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Orthodenticle homeobox 2 is transported to
lysosomes by nuclear budding vesicles

Jun Woo Park 1, Eun Jung Lee1, Eunyoung Moon2, Hong-Lim Kim3,
In-Beom Kim 3, Didier Hodzic4, Namsuk Kim 1,5, Hee-Seok Kweon 2 &
Jin Woo Kim 1

Transcription factors (TFs) are transported from the cytoplasm to the nucleus
and disappear from the nucleus after they regulate gene expression. Here, we
discover anunconventional nuclear export of theTF, orthodenticle homeobox
2 (OTX2), in nuclear budding vesicles, which transport OTX2 to the lysosome.
We further find that torsin1a (Tor1a) is responsible for scission of the inner
nuclear vesicle, which captures OTX2 using the LINC complex. Consistent with
this, in cells expressing an ATPase-inactive Tor1aΔE mutant and the LINC
(linker of nucleoskeleton and cytoskeleton) breaker KASH2, OTX2 accumu-
lated and formed aggregates in the nucleus. Consequently, in the mice
expressing Tor1aΔE and KASH2, OTX2 could not be secreted from the choroid
plexus for transfer to the visual cortex, leading to failed development of par-
valbumin neurons and reduced visual acuity. Together, our results suggest
that unconventional nuclear egress and secretion of OTX2 are necessary not
only to induce functional changes in recipient cells but also to prevent
aggregation in donor cells.

Given the spatial segregation of chromosomes and ribosomes—the
sites of transcription and translation of RNA, respectively—eukaryotic
proteins that function in the nucleus must be transported to the
nucleus after translation of theirmRNAby ribosomes in the cytoplasm.
Nuclear localization signals (NLSs), present in the majority of nuclear
proteins, are recognized by the importin complex, which moves pro-
teins to the nucleus through the nuclear pore complex (NPC)1–3. Con-
versely, nuclear export signals (NESs), which are responsible for
cytoplasmic transport by the exportin complex4,5, have also been
identified in many nuclear proteins. However, NES sequences are less
conserved than NLS sequences in nuclear proteins. This suggests that
nuclear proteins lacking an NES are transported to the cytoplasm via
alternative export pathways6–8.

Several NES-independent nuclear export pathways have been
identified9–11, most of which remodel the nuclear envelope—a double-
membrane structure continuous with the endoplasmic reticulum

(ER)10,11. In one such pathway, nuclear components are trapped in the
inner nuclear membrane, which forms vesicular intermediates in the
internuclear membrane space before fusing with the outer nuclear
membrane and releasing the nuclear components into the cytoplasm.
This vesicular nuclear egress phenomenon underlies the cytoplasmic
transport of herpes simplex virus (HSV) capsid particles11,12 and Par3
mRNA-containing ribonucleoproteins (RNPs)10, which are larger than
the diameter of the NPC (~39 nm) and thus cannot be transported
through the pore13. In the latter case, torsin-1a (TOR1A), an AAA +
ATPase localized to the internuclear membrane space, is responsible
for scission of the inner nuclear membrane that captured par3-RNPs14.
Thus, as demonstrated in Drosophila, the RNPs cannot be
transported to the cytoplasm in cells lacking torsin or expressing an
ATPase-inactive torsin mutant14. However, whether this is a general
phenomenon that can be applied to other nuclear components is still
unknown.
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After export to the cytoplasm, nuclear proteins return to the
nucleus or are degraded by cytoplasmic proteolytic machineries, such
as the ubiquitin-proteasome system (UPS) and the lysosomal proteo-
lysis that mediates endosomal and autophagosomal protein
entrapment15. Otherwise, nuclear proteins are eliminated in the
nucleus by nuclear proteolytic degradation pathways16–18. Given spatial
limitations of the nucleus, defects in degradation or export of nuclear
proteins could therefore result in the accumulation of proteins, which
often form aggregates and cause proteotoxicity19.

Homeodomain-containing proteins (HPs) are TFs that are
transported to the nucleus to regulate the expression of genes
involved in the development of organisms20,21. HPs have also been
identified to participate in cytoplasmic events such as mRNA
translation22–25 and mitochondrial ATP synthesis26,27. Surprisingly,
more than a dozenHPs, which possess cytoplasmic functions, are not
synthesized in the cells in which they function, but instead are taken
up from neighboring cells by intercellular protein transfer28,29, a
process identified as a general feature of HPs30. This unconventional
trafficking of HPs requires secretion and penetration signal sequen-
ces in the homeodomain31 and is also supported by hydrophobic
amino acids outside the homeodomain30. However, many questions
regarding the mechanism of HP secretion remain unanswered,
whereas mechanisms by which HPs penetrate cells following binding
to the glycosaminoglycan (GAG) sugar chains of proteoglycans have
been identified25,32,33.

In this study, we report that secretion of orthodenticle homeobox
2 (OTX2) starts with OTX2 binding to the LINC complex in the nuclear
envelope. We also found that TOR1A in the internuclear membrane
space and dynamin (DNM) in the cytoplasm involves in the scission of
double-layered nuclear budding vesicles, which subsequently trans-
port OTX2 to the lysosome (for degradation) and then to the extra-
cellular space (for intercellular transfer). Moreover, secretion of Otx2
from cells in the choroid plexus (ChP) and subsequent transfer to
parvalbumin (PV) neurons in the mouse visual cortex is suppressed in
Tor1aΔE mice, which expresses an ATPase-inactive Tor1aΔE mutant, as
well as in LSL-KASH2;FoxJ1-CreER mice, in which EGFP-KASH2 expres-
sed in the internuclear membrane space of ChP cells to interfere with
the formation of the LINC complex. Consequently, excess Otx2
remains in the nuclei of these mouse ChP cells and forms aggregates,
resulting in diminished delivery of OTX2 to the visual cortex and
delayed visual maturation.

Results
Localization of HPs in cytoplasmic puncta
Amajority of HPs were previously shown to be secreted from cells and
penetrate neighboring cells30. Interestingly, immunostaining has
revealed punctate signals for secretory HPs (sHPs), including OTX2,
EN2 and VAX1, in the cytoplasm of HeLa cells, in addition to their
nuclear signals (Fig. 1a)30. In contrast, cytoplasmic HP puncta were
hardly observed in HeLa cells expressing non-secretory HPs (nsHPs)30,
such as SHOX2 and HOXD4 (Fig. 1a), revealing a positive relationship
between cytoplasmic puncta and HP secretion.

Given the potential ability of HPs to bind RNA22,34, cytoplasmic
HP puncta could reflect the presence HPs in RNP complexes. Thus,
we examined whether cytoplasmic puncta are stress granules, which
are composed of RNP complexes35. However, OTX2 cytoplasmic
puncta did not overlap with Ras-GAP SH3 domain-binding protein
(G3BP; Fig. 1b, left), a marker for stress granules36. OTX2 puncta were
also not co-localized with synuclein-α (SNCA; Fig. 1b, right), a marker
for cytoplasmic protein aggregates37, indicating that they are neither
insoluble protein aggregates. Consistent with this, cytoplasmic OTX2
was detectable only in detergent-soluble fraction, whereas nuclear
OTX2 could be detectable in the insoluble fraction containing
chromosomal histone 3A (H3A) as well as the soluble frac-
tion (Fig. 1c).

Vesicular identity of cytoplasmic OTX2 puncta
We further investigated the physical properties of cytoplasmic OTX2
by sucrose density gradient fractionation. OTX2 was detectable in
sucrose gradient fractions #7 to #9 (Fig. 1d, e). These fractions did not
contain green fluorescent protein (GFP), which is a soluble cytosolic
protein detected in lighter fractions (#4 to #6). Instead, OTX2-positive
fractions partially overlapped with the transmembrane protein, epi-
dermal growth factor receptor 1 (EGFR1), and the caveolar protein,
flotillin 1 (FLOT1) (Fig. 1d, e). Given that OTX2 binds to GAG sugar
chains of proteoglycans32,33, extracellular OTX2 could be co-
fractionated by virtue of its association with transmembrane pro-
teoglycans, such as the chondroitin sulfate proteoglycans (CSPG),
neural/glial antigen 2 (NG2), and heparan sulfate proteoglycan (HSPG),
syndecan 3 (SDC3) (Fig. 1d, e). To test this possibility, we treated cells
with excess heparin to detach OTX2 from proteoglycans30. However,
this did not change the distribution of OTX2 (Fig. 1d, e), suggesting
that the co-fractionation ofOTX2with thoseproteoglycans is not likely
attributable to direct interactions.

Next, we determined whether OTX2 localizes to intracellular
membranous organelles by co-immunostainingwith organelle-specific
markers. We found that OTX2 immunoreactive signals in the cyto-
plasm were surrounded by those of lamin A and C (LMN-A/C), which
comprise the nuclear lamina, but did not co-localize with translocase
of outer membrane 20 (TOM20)-positive mitochondria (Fig. 1f [two
leftmost columns], g). Cytoplasmic OTX2 was also co-localized with
calnexin (CANX), an ERmarker (Fig. 1f [third column from the left], g),
but was not detected in the GM130-positive Golgi apparatus (Fig. 1f,
[fourth column from the left], g). These results suggest that cyto-
plasmicOTX2puncta could be the structures derived from the nucleus
and/or ER.

Interestingly, OTX2 also co-localized with lysosomal membrane-
associated protein 2 (LAMP2) (Fig. 1d–g). However, it was not
detected in microtubule-associated protein 1A/1B light chain 3B
(LC3B)-positive autophagosomes or CD63-positive late endosome/
multivesicular bodies (MVBs) (Fig. 1f [two rightmost columns], g),
which are known to entrap cytoplasmic proteins prior to fusion with
lysosomes38. OTX2 was not detected in early endosome antigen 1
(EEA1)-positive endosomes, but was found in FLOT1-positive lipid
rafts (Fig. 1f [fifth and sixth columns from the left], g). Together,
these results suggest the possibility that OTX2 is transported in lipid
raft-enriched membrane vesicles to the lysosome and/or the extra-
cellular space without the mediation of endosomes, autophago-
somes, or MVBs.

Nuclear origin of OTX2 in the lysosome and extracellular space
We next examined whether the cytoplasmic puncta formation and
secretion are correspondingly changed upon increasing cytoplasmic
OTX2. To this end, we suppressed the nuclear import of OTX2 by
replacing two arginine (R) residues in its NLS to alanine (A) (Sup-
plementary Fig. 1a). The resultant OTX2(RR/AA) mutant was unde-
tectable in the nucleus and instead was retained in the cytoplasm
(Supplementary Fig. 1b, leftmost column). The cytoplasmic
OTX2(RR/AA) overlapped strongly with mitochondria but sparsely
with lysosomes (Supplementary Fig. 1b, two center columns). How-
ever, the OTX2(RR/AA) signals were not associated with autopha-
gosomes (Supplementary Fig. 1b, rightmost column), which can
engulf mitochondria39.

Interestingly, cytoplasmic OTX2(RR/AA) was isolated in the inso-
luble fraction at a significant level (Supplementary Fig. 1c,d), whereas
cytoplasmic wild-type (WT) OTX2 remained only in the soluble frac-
tion (Fig. 1c). Notably, extracellular OTX2(RR/AA) levels were
decreased compared with those of OTX2(WT) (Supplementary Fig. 1e,
f). These results suggest that nuclear translocation of OTX2 is neces-
sary for enhancing its solubility, lysosomal transport, and secretion
into the extracellular space.
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Transport of OTX2 from the nucleus to the lysosome for
degradation and secretion
Given the enrichment of hydrolases in the lysosomes, we next tested
whether OTX2 is transported to the lysosome for degradation. We
found the levels of OTX2 were elevated significantly in cells treated
with bafilomycin A1 (BafA1), an inhibitor of the lysosomal proton
pump40, or chloroquine (CQ), a chelator of lysosomal protons41, but
were unaffected byMG-132, an inhibitor of the proteasome42 (Fig. 2a, b
and Supplementary Fig. 2a, b). The OTX2 elevation in BafA1-treated
cells was mostly found in the fractions including LAMP2 (Supple-
mentary Fig. 3). In keeping with these results, the number of cyto-
plasmicOTX2 puncta co-localized with LAMP2-positive lysosomes was
also significantly increased in cells treatedwith BafA1 or CQ, but not by
MG-132 (Fig. 2d, e and Supplementary Fig. 2c).

Interestingly, the amount of OTX2 in the extracellular space was
also increased upon the inhibition of lysosomal function (Fig. 2a, c).
Extracellular OTX2 was detected not only in the centrifugal super-
natant (S100) fraction of growth medium containing insulin-like
growth factor 1 (IGF-1), but also in the centrifugal precipitate (P100)
fraction, which was enriched for membrane proteins like the IGF-1
receptor (IGF-1R) (Fig. 2f). OTX2 was elevated in both P100 and S100
fractions in the growth medium of cells treated with BafA1 (Fig. 2g, h).
Given the absence of GFP in the growth media (Fig. 2f, g), the

extracellular OTX2 was not increased by non-specific release of intra-
cellular proteins fromdeadcells. OTX2 secretionwas also enhancedby
treating the cells with lysosomal lipase inhibitors, such as imipramine
(IMP)43 and lalistat 1 (L1)44 (Supplementary Fig. 4a, d). These inhibitors
increased the cytoplasmic OTX2 level without changing the nuclear
OTX2 level (Supplementary Fig. 4a–c). The excessive cytoplasmic
OTX2 formed puncta that co-localized with LAMP2 (Supplementary
Fig. 4e). These results suggest thatOTX2 exhibits luminal and vesicular
localization in the lysosome, which could fuse to the plasma mem-
brane to release naked and vesicular OTX2, respectively, into the
extracellular space.

OTX2 is detectable in nuclear egress membrane vesicles
We next tracked OTX2 in the nucleus and cytoplasm in greater detail
by transmission electron microscopic detection of immunostaining
(iTEM) signals. V5-tagged OTX2 was not only present in the nuclei of
HeLa cells; it was also detected in perinuclear and cytoplasmic spaces
(Fig. 3a, b), consistent with the results of fractionation (Fig. 1c–e).
Significant numbers of cytoplasmic OTX2 iTEM signals were detected
in vesicles surrounded by single or double-membrane layers (Fig. 3c
and Supplementary Fig. 5a, b). Moreover, OTX2 iTEM signals were also
found in perinuclear buds continuous with the inner and outer nuclear
membranes (Fig. 3a and Supplementary Fig. 5b), suggesting that OTX2

Fig. 1 | Cytoplasmic OTX2 is located in the membrane fraction. a V5-tagged
humanHPs, OTX2, EN2, VAX1, SHOX2, orHOXD4, overexpressed inHeLa cellswere
detected by immunostaining with anti-V5 antibody. GFP, which was expressed in
the same transcripts with these HPs, was also co-stained with anti-GFP antibody.
Nuclei of the cells were visualized by staining with Hoechst-33332 dye (Hoechst).
These HPs were secreted from the GFP-positive donor (D) cells and transferred to
the recipient (R) cells, which exhibit HPs without GFP. Dotted lines are the edges of
the cells. Images in the bottom row aremagnified versions of the boxed areas in the
top row. Arrowheads point perinuclear and cytoplasmic HP puncta. Similar
observations weremade in 3 independent experiments, and representative images
are shown. b V5-OTX2 and GFP-G3BP or SNCA-MYC overexpressed in HeLa cells
were visualized by immunostaining with anti-V5 and anti-GFP or anti-MYC anti-
bodies. Dense signals of GFP-G3BP and SNCA-MYC in the cytoplasm are stress
granules and protein aggregates, respectively. Arrowheads indicate perinuclear
and cytoplasmic V5-OTX2 puncta. Similar observations were made in 3 indepen-
dent experiments, and representative images are shown. cCytoplasmic (Cyto.) and
nuclear (Nuc.) fractions of HeLa cells that overexpress GFP and V5-OTX2 with or
without SNCA-MYC were separate as described in the Methods. The resultant
fractionswere incubated inRIPA buffer (PBSwith 0.1% (final) SDS) to isolate soluble

supernatant (S) and insoluble pellet (P) by centrifugation. The cells were also lysed
in RIPA buffer without subcellular fractionation to obtain the whole cell extracts
(WCE). The proteins of our interest in each fraction were detected by western
blotting (WB).Molecularweights of those proteins are shown in correspondingWB
images. Similar results were obtained in 3 independent experiments, and repre-
sentative blots are shown. d OTX2-HeLa cells were incubated with or without
heparin (10mg/ml for 3 h) prior to the separation into cytoplasmic and nuclear
fractions. Cytoplasmic fractions (90% of total lysates) of HeLa cells that co-express
GFP and V5-OTX2 were further separated by sucrose density gradient centrifuga-
tion. Proteins in 5% of each fraction and 0.2% ofWCE were detected byWB. Dotted
red boxes indicate OTX2-positive fractions. Similar results were obtained in 3
independent experiments, and representative blots are shown. e Distribution of
proteins in each fraction was plotted in the graphs. fHeLa cells overexpressing V5-
OTX2 were stained with antibodies that recognize V5 and organelle-specific mar-
kers. Arrowheads indicate perinuclear and cytoplasmic V5-OTX2 puncta. g The
graph indicates the number of cytoplasmic OTX2 puncta co-localized with orga-
nelle markers in each cell. The columns represent means, and error bars denote
standard error of the means (SEM) obtained from 4 independent experiments.
Source data are provided as a Source Data file.
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undergoes nuclear egress via nuclear budding vesicles. This hypoth-
esis was further assessed by comparing the distribution of nuclear
markers. Our results showed that OTX2 staining signals were
enwrapped by those of LMN-A/C, a nuclear matrix marker; lamin-
associated protein 1 (LAP1), an inner nuclear membrane marker; and
spectrin repeat-containing nuclear envelope protein 2 (SYNE2), an
outer nuclear membrane marker (Fig. 3d).

We also investigated the presence of OTX2 in membrane vesicles
in vivo. In the adult mouse brain, Otx2 is expressed in the choroid
plexus (ChP), the pineal gland, and the cerebellum45 (Fig. 3e, top). The

ChP was reported to secrete Otx2 to the cerebrospinal fluid (CSF) for
subsequent transfer to PV neurons in the primary visual cortex (V1)46,47

(Fig. 3e, bottom). Thus, we examined the distribution of Otx2 in ChP
cells by iTEM. Inmouse ChP cells, in addition to the majority signals in
the nucleus,minorOtx2 iTEM signalswere detected in the cytoplasmic
vesicles andmitochondria (Fig. 3f–h and Supplementary Fig. 6), which
is similar to the distribution observed for V5-OTX2 in HeLa cells
(Fig. 3a–c). These results suggest that nuclear OTX2 might be trapped
in the inner nuclear membrane prior to it budding off to form single-
layered vesicles that fuse to the outer nuclear membrane to release

Fig. 2 | OTX2 is accumulated in the lysosome and extracellular space upon
lysosomal dysfunction. aOTX2-HeLa cells were treatedwith lysosomal inhibitors,
BafA1 (200nM) and CQ (50μM), or vehicle (DMSO) for 24h. V5-OTX2 secreted into
the growth medium of the cells was detected by dot blotting (DB) with an anti-V5
antibody (see details in Methods). Levels of V5-OTX2 and GFP in the cells were also
detected by WB. Inhibition of lysosomal function by BafA1 and CQ was confirmed
bydetecting the accumulation of LC3BbyWB.The graphs showrelative intensity of
WB bands of OTX2 (b) and relative secretion index of OTX2 determined by DB (c),
respectively. The columns represent means, and error bars denote SEM. Results
were obtained from 6 independent experiments. d OTX2-HeLa cells treated with
vehicle, BafA1, or CQ were stained with antibodies that recognize V5 and LAMP2.
Images in the bottom row are magnified versions of boxed areas in the top rows.
Arrowheads indicate LAMP2-positive cytoplasmic puncta containing V5-OTX2.

e The number of OTX2(+);LAMP2(+) cytoplasmic puncta in each cell is shown by a
dot in the graph. Long sidebars represent mean values and error bars denote SEM
from 4 independent experiments. The numbers of cells analyzed are shown in the
graph. f P100 fraction containing membranous structures was separated from the
S100 fraction of OTX2-HeLa cell growth medium (see details in Methods). The
proteins of interest in each fraction were then detected by WB. SE, short exposure
(<10min); LE, long exposure (>10min) of WB membrane. Similar results were
obtained in 3 independent experiments, and representative blots are shown.
g OTX2-HeLa cells were treated with vehicle or BafA1 for 24 h. Then, the levels of
proteins in each fraction were analyzed byWB.h The graphs show themean values
of relative OTX2 intensity determined by WB. Error bars represent SEM obtained
from 7 independent experiments. Statistical analysis was performed by two-tailed
Student’s t-test (in b, c, e, h). Source data are provided as a Source Data file.
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naked OTX2 in the cytoplasm, or to make double-layered vesicles
together with the outer nuclear membrane.

Nuclear egress of OTX2 is regulated by TOR1A and DNM
Vesicular trafficking were previously reported to be involved in the
nuclear egress of HSV and par3-RNP10,11. This process requires TOR1A,
an AAA + ATPase, which contributes to the scission of vesicles from
nuclear and ER membranes that leads to the release of membrane
vesicles into the internuclear membrane space and ER lumen,
respectively48,49. We thus tested whether TOR1A also regulates the
formation of OTX2-containing vesicles. To this end, we co-expressed
TOR1A(WT) or an ATPase-inactive TOR1A(ΔE302/E303) mutant
(hereafter, TOR1AΔE)50 with OTX2 in HeLa cells and then assessed
OTX2 secretion and formation of cytoplasmic OTX2 puncta. Over-
expressed TOR1A(WT) was expected to enhance severing of the inner
nuclear membrane, whereas TOR1AΔE was expected to increase the
blebs in the inner nuclear membrane by inhibiting membrane
scission14,50. In support of this, the number of cytoplasmic
OTX2 puncta was increased by co-expression of TOR1A(WT)
(Fig. 4a–c). Conversely, TOR1AΔE co-expression decreased OTX2

cytoplasmic puncta while increasing OTX2 in nuclear blebs, which
are surrounded by LMN-A/C and LAP1 (Fig. 4a–c and Supplementary
Fig. 7). Consequently, TOR1A(WT) increased the OTX2 level in the
cytoplasm and extracellular space, whereas TOR1AΔE decreased
these levels (Fig. 4d).

Given the presence of OTX2 in double-layeredmembrane vesicles
(Fig. 3a, f), scission of the inner nuclearmembrane by TOR1A should be
coupled to the severing of the outer nuclear membrane. Dynamin
(DNM) is involved in the formation of cytoplasmic vesicles from var-
ious membrane structures, including the ER, Golgi apparatus, and
plasma membrane51,52. Thus, scission of the outer nuclear membrane,
which surrounds the OTX2-containing inner nuclearmembrane, could
also be regulated by DNM. We tested this possibility by treating cells
with the DNM inhibitors, Dynasore (DNSR)53 and MiTMAB54. Remark-
ably, the number of LMN-A/C-positive inner and SYNE2-positive outer
nuclear membrane blebs, which contained OTX2, were increased in
cells treated with DNSR or MiTMAB, whereas the number of OTX2
cytoplasmicpunctawasdecreased (Fig. 4e–g).We also found thatboth
agents suppressed the secretion of OTX2 (Fig. 4h). These results sug-
gest that OTX2might be trapped in double-layered nuclearmembrane

Fig. 3 |OTX2 isdetectable in double-layeredmembrane vesicles. aCryo-sections
(50 nm) of HeLa and OTX2-HeLa cells were stained with gold-labeled anti-mouse
IgG that detects preimmune mouse IgG and mouse anti-V5 antibody (α-V5) on the
sections. The gold particles of anti-mouse IgG on the section are shown in black
dots. The inset is magnified image of the box area. Nuclear plasm (N) is pseudo-
colored in blue, and nuclear membranes are pointed by with dotted arrowheads.
b Pie chart shows the relative distribution of gold particles in the nuclei and
cytoplasm of OTX2-HeLa cells (n = 22, from 6 independent batches). c Pie chart
shows the locations of gold particles in the cytoplasm of OTX2-HeLa cells. Naked,
not associated with amembrane (n = 22, from 6 independent batches).dHeLa cells
transfected with Mock or V5-OTX2 were visualized using antibodies against V5 (for
OTX2), LMN-A/C (for nuclear lamina), LAP1 (for the INM), or SYNE2 (for the ONM).

Images in the bottom rows are magnified versions of the boxed areas in the top
rows. Dotted lines are the edges of the cells. Arrowheads indicate the perinuclear
OTX2 puncta wrapped by nuclear lamina, INM, or ONM. Similar observations were
made in 3 independent experiments, and representative images are shown. e The
diagram shows Otx2 mRNA (blue) expression pattern in adult mouse brain (top)
and the route of Otx2 protein transfer from the ChP to V1 via the CSF (bottom).
f Cryo-immunogold staining images of Otx2 in the sections (50 nm) of P30 C57BL/
6 J mouse ChP. g Pie chart shows distribution of gold particles detected in the
nuclei and cytoplasm (n = 6).h Pie chart shows the locations of gold particles in the
cytoplasm (n = 6).Quantified images in c andh are provide in Supplementary Figs. 5
and 6, respectively.
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budding vesicles and then transported to the lysosome and extra-
cellular space (Fig. 5a).

Reduced secretion of Otx2 from the choroid plexus in Tor1aΔE/

+ mice
Despite the corresponding increase and decrease of OTX2 nuclear
egress by TOR1A(WT) and TOR1AΔE co-expression (Fig. 4a–d), we
could not rule out a possibility that the changes resulted from non-
specific nuclear membrane dysmorphosis by the overexpressed
TOR1A proteins. We, thus, investigated the roles of Tor1a in the
unconventional transport of endogenous Otx2 in vivo, by testing
whetherOtx2 secretion fromtheChP is affected inmiceexpressing the
Tor1aΔEmutant55. We found that the number and size of nuclear blebs
were increased in ChP cells of P30 Tor1aΔE/+ mice (Fig. 5b–d), as seen in
cultured HeLa cells expressing TOR1AΔE (Fig. 4a–c) and spinal
neurons55. Consequently, the amount of Otx2 secreted to the CSF from
the ChP cells of Tor1aΔE/+ mice was decreased compared with that of
Tor1a+/+ littermatemice (Fig. 5g, h), although the amount of Otx2 in the
ChP was not changed significantly (Fig. 5e, f).

Otx2 secreted from ChP cells was trapped by CSPGs in the
perineural net (PNN) (Fig. 3e), which surrounds immature PV neurons
in the mouse V1, prior to penetration into the neurons32,46,47. This
exogenous Otx2, in turn, induces the maturation of PV neurons and
further accumulation of CSPG proteoglycans, which can be bound by
Wisteria floribunda agglutinin (WFA), in the PNN47. In keeping with
the decrease in Otx2 secreted into the CSF (Fig. 5g, h), the levels
of Otx2 in the V1 were also reduced in Tor1aΔE/+ mice (Fig. 5i, j).
Consequently, the numbers of PV- and WFA-positive cells in the
V1 of Tor1aΔE/+ mice were decreased compared with those in Tor1a+/+

littermate mice, whereas the number of calretinin (CR)-positive
cortical neurons, which barely exhibit Otx256, was not changed
(Fig. 5k–m).

The maturation of PV neurons is known to be a critical step in the
closure of synaptic plasticity in the V1 for mouse visual maturation57,58.
In parallel with the decrease in PV neuron numbers in the Tor1aΔE/+

mouse V1 (Fig. 5k, m), the visual acuity of these mice remained sig-
nificantly lower than that of Tor1a+/+ littermates (Fig. 5n). These results
suggest that the Tor1aΔE mutant exerts negative effects on nuclear

Fig. 4 | OTX2 is transported to the cytoplasm in nuclear budding vesicles.
a HeLa cells co-expressing V5-OTX2 and MYC-tagged human TOR1A(WT) or
TOR1AΔE were stained with anti-V5 and anti-MYC antibodies. Nuclear laminae of
the cells were also visualized by immunostaining of LMN-A/C. Arrowheads indicate
perinuclear and cytoplasmic V5-OTX2 signals, which are surrounded by signals of
TOR1A and LMN-A/C. Dots in the graphs represent the number of OTX2-containing
vesicles (b) and nuclear blebs (c) in a cell, respectively. Long sidebars indicatemean
values and error bars denote SEM obtained from 4 independent experiments. The
numbers of cells analyzed are shown in the graphs. d V5-OTX2 in the growth
medium and whole cell lysates of HeLa cells expressing TOR1A(WT)-MYC or
TOR1AΔE-MYC was detected by DB and WB, respectively. The cell lysates were
fractionated into the nucleus and cytoplasmprior toWBdetection. The columns in
the graph represent the relative secretion index of OTX2 determined by DB. The
values are means and error bars denote with SEM obtained from 6 independent
experiments. e Chemical inhibitors of DNM, such as DNSR (50μM) and MiTMAB

(10μM), were added to the growth medium of OTX2-HeLa cells for 12 h. V5-OTX2
(red), SYNE2 (green), and LMN-A/C (gray) of those cells were then visualized by
immunostaining. Arrowheads indicate V5-OTX2 co-localizing with SYNE2 and LMN-
A/C in the perinuclear space and cytoplasm. Dots in the graphs represent the
number of OTX2-containing vesicles (f) and nuclear blebs (g) in a cell, respectively.
Long sidebars represent mean values, and error bars denote SEM obtained from 4
independent experiments. The numbers of cells analyzed are shown in the graphs.
h Levels of V5-OTX2 in the growth medium and whole cell lysates of OTX2-HeLa
cells treatedwith DNSR orMiTMABwere detected by DB andWB, respectively. The
columns in the graph representmean values of the relative secretion index ofOTX2
determined by DB. Error bars denote SEM obtained from 5 independent experi-
ments. Statistical analysis was performed by one-way ANOVA with Dunnett’s mul-
tiple comparison test (in b, c, and f–h) and two-tailed Student’s t-test (in d). Source
data are provided as a Source Data file.
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Fig. 5 | Otx2 secretion is suppressed in Tor1aΔE/+ mice. a The diagram shows the
TOR1A-mediated nuclear egress of OTX2, which forms double nuclear membrane
vesicles containing LMN-A/C. b Sections (70 nm) of ChP from P30 Tor1a+/+ and
Tor1aΔE/+ littermate mouse brains were counterstained for electron microscopic
observation of intracellular structures. Boxed areas in the top and middle rows are
magnified in the middle and bottom rows, respectively. Nuclei (N) of the cells are
pseudo-colored in blue. c A dot in the graphs represents the number of vesicles in
the perinuclear membrane space (PNM) and vesicles with collared necks in a cell.
d A dot in the graphs represents the average diameters of vesicles in a cell. The
numbers of cells analyzed are shown in the graphs. Long sidebars indicate mean
values and error bars denote SEM obtained from 8 different samples (4 indepen-
dent litters). The ChP (e), CSF (g), and V1 area of cerebral cortex (i) were isolated
from P30 Tor1a+/+ and Tor1aΔE/+ mice (n = 4, each), and the levels of Otx2 in those
samples were examined by WB. Relative amounts of proteins loaded in each lane
were examined by comparing band intensities of ß-Actin (e, i) and 60 kDa

protein(s) stainedby PonceauS (g). f,h, jThe graphs showmeanvalues ofWBband
intensities. Error bars denote SEM obtained from 5 independent experiments. k V1
area of P30 Tor1a+/+ and Tor1aΔE/+ littermatemouse brain sections were stained with
anti-Otx2 antibody, anti-PV antibody, and biotinylated WFA. Images in the bottom
row are magnified versions of dotted box areas in the top rows. Arrowheads indi-
cate Otx2 signals in PV neurons. l Alternatively, the sections were stained with anti-
Otx2 and anti-CR antibodies. Arrowheads indicate Otx2-positive cells, and arrows
mark CR cells.m The graph shows relative numbers of Otx2-, PV-, and CR-positive
cells in V1 areas examined by the immunostaining. The error bars denote SEM
obtained from 4 different samples (4 independent litters). n A dot in the graph
represents the average visual acuities of a mousemeasured by OptoMotry systems
at P30. Long sidebars indicate mean values, and error bars denote SEM. The
numbers of mice analyzed from 5 independent litters are shown in the graph. Two-
tailed Student’s t-test was performed for the statistical analysis (in c, d, f, h, j,m, n),
and source data are provided as a Source Data file.
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membrane scission and the subsequent intercellular transfer of Otx2
during a critical period of visual maturation in mice.

OTX2 binds to the LINC complex for nuclear egress
Given the presence of LMN-A/C in OTX2-containing fractions (Fig. 1d,
e), we further examined whether nuclear membrane proteins and
TOR1A in the internuclearmembrane spacewere alsopresent inOTX2-
containing cytoplasmic vesicles. We found that proteins in the inner
nuclear membrane, such as LAP1 and SUN1 (Sad1 and UNC84 domain
containing 1), and outer nuclear membrane, including SYNE2, were
also detected in OTX2-containing cytoplasmic fractions (Fig. 6a).
These fractions also containedLMN-A/CandTOR1A. They alsopartially
overlapped with LAMP2 (Fig. 6a), suggesting potential co-transport of
OTX2 and these nuclear proteins to the lysosome.

We thus investigated whether these LINC complex components
could bind and recruit OTX2 to the nuclear membrane. We used
immunoprecipitation to examine the physical interaction between
LINC components fused with a monomeric red fluorescent protein
(mRFP) and V5-OTX2 in HeLa cells. Our results show that V5-OTX2 co-
precipitates SUN1 and SYNE2 more effectively than LMN-A and LAP1
(Fig. 6b). However, given that SYNE2 in the outer nuclear membrane
lacks access to OTX2 in the nucleus, SYNE2 might bind indirectly with
OTX2 via SUN1 in the inner nuclear membrane (Fig. 6c). Consistent
with this, SUN1 and LAP1 co-localizedwithOTX2 in cytoplasmic puncta
(Fig. 4d). Furthermore, the numbers ofOTX2 cytoplasmic puncta were
increasedby co-expression of SUN1 and LAP1, but not LMN-AandSYNE
(Fig. 6d, e). LAP1 and SUN1 also significantly enhanced the secretion of
OTX2, whereas LMN-A and SYNE2 did not (Fig. 6f). These results

suggest that OTX2 interacts with SUN1 and LAP1 for its entrapment
into nuclear budding vesicles that are destined for secretion and/or
lysosomal transport.

LINC is necessary for OTX2 secretion in vivo
We next investigated whether the LINC complexes are necessary for
the vesicular trafficking of OTX2. To this end, we fused the KASH2
domain of human SYNE2 to EGFP to generate EGFP-KASH2, which
occupied the internuclear membrane space as well as the luminal
space of the ER (Fig. 7a–c). EGFP-KASH2 inhibits the interaction of
SUN1 in the inner nuclearmembranewith the KASH2 domain of SYNE2
in the outer nuclearmembrane59,60, and thusmay dissociate the bridge
between inner and outer nuclear membranes mediated by the SUN1-
SYNE2 complex (Fig. 7a). Consistent with this, the internuclear mem-
brane space occupied by EGFP-KASH2 and surrounded by the SYNE2-
positive outer nuclear membrane and LMN-A/C-positive nuclear
lamina was expanded significantly compared with the space lacking of
EGFP-KASH2 (Fig. 7b, c). However, the number of cytoplasmic OTX2
puncta was decreased in HeLa cells co-expressing EGFP-KASH2,
although OTX2-containing perinuclear buds still formed in these cells
(Fig. 7b, d). Consequently, cells expressing EGFP-KASH2 exhibited
decreased levels of extracellular OTX2 (Fig. 7e, f).

Enlargement of the internuclear membrane space was also
observed in vivo. The width of the internuclear membrane space was
significantly increased in ChP cells expressing EGFP-KASH2 after exci-
sion of the loxP-STOP-loxP (LSL) cassette by tamoxifen-activatedCreER
recombinase in LSL-KASH2;FoxJ1-CreERmice60,61 compared with that in
FoxJ1-CreER littermate mouse ChP cells (Figs. 8a, b and 3a and

Fig. 6 | OTX2 binds to the LINC complex. a Cytoplasm of OTX2-HeLa cells were
fractionated by sucrosedensity gradient. Proteins in 5%of each fraction and0.2%of
WCE were detected by WB. A Dotted red box indicates OTX2-positive fractions.
Similar results were obtained in 3 independent experiments, and representative
blots are shown. b V5-OTX2 was co-transfected into HeLa together with mRFP-
tagged LINC components. Interaction between OTX2 and LINC components was
examined by co-immunoprecipitation (Co-IP) and WB with indicated antibodies.
Similar resultswereobtained in 3 independent experiments, and representativeWB
images are shown. c Schematic diagram depicts the interaction between OTX2 and
the LINC components. d HeLa cells overexpressing V5-OTX2 and mRFP-tagged
LINC components were stained with anti-V5 and anti-RFP antibodies. Images in the

bottom rowaremagnified versionsofdottedbox areas in the top rows. Arrowheads
point to perinuclear OTX2 puncta. e Dots in the graphs represent the number of
OTX2-containing vesicles in each cell. Long sidebars indicatemean values and error
bars denote SEM obtained from four independent experiments. f The levels of
extracellular and intracellular V5-OTX2were examined by DB andWB, respectively,
analyses with anti-V5 an antibody. The expression of the LINC components in the
cells was also examined by WB using an anti-RFP antibody. The graph shows the
mean of the relative secretion indexof OTX2. Error bars denote SEMobtained from
6 independent experiments. Statistical analysis was performed by one-way ANOVA
with Dunnett’s multiple comparison test (in e) and two-tailed Student’s t-test (in f).
Source data are provided as a Source Data file.
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Supplementary Fig. 8). This genetic manipulation also caused an
increase in the number of single-layer vesicles in the internuclear
space, but decreased the number of double-layered nuclear budding
vesicles (Fig. 8c).

These alterations in nuclear membrane structures were accom-
panied by a decrease in secretion of Otx2 into the CSF of LSL-
KASH2;FoxJ1-CreER mice compared with that of FoxJ1-CreER littermate
mice (Fig. 8f, g), but without significantly changing Otx2 level in the
mouse ChP cells (Fig. 8d, e). These results suggest that the LINC-
mediated interaction between inner and outer nuclear membranes is
necessary for the secretion of Otx2 from the ChP cells. Reduced
transfer of Otx2 and a consequent decrease in the number of PV
neurons were also observed in the mouse V1 (Fig. 8h–k), changes that
led to a decrease in the visual acuity of LSL-KASH2;FoxJ1-CreER
mice (Fig. 8l).

Nuclear OTX2 forms aggregates upon failure of vesicular egress
Despite the decrease in cytoplasmic and extracellular Otx2 in cells
expressingTor1AΔEandEGFP-KASH2 (Figs. 4a, b, d, 5g, h, 7e, f and 8f, g),
we found the levels of Otx2 in mouse ChP cells expressing Tor1AΔE and
EGFP-KASH2were not changed significantly in comparisonwith those in
cells expressing WT TOR1A (Figs. 5e, f and 8d, e). OTX2 tended to form
insoluble protein aggregates in vitro and in bacterial cells62, and could
also be detected in the detergent-insoluble fraction of HeLa cell lysates
(Fig. 1c and Supplementary Fig. 1c, d). These observations suggest that
the intrinsic instability of OTX2 might trigger vesicle-mediated nuclear
egress to prevent it from forming of insoluble protein aggregates in the
nucleus.

We thus examined whether the expression of TOR1AΔE can
result in the formation of OTX2 aggregates in the nucleus. We found

the levels of OTX2 in detergent-insoluble fraction were elevated in
TOR1AΔE-expressing cells compared with those in WT TOR1A-
expressing cells in culture and in vivo, although OTX2 in the solu-
ble fractions was not significantly changed (Fig. 9a–d). Furthermore,
active caspase-3 (Casp3)-positive apoptotic cells were
detected sparsely in the ChP of Tor1aΔE/+, but were undetectable in
the ChP of their Tor1a+/+ littermates (Fig. 9e, f). These results suggest
moderate ongoing degeneration of ChP cells in Tor1aΔE/+ mice,
although it is not clear whether the death of ChP cells was related to
insoluble OTX2.

Collectively, our results suggest that OTX2 is exported from the
nucleus via an unconventional vesicular transport process. This pro-
cess encompasses a series of events that begins with the binding of
OTX2 to SUN1, which forms a LINC complex with SYNE, and LAP1,
which binds TOR1A in the internuclear membrane space (leftmost
diagram in Fig. 9g). OTX2molecules, which can associate each other63,
then cluster the LINC complex to form a double-layered nuclear
membrane bud. LAP1 in the bud recruits TOR1A to the baseof the inner
nuclear membrane bud, allowing TOR1A to cleave the inner nuclear
membrane (second leftmost diagram in Fig. 9g). This gives rise to a
vesicle with a single membrane layer in the internuclear membrane
space. However, given the connection of inner and outer nuclear
membranes by the LINC complex, a double-layered nuclearmembrane
vesicle containing OTX2 would form preferentially through the coor-
dinated actions of TOR1A and DNM, which might be involved in the
scission of the outer nuclear membrane (second rightmost diagram in
Fig. 9g). However, OTX2 would be accumulated to form insoluble
aggregates in the nucleus upon the failure of the inner nuclear mem-
brane scission, such in the cells expressing TOR1AΔE (rightmost dia-
gram in Fig. 9g).

Fig. 7 | OTX2 secretion is suppressed upon disruption of the LINC complex.
a Schematic diagram that shows the disruption of LINC complex by EGFP-KASH2.
b HeLa cells overexpressing V5-OTX2 together with EGFP or EGFP-KASH2 were
stainedwith antibodies detecting V5, EGFP, LMN-A/C, and SYNE2.White and yellow
arrowheads indicate flat and bulged areas of the nuclear envelope, respectively. A
dot in the graphs represents the maximum (Max.) distance between the inner and
outer nuclear membranes (c) and the number of OTX2-containing perinuclear and
cytoplasmic vesicles (d) in a cell. Long sidebars indicatemean values and error bars
denote SEM obtained from 6 independent experiments. The numbers of cells

analyzed are shown in the graph. e V5-OTX2 in the growth medium and whole cell
lysates of HeLa cells expressing Mock or EGFP-KASH2 was detected by DB andWB,
respectively. The cell lysates were fractionated into the nucleus and cytoplasm
prior to WB detection. Co-expressed Mock and EGFP-KASH2 in the cells was also
determined by WB. f The graph shows the mean relative secretion index of OTX2.
Error bars denote SEM obtained from 7 independent experiments. Two-tailed
Student’s t-test was performed for the statistical analysis (in c,d, f), and source data
are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-023-36697-5

Nature Communications |         (2023) 14:1111 9



The resultant double-layered vesicle is then transported to the
plasma membrane and intracellular organelles, mostly the lysosome
(Figs. 1f and 2d), through SYNE-associated cytoskeletons. The outer
layer of the vesicle then fuses to plasma and lysosomal membranes to
release the single-layered vesicle into the extracellular space and
lysosome, respectively (Fig. 2a–d, g, h). The OTX2-containing inner
vesicular membrane is shed by lipases to expose OTX2 in the extra-
cellular space for intercellular transfer and in the lysosome for
degradation (Supplementary Fig. 3). Lysosomes containing OTX2
could also fuse to the plasma membrane to release OTX2. Therefore,
defects in the steps of this unconventional OTX2 nuclear export would
abrogate intercellular transfer of OTX2 from ChP cells to PV neurons,
which is necessary for the maturation of visual neural circuits
(Figs. 5n and 8h).

Discussion
Cellular OTX2 levels were increased by lysosomal dysfunction but not
by inhibition of proteasomal degradation—the most common decay
mechanism for cytoplasmic and nuclear proteins15 (Fig. 2 and Sup-
plementary Fig. 2). These results suggest that lysosomal transport is
the primary cellular mechanism for OTX2 degradation. This uncon-
ventional protein decay mechanism could also apply to other nuclear
proteins, which are resistant to proteasomal degradation. However,
additional studies are needed to confirm that this is a common feature
of sHPs.

Lysosomal dysfunction increased both of intracellular and extra-
cellular OTX2 levels (Fig. 2a–c). This increase in extracellular OTX2
could be interpreted as reflecting one of two possible mechanisms.
First, OTX2 is transported to the lysosome for degradation and then
OTX2 survived in the lysosome is released into the extracellular space
through fusion of lysosomal membrane to the plasma membrane. In
support of this, localization of OTX2 in LAMP2-positive lysosomes
became more evident in cells treated with BafA1 or CQ (Fig. 2d, e).
Alternatively, OTX2 could be secreted without the mediation of lyso-
somes. Treatment with BafA1 or CQ should cause an accumulation of
proteins and lipids that exceeds the capacity of lysosomes, suppres-
sing the merger of additional vesicles with the lysosome. Under these
lysosome-malfunctioning conditions, vesicles carrying OTX2might be
transported to an alternative target—the plasma membrane—and
releaseOTX2 into the extracellular space. Therefore, real-time tracking
of OTX2 in BafA1-treated cells is necessary to determine whether
vesicles detour to the plasma membrane under conditions of lysoso-
mal dysfunction.

Given the sensitivity of OTX2 to lysosomal lipase inhibitors
(Supplementary Fig. 4), OTX2 is likely present in the lysosomal luminal
vesicles. Therefore, OTX2 in the cytoplasm should be transported in
the multi-layered membrane vesicles that fuse to the lysosome and
release their inner vesicles into the lysosome. MVBs and autophago-
somes capture cytoplasmic proteins and wrap them into their luminal
vesicles before fusing to the lysosome38. However, as OTX2 was not

Fig. 8 | Otx2 secretion is suppressed LSL-KASH2;FoxJ1-CreER mice. a Sections
(70 nm) of ChP from P30 FoxJ1-CreER and LSL-KASH2;FoxJ1-CreERmouse brainwere
counterstained for ultrastructural imaging by electron microscope. The nuclei of
the ChP cells are pseudo-colored in blue. In the mice, CreER recombinase was
activatedby injection of tamoxifen at P21, P22, andP23. (i ~ iv)Magnified versions of
the corresponding boxed areas on the top row. Arrowheads indicate the nuclear
membrane budding vesicles. A dot in the graphs represents Max. distance between
the inner and outer nuclear membranes (b) and the number of OTX2-containing
perinuclear and cytoplasmic vesicles (c) in a cell. Long sidebars indicate mean
values, and error bars denote SEM obtained from 8 different samples (4 indepen-
dent litters). The numbers of cells analyzed are shown in the graphs. The ChP (d),
CSF (f), and V1 area of the cerebral cortex (h) were isolated from P30 FoxJ1-CreER
and LSL-KASH2;FoxJ1-CreER mice (n = 4, each), and the levels of Otx2 in those
samples were examined by WB. Relative amounts of proteins loaded in each lane
were determined by comparing band intensities of ß-Actin (d, h) and 60 kDa

protein(s) stained by Ponceau S (f). e, g, i The graphs show the mean values of WB
band intensities. Error bars denote SEMobtained from 5 independent experiments.
j V1 area of P30 FoxJ1-CreER and LSL-KASH2;FoxJ1-CreER littermate mouse brain
sections were stained with anti-Otx2 antibody, anti-PV antibody, and biotinylated
WFA. Images in the bottom row are magnified versions of dotted box areas in the
top rows. Arrowheads indicate Otx2 signals in PV neurons. Alternatively, the sec-
tions were stained with anti-CR antibody. k The graph shows relative numbers of
Otx2-, PV-, and CR-positive cells in V1 areas examined by the immunostaining. The
error bars denote SEM obtained from 4 different samples (4 independent litters)
l, A dot in the graph represents the average visual acuities of a mousemeasured by
OptoMotry systems at P30. Long sidebars indicate mean values and error bars
denote SEM.Thenumbersofmice analyzed from5 independent litters are shown in
the graph. Statistical analysis (in b, c, e, g, i, k, l) was performed by Student’s t-test
(two-tailed), and source data are provided as a Source Data file.
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detected in MVBs and autophagosomes (Fig. 1f, g), it seems unlikely
that naked OTX2 in the cytoplasm is transported to the lysosome via
MBVs or autophagosomes. Instead, OTX2 was detected in the nuclear
membrane buds (Fig. 3a, f), which can develop to vesicles through

membrane severing by TOR1A. This vesicular trafficking is used for the
nuclear egress of HSV and RNP10–12. To form nuclear budding vesicles,
HSV uses pUL31 to bind pUL34, which integrates to the nuclear inner
membrane and disrupts the nuclear lamina and LINC complex11,12.

Fig. 9 | Excessive OTX2 forms insoluble aggregates in the nucleus. a HeLa cells
overexpressing V5-OTX2 togetherwith TOR1A-MYCorTOR1AΔE-MYCwere lysed in
RIPA buffer. The soluble supernatant fractions (S) of the cell lysates were separated
from insoluble precipitate fractions (P) by centrifugation. Relative level of V5-OTX2
in each fraction were then examined by WB with anti-V5 antibody. The levels of
EGFP, which is co-transcribed with V5-OTX2 in a same mRNA, and MYC-tagged
TOR1A and TOR1AΔE was also investigated by WB. b OTX2 solubility was deter-
mined by dividing band intensity of V5-OTX2_S by that of total (V5-OTX2_S + V5-
OTX2_P). Relative solubility values to Mock (pCAGIG)-transfected samples were
obtained and shown in the graph. The graph shows mean OTX2 solubility values.
Error bars denote SEM obtained from 4 independent experiments. cChP cells were
isolated fromP30Tor1a+/+ andTor1aΔE/+mice (n = 4, each) andS andP fractionswere
separated from the cell lysates. Otx2 in each fraction were then detected by WB
with anti-Otx2 antibody. The levels of Igf-1, which is secreted by the ChP cells, and

Igf-1r, which is expressed in ChP cell membrane, were also determined by WB.
Relative amounts of proteins loaded in each lane were determined by comparing
WB band intensities of ß-Actin. d The graph shows relative Otx2 solubility. The
values are the means and error bars denote SEM obtained from 5 independent
experiments. e Brain sections of P30 Tor1a+/+ and Tor1aΔE/+ littermate mice were
stained with an antibody detecting activated caspase-3 (Act-Casp3). Nuclei of the
cells in the sections were visualized by staining with Hoechst. The images show the
ChP areas of lateral ventricle. Three right images are magnified versions of dotted
box areas in the leftmost column. Insets are magnified images of the areas pointed
by arrowheads. f The graph showsmean numbers of Act-Casp3-positive cells in the
sections. Error bars denote SEM obtained from 6 samples (3 independent litters).
g Schematic diagramdepicts the budding vesicle-mediatednuclear egress ofOTX2.
Two-tailed Student’s t-test was performed for the statistical analysis (in b, d, f), and
source data are provided as a Source Data file.
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Given the co-precipitation of OTX2 with SYNE2, which resides in the
outer nuclear membrane (Fig. 6b, c), the double-layered nuclear
membrane structure supported by the LINC complex is likely main-
tained to form double-layer membrane vesicles containing OTX2
(Fig. 3a, c, f, h). The outer nuclear membrane of these double-layered
vesicles might fuse to the lysosomal membrane to release the inner
nuclear membrane vesicles containing OTX2 in the lysosome.

Although the Otx2 levels were significantly decreased in the CSF
of Tor1aΔE/+ and LSL-EGFP-KASH2;FoxJ1-CreER mice, those in their ChP
cells were not significantly altered (Figs. 5e–h and 8d–g). Only a small
portion (<5%) of cellular HPs can be secreted30. Therefore, Otx2
molecules that fail to exit the nucleus in mouse ChP cells might not be
sufficient to significantly increase the total amount of Otx2. The
extranuclear Otx2, however, could form aggregates, as overexpressed
OTX2 was found to be accumulated and form insoluble aggregates in
the nucleus upon suppression of vesicular egress by TOR1AΔE
(Fig. 9a–d). Thus, the unconventional nuclear export might eliminate
OTX2 from the nucleus before it forms aggregates.

RR-to-AAmutations in the NLS not only inhibited translocation of
OTX2 to the nucleus, they alsodecreased its solubility in the cytoplasm
(Supplementary Fig. 1d, e), suggesting that these RR residues are cri-
tical not only for nuclear transport but also for stabilization of the
protein. OTX2 forms an insoluble aggregate upon expression in
bacteria62, suggesting that chaperones present in animal cells, but
absent in bacterial cells, might support OTX2 to form a stable struc-
ture. Thus, importin, which is a co-translational chaperone for nuclear
proteins64, might bind the NLS and solubilize OTX2 before it transfers
OTX2 to its binding partners in the nucleus. One of the most promi-
nent nuclear binding partners that might stabilize OTX2 is DNA, since
OTX2 remains soluble in the presence of target DNA63. However, given
the dynamic association and dissociation of transcription factors with
their targetDNA65,OTX2would be released from theDNAand revert to
an unstable structure unless it found another binding partner in the
nucleus. Given the detergent solubility of OTX2 in the cytoplasmic
vesicles budded from the nucleus (Figs. 1c, 3a, f and Supplementary
Fig. 1c), the LINC complexmight also stabilize OTX2 in the nucleus and
vesicles.

Another sHP, EN2, was suggested to bind phosphoinositide 4,5-
bisphosphate (PIP2) in the inner leaflet of the plasma membrane for
secretion66. It was also found in the caveolae67. These reports suggest
that EN2 may be directly associated with the nuclear membrane. We
observed that EN2 forms cytoplasmic puncta in HeLa cells (Fig. 1a),
prompting us to speculate that EN2 binds to PIP2 in the inner nuclear
membrane prior to budding. This would contrast with the binding of
OTX2 to SUN1 and LAP1 proteins in the inner nuclear membrane for
vesicular entrapment. These observations suggest that sHPs could use
multiple paths to bind the inner nuclear membrane for vesicular
nuclear egress.

Nuclear bud-mediated decay mechanisms have also been identi-
fied in Saccharomyces cerevisiae. In a process termed piecemeal
microautophagy of the nucleus (PMN), formation of a nucleus-vacuole
(NV) junction initiates nuclear membrane budding for subsequent
fission and ingestion of nuclear vesicles by the vacuole68. NV junction
formation is mediated by specific protein–protein interactions
between the nuclear membrane protein, nucleus-vacuole junction
protein 1 (Nvj1p), and the vacuolar membrane protein, Vac8p69. How-
ever, no Nvj1p or Vac8p orthologs have been identified in animal cells.
Functional homologs of PMN components for transporting nuclear
budding vesicles to the lysosome, an organelle homologous to the
yeast vacuole, couldbepresent in animal cells70. Given thatOTX2binds
to the LINC complex for the transport of nuclear budding vesicles to
the lysosome, our data suggest that the functions of Nvj1, which spans
two nuclear membranes, could be replaced by SYNE in the outer
nuclearmembrane andSUN1 in the inner nuclearmembrane.However,
functional ortholog(s) for yeast Vac8 remain unknown.

Conversely, TOR1 orthologs are not found in the yeast genome,
although scission of nuclear membranes is required for the formation
of intra-vacuolar vesicles. This suggests that functional ortholog(s) of
TOR1 might be present in the internuclear membrane space and ER
lumen. Several AAA +ATPases, including p97, which is involved in ER
membrane fusion71,72, have been identified in the ER. These are also
conserved in yeast73, suggesting potential roles for those ATPases in
scission of the inner nuclear membrane during PMN. Alternatively, the
physical force derived from Nvj1-Vac8 clustering might result in scis-
sion. Clearly, future studies will be required to elucidate the scission
mechanism of PMN.

In contrast to direct ingestion of nuclear vesicles by the vacuole,
the mammalian lysosome is unlikely to ingest nuclear budding vesi-
cles, given that their size (~100–500nm74) is not much larger than the
nuclear budding vesicles (>250 nm14). Thus, nuclear budding vesicles
might be transported to the lysosome via the cytoskeleton through
recognition by SYNE-associated motor proteins. This suggests that
vesicular nuclear-lysosome trafficking might have coevolved with the
lysosome in animal cells.

Methods
Experimental model and subject details
Animals. Tor1aΔE/+ (Tor1atm2Wtd/J) mice were purchased from Jackson
Laboratory. LSL-KASH2 (Tg(CAG-LacZ/EGFP-KASH2)) and FoxJ1-CreER
(Tg(FOXJ1-cre/ERT2)1Blh) mice were generated as described in the
previous reports60,75, andwere bred to generate LSL-KASH2;FoxJ1-CreER
mice. The mice were maintained in the specific pathogen-free facility
of KAIST Laboratory Animal Resource Center. All of the animals were
handled according to approved institutional animal care and use
committee (IACUC) protocols (#2012-37) of Korea Advanced Institute
of Science and Technology (KAIST).

Cell culture and establishment of OTX2-HeLa cell-line. HeLa cells
were incubated in Dulbecco’s Modified Eagle Medium (DMEM;
HyClone, SH30243) supplemented with 10% fetal bovine serum (FBS;
Gibco, 12484010) and 1%penicillin/streptomycin (P/S;Gibco, 15140-122)
and maintained in a humidified chamber with 5% CO2 at 37 °C. To
establish HeLa cells expressing OTX2 constitutively, V5-OTX2-IRES-
EGFP DNA fragments were cloned into pCAG plasmid vector, and then
neomycin resistance gene (NeoR) was introduced to the vector gen-
erate pCAG-V5-OTX2-IRES-EGFP-NeoR construct. This DNA construct
was linearized for the transfection into HeLa cells by GenJet™ Plus
Transfection Reagent (SignaGen Laboratories, SL100499). Growth
medium of the cells was then replaced by DMEM containing 1mg/mL
geneticin (G418; AG Scientific, G-1033), 10% FBS, and 1% P/S at 16 h post
transfection. The cells were maintained in this selection medium,
whichwas changed every 2days until the cells formed colonies.Cells in
the colonies were dispersed by treating with TrypLE™ Express Enzyme
(Invitrogen, 12604013) and then collected by centrifugation at 500rcf
for 10min. The cells were resuspended in Hanks’ Balanced Salt Solu-
tion (HBSS; Thermo Scientific, 88284) supplied with 2% FBS prior to
the isolation of individual cells expressing GFP by a BD FACSAria II
(BD). The FACS-isolated OTX2-HeLa cells were further cultured in the
selection medium. These cells were treated with pharmacological
inhibitors listed in Supplementary Table 1 prior to investigating the
effects of those reagents on OTX2 trafficking.

Experimental methods
Subcellular fractionation and sucrose density gradient centrifuga-
tion. OTX2-HeLa cells (2 × 107) were scrapped from the culture plates
and resuspended in phosphate-buffered saline (PBS; Gibco, 10010023)
to separate the nucleus from cytoplasmic fraction using NE-PER™
Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific,
78833). Cytoplasmic fractions were then centrifuged at 500rcf for
10min at 4 °C to collect the supernatant (S1). Next, the S1 fractions
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were centrifuged at 2000 rcf for 20min at 4 °C. The resultant
S2 samples were carefully loaded on top of sucrose solution forming
the gradients (5–45%), which were generated by Linear Gradient
Makers (C.B.S. Scientific, GM-20) according to manufacturer’s
instructions, prior to ultracentrifugation at 257,000rcf for 18 h at 4 °C.
After ultracentrifugation, each fraction was collected in an equal
volume using the Fraction Recovery System (Beckman Coulter, 270-
331580) from bottom to top.

Dot-blot analysis. Relative amounts of secreted OTX2 in the growth
medium were determined as described previously30. Briefly, growth
medium of HeLa cells was replaced by FreeStyle™ 293 Expression
Medium (Gibco, 12338018) containing heparin (10mg/ml; Millipore,
375095) for 3 h. The heparin-containing medium was then collected
and loaded into the Minifold® I 96 well dot-blot (DB) array system
(Whatman, 10447900) to transfer proteins in the medium to poly-
vinylidene fluoride (PVDF; Millipore, IPVH00010) membrane, accord-
ing to themanufacturer’s instructions, while proteins in the cell lysates
were analyzed by western blot (WB). The DB andWBmembranes were
probed with primary antibodies prior to detection of those antibodies
by horseradish peroxidase (HRP)-conjugated secondary antibodies.
Chemiluminescence of intensities of the dots and WB bands on the
blots were measured using ImageJ software (NIH). Relative secretion
index was calculated as described previously30.

Immunostaining. Cells on the cover glasses were fixed in 4% paraf-
ormaldehyde (PFA; Sigma-Aldrich, 158127)/PBS for 20min and then
permeabilized in 0.2% Tween-20 (Sigma-Aldrich, P9416)/PBS for
10min. Next, cells were incubated in a blocking solution (0.2% Triton
X-100, 10%normal donkey serum (Jackson ImmunoResearch, 071-000-
121), 2% bovine serum albumin (BSA; Sigma-Aldrich, A7906), and 1M
glycine (Sigma-Aldrich, G8898)) in PBS for 1 h at room temperature.
Cells were subsequently incubated with primary antibody diluted in
antibody dilution buffer (Agilent Technologies, S3022) for 16 h at 4 °C.
Afterward, the cells were further incubated in appropriate secondary
antibodies and mounted with a fluorescence mounting medium (Agi-
lent Technologies, S3023). Immunofluorescence signalswere analyzed
using a confocal microscope (Olympus, FV3000). For quantitative
analyses, cells positive for immunostaining signals in each samplewere
counted in a blinded fashion, and the samples were matched after
counting.

For immunohistochemistry (IHC), mouse brain tissues, fixed by
cardiac perfusion of 4% PFA/PBS, were isolated and incubated in the
same solution for 16 h at 4 °C. The tissues were then transferred to 30%
sucrose/PBS and put at 4 °C until the tissues sedimented completely.
Tissues were embedded in an O.C.T. compound cryostat embedding
medium (Scigen, 23-730-625) and frozen on dry ice. Sections were
obtained in 15 µm thickness for the ChP and 30 µm thickness for the
cerebral cortex by Cryostat (Leica Biosystems, CM1860). The sections
were permeabilized in 0.2% Triton X-100 (Sigma-Aldrich, X100)/PBS
for 30min and optionally incubated in 10mM citric acid (Sigma-
Aldrich, 251275)/PBS for 1 h at 60 °C. The following process is the same
as the immunostaining procedure described above. The list of anti-
bodies used in this study is provided in Supplementary Table 2.

Electron microscopy. For transmission electron microscopy (TEM)
analysis, perfusion-fixed mouse brain tissues were additional fixed in
2% PFA (Electron Microscopy Sciences, 15714), 2% glutaraldehyde (GA;
Electron Microscopy Sciences, 16220)/PBS for 2 h at 4 °C, and then
post-fixed with 2% osmium tetroxide (OsO4; Electron Microscopy Sci-
ences, 19140) for 1 h on ice. Following a series of ethanol dehydration,
samples were stained with 0.5% uranyl acetate (UA; Electron Micro-
scopy Sciences, 22400)/DDW for 2 h, and embedded in EMbed 812
resin (Electron Microscopy Sciences, 14120). Ultrathin sections
(70 nm) were prepared using an ultramicrotome (Leica Microsystems,

Ultracut EM UC7), and then counterstained with UA and lead citrate
(Electron Microscopy Sciences, 22410).

For cryo-immunogold staining, the cultured HeLa cells and tis-
sues were fixed in 4% PFA, 0.05% GA/PBS for 20min at 4 °C and
incubated in 2.3M sucrose (Sigma-Aldrich, S0389)/PBS for 24 h at
4 °C. The cells and tissues were frozen and stored in liquid nitrogen.
Ultrathin sections (50 nm), collected on 100–150 mesh copper grids,
were incubated in a 50mM glycine/PBS for 10min and blocked with
5% BSA, 0.1% cold fish gelatin (ElectronMicroscopy Sciences, 25560)/
PBS for 10min. Sections were subsequently incubated in 0.1% BSA-c™
(Electron Microscopy Sciences, 25557)/PBS containing primary anti-
body for 30min at room temperature. And then, sections were
incubated in gold nanoparticles-conjugated secondary antibody for
30min prior to staining with 2% uranyl acetate (UA) for 5min. The
grids were coated with 0.2% UA, 2% methylcellulose (Sigma-Aldrich,
M7140)/DDW and kept in a constant temperature and humidity
chamber.

For RT-immunogold staining, perfusion-fixed tissues were incu-
bated in 4% PFA, 0.05% GA/PBS for 15min and then in 4% PFA/PBS for
30min at RT. The tissues were rinsed with 0.1% BSA-c™/PBS and
blocked with 0.1% saponin (Sigma-Aldrich, SAE0073), 5% BSA, 50mM
ammonium chloride (Sigma-Aldrich, 254134)/PBS for 30min. Samples
were subsequently incubated in blocking solution containing primary
antibody for 24 h at 4 °C. Then, samples were incubated in gold
nanoparticles-conjugated secondary antibody for 1 h at RT, and gold
nanoparticles were visualized using silver enhancement kit (Electron
Microscopy Sciences, 25521) according to the manufacturer’s instruc-
tions. Gold-labeled samples were incubated with 2% OsO4 and 1.5%
potassium ferrocyanide/0.1M sodium cacodylate buffer (pH 7.4) for
1 h on ice. Following a series of staining preocedure in a solution
containing 1% thiocarbohydrazide (Electron Microscopy Sciences,
21900), 2% OsO4, and 1% UA, samples were dehydrated using a gra-
dient ethanol series and embedded in EMbed 812 resin. Ultrathin
sections (70 nm) were counterstained with UA and lead citrate to
visualize electron-dense areas. The immunostained sections on grid
were then examined using the Bio-HVEMSystem (JEOL, JEM-1400 Plus)
operating at 120 kV.

Mouse visual acuity test. Mouse visual acuity test was done using the
OptoMotryHD System (CerebralMechanics) as described previously76.
Mice were placed in a testing arena, which is a virtual cylinder sur-
rounded by a quadrangle of computer monitors projecting a vertical
sine wave grating pattern. The OptoMotry software randomly projects
grating patterns onto themonitors, and themouse head rotates slowly
following the grating patterns. When the mouse stopped tracking, the
spatial frequency thresholds weremeasured with OptoMotry software
according to manufacturer’s instructions.

Statistics and reproducibility
Statistical analysis. GraphPad Prism (GraphPad Software, v7.00)
softwarewas used to analyze data in this study. All data were displayed
as the mean and standard error of the mean (SEM). In addition, two-
tailed Student’s t-test and one-way ANOVA with Dunnett’s multiple
comparison test were performed to confirm the significant difference
between the data. A p-value below 0.0500 was then considered sta-
tistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated or analyzed during this study are included in this
published article andSupplementary Information. SourceData are also
provided with this paper. Source data are provided with this paper.

Article https://doi.org/10.1038/s41467-023-36697-5

Nature Communications |         (2023) 14:1111 13



References
1. Kalderon, D., Roberts, B. L., Richardson, W. D. & Smith, A. E. A short

amino acid sequence able to specify nuclear location. Cell 39,
499–509 (1984).

2. Robbins, J., Dilworth, S. M., Laskey, R. A. & Dingwall, C. Two inter-
dependent basic domains in nucleoplasmin nuclear targeting
sequence: identification of a class of bipartite nuclear targeting
sequence. Cell 64, 615–623 (1991).

3. Lange, A. et al. Classical nuclear localization signals: definition,
function, and interaction with importin alpha. J. Biol. Chem. 282,
5101–5105 (2007).

4. Fukuda, M. et al. CRM1 is responsible for intracellular transport
mediated by the nuclear export signal. Nature 390, 308–311 (1997).

5. Fornerod,M.,Ohno,M., Yoshida,M. &Mattaj, I.W.CRM1 is an export
receptor for leucine-rich nuclear export signals. Cell 90,
1051–1060 (1997).

6. Wiechens, N. & Fagotto, F. CRM1- and Ran-independent nuclear
export of beta-catenin. Curr. Biol. 11, 18–27 (2001).

7. Cheng, J. H. et al. Identification of the NLS and NES motifs of VP2
from chicken anemia virus and the interaction of VP2 with mini-
chromosome maintenance protein 3. BMC Vet. Res. 8, 15 (2012).

8. Richter, J. D. Think globally, translate locally: what mitotic spindles
and neuronal synapses have in common. Proc. Natl Acad. Sci. USA
98, 7069–7071 (2001).

9. Cheng, J. H. et al. Identification of nuclear localization signal and
nuclear export signal of VP1 from the chicken anemia virus and
effects on VP2 shuttling in cells. Virol. J. 16, 45 (2019).

10. Speese, S. D. et al. Nuclear envelope budding enables large ribo-
nucleoprotein particle export during synaptic Wnt signaling. Cell
149, 832–846 (2012).

11. Mettenleiter, T.C., Klupp, B.G. &Granzow,H.Herpesvirus assembly:
a tale of two membranes. Curr. Opin. Microbiol. 9, 423–429 (2006).

12. Maric, M. et al. A functional role for TorsinA in herpes simplex virus 1
nuclear egress. J. Virol. 85, 9667–9679 (2011).

13. Pante, N. & Kann, M. Nuclear pore complex is able to transport
macromolecules with diameters of about 39 nm.Mol. Biol. Cell 13,
425–434 (2002).

14. Jokhi, V. et al. Torsin mediates primary envelopment of large ribo-
nucleoprotein granules at the nuclear envelope. Cell Rep. 3,
988–995 (2013).

15. Trombetta, E. S. & Parodi, A. J. Quality control and protein folding in
the secretory pathway. Annu. Rev. Cell Dev. Biol. 19,
649–676 (2003).

16. Gardner, R. G., Nelson, Z. W. & Gottschling, D. E. Degradation-
mediated protein quality control in the nucleus. Cell 120,
803–815 (2005).

17. Abu-Baker, A. et al. Involvement of the ubiquitin-proteasome
pathway and molecular chaperones in oculopharyngeal muscular
dystrophy. Hum. Mol. Genet. 12, 2609–2623 (2003).

18. Wojcik, C. & DeMartino, G. N. Intracellular localization of protea-
somes. Int. J. Biochem. Cell Biol. 35, 579–589 (2003).

19. Chiti, F. &Dobson, C.M. Proteinmisfolding, functional amyloid, and
human disease. Annu. Rev. Biochem. 75, 333–366 (2006).

20. Burglin, T. R. Homeodomain subtypes and functional diversity.
Subcell. Biochem. 52, 95–122 (2011).

21. Pearson, J. C., Lemons, D. & McGinnis, W. Modulating Hox gene
functions during animal body patterning. Nat. Rev. Genet. 6,
893–904 (2005).

22. Dubnau, J. & Struhl, G. RNA recognition and translational regulation
by a homeodomain protein. Nature 379, 694–699 (1996).

23. Rivera-Pomar, R., Niessing, D., Schmidt-Ott, U., Gehring, W. J. &
Jackle, H. RNA binding and translational suppression by bicoid.
Nature 379, 746–749 (1996).

24. Brunet, I. et al. The transcription factor Engrailed-2 guides retinal
axons. Nature 438, 94–98 (2005).

25. Kim, N. et al. Regulation of retinal axon growth by secreted Vax1
homeodomain protein. Elife 3, e02671 (2014).

26. Kim, H. T. et al. Mitochondrial protection by exogenous Otx2 in
mouse retinal neurons. Cell Rep. 13, 990–1002 (2015).

27. Alvarez-Fischer, D. et al. Engrailed protects mouse midbrain
dopaminergic neurons against mitochondrial complex I insults.
Nat. Neurosci. 14, 1260–1266 (2011).

28. Di Nardo, A. A., Joliot, A. & Prochiantz, A. Homeoprotein transduc-
tion in neurodevelopment and physiopathology. Sci. Adv. 6,
eabc6374 (2020).

29. Prochiantz, A. Homeodomain-derived peptides. In and out of the
cells. Ann. N. Y. Acad. Sci. 886, 172–179 (1999).

30. Lee, E. J. et al. Global analysis of intercellular homeodomain protein
transfer. Cell Rep. 28, 712–722.e713 (2019).

31. Joliot, A. et al. Identification of a signal sequence necessary for the
unconventional secretion of Engrailed homeoprotein. Curr. Biol. 8,
856–863 (1998).

32. Beurdeley, M. et al. Otx2 binding to perineuronal nets persistently
regulates plasticity in the mature visual cortex. J. Neurosci. 32,
9429–9437 (2012).

33. Miyata, S., Komatsu, Y., Yoshimura, Y., Taya, C. & Kitagawa, H. Per-
sistent cortical plasticity by upregulation of chondroitin 6-sulfation.
Nat. Neurosci. 15, S411–S412 (2012). 414-422.

34. Niessing, D. et al. Homeodomain position 54 specifies transcrip-
tional versus translational control by Bicoid. Mol. Cell 5,
395–401 (2000).

35. Protter, D. S. W. & Parker, R. Principles and properties of stress
granules. Trends Cell Biol. 26, 668–679 (2016).

36. Kedersha, N. et al. G3BP-Caprin1-USP10 complexes mediate stress
granule condensation and associate with 40S subunits. J. Cell Biol.
212, 845–860 (2016).

37. Spillantini, M. G. et al. Alpha-synuclein in Lewy bodies. Nature 388,
839–840 (1997).

38. Henne, W. M., Buchkovich, N. J. & Emr, S. D. The ESCRT pathway.
Dev. Cell 21, 77–91 (2011).

39. Scott, S. V. & Klionsky, D. J. Delivery of proteins and organelles to
the vacuole from the cytoplasm. Curr. Opin. Cell Biol. 10,
523–529 (1998).

40. Crider, B. P., Xie, X. S. & Stone, D. K. Bafilomycin inhibits protonflow
through the H+ channel of vacuolar proton pumps. J. Biol. Chem.
269, 17379–17381 (1994).

41. Daniel, W. A., Bickel, M. H. & Honegger, U. E. The contribution of
lysosomal trapping in the uptake of desipramine and chloroquine
by different tissues. Pharmacol. Toxicol. 77, 402–406 (1995).

42. Lee, D. H. & Goldberg, A. L. Proteasome inhibitors: valuable new
tools for cell biologists. Trends Cell Biol. 8, 397–403 (1998).

43. Palmeri, S., Mangano, L., Battisti, C., Malandrini, A. & Federico, A.
Imipramine induced lipidosis and dexamethasone effect: morpho-
logical and biochemical study in normal and chronic GM2 gang-
liosidosis fibroblasts. J. Neurol. Sci. 110, 215–221 (1992).

44. Rosenbaum, A. I. et al. Thiadiazole carbamates: potent inhibitors of
lysosomal acid lipase and potential Niemann-Pick type C disease
therapeutics. J. Med. Chem. 53, 5281–5289 (2010).

45. Fossat, N., Chatelain, G., Brun, G. & Lamonerie, T. Temporal and
spatial delineation of mouse Otx2 functions by conditional self-
knockout. EMBO Rep. 7, 824–830 (2006).

46. Spatazza, J. et al. Choroid-plexus-derived Otx2 homeoprotein
constrains adult cortical plasticity. Cell Rep. 3, 1815–1823 (2013).

47. Lee, H. H. C. et al. Genetic Otx2 mis-localization delays critical
period plasticity across brain regions. Mol. psychiatry 22,
680–688 (2017).

48. Neuwald, A. F., Aravind, L., Spouge, J. L. & Koonin, E. V. AAA+: a
class of chaperone-like ATPases associated with the assembly,
operation, and disassembly of protein complexes. Genome Res. 9,
27–43 (1999).

Article https://doi.org/10.1038/s41467-023-36697-5

Nature Communications |         (2023) 14:1111 14



49. Rose, A. E., Zhao, C., Turner, E. M., Steyer, A. M. & Schlieker, C.
Arresting a Torsin ATPase reshapes the endoplasmic reticulum. J.
Biol. Chem. 289, 552–564 (2014).

50. Ozelius, L. J. et al. The early-onset torsion dystonia gene (DYT1)
encodes an ATP-binding protein. Nat. Genet. 17, 40–48 (1997).

51. Praefcke, G. J. & McMahon, H. T. The dynamin superfamily: uni-
versal membrane tubulation and fission molecules? Nat. Rev. Mol.
Cell Biol. 5, 133–147 (2004).

52. Hinshaw, J. E. & Schmid, S. L. Dynamin self-assembles into rings
suggesting a mechanism for coated vesicle budding. Nature 374,
190–192 (1995).

53. Macia, E. et al. Dynasore, a cell-permeable inhibitor of dynamin.
Dev. Cell 10, 839–850 (2006).

54. Joshi, S. et al. The dynamin inhibitors MiTMAB and OcTMAB induce
cytokinesis failure and inhibit cell proliferation in human cancer
cells. Mol. Cancer Ther. 9, 1995–2006 (2010).

55. Goodchild, R. E., Kim, C. E. & Dauer, W. T. Loss of the dystonia-
associated protein torsinA selectively disrupts the neuronal nuclear
envelope. Neuron 48, 923–932 (2005).

56. Sugiyama, S. et al. Experience-dependent transfer of Otx2
homeoprotein into the visual cortex activates postnatal plasticity.
Cell 134, 508–520 (2008).

57. Pizzorusso, T. et al. Reactivation of ocular dominance plasticity in
the adult visual cortex. Science 298, 1248–1251 (2002).

58. Fagiolini, M. et al. Separable features of visual cortical plasticity
revealed by N-methyl-D-aspartate receptor 2A signaling. Proc. Natl
Acad. Sci. USA 100, 2854–2859 (2003).

59. Stewart-Hutchinson, P. J., Hale, C. M., Wirtz, D. & Hodzic, D. Struc-
tural requirements for the assembly of LINC complexes and their
function in cellular mechanical stiffness. Exp. Cell Res. 314,
1892–1905 (2008).

60. Razafsky, D. & Hodzic, D. Temporal and tissue-specific disruption of
LINC complexes in vivo. Genesis 52, 359–365 (2014).

61. Wang, S. & Ware, S. M. Use of FOXJ1CreER2T mice for inducible
deletion of embryonic node gene expression. Genesis 47,
132–136 (2009).

62. Torero Ibad, R. et al. Otx2 promotes the survival of damaged adult
retinal ganglion cells and protects against excitotoxic loss of visual
acuity in vivo. J. Neurosci. 31, 5495–5503 (2011).

63. Briata, P., Ilengo, C., Bobola, N. &Corte, G. Binding properties of the
human homeodomain protein OTX2 to a DNA target sequence.
FEBS Lett. 445, 160–164 (1999).

64. Jakel, S., Mingot, J. M., Schwarzmaier, P., Hartmann, E. & Gorlich, D.
Importins fulfil a dual function as nuclear import receptors and
cytoplasmic chaperones for exposed basic domains. EMBO J. 21,
377–386 (2002).

65. Suter, D. M. Transcription factors and DNA play hide and seek.
Trends Cell Biol. 30, 491–500 (2020).

66. Amblard, I. et al. Bidirectional transfer of homeoprotein EN2 across
the plasma membrane requires PIP2. J. cell Sci. 133,
jcs244327 (2020).

67. Joliot, A. et al. Association of Engrailed homeoproteinswith vesicles
presenting caveolae-like properties. Development 124,
1865–1875 (1997).

68. Roberts, P. et al. Piecemeal microautophagy of nucleus in Sac-
charomyces cerevisiae. Mol. Biol. Cell 14, 129–141 (2003).

69. Pan, X. et al. Nucleus-vacuole junctions in Saccharomyces cerevi-
siae are formed through the direct interaction of Vac8p with Nvj1p.
Mol. Biol. Cell 11, 2445–2457 (2000).

70. Li, S. C. &Kane, P.M. The yeast lysosome-like vacuole: endpoint and
crossroads. Biochim Biophys. Acta 1793, 650–663 (2009).

71. Patel, S. & Latterich, M. The AAA team: related ATPases with diverse
functions. Trends Cell Biol. 8, 65–71 (1998).

72. Roy, L. et al. Role of p97 and syntaxin 5 in the assembly of transi-
tional endoplasmic reticulum.Mol. Biol. Cell 11, 2529–2542 (2000).

73. Latterich, M., Frohlich, K. U. & Schekman, R. Membrane fusion and
the cell cycle: Cdc48p participates in the fusion of ER membranes.
Cell 82, 885–893 (1995).

74. Mellman, I. Organelles observed: lysosomes. Science 244,
853–854 (1989).

75. Rawlins, E. L., Ostrowski, L. E., Randell, S. H. & Hogan, B. L. Lung
development and repair: contribution of the ciliated lineage. Proc.
Natl Acad. Sci. USA 104, 410–417 (2007).

76. Prusky, G. T., Alam, N. M., Beekman, S. & Douglas, R. M. Rapid
quantification of adult and developing mouse spatial vision using a
virtual optomotor system. Invest Ophthalmol. Vis. Sci. 45,
4611–4616 (2004).

Acknowledgements
We appreciate Dr. Brigit Hogan for a generous gift of FoxJ1-CreER
mice. We also thank Dr. Xandra Breakfield for providing us with
the DNA construct of TOR1AΔE. This work is supported by National
Research Foundation of Korea (NRF) grants (NRF-2022R1A2C3003589;
NRF-2018R1A5A1024261) funded by KoreanMinistry of Science and ICT
(MSIT) and the International Collaboration Initiative grant (KAIST-
N11210255) funded by KAIST, South Korea.

Author contributions
J.W.P. and J.W.K. wrote the manuscript; J.W.P., E.J.L., E.M., H.L.K., and
N.S.K. designed and performed the experiments and analyzed the data;
D.H. provided an experimental model and platform; I.B.K., H.S.K., and
J.W.K. supervised the project.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-36697-5.

Correspondence and requests for materials should be addressed to
Jin Woo Kim.

Peer review informationNatureCommunications thanksAlain Joliot and
the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-36697-5

Nature Communications |         (2023) 14:1111 15

https://doi.org/10.1038/s41467-023-36697-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Orthodenticle homeobox 2 is transported to lysosomes by nuclear budding vesicles
	Results
	Localization of HPs in cytoplasmic puncta
	Vesicular identity of cytoplasmic OTX2 puncta
	Nuclear origin of OTX2 in the lysosome and extracellular space
	Transport of OTX2 from the nucleus to the lysosome for degradation and secretion
	OTX2 is detectable in nuclear egress membrane vesicles
	Nuclear egress of OTX2 is regulated by TOR1A and DNM
	Reduced secretion of Otx2 from the choroid plexus in Tor1aΔE/+ mice
	OTX2 binds to the LINC complex for nuclear egress
	LINC is necessary for OTX2�secretion in�vivo
	Nuclear OTX2 forms aggregates upon failure of vesicular egress

	Discussion
	Methods
	Experimental model and subject details
	Animals
	Cell culture and establishment of OTX2-HeLa cell-line
	Experimental methods
	Subcellular fractionation and sucrose density gradient centrifugation
	Dot-blot analysis
	Immunostaining
	Electron microscopy
	Mouse visual acuity test
	Statistics and reproducibility
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




