P NAS RESEARCH ARTICLE | NEUROSCIENCE

L)

Check for
updates

s OPEN ACCESS

Dysregulation of ribosome-associated quality control elicits
cognitive disorders via overaccumulation of TTC3

Ryo Endo?, Yi-Kai Chen®', John Burke®', Noriko Takashima®', Nayan Suryawanshi®(®, Kelvin K. Hui® 2, Tatsuhiko M\'yazakib, and Motomasa Tanaka®?

Edited by Erin Schuman, Max-Planck-Institut fur Hirnforschung, Frankfurt am Main, Germany; received July 15, 2022; accepted January 12, 2023

Ribosome-associated quality control (RQC) pathway is responsible for degradation
of nascent polypeptides in aberrantly stalled ribosomes, and its defects may lead to
neurological diseases. However, the underlying molecular mechanism of how RQC dys-
function elicits neurological disorders remains poorly understood. Here we revealed that
neurons with knockout (KO) of ubiquitin ligase LTN1, a key gene in the RQC pathway,
show developmental defects in neurons via upregulation of TTC3 and UFMylation sig-
naling proteins. The abnormally enhanced TTC3 protein in Ltz KO neurons reduced
further accumulation of translationally arrested products by preventing translation ini-
tiation of selective genes. However, the overaccumulated TTC3 protein in turn caused
dendritic abnormalities and reduced surface-localized GABA, receptors during neuronal
development. Ltn1 KO mice showed behavioral deficits associated with cognitive disor-
ders, a subset of which were restored by TTC3 knockdown in medial prefrontal cortex.
Together, the overactivated cellular compensatory mechanism against defective RQC
through TTC3 overaccumulation induced synaptic and cognitive deficits. More broadly,
these findings represent a novel cellular mechanism underlying neuronal dysfunctions
triggered by exaggerated cellular stress response to accumulated abnormal translation
products in neurons.
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All organisms have evolved mechanisms to selectively survey and eliminate misfolded
or misprocessed proteins by degradation (1-3). The ribosome-associated quality control
(RQC) pathway is a co-translational quality control system that recognizes aberrantly
stalled ribosomes and degrades nascent polypeptides remaining on 60S subunits (4-6).
In the RQC pathway, stalled ribosomes on aberrant mRNAs are first sensed by ubiquitin
ligase ZNF598, which binds to 40S ribosome subunit and ubiquitinates ribosomal
proteins Rps10 and Rps20, leading to splitting of stalled 80S ribosome into 40S and
60S subunits (7, 8). Then, nuclear export mediator factor (NEMF) binds to the 60S
subunit and adds C-terminal alanine and threonine residues (CAT-tails) to nascent
polypeptides (9, 10). NEMF also recruits ubiquitin ligase LTN1, which polyubiquiti-
nates the nascent polypeptides with CAT-tails for subsequent proteasomal degradation
(11-13). A failure of RQC machinery due to genetic removal of a RQC factor such as
LTN1 or NEMF is known to cause proteotoxic stress in cells (14, 15). Furthermore,
recent studies show that NEMF variants are associated with neurological disorders
including intellectual disability (16, 17), suggesting a link between dysfunction of
neuronal RQC and human neurological diseases. However, our understanding of how
impaired RQC function elicits neurological disorders and causative molecular mecha-
nisms therein is highly limited. In addition to the RQC, a cellular pathway involving
UFM1, which is a ubiquitin-like posttranslational modification and covalently attached
to a lysine residue of substrates, also regulates co-translational quality control of nascent
polypeptides in aberrantly stalled ribosomes (18, 19). As known for ubiquitination
pathway, UFMylation involves El-like UBA5, E2-like UFC1, and E3-like UFL1
(20, 21). UFL1 forms a complex with DDRGK and CDK5RAP3, both of which are
the key components that mediate UFMylation of substrate proteins in the ER (20, 21).
Importantly, missense mutations in UFMylation-related genes have been linked to
human neuropathologies including defective brain development (22, 23). However,
pathological roles of UFMylation in neurons remain poorly understood.

In this study, we established LTN1-deficient mice (S7 Appendix, Fig. S14) and performed
multi-dimensional analyses at the molecular, cellular, and behavioral levels to uncover phys-
iological consequences of neuronal RQC dysfunction. We report here that TTC3 and
UFMylation signaling proteins are substantially accumulated in Lz KO neurons, which
reduces further overload of translationally arrested products by inhibiting translation initiation.
Instead, however, we found that the aberrantly accumulated TTC3 protein elicits defects of
neurite outgrowth and underlie cognitive disorders in Lzz1 KO mice.
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Significance

Ribosome quality control (RQC) is
a co-translational surveillance
mechanism for degradation of
nascent polypeptides in
aberrantly stalled ribosomes
during translation. Although
dysfunction of RQC is suggested
to elicit neurological disorders,
molecular mechanisms therein
have remained poorly
understood. Here, we revealed
that the loss of LTN1, an E3
ubiquitin ligase in the RQC
pathway, significantly increases
TTC3 and UFMylation signaling
proteins in neurons. The
abnormally accumulated TTC3
was stabilized by UFMylation
signaling and prevented further
accumulation of translationally
arrested products by inhibiting
translation initiation of selective
genes. Instead, the aberrantly
increased TTC3 protein caused
dendritic and synaptic
abnormalities associated with
cognitive disorders. Thus, our
data provide novel evidence of a
possible molecular link between
neuronal RQC dysfunction and
cognitive disorders.
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Results

Increased TTC3 and UFMylation Signaling Proteins in Ltn1 KO
Neurons. To reveal molecular alterations in L#%1 knockout (KO)
neurons, we first performed an unbiased quantitative proteomic
screen by combining sucrose density gradient centrifugation and
stable isotope labeling by amino acids in cell culture (SILAC).
Fractions of 60S ribosomal subunits were isolated from SILAC-
labeled Linl wild-type (WT) and KO neurons and analyzed
by LC-MS/MS (Fig. 14). We specifically searched for proteins

whose abundance was increased by the loss of LTN1 and identified
several proteins that fit our criteria (SILAC ratio > 1.5) (Fig. 1A4).
Among these proteins, we were interested in tetratricopeptide
repeat domain 3 (TTC3), ubiquitin-fold modifier 1 (UFM1),
CDKS5 regulatory subunit-associated protein 3 (CDK5RAP3),
and E3 UFM1-protein ligase 1 (UFL1), because these proteins
reproducibly showed large SILAC ratios and have not yet been
investigated in the RQC pathway (Fig. 1A). Interestingly,
UFM1, UFL1, and CDK5RAP3 are all key components of the
UFMylation pathway which is an ubiquitin-like posttranslational
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Fig. 1. Quantitative proteomics approach using isolated 60S ribosome subunit fraction identified alterations of TTC3 and UFMylation signaling protein levels
in LTN1-deficient neurons. (A) Quantitative proteomics data from isolated 60S ribosome subunit fraction (Left) and the list of candidate proteins with their
SILAC scores (Right). (B) UFM1-conjugated proteins in neuronal lysates were detected by western blotting with an anti-UFM1 antibody. The signal intensities of
UFMylated proteins were normalized to those of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and then expressed as the relative ratio of WT neurons
(Right) (n = 3, ***P = 0.000035, unpaired two-tailed Student's t test). (C) UFMylated proteins in brain lysates from indicated regions were detected by western
blotting. The signal intensities of UFMylated proteins were normalized to those of GAPDH and then expressed as the relative ratio of WT (Right). (n = 3, CTX:
***P = (0.000002; STR; ***P = 0.000002; HP: ***P = 0.0000001; CB: ***P = 0.000098, unpaired two-tailed Student’s t test). (D) Protein level of TTC3 in neuronal
lysates was detected by western blotting with an anti-TTC3 antibody. The signal intensities of TTC3 protein were normalized to those of GAPDH and then expressed
as the relative ratio of WT neurons (Right) (n = 5, ***P = 0.000008, unpaired two-tailed Student’s t test). (E) Protein levels of TTC3 in indicated brain regions were
detected by western blotting with an anti-TTC3 antibody, and the signal intensities of TTC3 protein were normalized to those of GAPDH and then expressed
as the relative ratio of WT (Right) (n = 3, CTX: ***P = 0.00012; STR; ***P = 0.0032; HP: ***P = 0.00001; CB: ***P = 0.00033, unpaired two-tailed Student’s t test).
CTX: cortex, STR: striatum, HP: hippocampus, CB: cerebellum. Throughout the figures, data represent means + SEM.
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protein modification (20, 21), while TTC3 is an E3 ubiquitin
ligase highly expressed in the CNS and is closely involved in Down
syndrome (24, 25). To corroborate these results, we investigated
the levels of TTC3 and UFMylated proteins in both total and 60S
fractions of WT and Z#71 KO cultured neurons and brains. TTC3
and UFMylated protein levels were significantly increased in both
LTN1-deficient cultured neurons and mouse brain in various
regions (Fig. 1 B—F and SI Appendix, Fig. S1B). Next we purified
each 40S and 60S subunit by thoroughly eliminating ribosome-
free proteins with ultracentrifugation. The protein levels of UFLI,
CDK5RAP3, and DDRGKI1 were substantially increased in
isolated 60S fractions of Ltn1 KO neurons (S Appendix, Fig. S1C),
while TTC3 was mainly detected in the 40S subunit (S/ Appendix,
Fig. S1D). Next, we performed quantitative PCR analysis to
examine whether mRNA level of TTC3 is also abnormally
increased in Ltz1 KO neurons and found that mRNA level was
not altered by LTN1 deletion (S Appendix, Fig. S1E). Finally, we
performed immunohistological analysis with frozen mouse brain
sections and found that both UFM1 and TTC3 protein levels
were substantially increased in cerebral cortices of Lzl KO mice
(81 Appendix, Fig. S1 Fand G). These results were consistent with
our quantitative MS analysis using cultured neurons.

UFMylated RPL26 is increased in 60S Subunit of Ltn1 KO
Neurons. We found by sucrose density gradient analysis that
UFMylated proteins were mainly detected in 60S and, to a lesser
degree, 80S and polyribosome fractions (87 Appendix, Fig. S2A4).
The ribosomal protein RPL26 was previously reported to be as
a major substrate for UFMylation in non-neuronal cells (26).
In Lml KO neurons, an anti-RPL26 antibody detected three
clear bands at ~-30, ~40, and ~50 kDa corresponding to non-
UFMpylated, 1x and 2x UFM1-conjugated RPL26, respectively
(SI Appendix, Fig. S2B). Furthermore, immunoprecipitation of
RPL26 from neuronal cell lysates, followed by immunoblotting
with an anti-UFM1 antibody, demonstrated that RPL26 is
UFMpylated and its level was significantly increased in Lzl KO
neurons (S Appendix, Fig. S2C).

Next, we examined how LTN1 deficiency contributed to the
observed increase of UFMylated RPL26. When we expressed func-
tional, WT LTN1 in L1 KO neurons, the level of UFMylated
RPL26 was significantly decreased, demonstrating that the increase
in UFMylated RPL26 is indeed LTN1-dependent (S/ Appendix,
Fig. $3). Unexpectedly, however, the expression of LTN1 ARing,
which lacks a catalytic ring finger domain, also reduced the level
of UFMylated RPL26 in L#n1 KO neurons. Next, to examine the
effects of LTN1’s localization on 60S subunit, we employed the
AN-DD LTNI1 mutant which cannot bind to 60S subunit (8).
The expression of AN-DD LTNI failed to reduce UFMylated
RPL26 in Ltnl KO neurons (S Appendix, Fig. S3). These results
indicate that the abnormally increased UFMylation of RPL26 in
L1 KO neurons was not caused by the lack of E3 ligase activity
of LTN1, but by its absence on the 60S subunit.

TTC3 Protein is accumulated in 40S Subunit of Ltn7 KO Neurons.
We investigated the mechanism that increases the protein level of
TTC3 in Ln1 KO neurons. First, we found that an N-terminally
truncated isoform designated as “T'TC3 M402” with an initiation
codon of Met 402, but not the full length (1979 amino acids) of
TTC3, is predominantly expressed in neurons, and its abundance
was substantially increased by LTN1 deletion (SI Appendix,
Fig. S4A). Importantly, as we observed for UFMylated RPL26,
the abnormal increase in TTC3 level in Ltnl KO neurons was
also caused by the loss of LTN1’s localization on 60S subunit,
but not by the lack of its E3 ligase activity (S/ Appendix, Fig. S3).
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Next, when we assessed the precise localization of TTC3 among
408, 60S, monosomes, and polysomes in cultured neurons, TTC3
was predominantly detected in 40S subunit (Fig. 24 and
SI Appendix, Fig. S1D). Since cells contain cytosolic and
ER-associated ribosomes, we investigated whether TTC3 prefer-
entially binds to ecither or both of the ribosomes in neurons.
Previous studies with mammalian dividing cells showed that
TTC3 is detected mainly in the nucleus (27, 28). In neurons,
however, we found that TTC3 is localized to the cytoplasm,
including neurites (Fig. 2B and SI Appendix, Fig. S1B), and our
double-immunostaining analysis showed that TTC3 showed a
mesh-like distribution and frequently co-localized with an ER
marker, calnexin (Fig. 2B). This finding was in agreement with
the perinuclear localization of TTC3 by the immunohistological
analysis of cerebral cortex from Lzl KO mice (SI Appendix,
Fig. S1G). These immunostaining data were confirmed by sub-
cellular fractionation of neuronal lysates for separation between
cytosolic and ER-bound ribosome-enriched membrane (ER-Ribo)
fractions (29) (Fig. 2C). Furthermore, our treatment of the iso-
lated membrane fraction with proteinase K degraded TTC3, but
not an ER luminal protein, protein disulfide isomerase, demon-
strating that TTC3 is not an ER luminal protein but is associated
with the cytosolic face of ER membrane (87 Appendix, Fig. S4B).
Together, these results suggest that TTC3 plays a role in translation
regulation in the 40S subunit of ER-associated ribosomes.

Given such a significant increase in both UFMylated RPL26 and
TTC3 levels in LI KO neurons, we next investigated the hierar-
chical relationships between UFMylation signaling and TTC3 in
neurons. When we immunoprecipitated UFMylated proteins from
cytoplasmic and ER-Ribo fractions of neuronal lysates (SI Appendix,
Fig. S$4C), TTC3 was detected in ER-Ribo fractions of L1 KO
neurons. This result indicates that TTC3 itself is UFMylated or
interacts with other UFMylated, ER-Ribo associated proteins
(SI Appendix, Fig. S4C), although future studies are required to
examine it. Importantly, the knockdown (KD) of UFMI1 signifi-
cantly decreased the protein level of TTC3 (Fig. 2D), whereas the
KD of TTC3 showed no impact on the UFMylated RPL26 level
(Fig. 2E). Therefore, the UFMylation signaling is located upstream
of TTC3 and regulates the abundance of TTC3 protein. In UFM1
KD neurons, while the proteasome inhibitor MG132 had no effect
on TTC3 levels (Fig. 2F), the lysosomal inhibitor bafilomycin A
partially restored TTC3 protein levels (Fig. 2G). Together, these
results show that UFMylation signaling at least partly stabilizes
TTC3 protein and increases its abundance by protecting TTC3
from lysosomal degradation.

TTC3 Protein Level Is Increased when Translationally Arrested
K24 Products were Overloaded. Since TTC3 abundance is
significantly increased by disrupted RQC and TTC3 is localized
in Cyto-Ribo and ER-Ribo, we next investigated whether TTC3
is involved in the RQC pathway by using the reporter constructs
that induce translational stalling at either cytosolic (EGFP-K24)
ribosomes or ER-associated (SSER-CHO-EGFP-K24) ribosomes
that harbors an ER targeting signal sequence (SSER) and an V-
glycosylation site (CHO) to monitor ER-inserted translationally
arrested products (18) (87 Appendix, Fig. S5A). When either
reporter construct was expressed, translationally arrested products
were substantially accumulated in L1 KO neurons compared to
WT neurons (SI Appendix, Figs. S3A and S5B), demonstrating
that RQC function is disrupted by the loss of LTN1, as expected.
Importantly, the KD of TTC3 further enhanced the accumulation
of arrested products in Ltn1 KO neurons, but not in WT neurons
(Fig. 34 and SI Appendix, Fig. S5B). Therefore, when additional

RQC functions are required due to the overload of arrested
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Fig. 2. TTC3 is localized in 40S subunits and partially stabilized by UFMylation signal pathway. (A) Ribosome-free (Free), 40S, 60S, 80S monosome and polysome
fractions were isolated from cultured cortical neurons by sucrose gradient centrifugation, and TTC3 and RPS6 (control) proteins were detected by western blotting.
(B) Endogenous TTC3 was stained with an anti-TTC3 antibody (red), and ER was visualized with an anti-calnexin antibody (green). (Scale bar, 25 um.) (C) Cytosolic (Cyto)
and ER-associated ribosome-enriched (ER-Ribo) fractions were isolated from cultured cortical neurons by the centrifugation method and subjected to western blotting
with an anti-TTC3 antibody. Calnexin was detected as an ER-bound ribosome-enriched associated membrane (ER-Ribo) fraction marker, and GAPDH was used as a
cytosolic marker. (D) Cultured cortical neurons were infected with lentivirus encoding scramble RNAi or UFM1 RNAi, and cytosolic (Cyto) and ER-bound ribosome-
enriched associated membrane (ER-Ribo) fractions were isolated. The signal intensities of TTC3 protein were normalized to those of GAPDH for cytosolic fraction or to
calnexin for ER-associated ribosome-enriched fraction and then expressed as the relative ratio of WT neurons infected with scramble RNAi (Right) [Cyto: n =3, A3, 6) =
43.7, P=0.0017; ER-Ribo: n =4, A3, 9)=21.9, P=0,0002, one-way ANOVA; **P <0.01, ***P < 0.001, Bonferroni's multiple comparison test post hoc]. (£) Cultured cortical
neurons were infected with lentivirus encoding scramble RNAi or TTC3 RNAI, and cytosolic (Cyto) and ER-bound ribosome-enriched associated membrane (ER-Ribo)
fractions were isolated. TTC3 and UFMylated proteins were detected by western blotting. The signal intensities of TTC3 protein were normalized to those of GAPDH for
cytosolic fraction or calnexin for ER-Ribofraction and then expressed as the relative ratio of WT neurons (Right). [n = 3, Cyto: A3, 6) = 1.59, P = 0.2877; ER-Ribo: A3, 6) =
10.1, P=0.0093, one-way ANOVA; *P < 0.05, Bonferroni's multiple comparison test post hoc]. (F) Cultured cortical neurons with UFM1 KD were treated with or without 20
uM MG132 for 6 h, and ER-Ribo fraction was isolated. TTC3 was detected by western blotting. The signal intensities of TTC3 protein were normalized to those of calnexin
and then expressed as the relative ratio of WT neurons infected with scramble RNAi and without MG132 treatment (Right). [n = 3, A7, 14) = 41.7, P < 0.0001, one-way
ANOVA; **P < 0.01, ***P < 0.001, Bonferroni's multiple comparison test post hoc]. (G) Cultured cortical neurons infected with indicated lentivirus were treated with
or without 200 nM bafilomycin A (Baf) for 6 h, and ER-Ribo fraction was isolated. The signal intensities of TTC3 protein were normalized to those of calnexin and then
expressed as the relative ratio of WT neurons infected with scramble RNAI, without Baf treatment (Right) [n = 3, A7, 14) = 43.7, P < 0.0001; one-way ANOVA; **P < 0.01,
**%p < 0.001, Bonferroni's multiple comparison test post hoc]. n.s., not significant. Throughout the figures, data represent means + SEM.
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products in LTN1-deficient neurons, TTC3 may participate in
RQC pathway to reduce the amount of arrested products.

Next, we explored whether the enhanced UFMylated RPL26 in
stalled ribosomes is responsible for the abnormal increase in TTC3
levels in Ltnl KO neurons. To address it, we treated neurons with
anisomycin, which stalls ribosomes and enhances UFMylation of
RPL26 (20). We found that the UFMylated RPL26 level was signif-

non-neuronal cells (18), but TTC3 protein level was unchanged
(Fig. 3B). Similar results were obtained in LI KO neurons
(Fig. 3B). Therefore, it is not simply the UFMylated RPL26-
associated ribosomal stalling that enhanced the TTC3 protein level.

We then examined whether RQC-associated ribosomal stalling
increases TTC3 protein levels by expressing an excess of EGFP-K24
or SSER-CHO-EGFP-K24. Remarkably, compared to the

icantly increased (Fig.3B) in WT neurons, as reported in non-stalling K12 control (S/ Appendix, Fig. S5A), the expression
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Fig. 3. TTC3 protein level is increased by an overload of translationally arrested K24 products. (A) Cultured cortical neurons were first infected with lentivirus
encoding scramble RNAi or TTC3 RNAI, followed by infection of AAV encoding SSER-CHO-EGFP-K24. Arrested products (AP; indicated by arrowhead) were detected
by western blotting using an anti-GFP antibody. The signal intensities of arrested products were normalized to those of GAPDH and then expressed as the relative
ratio of WT+Scramble RNAIi neurons (Right) [n = 5, (3, 12) = 73.2, P < 0.0001; one-way ANOVA; **P < 0.01, ***P < 0.001, Bonferroni's multiple comparison test
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(C) Cultured cortical neurons were infected with indicated AAVs and TTC3 were detected by western blotting using anti-TTC3 antibody. Arrested products (AP)
and full-length proteins (FL) are indicated by arrowheads. The signal intensities of TTC3 protein were normalized to those of GAPDH and then expressed as the
relative ratio of WT neurons infected with control AAVs [n = 3, F(3, 6) = 30.1, P = 0.0005, one-way ANOVA; *P < 0.05, Bonferroni's multiple comparison test post
hoc]. An asterisk indicates non-specific band. (D) Total lysates (Top) or 60S ribosomal fractions (Bottom) were collected from cultured cortical neurons by sucrose
gradient centrifugation, and ribosomes were further pelleted down (Bottom) and analyzed by western blotting with indicated antibodies. The signal intensities
of NEMF were normalized to those of RPL26 and then expressed as the relative ratio of WT neurons infected with scramble RNAi [Total: n = 3, A3, 8) = 2.21,
P =0.1649; 60S: n =3, F(3, 6) = 26.3, P = 0.0008, one-way ANOVA; *P < 0.05, **P < 0.01, Bonferroni’'s multiple comparison test post hoc]. Throughout the figures,
data represent means + SEM.
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of EGFP-K24 or SSER-CHO-EGFP-K24 induced significant
accumulation of TTC3 not only in Ltn1 KO neurons, but also in
WT neurons (Fig. 3C and SI Appendix, Fig. S5C), demonstrating
that TTC3 protein level is increased selectively in response to the
overload of arrested products that need to be eliminated by RQC.
These results suggest that TTC3 protein level is increased when
the amount of arrested products exceeds the capacity of neurons
to degrade by canonical RQC function.

TTC3 inhibits further Accumulation of Arrested Products by
preventing Translation Initiation. We examined the mechanism
by which TTC3 mediates the reduction of arrested products
in Ltnl KO neurons. By using the K24 reporter construct, we
found by immunoprecipitation experiments that TTC3 does not
interact with nascent polypeptides of the K24 arrested products
in stalled ribosomes (S7 Appendix, Fig. S5D). This result indicates
that TTC3 does not ubiquitinate nascent polypeptides in 60S
subunit as an E3 ligase like LTN1 and is consistent with the
observation that TTC3 is mainly localized to 40S (Fig. 24 and
SI Appendix, Fig. S1D).

Next, we examined the possibility that TTC3 indirectly
degrades arrested products in stalled ribosomes. Our proteomic
analysis indicated that the NEMF protein level was enhanced
in Ltn1 KO neurons (Fig. 1A4), suggesting an increase in NEMF-
mediated CATylation of nascent polypeptides. This situation
may promote LTNI-independent ubiquitination of nascent
polypeptides for proteasomal degradation, as reported previously
(30). To examine this possibility, we first investigated whether
the binding of TTC3 to 40S subunits might enhance NEMF’s
binding to 60S subunit and thereby facilitate NEMF-mediated,
LTN1-independent degradation of arrested products (30). As
was shown by our initial proteomic analysis, the abundance of
NEMEF in 60S subunit was increased in L#nl KO neurons,
although the total expression level of NEMF did not change by
LTNI1 deletion (Fig. 3D). Interestingly, TTC3 KD significantly
reduced the binding of NEMF to 60S subunit in Ll KO
neurons (Fig. 3D). These results suggest that in Ltz KO neu-
rons the accumulated TTC3 caused the increased binding of
NEMEF to 60S subunit, implying that TTC3 indirectly enhances
NEMF-mediated ubiquitination of translationally arrested prod-
ucts for proteasomal degradation in a LTN1-independent man-
ner (30).

To test this hypothesis, we examined how the proteasome inhib-
itor, MG132, stabilizes K24 arrested products in WT or Ln1 KO
neurons with or without TTC3 KD. First, as expected from the
notion that K24 arrested products in LI KO neurons have
already been stabilized by the lack of LTNT1’s E3 ligase activity,
the MG132 treatment in Ltnl KO neurons exhibited smaller
stabilization effects on the arrested products than that in WT
neurons. However, MG132 treatment partially stabilized arrested
products in Linl KO neurons (S Appendix, Fig. S5E), suggesting
that arrested products are degraded to some extent even in the
absence of LTN1 as indicated previously (30). Importantly, we
found that the MG132 treatment in L#721 KO neurons with TTC3
KD did not alter the stabilization effects on K24 arrested products,
as compared with that in Lz 1 KO neurons with scramble RNAi,
indicating that although TTC3 promotes the binding of NEMF
to 60S subunit, it does not enhance NEMF-mediated, LTN1-
independent proteasomal degradation of K24 arrested products
(SI Appendix, Fig. SSE). Together, it is unlikely that the increase
in TTC3 abundance in L1 KO neurons plays a role in boosting
cellular RQC function by directly or indirectly enhancing protea-
somal degradation of nascent polypeptides in aberrantly stalled
ribosomes.
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Since TTC3 mainly localizes in the 40S subunit, we then
hypothesized that the overaccumulated TTC3 might reduce the
amount of arrested products by acting on small ribosomal subunits
and inhibiting translation initiation. First, we examined phospho-
rylation of elF2a in Lzl KO neurons, as it is widely known to
inhibit translation initiation (31). We found that phosphorylation
of elF2a was not altered in Lt KO neurons (SI Appendix,
Fig. S6A), suggesting that TTC3 does not inhibit translation ini-
tiation simply by enhancing phosphorylation of eIF2a in the eIF2
ternary complex. Next, we performed co-immunoprecipitation
experiments with isolated 40S fractions to examine whether TTC3
interacts with translation initiation factors on small ribosomal
subunits. Interestingly, we found that TTC3 interacts with several
translation initiation factors such as eIF4E, eIF4G, PABP, and
RACKI1 (Fig. 44). Moreover, we found that ubiquitination of
RPS2, which is triggered by inhibition of translation initiation
(32, 33), was increased in 40S subunits of Ltz1 KO neurons
(Fig. 4B). Importantly, TTC3 KD significantly reduced ubiquit-
ination of RPS2 in 408 subunit (Fig. 4B), suggesting that trans-
lation initiation in L&zl KO neurons is impaired at least in part
due to the increased TTC3 abundance. However, when we per-
formed the experiments of BioOrthogonal Non-Canonical Amino
acid Tagging (BONCAT) to examine whether total translation
levels are altered in Ltz KO neurons, they were not largely dif-
ferent between WT and Ll KO neurons (SIAppendix,
Fig. S6B). Therefore, the defects of translation initiation by the
loss of LTN1 may be selective for specific genes.

To further test our hypothesis that overaccumulated TTC3
inhibits translation initiation in L] KO neurons, we employed
aribosome profiling (Ribo-seq) technique, which is based on deep
sequencing of ribosome-protected mRNA fragments and allows
us to investigate translation at single nucleotide resolution, for the
neurons treated with harringtonine, an inhibitor of translation
initiation (34). Since harringtonine induces accumulation of ribo-
somes at translation initiation sites (34), Ribo-seq with harring-
tonine is likely to provide detailed information on translation
initiation in Lznl KO neurons. Ribo-seq data revealed that Ln1
KO neurons showed a decrease in ribosome-protected mRNAs
(footprints) at translation initiation sites suggesting that transla-
tion initiation is compromised by the loss of LTN1. When we
sorted the genes by the difference in footprint number at transla-
tion initiation site between WT and Lt/ KO neurons, we found
that a subset (46.3%), but not all, of genes showed reduced trans-
lation initiation in Lzl KO neurons (S Appendix, Fig. S6C and
Table S1), indicating that translation initiation of selective
mRNAs was affected by the deletion of LTN1. Furthermore, the
Gene Ontology (GO) term analysis using the top 5% differential
genes revealed that the reduction of translation initiation in Ln!
KO neurons was enriched for the genes associated with various
metabolic processes required for maintenance of cellular homeo-
stasis (S Appendix, Fig. S6D). Strikingly, TTC3 KD in Ltn! KO
neurons restored the ribosome footprint number at translation
initiation site, indicating that the increased protein level of TTC3
is responsible for inhibition of translation initiation in Lzl KO
neurons (Fig. 4 C and D). Together, these results support the
notion that the enhanced TTC3 protein in Lzl KO neurons
reduces further accumulation of arrested products by acting on
40S ribosomal subunits and preventing the process of translation
initiation for selective genes.

Overaccumulated TTC3 Protein induces Dendritic and Synaptic
Defects in Ltn1 KO Neurons. A previous study suggested that
LTN1 KD in neurons reduce neuritic outgrowth, albeit through
unknown mechanisms (35). To gain insights into the effects of
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Fig. 4. TTC3reduces an overload of translationally arrested products by preventing translation initiation. (A) TTC3 was immunoprecipitated from pelleted 40S
ribosome subunits, followed by western blotting using indicated antibodies. (B) 40S ribosome subunits pelleted from cultured cortical neurons were analyzed
by western blotting with an anti-RPS2 antibody. The signal intensities of ubiquitinated RPS2 (arrowheads) were normalized to those of non-ubiquitinated RPS2
(n=5, A3,12)=16.0, P=0.0002, one-way ANOVA; **P < 0.01, ***P < 0.001, Bonferroni's multiple comparison test post hoc). (C and D) Ribosome profiling data
of harringtonine-treated WT or Ltn7 KO neurons. (C) Metagene analysis of footprint counts in the first ten codons in WT or Ltn7 KO neurons with scramble
or TTC3 RNAI. (D) Normalized footprint counts at the translation initiation (ATG) site (P = 2.571 x 1078, Kruskal-Wallis test; ***P < 0.001, Bonferroni-corrected
Wilcoxon-Mann-Whitney’'s multiple comparison test post hoc). Throughout the figures, data represent means + SEM.

impaired RQC in neuronal morphology, we first investigated
whether LTN1 deletion in neurons affects dendritic outgrowth.
On both 4 and 7 days in vitro (DIV), total dendritic length
in Ltnl KO was significantly shorter that in WT neurons
(Fig. 54 and SI Appendix, Fig. S7A). Furthermore, the number
of dendrites was increased in Lzl KO neurons on 7 DIV
(Fig. 5B and SI Appendix, Fig. S7B). In contrast, such alterations

PNAS 2023 Vol.120 No.12 2211522120

in Ltnl KO were not observed in mature DIV12 neurons
(Fig. 5C and SI Appendix, Fig. S7C). These results suggest that
RQC dysfunction by LTN1 deletion caused developmental
abnormalities in neurons. Since previous studies implicated
TTC3 in neurite extension (28, 36), we next examined the
involvement of overaccumulated TTC3 protein in the reduced
dendritic outgrowth observed in L1 KO neurons. Strikingly,
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Fig.5. Dendritic outgrowth and synaptic homeostasis are impaired in Ltn7 KO neurons partially due to the overaccumulation of TTC3 protein. (A) Dendrites
of cultured cortical neurons at DIV 7 were stained with an anti-MAP2 antibody. Left panels show representative tracings of dendritic morphology. Total
dendritic length was measured (Right) (n = 34, *P = 0.029, Kolmogorov-Smirnov test). (B) Cultured cortical neurons at DIV 7 were stained with an anti-MAP2
antibody, and the number of dendrites per neuron was counted (n = 34 **P = 0.001174, unpaired two-tailed Student's t test). (C) Total dendritic length of
neurons at DIV 12 was measured as in (A) (n = 38, P = 0.7306, Kolmogorov-Smirnov test). (D and E) Cultured cortical Ltn7 KO neurons infected with indicated
lentivirus were stained with an anti-MAP2 antibody at DIV 7. (D) Representative tracing of MAP2 positive dendrites is shown (Left). Total dendritic length
was measured (Right) (n = 30, **P = 0.0062, Kolmogorov-Smirnov test). (E) The number of dendrites per neurons was counted (n = 30, *P = 0.0146, unpaired
two-tailed Student's t test). (F) Surface-localized proteins in cultured cortical neurons at DIV 5 were biotinylated, and the surface-biotinylated proteins were
pulled down from 50 pg of total neuronal lysates by streptavidin-conjugated beads, followed by western blotting with indicated antibodies (Left). GAPDH
was used as negative controls. The relative amounts of surface-localized proteins are shown (Right) (n = 3, NR2B: (3, 6) = 0.535, P = 0.6749; GIuR1: F(3, 6) =
1.75, P = 0.2495; GABA,B3: (3, 6) = 5.95, P = 0.0313, one-way ANOVA; *P < 0.05, **P < 0.01, Bonferroni's multiple comparison test post hoc). (G) Surface-
localized proteins in cultured cortical neurons at DIV 7 were analyzed as in (F) (NR2B: n = 4, F(3, 9) = 0.575, P = 0.6458; GIuR1: F(3, 8) = 1.40, P = 0.6458;
GABA,B3: F(3,9) =4.27, P = 0.0391, one-way ANOVA; *P < 0.05, Bonferroni's multiple comparison test post hoc). n.s., not significant. (Scale bars, 100 pm.)
Throughout the figures, data represent means + SEM.
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the KD of TTC3 normalized both the dendritic outgrowth and
the number of dendrites in Ltz KO neurons (Fig. 5 D and
E). Therefore, the increased TTC3 protein is responsible for
neuronal developmental defects caused by the RQC deficiency.

Since the dendritic arbor is responsible for receiving and con-
solidating neuronal inputs, we next examined the impact of
RQC deficiency on synaptic homeostasis. We investigated
whether surface expression levels of neurotransmitter receptors,
which are critical for synaptic functions, are affected in Ltz KO
neurons. On DIV 5 and 7, while no significant differences were
observed for surface expression levels of AMPA and NMDA
receptors, surface GABAAP3 receptor levels were selectively
decreased in L] KO neurons without affecting total protein
expression levels (Fig. 5 Fand G). Importantly, the KD of TTC3
normalized the reduction of surface-localized GABAAP3 recep-
tor levels in L#zl KO neurons (Fig. 5 F and G). These results
show that TTC3 is crucial for maintaining the surface expression
of GABAAP3 receptors, suggesting that the excess protein level
of TTC3 due to the LTN1 deficiency may disrupt synaptic func-

tions in neurons.

Ltn1 KO Mice exhibit Cognitive Disorders via TTC3 Overaccumula-
tion. Lin! KO neurons showed impairments of neuronal develop-
ment and synaptic homeostasis. Therefore, we performed a series of
behavioral tests for 3-mo-old L% KO mice to examine how such
neuronal defects may impact behaviors. In the prepulse inhibition
(PPI) test, Lz KO mice showed significantly reduced PPI (Fig. 6A4),
which is a typical phenotype observed in both autism spectrum disor-
der (ASD) and schizophrenia. In the fear conditioning test, contextual
fear memory was significantly affected in LTN1-deficient mice. L#n1
KO mice showed decreased levels of freezing (Fig. 6B), indicating
that they exhibit cognitive dysfunction. In the rotarod test, Lzl KO
mice showed a reduction of motor performance (Fig. 6C). However,
spontaneous locomotor activity in the open field was not affected
(Fig. 6D), and the wire hang test showed that neuromuscular function
was not altered in Lzn1 KO mice (Fig. 6E). These results suggest that
the reduced rotarod performance was not caused by impaired motor
function itself, but possibly due to a learning impairment in motor
coordination. Consistently, our immunohistological analysis did not
reveal any obvious neuronal loss in the cerebral cortices of 3-mo-old
Lin1 KO mice (S] Appendix, Fig. S8A). We next tested Lzn1 KO mice
for anxiety-like behaviors, first with the elevated plus maze (EPM)
test. Ltnl KO mice spent more time on the open arms (Fig. 65),
suggesting reduced anxiety. With the marble-burying test, Lzn! KO
mice buried fewer marbles compared to WT mice (Fig. 6G), showing
a blunted response to the aversive situation. In the nest building test,
L1 KO mice showed impaired nesting behaviors compared to WT
mice (Fig. 6H), implying a decline in cognition and depressive-like
behaviors.

In order to examine causal relationships between accumulated
TTC3 protein and behavioral deficits of Ll KO mice, we
performed stereotaxic injections of adeno-associated virus (AAV)
encoding TTC3 or scramble shRNA into the medial prefrontal
cortex (mPFC), where neural circuits of various higher brain
functions are involved. Importantly, the decreased anxiety phe-
notype manifested by the marble-burying test and the defects
in nest building capability in Lzz/ KO mice were fully restored
by the KD of TTC3 (Fig. 6 G and H). Furthermore, the TTC3
KD appeared to counteract the reduced PPI observed in Linl
KO mice (SI Appendix, Fig. S8B). Together, these results indicate
that L1 KO mice showed behavioral abnormalities associated
with cognitive disorders and a cohort of the behavioral deficits
is caused by the aberrantly increased TTC3 protein due to the
loss of LTN1.

PNAS 2023 Vol.120 No.12 2211522120

Discussion

We revealed that TTC3 and UFMylation signaling proteins are
abnormally increased in Lzl KO neurons. The up-regulated
TTC3 protein was suggested to prevent further accumulation of
translationally arrested products in stalled ribosomes by inhibiting
translation initiation, when neurons face an overload of the
arrested products that need to be eliminated by RQC. Therefore,
our findings indicate that TTC3 serves as a compensatory feed-
back loop to reduce further accumulation of arrested products,
when neuronal RQC function cannot sufficiently cope with the
overload of arrested products (S Appendix, Fig. S9). In other
words, our data suggest a novel cellular feedback mechanism by
which neurons inhibit translation initiation by increasing the
abundance of TTC3 protein on 40S subunit. Remarkably, how-
ever, we found that abnormally increased TTC3 protein induced
various deleterious effects on neuronal functions; the overaccu-
mulated TTC3 protein in L1 KO neurons and mice results in
dendritic and synaptic abnormalities and behavioral deficits asso-
ciated with cognitive disorders.

Our results provide insights into how RQC dysfunction elicits
disorders in the central nervous system. Notably, our findings were
unexpected as Linl KO mice were phenotypically distinct from
the previously reported /ister mice, which were found through a
genome-wide ENU mutagenesis screen and exhibited severe signs
of neurodegeneration within 3 wk of age (37). Instead, Ln1 KO
mice showed phenotypes associated with cognitive disorders with-
out showing obvious deficits in locomotor activity, neuromuscular
function, and neuronal loss at 4 to 5 mo of age. Although /ister
mice express the mutant LZ7N/ with a deletion of 14 amino acid
residues, it remains unclear what functions of LTN1 are altered
by this deletion. Moreover, since ENU can randomly introduce
mutations throughout the genome, one cannot rule out the pos-
sibility that mutations in the genes other than L7NI are also
responsible for the severe neurodegeneration in /ister mice.
Nonetheless, the phenotypic differences might be caused by the
downstream molecular pathways, such as those involving TTC3
and UFMylation signaling found in this study, which are poten-
tially distinct between LzzI KO mice and /ister mice. Interestingly,
TTC3 is one of the key genes in Down syndrome critical region
on 21q22.2, as multiple Down syndrome model mice with 77C3
triplication have been shown to commonly exhibit developmental
and cognitive dysfunctions (38, 39). Intriguingly, a variant of the
deUFMylation enzyme Ufsp2 that enhances UFMylated protein
levels was recently identified as a factor contributing to neurode-
velopmental disorders in humans (23). In addition, NEMF vari-
ants, which were hypothesized to reduce RQC functions, are
associated with intellectual disability (16). Together, these results
support our observation that L7 KO mice show behavioral defi-
cits associated with cognitive disorders rather than severe neuro-
degenerative disorders.

Our results resolved the previous puzzling observations that
Lin1 KO leads to neurite outgrowth defects and behavioral deficits
(35, 37). First, although the previous study indicates that neurite
outgrowth defects in LTN1 KD neurons were rescued by addi-
tional KD of NEMF (35), the underlying mechanism had
remained unclear. Here, we revealed that TTC3 KD in L1 KO
neurons normalized the enhanced binding of NEMF to 60S sub-
unit and restored the dendritic abnormalities. Therefore, our find-
ings suggest that the overaccumulated TTC3-mediated increase
in NEMF abundance in 60S subunit is at least partly involved in
the neurite outgrowth defects observed in L1 KO neurons. Next,
our data provide possible molecular explanations for the cognitive

deficits of Ltn1 KO mice. The enhanced protein level of TTC3
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Fig. 6. Ltn1 KO mice show behavioral deficits associated with cognitive disorders partially though overaccumulation of TTC3 protein. (A) In PPI test, LtnT KO
mice showed a reduced PPI response. PPl values at three different prepulse intensities (70 dB, 75 dB and 80 dB) are shown.n =17 (WT), n = 11 (Ltn7 KO) (70 dB:
P =0.003; 75 dB: P=0.001; 80 dB: P = 0.0006; two-tailed Mann-Whitney test). (B) In contextual fear conditioning test, Ltn7 KO mice spent less time freezing than
WT mice. Percent time of freezing during 5 min of the context test is shown. n =17 (WT), n = 11 (Ltn1 KO) (P = 0.0455; two-tailed Mann-Whitney test). (C) The
latency to fall off the rotarod was recorded and Ltn7 KO mice showed impaired motor function.n =17 (WT), n=11 (Ltn1 KO) (P = 0.033; two-tailed Mann-Whitney
test). (D) Distance traveled in the open field test. n = 14 (WT), n =10 (Ltn7 KO). No statistical differences were detected. (P = 0.8274; two-tailed Mann-Whitney test).
(E) Measurement of forearm grip strength. Grip strength was comparable between the two mice groups. n =14 (WT), n = 11 (Ltn1 KO). No statistical differences
were detected. (P = 0.459; two-tailed Mann-Whitney test). (F) In EPM test, Ltn7 KO mice spent longer time in open arm and showed reduced anxiety. n = 17
(WT), n =10 (Ltn7 KO) (P = 0.0017; two-tailed Mann-Whitney test). (G and H) AAV encoding scramble or TTC3 RNAi was stereotaxically injected into mouse mPFC.
(G) Marble-burying test showed that marble-burying behavior is reduced in Ltn7 KO mice and exhibited a blunted response to the aversive situation that was
normalized by KD of TTC3. n = 14, 14, 13, 14 for WT + Scramble RNAi, WT + TTC3 RNAi, KO+Scramble RNAi, and KO + TTC3 RNAI, respectively. [A(3,49) = 12.6,
P <0.0001, one-way ANOVA; ***P <0.001, Bonferroni's multiple comparison test post hoc]. (H) Defects in nesting behavior were observed for Ltn7 KO mice that was
rescued by KD of TTC3.n =10, 9, 8, 9 for WT + Scramble RNAi, WT + TTC3 RNAi, KO + Scramble RNAi, and KO + TTC3 RNA, respectively. [A(3, 32) = 7.09, P = 0.0009,
one-way ANOVA; *P < 0.05, **P < 0.01, Bonferroni's multiple comparison test post hoc]. n.s., not significant. Throughout the figures, data represent means + SEM.
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reduced not only dendritic outgrowth but also surface-localized
GABA B3 receptor levels (Fig. 5 Fand G), which would at least
partly account for the abnormal behaviors associated with cognitive
disorders in L1 KO mice, as suggested previously (40). Notably,
since increased TTC3 protein levels induce fragmentation of the
Golgi apparatus (28, 36), the overaccumulated TTC3 by LTNI1
deletion might impair Golgi-mediated transport of GABA, 83 recep-
tors to the plasma membrane, resulting in reduced surface-localized
GABA,p3 receptors. Furthermore, the increased UFMylation sign-
aling proteins in L7/ KO may offer mechanistic insights into the
selectivity of GABA, receptor. An El-like enzyme UBAS in
UFMylation pathway interacts with GABA receptor-associated pro-
teins (GABARAPs) (41, 42), which regulate trafficking of GABA,
receptors (43). Therefore, dysfunction of GABARAPs leads to
reduced expression of surface GABA,f3 (44). Likewise, aberrantly
enhanced levels of UFMylation factors in L1 KO neurons might
disturb the trafficking function of GABARAP:s, resulting in reduc-
tion of surface GABA 83 receptor levels (Fig. 5 Fand G). Although
further mechanistic studies are required, the present findings suggest
a possible molecular link between RQC dysfunction, dendritic and
synaptic defects, and behavioral deficits in L7 KO mice.

Recent studies indicate that dysregulation of various processes
in translation, including initiation, elongation, and termination,
is associated with a wide range of neurological diseases (45-47).
Importantly, our study provides another layer of evidence that
not only dysregulation of each translation process itself, but also
impaired quality control of nascent polypeptides during trans-
lation, could lead to cognitive disorders. Notably, since TTC3
is highly expressed in the central nervous system, it is tempting
to speculate that neurons have evolved to maintain highly reg-
ulated, balanced mechanisms, such as the TTC3-mediated feed-
back loop, in order to ensure translation by preventing an
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overload of translationally arrested products. By contrast, our
findings provide a novel concept that overactivation of such a
proteostasis maintenance mechanism that responds to ribosome
stalling may elicit cognitive disorders. Beyond these mechanistic
insights, our study suggests that TTC3 and UFMylation signa-
ling factors may represent novel therapeutic targets for neuro-
logical diseases in which arrested translation is involved. More
broadly, our findings that developmental defects in neurons are
triggered by overaccumulated TTC3 protein provide therapeutic
implications for cognitive, neurodevelopmental disorders includ-
ing Down syndrome.
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