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TMEM39A encodes an evolutionarily conserved transmembrane
protein and carries single-nucleotide polymorphisms associated
with increased risk of major human autoimmune diseases, includ-
ing multiple sclerosis. The exact cellular function of TMEM39A re-
mains not well understood. Here, we report that TMEM-39, the
sole Caenorhabditis elegans (C. elegans) ortholog of TMEM39A,
regulates lysosome distribution and accumulation. Elimination of
tmem-39 leads to lysosome tubularization and reduced lysosome
mobility, as well as accumulation of the lysosome-associated mem-
brane protein LMP-1. In mammalian cells, loss of TMEM39A leads
to redistribution of lysosomes from the perinuclear region to cell
periphery. Mechanistically, TMEM39A interacts with the dynein
intermediate light chain DYNC1I2 to maintain proper lysosome
distribution. Deficiency of tmem-39 or the DYNC1I2 homolog in
C. elegans impairs mTOR signaling and activates the downstream
TFEB-like transcription factor HLH-30. We propose evolutionarily
conserved roles of TMEM39 family proteins in regulating lysosome
distribution and lysosome-associated signaling, dysfunction of
which in humans may underlie aspects of autoimmune diseases.
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Autoimmune diseases affect millions of people worldwide,
while exact causes of the diseases remain not well under-

stood, despite decades of research (1–3). Recently, genome-wide
association studies have identified single-nucleotide polymor-
phisms (SNPs) in TMEM39A that are associated with enhanced
risks of multiple sclerosis (MS), systemic lupus erythematosus (SLE),
and autoimmune thyroid disease (4–8), indicating an important link
between TMEM39A and autoimmune disease. TMEM39A is also
overexpressed in glioma cell lines and glioma patient cells (9), im-
plicating its possible role in glioma pathogenesis. TMEM39A encodes
a predicted multitransmembrane protein, homologs of which are
found in most multicellular organisms (Fig. 1 A and B and SI Ap-
pendix, Fig. S1A). A recent study reported that TMEM39A localizes
to the endoplasmic reticulum (ER) and regulates autophagy through
controlling trafficking of the PtdIns(4)P phosphatase SAC1 (10). To
investigate TMEM39A’s physiological roles and whether its cellular
functions might be evolutionarily conserved, we generated Caeno-
rhabditis elegans (C. elegans) strains and HEK 293T human cell lines
that lack respective TMEM39 homologs in each system. Phenotypic
and protein-interactor analyses revealed conserved roles of TMEM39
in regulating lysosome dynamics and signaling, providing a plausible
link of human TMEM39A to pathogenesis of autoimmune diseases.

Results
We identified the uncharacterized C. elegans gene D1007.5 (named
as tmem-39 hereafter) in a previous genome-wide RNA interference
(RNAi) screen for cellular-stress regulators (11). tmem-39 en-
codes the only homolog of mammalian TMEM39A in the C.
elegans genome. Using CRISPR-Cas9, we either removed the
entire coding region of tmem-39 or inserted stop codons in the
first exon of the gene (Fig. 1C). Mutant animals carrying tmem-
39 null alleles showed multiple developmental abnormalities,
including slow growth, reduced body length, and a tendency to
burst, indicating defects in cuticle development (Fig. 1D and SI

Appendix, Fig. S1B). In addition, tmem-39 mutant animals also
have markedly higher expression of ER stress reporter hsp-4p::gfp
in the hypoderm, supporting an important role of TMEM-39 in
normal protein homeostasis (Fig. 1D). To investigate if disruption
of TMEM-39 impairs the nervous system, the primary target of
MS, we examined neuronal morphology of the mutant animals
using transgenic strains that express cholinergic (unc-17p::gfp),
GABAergic (unc-47p::gfp), or somatosensory PVD interneuron
(F49H12.4::gfp) reporters. About 10 to 20% of the wild-type
8animals showed mild morphological abnormalities (e.g., short
filopodia-like structures) when they aged (Table 1 and SI Appendix,
Fig. S1G). Strikingly, disruption of tmem-39 led to severe mor-
phological defects of the nervous system in 50 to 90% of the mutant
animals examined, including long ectopic branches, incorrect neu-
rite projections, and beading of neuronal processes (Fig. 1E and
Table 1). We also found that the dendritic structures of the PVD
neurons were missing in L2 and L3 larva, despite the presence of
the PVD soma, suggesting developmental defects of the neuronal
processes (SI Appendix, Fig. S1H). Together, our observations in-
dicate that TMEM-39 is important for maintaining normal ER
homeostasis and neuronal morphology in the nervous system.
To determine the subcellular localization of TMEM-39 pro-

tein, we generated transgenic strains that express either a rescuing
tmem-39 genomic transgene with mCherry tagged to the N ter-
minus or N-mCherry–tagged tmem-39 complementary DNA
(cDNA) under an hsp-16.48 heat-shock promoter. The tmem-39
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genomic construct rescued developmental defects of tmem-39
mutant animals, including dumpiness and elevated hsp-4p::gfp
ER stress reporter expression (SI Appendix, Fig. S1 D–F). We
observed broad mCherry::TMEM-39 expression in multiple tis-
sues, particularly the nervous system, hypoderm, and intestine
(Fig. 2A). Both transgenic strains showed TMEM-39 localization
to cytosolic puncta, largely colocalizing with GFP-tagged
lysosome-associated membrane protein LMP-1 (Fig. 2 B and

C). By contrast, TMEM-39 did not colocalize with a Golgi-
targeted reporter mans::gfp (SI Appendix, Fig. S2 A and B),
suggesting that TMEM-39 protein primarily localizes to com-
partments closely associated with lysosomes, at least in hypo-
derm. To investigate if disruption of TMEM-39 impairs lysosome
morphology and/or function, we generated a compound mutant
tmem-39(null);dmaIs58[rpl-28p::lmp-1::gfp] and examined lyso-
some reporter expression (under the ubiquitous promoter rpl-28)
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A to T in the risk allele rs1132200

Human
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Fig. 1. TMEM-39 belongs to a conserved family of transmembrane proteins in metazoans and its role in maintaining normal neuronal morphology in C.
elegans. (A) Schematic diagram showing the predicted structure of human TMEM39A protein, which contains nine transmembrane domains and two large
loops (by SOSUI structural prediction server: https://harrier.nagahama-i-bio.ac.jp/sosui/sosui_submit.html). The autoimmune-risk allele rs1132200 confers an
A-to-T substitution in the C terminus of the protein, which is represented by a red circle. The red box highlights the loop domain aligned in B. (B) Sequence
alignment of the second loop of the TMEM39A protein from the worm to human. The conserved WS residues within the loop are highlighted by a red line. (C)
Schematic diagram showing the genomic structure and loss-of-function alleles of C. elegans tmem-39. dma258 contains a deletion that removes most of the
tmem-39 coding sequences, while dma268 contains two early stop codons in tmem-39 that likely render the allele null. (D) Bright-field and fluorescence
images showing wild-type and tmem-39 mutant animals, with the ER stress reporter hsp-4p::gfp markedly up-regulated in tmem-39 mutants. (Scale bar,
100 μm.) (E) The tmem-39mutants show broad morphological defects in the nervous system exemplified by ectopic branching (labeled by cholinergic reporter
unc-17p::gfp and GABAergic reporter unc-47p::gfp; arrows) and neurodegeneration-like beading phenotypes (labeled by the PVD neuron reporter
F49H12.4::gfp; arrows). (Scale bar, 40 μm.)
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in tmem-39 null mutant animals. We found that tmem-39 mutant
animals showed markedly higher accumulation of LMP-1::GFP
in intestine, hypoderm, pharynx, and neuronal processes along
the body, but to a lesser extent in the nerve ring, indicating that
the level of lysosome reporter up-regulation is likely tissue-type
dependent (Fig. 2D). Consistent with the observations, a second
transgenic strain that expresses lmp-1::gfp specifically in neurons
(under a pan-neuronal promoter rab-3) showed a similar pattern
of lysosome reporter accumulation in nerve ring and nerve cords
upon tmem-39 disruption (Fig. 2 D and E). By contrast, the tmem-
39 null mutants showed slightly decreased expression of a different
reporter mCherry::pdr-1 (which encodes the ortholog of human
PRKN protein) driven by the ubiquitous promoter rpl-28, indicating
that the lysosome reporter up-regulation is likely caused by changes
in protein dynamics rather than transcriptional up-regulation of the
rpl-28 promoter (SI Appendix, Fig. S2 C and D). Unlike the punctal
morphology of LMP-1::GFP-labeled lysosomes in the hypoderm of
wild-type animals, lysosomes in tmem-39 mutants formed more
tubular structures (Fig. 2F). Time-lapse confocal imaging revealed
that the tubular lysosomes were more static compared with wild-
type lysosomes (Fig. 2G and Movies S1 and S2). We conclude that
TMEM-39 regulates lysosomal LAMP1 abundance and is impor-
tant for maintaining normal morphology and motility of lysosomes.
Given the evolutionary conservation and homology of TMEM39

proteins between worms and humans, we next examined human
TMEM39A protein localization in HEK 293T cells. Confocal
imaging of cells transiently transfected with mCherry::TMEM39A
and GFP-tagged reporters for various subcellular compartments
revealed that TMEM39A partially colocalized with ER, Golgi
apparatus, and Rab7-labeled late-endosomes/lysosomes (SI Ap-
pendix, Fig. S2 E–G). To determine if knocking out TMEM39A
disrupts any of the subcellular organelles, we generated
TMEM39A knockout (KO) HEK 293T cells by CRISPR-Cas9
and examined subcellular organelle morphology and localization
by confocal microscopy. We found that disruption of TMEM39A led
to redistribution of lysosomes from perinuclear regions to cell
periphery, while other subcellular organelles, including ER,
Golgi apparatus, and mitochondria, remained largely unaffected
(Fig. 2H and SI Appendix, Fig. S2H). The peripheral distribution
of lysosomes in TMEM39A KO cells was rescued by a wild-type
mCherry::TMEM39A transgene (Fig. 2I). Together, our findings
indicate that mammalian TMEM39A has an evolutionarily
conserved role in regulating lysosome distribution.
Lysosome distribution is highly regulated, and its positioning af-

fects lysosomal functions in cellular material degradation, nutrient
sensing, and autophagy signaling (12, 13). To determine if

redistribution of lysosomes in TMEM39A KO cells and animals is
associated with changes in lysosomal function, we examined lyso-
somal luminal enzyme activity in wild-type and mutant cells or worms
using the Magic Red Cathepsin B assay (14). We did not detect a
noticeable difference in Magic Red staining between wild-type
and tmem-39 mutant worms or wild type and TMEM39A KO
cells, suggesting that the degradative activity of lysosomal enzymes
remains largely unimpaired in the absence of TMEM39A (SI
Appendix, Fig. S2 I–L). In addition to its degradative function, the
cytosolic surface of lysosomes also serves as an important hub for
nutrient and mTOR signaling (15–19). Using a GFP reporter
under the promoter of tts-1, which is activated by mTOR inhibi-
tion or starvation through the C. elegans transcription factor HLH-
30 (ref. 20), we found that disruption of TMEM-39 in C. elegans
strongly induced tts-1 reporter expression (Fig. 3 A and B). This
indicates that mTOR signaling in tmem-39 mutant animals is re-
duced under nonstarved conditions in C. elegans.
The mTOR complex phosphorylates a variety of downstream

substrates, including the transcription factor EB (TFEB), a master
regulator of lysosome biogenesis (21). Starvation or pharmaceutical
inhibition of mTOR induces dephosphorylation of TFEB, which then
translocates to nucleus and activates lysosome biogenesis-related
gene transcription (22). Similarly, the C. elegans TFEB ortholog
HLH-30 responds to nutritional status and activates autophagic gene
expression upon starvation (23, 24). We reasoned that HLH-30 might
be activated in mutant animals lacking TMEM-39 and examined
HLH-30 expression in wild-type and tmem-39mutant animals using a
stably integrated hlh-30::gfp transgene. The HLH-30::GFP was
primarily detected in the cytosol of neurons, muscles, and intestinal
and hypodermal cells of wild-type animals (Fig. 3C). By contrast,
HLH-30::GFP accumulated in nuclei of neuronal and nonneuronal
cells of tmem-39 mutants, indicating activation of the transcription
factor (Fig. 3 C and E). We then asked if HLH-30 is required for
the strong tts-1p::gfp mTOR reporter expression induced by tmem-
39 disruption. Feeding tmem-39 mutant animals with hlh-30 small
interfering RNA (siRNA)-expressing bacteria, but not with mxl-3
(another bHLH factor) siRNA-expressing or vector bacteria, nearly
abolished the mTOR reporter expression (Fig. 3 A and B).
Therefore, we conclude that tmem-39 disruption in C. elegans likely
inhibits lysosome-associated mTOR signaling, which induces strong
tts-1p::gfp mTOR reporter expression through nuclear translocation
and activation of HLH-30/TFEB.
Another cellular program regulated by mTOR signaling is

autophagy, which is enhanced upon starvation or pharmaceutical
inhibition of mTOR complex (17, 18). To find out if cells lacking
TMEM39A have altered autophagy, we examined expression

Table 1. Neuronal defects of adult (2 d after L4 stage) tmem-39 mutants

Neuronal reporter and genotype Abnormal, % n Morphological defects

Cholinergic*
Wild type 26 54 Short filopodia-like structures
tmem-39(dma258) 96 50 Long ectopic branches; incorrect projections
tmem-39(dma268) 80 50 Long ectopic branches; incorrect projections

GABAergic†

Wild type 16 32 Short filopodia-like structures
tmem-39(dma258) 56 50 Beading on neurites
tmem-39(dma268) 36 50 Long ectopic branches; incorrect projections

PVD‡

Wild type 10 10 Mild beading on neurites
tmem-39(dma258) 73 11 Extensive degeneration-like beading on neurites
tmem-39(dma268) 77 13 Extensive degeneration-like beading on neurites

*Contains vsIs48[unc-17p::gfp].
†Contains oxIs12[unc-47p::gfp].
‡Contains wdIs52[F49H12.4::gfp].
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patterns of mCherry::gfp::LC3B, a tandem-fluorescence-tagged
autophagosome protein in wild-type and TMEM39A KO HEK
293T cells (25). LC3B was primarily diffused in the cytoplasm of

wild-type cells, and 1 h of starvation of the cells in the serum-free
Earle’s Balanced Salt Solution medium induced strong forma-
tion of LC3B puncta that was indicative of autophagosome
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Fig. 2. TMEM-39 is associated with lysosomes and regulates lysosome positioning and morphology. (A) Confocal images showing expression and punctate distribution of
the C. elegans mCherry::TMEM-39 fusion protein, detected in hypoderm (hyp), nerve ring (nr), and intestine (int). (Scale bar, 20 μm.) (B) Confocal images showing partial
colocalization of mCherry::TMEM-39 with lysosomal marker LMP-1::Venus in C. elegans hypoderm. Asterisks denote the expression of muscle GFP or mCherry from
coinjection plasmids. The Pearson’s correlation coefficient (r = 0.431) indicates moderate association of TMEM-39 with lysosomes. (Scale bar, 20 μm [B, Left] and 10 μm [B,
Right].) (C) Intensity plot of mCherry::TMEM-39 and LMP-1::Venus fluorescence in the boxed region in B. (D) Ubiquitous lysosome reporter rpl-28p::lmp-1::Venus is strongly
up-regulated in tmem-39 mutant animals, evident in hypoderm, intestine, nerve ring, and nerve cord (nc). The lysosome reporter induction in nerve ring is more modest
compared with that in hypoderm or intestine, based on a neuronal lysosomal reporter rab-3p::lmp-1::gfp. (Scale bar, 20 μm.) (E) Quantification of lysosome reporter up-
regulation in tmem-39 mutants. Data represent mean ± SEM. **P < 0.01; ***P < 0.001. AU, arbitrary units. (F) The lysosome LMP-1::Venus reporter labels cytoplasmic or
endosomal membrane (m; arrowhead) more strongly in tmem-39 mutant hypoderm than does in the wild type and tends to form more tubular structures (tub; arrows).
Dashed boxes represent areas enlarged in G. (Scale bar, 20 μm.) (G) Time-lapse confocal images showing lysosome dynamics. Two consecutive time-lapse images are
pseudocolored with red and green and are superposed to reveal mobile (nonyellow) lysosomes (arrows). Compared with lysosomes in wild type that are mobile, tubular
lysosomes in tmem-39mutants are relatively static. The putative cytoplasmic or endosomal membrane (m) is labeled by arrowheads. (Scale bar, 10 μm.) (H) Confocal images
showing redistribution of lysosomes from perinuclear regions to cell periphery in TMEM39A KO HEK 293T cells (arrow). (Scale bar, 20 μm.) (I) Confocal images showing the
restoration of perinuclear localization of lysosomes in TMEM39A KO cells transfected with mCherry::TMEM39A, but not with mCherry plasmid (arrows). (Scale bar, 20 μm.)
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Fig. 3. TMEM-39 regulates mTOR signaling through the master regulator of lysosome biogenesis HLH-30/TFEB. (A) Expression of an mTOR reporter tts-1p::gfp
is strongly up-regulated in tmem-39 mutant animals, while disruption of hlh-30/TFEB by RNAi abolishes tts-1p::gfp up-regulation. unc-54p::mCherry, coin-
jection reporter; mxl-3, bHLH transcription factor that antagonizes HLH-30 function in lipolysis upon starvation. (Scale bar, 100 μm.) (B) Quantification of tts-
1p::gfp fluorescence intensity in A. Data represent mean ± SEM. ***P < 0.001. AU, arbitrary units. (C) Confocal images showing nuclear localization of HLH-30
in neurons (n), hypoderm (hyp), intestine (int), and muscle (mus) cells of animals deficient in tmem-39, dyci-1, or rab-7, but not in wild type. (Scale bar, 20 μm.)
(D) Representative confocal images showing puncta formation of mCherry::gfp::LC3 in cells deficient in TMEM39A, DYNC1I2 or following 1 h of starvation.
The presence of more red, but not yellow, LC3 puncta in TMEM39A KO cells indicates lysosome-mediated quenching of the GFP signal. (Scale bar, 10 μm.) (E)
Quantification of HLH-30::GFP nuclear localization in C. (F) Quantification of mCherry::gfp::LC3 puncta formation in D. (G) Western blot analysis showing up-
regulation of LC3-II/I ratio in nonstarved TMEM39A KO compared with wild-type HEK 293T cells, indicating enhanced autophagosome formation. BA,
bafilomycin A1. (H) Quantification of the Western blot results. Data represent mean ± SEM. wt, wild type.
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formation (Fig. 3 D and F). Strikingly, in cells lacking
TMEM39A, LC3B clustered in puncta even under nonstarved
conditions, and starvation further enhanced puncta formation
(Fig. 3 D and F). Moreover, Western blot analysis using an anti-
LC3B antibody detected enhanced accumulation of LC3-II in
nonstarved TMEM39A KO cells, indicating enhanced autopha-
gosome formation in the absence of TMEM39A (Fig. 3 G and
H). Consistent with the observations, phosphorylation of Ser15
on Beclin-1, a molecular event that is indicative of amino acid
starvation and mTOR inhibition and required for autophagy
initiation (26), was enhanced in nonstarved TMEM39A KO cells
(SI Appendix, Fig. S3C). Together, these findings support an
important role of TMEM39A in maintaining normal mTOR
signaling and suppressing autophagy initiation, and disrupting
TMEM39A enhances autophagy, at least in HEK 293T cells.
TMEM39A is predicted to contain nine transmembrane do-

mains and two large loops (https://harrier.nagahama-i-bio.ac.jp/
sosui/sosui_submit.html), with the second loop highly conserved
from C. elegans to human (Fig. 1A). To identify molecular mech-
anisms of how TMEM39A regulates lysosome dynamics, we per-
formed yeast two-hybrid (Y2H) screens to identify proteins that
interact with the second loop of TMEM39A. From a normalized
universal human cDNA library, we identified 20 candidate inter-
acting proteins, including the dynein intermediate light chain
DYNC1I2 (Fig. 4A and SI Appendix, Table S1). The interaction
appeared to require the conserved tryptophan-serine (WS) residues
within the loop, as mutations of these amino acids to alanines abol-
ished the interaction (Fig. 4A). We further confirmed the interaction
between TMEM39A and DYNC1I2 in mammalian cells using
coimmunoprecipitation (Fig. 4B). To test whether the interaction is
functionally important in vivo, we generated CRISPR-knockin C.
elegans strains, in which the conserved WS residues were replaced by
alanines. Strains that carry such mutations in tmem-39 showed
markedly stronger hsp-4p::gfp ER stress-reporter expression and PVD
neuronal morphological defects, closely resembling the abnormalities
seen in tmem-39 null mutant animals (Fig. 4 C and D).
Dynein is a family of cytoskeletal motor proteins responsible

for cargo trafficking toward the minus end of microtubules and
can be recruited to lysosomes via dynein light intermediate chain
DYNC1LI1 and Rab-interacting lysosomal protein RILP (27,
28). To find out if dynein functions downstream of TMEM-39 to
regulate lysosome distribution and biogenesis, we performed
feeding RNAi to disrupt the expression of the sole homolog of
dynein intermediate light chain dyci-1 in C. elegans. Knockdown
of dyci-1 led to partial embryonic lethality and growth arrest,
consistent with an essential role of the dynein subunit in early
embryonic development (29). Strikingly, dyci-1 deficiency in-
duced a strong increase in mTOR reporter tts-1p::GFP expres-
sion, as well as a moderate, but significant, increase in LMP-
1::GFP, suggesting a starvation-like status in the RNAi-treated
animals (Fig. 4 E and F and SI Appendix, Fig. S3 A and B).
Disruption of hlh-30 by RNAi in the dyci-1–deficient animals
abolished mTOR reporter tts-1p::GFP up-regulation, indicating
that HLH-30 functions downstream of both TMEM-39 and
DYCI-1 to activate mTOR reporter expression (Fig. 4 E and F).
We further tested if RAB-7, RILP-1, or dynactin DNC-1 are
required for regulating mTOR reporter expression and/or lyso-
some biogenesis, given their involvement in dynein–dynactin
complex formation and recruitment of the complex to lysosomes
(30). We found that disruption of the expression of rab-7 by
RNAi induced a marked increase in the mTOR reporter tts-
1p::GFP and lysosomal LMP-1::GFP expression, while defi-
ciency in rilp-1 or dnc-1 caused only a moderate effect (Fig. 4 E
and F and SI Appendix, Fig. S3 A and B).
We next asked if the role of dynein is also conserved in

mammalian cells. The expression of DYNC1I2 in HEK 293T cells

could be efficiently knocked down by using small-hairpin RNA
(shRNA)-expressing plasmids (SI Appendix, Fig. S3 D and E). We
found that disruption of DYNC1I2 induced lysosome redistribu-
tion to cell periphery in 51.2 ± 1.8% of the transfected cells, similar
to that observed in TMEM39A KO cells (60.7 ± 7.1%) (Fig. 4 G and
H), while knocking down DYNC1I2 in TMEM39A KO cells did not
further enhance lysosome redistribution (53.3 ± 2.8%) (Fig. 4H). In
addition, expression of shRNA against DYNC1I2, but not GFP con-
trol shRNA plasmid, induced strong puncta formation of autopha-
gosome protein LC3B, indicating that DYNC1I2 and TMEM39A
function similarly to regulate lysosome positioning and auto-
phagy initiation (Fig. 3 D and F). Interestingly, mCherry::-
DYNC1I2 was redistributed to distal cell periphery, similar to that
seen with lysosome reporter in TMEM39A KO cells, suggesting that
TMEM39A promotes centripedal locomotion of both dynein and
lysosomes (Fig. 4 I and J). Taken together, our findings support a
model in which TMEM39A regulates lysosome positioning and
associated signaling, at least in part through its interaction with the
dynein intermediate light chain DYNC1I2 (Fig. 4K).

Discussion
TMEM39A is an evolutionarily conserved protein in which SNPs
were previously identified in several human genetic studies with
enhanced risks to MS and lupus. A recent study revealed a
critical role of TMEM39A in regulating autophagy initiation
(10). Here, we describe a key role of TMEM39A in regulating
lysosome dynamics and mTOR signaling, in addition to auto-
phagy initiation. We have also identified the dynein intermediate
light chain DYNC1I2 as a mechanistic link between TMEM39A
and downstream cellular processes. As MS is characterized by
demyelination of neurons, owing to the immune-system attack of
oligodendrocytes, the broad expression of TMEM39A and
function in lysosomes indicate that it may contribute to MS pa-
thology via lysosomal regulation in both a cell-autonomous
(neurons) and/or nonautonomous manner (immune cells).
As an essential organelle in which antigens undergo processing

and presentation through the major histocompatibility complex,
lysosomes are essential for normal immune response (31). Dys-
regulation of lysosomes is also connected to pathological cyto-
kine release, linking lysosome dysfunction to tissue destruction
and autoimmunity (32, 33). In both SLE and MS, aberrant ly-
sosomal activities have been postulated to underlie accumulation
of autoantigens in lysosomes, which leads to aberrant immune
responses and pathogenesis of the diseases (34, 35). In addition,
dysregulated lysosomes also contribute to impaired cellular
material and organelle degradation under conditions of aging,
fertilization, and neurodegenerative diseases (18, 28, 36–40). In-
terestingly, TMEM39A RNAi has been shown to affect mitophagy
(to degrade mitochondria by autophagy) mediated by the Par-
kinson’s disease protein Parkin (41, 42), and inhibition of mito-
chondrial ribosomes together with impaired mitochondrial fission
or fusion activates HLH-30 and increases C. elegans lifespan (43).
TMEM39A has been shown to promote ER-to-Golgi trans-

port by interacting with the COPII complex subunits SEC23/
SEC24 (10). From our Y2H screen, we also identified SEC23A
as an interacting partner of TMEM39A (SI Appendix, Table S1),
supporting an important role of TMEM39A in regulating
ER-to-Golgi trafficking. This is also consistent with our obser-
vation that disruption of TMEM-39 in C. elegans induces strong
activation of the ER stress reporter hsp-4p::gfp (Figs. 1D and 4C).
Interestingly, the C terminus of mammalian TMEM39A contains
a putative COPI (which regulates Golgi-to-ER trafficking)-
interacting lysine motif KAN, and the autoimmune risk allele
rs1132200 confers an A-to-T mutation in the lysine motif that is
predicted to impair interaction with COPI and possibly causes a
loss-of-function of the protein (44). We speculate that TMEM39A
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Fig. 4. TMEM39A regulates lysosome distribution and function through dynein intermediate light chain DYNC1I2. (A) Y2H assays showing the interaction
between TMEM39A loop with DYNC1I2, which is dependent on the conserved WS residues within the TMEM39A loop. Schematic diagrams of the WD domain
containing DYNC1I2 fragment recovered from the Y2H screen are shown. The 39A loop is the second cytosolic loop of TMEM39A. (B) Full-length DYNC1I2 was
coimmunoprecipitated (IP) with GFP::TMEM39A, but not with GFP from transiently transfected HEK 293T cells. GBAS, another candidate protein identified
from the Y2H screen, did not coimmunoprecipitate with GFP::TMEM39A. GFP::TMEM39A was detected in GFP-trap fraction, but not in total lysate, likely
because of low expression levels. (C) Bright-field and compound fluorescence images showing the dumpy phenotype and elevated hsp-4p::gfp ER stress-
reporter expression in tmem-39(WS->AA) CRISPR-knockin animals. (Scale bar, 100 μm.) (D) Confocal images showing PVD degeneration-like beading phe-
notype in tmem-39(WS->AA) CRISPR-knockin animals. (Scale bar, 20 μm.) (E) Disruption of dyci-1 or rab-7 by RNAi induces tts-1p::gfp mTOR reporter ex-
pression, which is abolished by hlh-30/TFEB deficiency. (Scale bar, 100 μm.) (F) Quantification of tts-1p::gfp intensity in E. Data represent mean ± SEM. ***P <
0.001. AU, arbitrary units. (G) Expression of DYNC1I2-targeting shRNA in HEK 293T cells induces redistribution of lysosomes to cell periphery, similar to that
observed in TMEM39A KO cells (arrows). (Scale bar, 10 μm.) (H) Quantification of percentage of cells with lysosome redistribution in G. Data represent mean ±
SEM. *P < 0.05; **P < 0.01. (I) Confocal images showing abnormal accumulation of mCherry::DYNC1I2 in cell periphery of TMEM39A KO cells (arrows). (J)
Expression of gfp::TMEM39A, but not gfp, rescued mCherry::DYNC1I2 localization in TMEM39A KO cells. (Scale bar, 10 μm.) (K) Schematic diagram showing a
model in which disruption of TMEM39A leads to lysosome redistribution to cell periphery, which affects lysosome-associated mTOR signaling and autophagy
initiation.
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is involved not only in anterograde (from ER to Golgi), but also in
retrograde (from Golgi to ER), trafficking. These observations,
together with our findings, support important roles of TMEM39A
in regulating proper functions of multiple subcellular organelles,
including the ER, lysosome, and autophagosome. Detailed mech-
anisms of how such multifaceted roles of TMEM39A are executed,
coordinated, and regulated warrant further investigation.
To summarize, our results identify a previously uncharac-

terized function of TMEM39A in lysosome regulation. We
propose a broadly evolutionarily conserved role of TMEM39A in
promoting proper lysosome positioning and accumulation, which
are important for regulation of mTOR signaling, autophagy
initiation, and immune-cell responses under a variety of physi-
ological and pathological conditions (28, 32, 36, 45–47).

Materials and Methods
All C. elegans strains were handled and maintained at 22 °C, and the N2
Bristol strain was used as the wild type. The dma258 and dma268
loss-of-function alleles and dma308 (WS->AA) knockin allele of tmem-39
were generated using the CRISPR-Cas9 system via germline transforma-
tion. The Ahringer and ORFeome RNAi libraries were used to knock down

target gene expression in C. elegans. For mammalian cell experiments, HEK
293T cells were maintained in Dulbecco’s Modified Eagle Medium supple-
mented with 10% fetal bovine serum and were grown at 37 °C with 5% CO2.
The TMEM39A KO HEK 293T cells were generated using the CRISPR-Cas9
system via transfection and screening for deletion clones. The Sigma-
Aldrich MISSION shRNA was used to knock down target gene expression
in HEK 293T cells. Compound images were obtained using either an EVOS
inverted microscope (Life Technologies) or a Leica CTR5000 compound mi-
croscope (Leica), and confocal images were obtained using a Zeiss LSM 700
or Leica SPE microscope. The processing, quantification and colocalization
analysis of images were performed in Fiji software (NIH). Detailed materials
and methods are provided in SI Appendix.

Data Availability. All study data are included in the article and/or supporting
information.
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