheximide (CHX; 100 pg/ml)
(Sigma-Aldrich). Lysis buffer was replaced with 500 pl of polysome
lysis buffer: 20 mM tris (pH 7.4), 150 mM NaCl, 5 MgCl,, 1 mM di-
thiothreitol (DTT), CHX (100 pg/ml), 1X Protease Inhibitor Cocktail,
and 1% Triton X-100. Incubation at 4°C was not performed on rota-
tor. Cells were triturated 10 times through a 26-gauge needle after 4°C
incubation. Clarifying centrifugation was changed to a 10-min 5000g
centrifugation followed by a 20,000g centrifugation. Last, samples
were snap frozen in ethanol and dry ice and stored at —80°C until use.

For polysome isolation step, samples were diluted to 420 pg of
protein in 240 pl of polysome lysis buffer. Ribonuclease (RNase) 1¢
(2 pl; New England Biolabs) was added to samples and incubated at
room temperature for 45 min under gentle agitation. Meanwhile, a
1 M (34% w/v) sucrose cushion was prepared: 20 mM tris (pH 7.4),
150 mM NaCl, 5 mM MgCl,, 1 mM DTT, 1 mM sucrose, CHX (100 pg/
ml), and SUPERase-In RNase Inhibitor (20 U/ml; Thermo Fisher
Scientific). Sucrose cushion (2 ml) was added to 13 mm-by-51 mm
Ultra Clear tubes (Beckman). After incubation, 200 pl of sample was
gently added on top of sucrose cushion. Additional polysome lysis
buffer was added to tubes to equalize mass (+5 mg). Ribosomes were
pelleted by centrifugation in an SW 55 Ti rotor for 4.5 hours at
45,000 rpm. These conditions result in equal sedimentation to the
conditions used by McGlincy and Ingolia (53)

After centrifugation, cushion fractions were saved as described
in results. The pellet was extracted by adding 50 pl of 2x Laemelli
Buffer and incubating for 10 min at 37°C. Tubes were briefly vor-
texed, and pellet fraction was transferred to a microcentrifuge tube.
Centrifugation process was repeated with another 2 ml of sucrose
cushion and 200 pl of top reserved fraction in fresh tubes, which
served as a specificity and contamination control. Procedure for
preparing input control samples and performing immunoblotting is
as described above.
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Newly synthesized actin-PLA labeling

Detection of newly synthesized proteins by PLA was carried out us-
ing anti-puromycin antibody in combination with protein-specific
antibodies and detection using Duolink reagents (Sigma-Aldrich)
according to the manufacturer’s recommendations. Briefly, disasso-
ciated cortical neurons (DIV11) were treated with puromycin (10 pg/
ml) for 20 min and fixed for 20 min. After three times washing with
PBS, cells were permeabilized for 15 min with 0.5% Triton X-100 in
PBS and blocked in 4% goat serum in PBS for 1 hour at 37°C. Cells
were co-incubated with mouse anti-puromycin antibody (Kerafast
Equation 0001, 1:100) and rabbit anti-actin antibody (catalog no. A2066,
Sigma- Aldrich; 1:100) at 4°C overnight. PLA probes mouse PLAPY
and rabbit PLA™™ were used for the puro-actin PLA procedure as
described previously (45, 46), and a far-red fluorescence-labeled oligo
(Duolink Detection Reagents FarRed) was used for detecting the newly
synthesized actin protein.

After PLA labeling, cells were post-fixed in 4% paraformalde-
hyde at room temperature for 10 min and washed with PBS for de-
tection of the Slack expression immunostaining with the primary
antibody anti-Slack (1:500; Aves labs, custom) and secondary anti-
body Alexa Fluor 488 anti-chicken (1:500; Thermo Fisher Scientific,
A-11039) as described previously (78). Images were acquired using
a Leica SP5 confocal microscope with a X100 magnification. Z-series
stack confocal images were taken. All confocal images were processed
with ImageJ. Actin/PLA puncta were counted on the soma and on
neurites within 100 pm of the soma. If there were two or more close-
ly spaced somata for which it was not possible to attribute specific
neurites to a given soma, then the somatic puncta were counted sep-
arately and all of the associated neuritic puncta were counted and
divided equally among the somata.

Statistics and data analysis

Data analysis, imaging processing, and graphing were performed us-
ing Microsoft Excel (Microsoft), MATLAB (MathWorks), and Prism
(GraphPad). All data are expressed as means + SEM. Statistical anal-
ysis included two-way/one-way repeated measures/ordinary analysis
of variance (ANOVA) with post hoc comparisons and paired/
unpaired Student’s ¢ test. Multiple comparisons using the Holm-Sid4k
method were performed where noted. The statistical test used for
each experiment can be found in the corresponding figure legend
and data S2. Throughout, *P < 0.05, **P < 0.01, and ***P < 0.001.
Exact P values can be found in data S2.
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Figs.S1and S2

Table S1

Legends for data S1 and S2

Other Supplementary Material for this manuscript includes the following:
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