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Abstract

TMEMB5IL is a newly identified brain-specific membrane-anchored protein with unknown
functions. Herein we found that both TMEMB59L and its homolog, TMEM59, are localized in
Golgi and endosomes. However, in contrast to a ubiquitous and relatively stable temporal
expression of TMEMS59, TMEMb59L expression was limited in neurons and increased during
development. We also found that both TMEMS59L and TMEMS9 interacted with ATG5 and
ATG16L1, and that overexpression of them triggered cell autophagy. However, overexpression of
TMEMS59L induced intrinsic caspase-dependent apoptosis more dramatically than TMEMS59. In
addition, downregulation of TMEMS59L prevented neuronal cell death and caspase-3 activation
caused by hydrogen peroxide insults and reduced the lipidation of LC3B. Finally, we found that
AAV-mediated knockdown of TMEMS9L in mice significantly ameliorated caspase-3 activation,
increased mouse duration in the open arm during elevated plus maze test, reduced mouse
immobility time during forced swim test, and enhanced mouse memory during Y-maze and Morris
water maze tests. Together, our study indicates that TMEMS9L is a pro-apoptotic neuronal protein
involved in animal behaviors such as anxiety, depression, and memory, and that TMEM59L
downregulation protects neurons against oxidative stress.
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Introduction

Cell death is a critical and active process that maintains tissue homeostasis and eliminates
potentially harmful cells. There are three major types of cell death including apoptosis (also
known as type | cell death), autophagy (type I1), and necrosis (type I11) [1]. Apoptosis can be
mediated by either caspase-dependent or caspase-independent pathways [2], and caspase-
dependent pathway can be further classified as extrinsic and intrinsic pathways [2, 3]. The
former is stimulated by ligation of death receptors and subsequent caspase-8 activation; the
latter is assumed to initiate in mitochondria, whose activation involves release of cytochrome
C and subsequent activation of pro-caspase-9 [4]. Both caspase-8 and caspase-9 initiate a
cascade reaction, leading the cleavage and thus activation of caspase-3 and caspase-7, and
subsequent cleavage of the death substrate poly-(ADP-ribose) polymerase (PARP) [5],
resulting in the execution of apoptosis in cells.

Autophagy is a catabolic process of self-degradation of bulk cytoplasmic components in
which double-membrane autophagosomes sequester organelles or potions of cytosol and
fuse with lysosomes for break down [6]. Autophagosome formation and maturation is
regulated by the sequential function of autophagy-related (ATG) proteins, which is started
with the formation of a preinitiation complex consisting of ULK1/ATG1, FIP200, and
ATG13. The preinitiation complex then recruits and activates an initiation complex
composing of Beclinl, Vps34, and Vps15 [7]. Membrane elongation and autophagosome
closure are driven by two ubiquitin-like modification systems: the ATG5-ATG12-ATG16L1
and the LC3-PE conjugation pathways. ATG7 and ATG10 transfer ATG12 to ATG5 and then
the ATG5-ATG12 conjugate recruits ATG16L 1 to form a large complex [8]. On the other
hand, LC3 (including LC3A and LC3B) is cleaved by ATG4. The produced LC3-I binds to
ATG7 and is transferred to ATG3. The ATG5-ATG12-ATG16L1 complex then acts as an E3
ligase to conjugate LC3-1 to phosphatidyl-ethanolamine (PE) [8]. LC3-PE, also known as
LC3-11, is a hallmark of autophagosome formation [1, 9].

The chemical reduction-oxidation balance commands physiological and pathological
responses at different levels ranging from cells to tissues to biological systems. Among
organs, the brain is especially vulnerable to oxidative insults [10]. Mitochondrion is
considered as the primary sources of reactive oxygen species (ROS) which account for the
majority of unfavorable neural apoptosis generation [11]. Cumulative oxidative stress may
induce cellular damage, impairment of the DNA repair system, and mitochondrial
dysfunction, and contribute to the development of neurodegenerative disorders, such as
Alzheimer’s disease, Parkinson’s disease, and Hungtinton’s disease [12]. However, the
detailed mechanism underlying oxidative stress-induced neurotoxicity has not been fully
elucidated.

Transmembrane protein 59-like (TMEMS59L) is a brain-specific transmembrane protein [13].
Its brain-specific expression pattern implicates that TMEMS59L. likely plays a role in the
function of the central nervous system. However, so far there is very limited information on
the physiological function of TMEM59L. A recent study suggested that both TMEM59L
and its homolog, TMEMS59, can modulate complex N- and O-glycosylation steps occurring
during the Golgi maturation of APP that is crucially involved in Alzheimer’s disease, thus
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inhibiting APP transport to the cell surface and further shedding [14]. Another report found
that overexpression of TMEM59L may induce apoptosis with unknown mechanism [15]. On
the other hand, TMEM59 was found to contain an ATG16L 1-binding motif that promotes
local activation of LC3 and evokes autophagy [16]. Herein, we systematically compared the
role of TMEM59L and TMEMS59 in mediating cell apoptosis and autophagy. Our results
demonstrate that although both TMEMS59L and TMEMb59 overexpression induce autophagy,
TMEMS59L overexpression has a much stronger effect on inducing intrinsic caspase-
dependent apoptosis than TMEM59. Notably, we find that downregulation of TMEM59L
ameliorates oxidative stress-caused neuronal death. Moreover, we show that downregulation
of TMEMB59L in mice can reduce anxiety and depression and promote memory, implying a
regulatory role of TMEMS59L. in animal behaviors.

Materials and Methods

Antibodies and Reagents

Antibodies used were as follows: anti-cleaved caspase-3 (catalog number 9664), anti-
caspase-8 (catalog number 9746), anti-caspase-9 (catalog number 9508), anti-cleaved PARP
(human specific, catalog number 9546), anti-cleaved PARP (mouse specific, catalog number
9548), anti-cytochrome C (catalog number 4280), anti-COX 1V (catalog number 4850), anti-
GAPDH (catalog number 5174), anti-p-actin (catalog number 3700), anti-LC3B (catalog
number 3868), and anti-GluR1 (catalog number 13185) from Cell Signaling Technology;
anti-GIuR2 (catalog number MAB397), anti-NR2A (catalog number 07-632), anti-PSD95
(catalog number MAB1596), and anti-a-tubulin (catalog number MABT205) from Merck
Millipore; anti-Synaptophysin (catalog number s-5768) from Sigma-Aldrich; anti-myc
antibody (catalog number sc-40) from Santa Cruz Biotechnology; anti-GFP (catalog number
M20004) and anti-HA antibody (catalog number M20003) from Abmart; horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG (H + L) secondary antibody (catalog
number 31460), HRP-conjugated goat anti-mouse IgG (H + L) secondary antibody (catalog
number 31430), Alexa-Fluor-594-conjugated goat anti-mouse IgG (catalog number
A-11005), and Alexa-Fluor-488-conjugated goat anti-rabbit 1gG (catalog number A-11008)
from Thermo Fisher.

Pan-caspase inhibitor Z-VVAD, hydrogen peroxide, 4’,6-diamidino-2-phenylindole (DAPI),
and tunicamycin were purchased from Sigma-Aldrich.

Cells Cultures

Human HEK293T cells, HEK293A cells, Hela cells, and mouse neuroblastoma N2a cells
were maintained in high-glucose DMEM (Hyclone) supplemented with 10 % fetal bovine
serum (FBS, Gibco), 100 units/ml penicillin (Gibco), and 100 ug/ml streptomycin (Gibco).
Primary cortical neurons were prepared from embryonic day 16.5 (E16.5) mouse pups and
maintained in neurobasal medium (Gibco) supplemented with 2% B27 (Gibco), 2 mM
glutamine (Gibco), 100 units/ml penicillin (Gibco), and 100 pg/ml streptomycin (Gibco).
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C57BL/6 mice were maintained at 12/12-h light and dark cycle with ad libitum food and
water. All animal procedures were in accordance with the National Institute of Health
Guidelines for the Care and Use of Laboratory Animals and were approved by the Animal
Ethics Committee of Xiamen University.

DNA Constructs and Adenoviruses

Myc-tagged TMEMS59L, TMEMS59, and ATG3 were constructed by using the pCDNA3.1-
myc/his (Invitrogen) construct as backbones. Myc-ATG5 was constructed by using the
pCMV-myc (Clontech) construct as backbone; GFP-tagged TMEMS59L and TMEM59 were
constructed by using the pEGFP-N1 (Clontech) as backbones. HA-tagged LC3B and
ATG16L1 were constructed by using the pPCMV-HA (Clontech) vector as backbones. GFP-
tagged Rab5 plasmid was kindly provided by Dr. Steve Caplan (University of Nebraska,
Lincoln, NE); Rab7 (Addgene plasmid #12605) and Rab11 (Addgene plasmid #12674) were
kindly provided by Dr. Richard Pagano (Mayo Clinic, Rochester, MN) and obtained from
Addgene.

Pre-made adenoviruses encoding human TMEMS9L cDNA fused with HA tag (Ad-59L-
HA) and control adenovirus were purchased from Abmgood, and amplified in HEK293A
cells and purified as described previously [17].

RNA Interference

The shRNA targeting mouse 7mem59/and the scrambled shRNA were constructed in the
pLL3.7 vector (pLL3.7 was a gift from Luk Parijs, Addgene plasmid #11795). The sequence
of the sShRNA primers were as follows: scrambled sequence 5’-
GCCATATGTTCGAGACTCT-3"; Tmem59/-shRNAL: 5’-
GCTATCCTGATCAGTGCTT-3"; Tmem59FshRNA2: 5 -
GAGAGTGACTTCCTCAGTT-3". The Tmem59kshRNA1 sequence and a scrambled
shRNA sequence (5 -TTCTCCGAACGTGTCACGT-3") were inserted into the pAKD-
CMV-bGlobin-eGFP-H1-shRNA vector for adeno-associated virus (AAV) packaging, which
was serviced by Obio Technology (Shanghai, China).

Transfection and Infection

HEK?293T and N2a cells were transfected with indicated plasmids using Turbofect
transfection reagent (Thermo Fisher), following the manufacturer’s protocol. Primary
neurons were transduced with adenovirus for 4 days or AAV for 7 days before harvesting.

Quantitative Real Time-PCR (qRT-PCR)

Total RNA was extracted using the TRIzol reagent (Thermo Fisher) and then reverse
transcribed into cDNA using the Rever Tra Ace gPCR RT Kit (TOYOBO). qRT-PCR
reactions were performed using the FastStart Universal SYBR Green Master (ROX) (Roche)
with specific primers designed for indicated target genes. B-actinwas served as an internal
control. Primers used for gRT-PCR amplification were shown in Table S1.
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Western Blot

Cells or mouse brain tissues were lysed in RIPA lysis buffer (25 mM Tris-HCI, pH 7.6, 150
mM NacCl, 1 % sodium deoxycholate, 1 % Nonidet P-40, 0.1 % sodium dodecyl sulfate),
supplemented with the Complete Protease Inhibitor Cocktail (Roche). Equal amounts of
protein lysates were resolved on SDS-polyacrylamide gel electrophoresis, transferred to
polyvinylidene difluoride (PVDF) membrane (Merck Millipore), and then blotted with
indicated primary antibodies. Protein band intensity was quantified by densitometry by using
the Image J software.

Mitochondrial Isolation

Mitochondria of HEK293Tcells transfected with TMEM59L-myc were isolated with a
Mitochondrial Isolation Kit (Beyotime Biotechnology), following the manufacturer’s
protocol. Equal amounts of protein lysates of mitochondrial and cytosol fractions were
subjected to Western blot analysis.

Co-immunoprecipitation
Treated HEK293T cells were lysed with TNE lysis buffer (25 mM Tris-HCI, pH 7.6, 150
mM NaCl, 1 mM EDTA, 1 % Nonidet P-40) supplied with the Complete Protease Inhibitor
Cocktail (Roche). Cell lysates were subjected to immunoprecipitation with indicated
antibodies and incubation with recombinant Protein G beads (Thermo Fisher). The beads
were then washed with lysis buffer, mixed with sample buffer, heated, and analyzed by
Western blot.

Immunofluorescence

Cells grown on coverslips in 24-well plates were fixed in 4 % paraformaldehyde saline for
15 min at room temperature, permeabilized with 0.2 % Triton X-100 in PBS for 5 min, and
blocked in 5 % bovine serum albumin (BSA) for 30 min. Cells were immunostained with
indicated primary antibodies at 4 °C overnight and then incubated with the fluorescence-
conjugated secondary antibodies, nuclei were counterstained with DAPI. Cells were
visualized under a confocal fluorescence microscope (Nikon).

Terminal Transferase dUTP Nick End Labeling (TUNEL) Assay
To identify apoptotic cells, TUNEL assays using an In Situ Cell Death Detection Kit, TMR
red (Roche) were performed following the manufacturer’s protocol and counterstained with
DAPI. Positively stained cells were scored in five randomized fields under a fluorescent
microscope.

Stereotactic Injection

AAV-sc-shRNA and AAV-591-shRNA (viral titer 8.7 x 1012) were stereotactically injected
into the two lateral ventricles of wild-type C57BL/6 postnatal day 0 (PO) neonates. Two
months after injection, mice were used for behavioral tests and then sacrificed for
biochemical analyses.
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Behavioral Tests

Experimental mice injected with AAVs were subjected to open field test, elevated plus maze
test, forced swim test, social interaction test, Y-maze test, and Morris water maze test. Test
details were provided in Supplemental Materials and Methods.

Statistical Analysis

Statistical analyses were performed with Graphpad Prism. Differences between two means
were assessed by unpaired ftests. Differences among multiple means were assessed by
ANOVAs. All data were presented as mean * s.e.m.

Results
Expression Patterns of TMEM59L and Its Homolog TMEM59

Sequence alignment revealed that TMEMS9L protein sequences highly conserved among
different species from human to zebra fish, and the identity between human and mouse
TMEMS59L is 75 % (Fig. S1a). Both TMEMS59L and its homolog TMEMS59 are type |
transmembrane proteins (predicted by TMHMM Server v.2.0) that share 28.3 % identity
(Fig. S1b). To examine the expression pattern of TMMES59L and TMEM59, we compared
the messenger RNA (mRNA) levels in different neural cell types. We found that TMEM59L
was highly specifically expressed in neurons, but not in astrocytes and microglia (Fig. 1a). In
addition, we confirmed that TMEM59L was preferentially expressed in the mouse brain
including cerebral cortex, cerebellum, and hippocampus regions (Fig. 1b). In contrast,
TMEM59 was ubiquitously expressed in all three neural cell types (Fig. 1a), as well as in
various mouse tissues (Fig. 1b). In addition, we found that TMEM59L. expression was
detected in the brain early at embryonic day 8.5 (E8.5), and increased until to 3 month of
age, whereas the expression of TMEMS59 was relatively low and stable at different
development stages (Fig. 1c). The pattern of TMEMS59L expression implicates that
TMEMS59L likely plays an important role in neural development, which deserves further
scrutiny.

Furthermore, we examined subcellular localizations of TMEM59L and TMEMS59.
Immunofluorescence analysis showed that both TMEMS59L and TMEMb59 were partially
colocalized with the early endosome marker Rab5 (Fig. 1d), the late endosome marker Rab7
(Fig. 1e), the recycling endosome marker Rab11 (Fig. 1f), and the cis-Golgi marker Giantin
(Fig. 1g). These results are consistent with previous studies showing a Golgi localization of
both TMEM59L and TMEMS59 [14], and an endosome localization of TMEMS59 [16].

In addition, NetNGlyc 1.0 Server predicted that both TMEM59L and TMEMS59 had one
potential N-linked glycosylation site (N97 in TMEMS59L and N90 in TMEMS59) (Fig. S1).
Treatment of TMEMS59L and TMEM59 overexpressing cells with tunicamycin, a general N-
glycosylation inhibitor, produced faster migrating and more compact TMEM59L and
TMEMB59 protein bands in Western blots, indicating their N-glycosylation. When their
putative glycosylated sites were mutated into non-glycosylated amino acids (N97Q in
TMEMS59L and N90Q in TMEMS59), there were no more changes in their molecular weights
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after tunicamycin treatment (Fig. S3), suggesting that both of TMEM59L and TMEM59
were modestly N-glycosylated proteins.

Overexpression of TMEM59L Induces Intrinsic Caspase-Dependent Apoptosis More
Dramatically than Overexpression of TMEM59

A study found that overexpression of TMEMb59L may induce apoptosis [15]. But the
underlying mechanism remains elusive. To dissect the pro-apoptotic activity of TMEMB59L,
we overexpressed TMEMBS9L in HEK293T cells and found a significant increase in the level
of apoptosis as determined by TUNEL staining (Fig. 2a, b). In addition, we found that
overexpression of TMEMS59 also induced cell apoptosis, but to a much weaker extent when
compared to TMEMS59L overexpression (Fig. 2a, b). Moreover, we found that
overexpression of TMEMS59L resulted in dramatic cleavage (activation) of caspase-3, as well
as cleavage of PARP which indicated the activation of caspases in both HEK293T and N2a
cells (Fig. 2c, d). In contrast, overexpression of TMEM59 had marginal effect on inducing
the cleavage of caspase-3 and PARP (Fig. 2c, d). In addition, primary cortical neurons
infected with adenovirus expressing TMEMB59L resulted in a robust activation of caspase-3
and cleavage of PARP (Fig. 2e), indicating that TMEM59L upregulation can induce
neuronal apoptosis. Together, these results demonstrate that TMEMS59L is a strong pro-
apoptotic protein.

Caspase-dependent pathways can be classified as intrinsic or extrinsic and are primarily
associated with caspase-9 or caspase-8, respectively, both of which activate caspase-7 and
caspase-3 at later stages [2]. We further investigated the exact pathway involved in
TMEMS59L -induced apoptosis and found that overexpression of TMEMS59L. induced
cleavage of caspase-9 but not caspase-8 (Fig. 2f). Moreover, we found that overexpression of
TMEMS59L resulted in release of cytochrome C from mitochondria into the cytosol (Fig.
2g). When cells were treated with Z-VVAD, a pan-caspase inhibitor, the cleavage of caspase-3
and the cleavage of PARP were significantly reduced (Fig. 2h). The TUNEL staining result
also showed that Z-VAD treatment alleviated apoptosis induced by TMEM59L
overexpression (Fig. 2i, j), implicating that caspase activity was indispensable for
TMEMS59L -mediated apoptosis. Together, these data suggest that TMEMS59L. induces
apoptosis through the caspase-dependent intrinsic pathway.

Both TMEM59L and TMEMS59 Interact with ATG5 and ATG16L1 and Their Overexpression
Induces Autophagy

TMEMS59 has an ATG16L1 binding motif which can promote LC3 activation and mediate
autophagy in response to Staphylococcus aureus infection [16]. Herein, we found that
similar to overexpression of TMEM59, overexpression of TMEMS59L. also significantly
enhanced LC3B lipidation indicated by the increased level of LC3B-I1I (Fig. 3a, b),
suggesting the activation of autophagy. In addition, the level of LC3B-Il was markedly
increased in primary cortical neurons infected with adenovirus expressing TMEM59L (Fig.
3c, d). Moreover, we found that overexpression of both TMEM59L and TMEM59 induced
HA-LC3B redistribution to vesicular structures (Fig. 3e, ). Taken together, these data
indicate that overexpression of both TMEMS59L and TMEM59 can induce autophagy.
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Since TMEMS59 has been found to interact with ATG16L1 [16], we also studied and indeed
found that TMEMB59L can also interact with ATG16L1 (Fig. 3g). Moreover, we explored
potential interaction of TMEM59L and TMEM59 with other autophagy machinery proteins.
Our results identified that both TMEMb59L and TMEMS9 interacted with ATG5 (Fig. 3h),
but not with ULK1 (Fig. S2a, b) or ATG3 (Fig. S2c).

Downregulation of TMEM59L Protects Neuronal Cells Against Hydrogen Peroxide Insult

Neuronal cells are susceptible to acute oxidative stress [18]. To study whether the pro-
apoptotic TMEMS59L contributes to oxidative stress-induced cell death, we treated mouse
primary cortical neurons with hydrogen peroxide and found that the mRNA levels of
Tmem59/ were upregulated upon administration of hydrogen peroxide (Fig. S4). When we
downregulated the expression of 7mem59/by shRNA in N2a cells (Fig. 4a), we found that
both LC-3B lipidation (Fig. 4b, d) and the cleavage of caspase-3 and PARP (Fig. 4c, e, f)
were significantly decreased, indicating a reduction of basal autophagy and apoptosis. In
addition, when these cells were further treated with hydrogen peroxide, we found that
downregulation of 7mem59/also dramatically reduced the cleavage of caspase-3 and PARP
(Fig. 4c, e, f). TUNEL staining also confirmed that downregulation of 7mem59/alleviated
apoptosis induced by hydrogen peroxide insult (Fig. 4g,h).

To further confirm the protection of TMEMS59L downregulation against oxidative stress-
induced toxicity, we generated AAV containing a shRNA sequence targeting mouse
Tmem59/ (AAV-591-shRNA, Fig. 5a). When mouse primary cortical neurons were infected
with control AAV (AAV-sc-shRNA) or AAV-591-shRNA for 7 days to downregulate
Tmem59/ (Fig. 5b), the cleavage of caspase-3 and PARP was significantly reduced (Fig. 5c,
d). Moreover, knockdown of 7mem59/ dramatically alleviated the activation of caspase-3
and cleavage of PARP upon hydrogen peroxide insults in primary cortical neurons (Fig. 5c,
d). By contrast, downregulation of 7mem59/did not affect the levels of glutamate receptor
subunits including GIuR1, GIuR2 and NR2A, and synaptic components including PSD95
and synaptophysin (Fig. 5¢, d). Together, these data demonstrate that downregulation of
TMEMS59L can protect neuronal cells against oxidative stress-induced cell death.

AAV-Mediated Knockdown of TMEM59L Reduces Anxiety- and Depressive-Like Behaviors
and Enhances Memory in Mice

A neuron-specific expression pattern of TMEMS59L implies its function in the central
nervous system. To study this, we injected AAV-591-shRNA or its control AAV-sc-shRNA
bilaterally into the cerebral ventricle of PO neonates of wild-type C57BL/6 mice (Fig. 6a).
At 3 months after injection, the expression of GFP for indicating viral infection was
evaluated in mouse brain sections. We found that intracranial delivery of AAV-591-shRNA or
AAV-sc-shRNA to neonatal mice resulted in an extensive transduction and GFP expression
throughout the brain, with intensities more profound in hippocampus, cerebral cortex, and
cerebellum regions (Fig. 6b). We also confirmed the reduction of 7mem59/expression in
hippocampus, cerebral cortex, cerebellum, and hypothalamus (Fig. 6¢). Furthermore,
downregulation of 7mem59/ resulted in reduced caspase-3 cleavage in the hippocampus,
without alteration of glutamate receptor subunits including GIuR1, GIuR2, and NR2A, as
well as PSD95 and synaptophysin (Fig. 6d, e). Moreover, downregulation of 7mem59/did
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not affect synaptophsin and PSD95 distribution in synaptosome and post-synaptic density
fractions (Fig. S5).

At 2 months after AAV infection, we compared various behaviors in 7mem59/-
downregulated mice and control mice. Using an open field test to investigate locomotor
activity, we found no differences in total distance of movements and time spent in the center
region of the open field (Fig. 7a, b). In the elevated plus maze test, we found that 7mem59F-
downregulated mice showed no difference of the total movement distance (Fig. 7¢) but
significantly increased time spent in the open arm (Fig. 7d) when compared to control mice,
indicating a reduced anxiety-like behavior. In forced swim test, 7mem59/-downregulated
mice had less immobility than control mice (Fig. 7€), suggesting a reduced depressive-like
behavior. Moreover, downregulation of 7mem59/ did not affect their social affinity and
social preference (Fig. S6).

We also studied animal learning and memory. In the Y-maze test, we found that 7mem59F-
downregulated mice had no differences for total movement distance (Fig. 7f) and total arm
entries (Fig. 7g) but significantly increase alternation triplets (Fig. 7h) when compared to
controls mice, suggesting an enhanced working memory. In addition, in Morris water maze
test, although 7mem59Fdownregulated mice showed no differences of total swim distance
(Fig. 7i), swim speed (Fig. 7j), and escape latency during a 7-day training (Fig. 7k), these
mice spent significantly increased time in the target quadrant (Fig. 71) and crossings of the
platform location (Fig. 7m). Together, these results suggest that downregulation of 7mem59/
promotes animal memory.

Discussion

Apoptosis, naturally occurring during neuronal death, is essential for normal development
and tissue homeostasis and as a defense against pathogens [19]. Dysregulation of apoptosis
can impair neuronal functions. Neuronal cells are susceptible to acute oxidative insults [18],
chronically elevated exposure of neurons to ROS including hydrogen peroxide leads to
apoptosis contributing to many neurological disorders, such as Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease, and ischemic stroke [12, 20]. Herein, we
identified that the type | transmembrane protein TMEMS59L was specifically expressed in
neurons but not in astrocytes and microglia (Fig. 1a). In contrast to TMEMS59L, its homolog
TMEM59 was ubiquitously expressed in all neuronal types (Fig. 1a). TMEM59L
overexpression induced caspase-dependent intrinsic apoptosis more dramatically than
TMEMS59 overexpression (Fig. 2). Therefore, a dysregulation of TMEM59L may contribute
to oxidative stress-induced neuronal death and thus the pathogenesis of neurological
disorders. Indeed, we found that hydrogen peroxide treatment not only induced caspase-3
activation and cell death in neuronal cells (Figs. 4 and 5), but also upregulated 7mem59/
expression (Fig. S4). Importantly, downregulation of 7rmem59/ attenuated the activation of
caspase-3 and cell death resulted from hydrogen peroxide insults (Figs. 4 and 5). These
results suggest that TMEMS59L may be a potential target for ameliorating oxidative stress-
induced neurotoxicity.
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Autophagy is another type of cell death [1]. TMEMS59 has been reported to interact with
ATG16L1 through a novel binding motif resident in its carbonyl terminus and activate LC3
[16]. Intriguingly, we found that although there was no sequence similarity found in the
carbonyl terminus between TMEM59L and TMEM59 (Fig. S1b), both overexpression of
TMEMS59L and TMEMS59 induced the lipidation of LC3B for its activation (Fig. 3a—f). In
addition, downregulation of 7mem59/alleviated the lipidation of LC3B (Fig. 4b, d). These
results indicate that TMEM59L also mediates autophagy. Moreover, we found that both
TMEMS59L and TMEMDS9 interacted with ATG16L1 and ATG5 (Fig. 3g, h), but not with
ULK1 and ATG3 (Fig. S2).Therefore, TMEM59L and TMEMS59 probably contribute to
autophagy through regulating the formation or function of the ATG5-ATG12-ATG16L1
complex.

Genetic and biochemical studies implicate that activation of pro-apoptotic caspases plays a
vital role in neural development [21-23]. During embryonic development, the nervous
system is sculpted by neuronal apoptosis and excessive neurons are removed to ensure
proper and precise pre- and postsynaptic connections [24]. Establishment of proper
connections in the developing brain is essential for perception, language, thought,
consciousness, learning, and memory [25]. The activation of caspase-3 has been found to be
important for local pruning of dendrites and spines [26]. Caspase-3 deficiency can prevent
the internalization of AMPA receptor and result in the reduction of long-term depression
[27], which is required for memory extinction [28-30]. In the present study, we found that
downregulation of 7mem59/in mice alleviated the activation of caspase-3 (Fig. 6d, e),
reduced anxiety- and depressive-like behaviors, and enhanced memory (Fig. 7). Together,
these findings indicate that one physiological function of TMEMS59L is to regulate animal
behaviors through controlling caspase activation cascade and apoptosis, and the detailed
underlying mechanism deserves further scrutiny.

Supplementary Material
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Fig. 1.
Expression pattern and subcellular localization of TMEMS59L and TMEM59. a Total RNAs

were extracted from cultured mouse primary neurons, astrocytes, and microglia, reverse
transcribed, and subjected to quantitative real time-PCR (qQRT-PCR). The mRNA levels of
Tmem59l, Tmem59, MapZ2 (neuron marker), Gfap (astrocyte marker), and /bal (microglia
marker) were normalized to those of B-actin and compared to those of neurons (set as one
arbitrary units), 7= 3. b The mRNA levels of Tmem59/and Tmem59in various mouse
tissues from wild-type C57BL/6 postnatal day O (PO) neonates were determined by gRT-
PCR, normalized to those of B-actin, and compared to those of cerebral cortex (set as one
arbitrary units), 7= 3. ¢ The mMRNA levels of 7mem59/, Tmem59, and Caspase-3in whole
brain (E8.5-E12.5) or cerebral cortex (E14.5-3M) of wild-type C57BL/6 mice at different
developmental stages were analyzed by gRT-PCR, normalized to those of B-actinand
compared to that of E8.5 (set as one arbitrary unit), 7= 3. d-f Myc-tagged TMEMS59L or
TMEM59 were co-transfected with GFP-tagged Rab5 (d, early endosome marker), Rab7 (e,
late endosome marker), or Rab11 (f, recycling endosome marker) into Hela cells for 24 h.
Cells were permeabilized, immunostained with mouse anti-myc antibody, incubated with a
secondary goat anti-mouse IgG antibody conjugated with Alexa Fluor 594, and
counterstained with DAPI, and then observed under a confocal microscope. Red indicates
TMEMS59L or TMEMS9, green indicates GFP-tagged Rab proteins. Blue indicates nuclei.
Scale bars, 10 ym (“zoom in” images); 20 um (all other images). g Myc-tagged TMEM59L
or TMEMb59 were transfected into Hela cells for 24 h. Cells were permeabilized,
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immunostained with mouse anti-myc and rabbit anti-Giantin antibodies, incubated with a
secondary goat anti-mouse IgG conjugated with Alexa Fluor 594 and a second goat anti-
rabbit 1gG antibody conjugated with Alexa Fluor 488, counterstained with DAPI, and then
observed under a confocal microscope. Red indicates TMEMS59L or TMEMS9, green
indicates Giantin (cis-Golgi marker). Blue indicates nuclei. Scale bars. 10 pm (“zoom in”
images); 20 pm (all other images)
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Fig. 2.
Overexpression of TMEMS59L. induces intrinsic caspase-dependent apoptosis more

dramatically than overexpression of TMEMS59. a—¢c HEK293T cells were transfected with
TMEM59-myc, TMEMS59L-myc, or pcDNA3.1control plasmids for 36 h. a Cells were
stained by using Terminal transferased UTP nick end labeling (7UNEL) method and
counterstained with DAPI. Scale bars, 100 pm. b TUNEL-positive cells were counted as
apoptotic cells for comparison. *p < 0.05, **p < 0.01, ***p < 0.001. ¢ Equal amounts of
protein lysates of transfected cells were subjected to Western blot for cleaved PARP (c-
PARP) and cleaved (active) caspase-3 (c-Caspase-3). GAPDH was used as a loading control.
d N2a cells were transfected with TMEM59-myc, TMEMS59L-myc, or control vectors for 36
h. Cell lysates were subjected to Western blot for c-PARP and c-Caspase-3. e Mouse
primary cortical neurons were transduced with control adenoviruses (=) or adenoviruses
expressing TMEM59L (Ad-59L-HA, +). Cells were harvested after 4 days. Equal amounts
of protein lysates were subjected to Western blot for c-Caspase-3 and c-PARP. ¢, f
HEK?293T cells were transfected with myc-tagged TMEMS59L (+) or control vector (=) for
36 h. e Cell lysates were subjected to Western blot for caspase-9, caspase-8, and c-PARP. f
Cells were fractionated into mitochondria (Mito) and cytosol (Cyto) fractions. Equal
amounts of protein lysates were subjected to Western blot for myc, Cytochrome C, COX IV
(indicative of mitochondria), and a-tubulin (indicative of the cytosol). g—i HEK293T cells
were transfected with myc-tagged TMEMS9L (+) or control vector (=) for 6 h and then
treated with 50 uM Z-VAD for 30 h. g Cell lysates were subjected to Western blot for c-
Caspase-3 and c-PARP. h Cells were stained by using TUNEL method and counterstained
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with DAPI. Scale bars, 100 pm. i TUNEL-positive cells were counted as apoptotic cells for
comparison. ns, not significant, ****p < 0.0001
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Fig. 3.

Both TMEMS59L and TMEMS59 interact with ATG5 and ATG16L1 and their overexpression
induces autophagy. a, b HEK293T cells were transfected with TMEM59-myc, TMEM59L -
myc, and control vector for 36 h. a Equal amounts of protein lysates were subjected to
Western blot for LC3B-1/I1. b Protein levels of LC3B-1 and LC3B-II were quantified by
using densitometry and normalized to those of GAPDH for comparison. n= 3, *p < 0.05,
**p< 0.01. ¢, d Mouse primary cortical neurons were transduced with control adenoviruses
() or adenoviruses expressing TMEMS59L (Ad-59L-HA, +). Cells were harvested after 4
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days. ¢ Equal amounts of protein lysates were subjected to Western blot for LC3B-I/I1. d
Protein levels of LC3B-I and LC3B-I1 were quantified by using densitometry and
normalized to those of GAPDH for comparison. 7= 3, *p < 0.05. e, f Hela cells were co-
transfected with TMEM59-GFP or TMEM59L-GFP and HA-LC3B for 24 h. e After
immunostaining with anti-HA antibody and incubating with secondary antibody, cells were
observed under a confocal microscope. Red indicates HA-LC3B, green indicates GFP, and
blue indicates nuclei. Scale bars. 10 pm (“zoom in” images); 20 um (all other images). f The
number of HA-LC3B-positive vesicles per transfected cell was counted for at least ten cells.
n=3*p<0.05, ***p<0.001, ****p< 0.0001. g Myc-tagged TMEM59 and TMEM59L
were co-transfected with HA-tagged ATG16L1 into HEK293T cells. Equal amounts of cell
lysates were subjected to immunoprecipitation (/2 with mouse normal 1gG (m/gG), mouse
antibody against myc, or mouse antibody against HA, followed by Western blot (WB)
analysis. h GFP-tagged TMEM59 and TMEMb59L were co-transfected with myc-tagged
ATG5 into HEK293T cells. Equal amounts of cell lysates were subjected to IP with mlgG,
mouse antibody against GFP, or mouse antibody against myc, followed by WB analysis.
Five percent of cell lysates were used as input
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Fig. 4.

Downregulation of TMEMS59L ameliorates N2a cell apoptosis induced by hydrogen
peroxide insult. a, b, d 7mem59FshRNAL, Tmem59/-shRNA2, or scrambled shRNA (sc-
shRNA) were transfected into N2a cells for 48 h. a Cells were subjected to total RNA
extraction, reverse transcribed, and qRT-PCR. 7mem59/ mRNA levels were normalized to
those of B-actin for comparison. Cells without transfection were used as a mock control. 7=
3, ****p < 0.0001. b Equal amounts of cell lysates were subjected to Western blot analysis
for LC3B-I/Il. d LC3B-I1 and LC3B-I protein levels were quantified by densitometry for
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comparison. n= 3, *p< 0.05, **p < 0.01. ¢, e-h N2a cells were transfected with 7mem59/-
shRNAL, 7mem59FshRNA2, or sc-shRNA for 43 h and then treated with 300 uM H,0O5 or
not (control) for another 5 h. ¢ Equal amounts of cell lysates were subjected to Western blot
analysis for c-Caspase-3 and c-PARP. e c-Caspase-3 and f c-PARP levels were quantified by
densitometry for comparison. n= 3, *p < 0.05, **p< 0.01, ***p < 0.001, ****p < 0.0001. g
Cells were stained by using TUNEL method and counterstained with DAPI. Scale bars, 100
um. h TUNEL-positive cells were counted as apoptotic cells for comparison. 7s, not
significant, *p < 0.05, **p < 0.01
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Fig. 5.

Downregulation of TMEMS59L attenuates neuron apoptosis induced by hydrogen peroxide
insult. a Schematic illustration of the AAV2/8 shRNA construct targeting mouse 7mem59I.
b Primary cortical neurons were infected with AAV-591-shRNA or AAV-sc-shRNA for 7
days at day 3 in vitro (DIV3). Total RNAs were extracted, reverse transcribed, and subjected
to gRT-PCR. The mRNA levels of 7mem59/were normalized to those of B-actin and
compared to that of control (set as one arbitrary unit). n= 3, ***p < 0.001. c, d Primary
cortical neurons were infected with AAV-591-shRNA or AAV-sc-shRNA for 7 days at DIV3
and then treated with 300 uM H,0, or not (control) for another 5 h. ¢ Indicated proteins
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from neuronal lysates were analyzed by Western blot and d quantified by densitometry for
comparison. 1= 3; s, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

Mol Neurobiol. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zheng et al. Page 23
a | d
;) " q - AAV-sc-shRNA +  +
PO 1m 2m 3m AAV-59|-shRNA + +
1 1 1 1 ;
AAV Behavioral Test  Biochemical c-Caspase-3 [# = = =
Injection Analyses d

b

Merge

GFP

DAPI

2
o
>

2

<

Z

o
E
o

2

S
g

o

5}
3
()
=

-

AAV-sc-shRNA AAV-59]-shRNA GluR1 E

) W

PSDO5 (= s ws a=
B-actin |eee-eee

2.0

-
(6}
1

~~
2]
=
-
-
21 0-
£1.0
—
=
Kol
—
<
S

o
(6]
1

@

N
S

@B AAV-sc-shRNA @B AAV-sc-shRNA

AAV-mediated knockdown of TMEMS59L reduces the activation of caspase-3 in mice. a The
workflow of stereotactic AAV injection experiment. C57BL/6 mice at PO were bilaterally
injected with AAVs expressing 7mem59/ shRNA (AAV-59/-shRNA) or a scrambled ShRNA
(AAV-sc-shRINA) into the cerebral ventricle. Mice were then subjected to behavioral
analyses at 2 m of age and sacrificed at 3 m of age for biochemical analyses. b
Representative EGFP fluorescence images of whole mouse brain sections after AAV
injection. Scale bar, 2000 um. ¢ Total RNAs were extracted from cerebral cortex (C7X),
hippocampus (Hijpp.), cerebellum (CBM), and hypothalamus (Hypo.) regions of mice
injected with AAV for 3 months, reverse transcribed, and then subjected to gRT-PCR. The
MRNA levels of 7mem59/were normalized to those of B-actinand compared to those of
controls (set as one arbitrary units). 7=4, *p< 0.05. d Indicated proteins from hippocampus
lysates were analyzed by Western blot and e quantified by densitometry for comparison. 7=
4; ns, not significant, **p < 0.01
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Fig. 7.

Knockdown of TMEMBS59L reduces anxiety- and depressive-like behaviors and enhances
memory in mice. Mice injected with AAV-sc-shRNA (7= 16) and AAV-591-shRNA (/7= 16)
were subjected to open field test to determine a total distance (cm) and b percentage time
spent in the center region, elevated plus maze test to determine c total distance (cm) and d
percentage time spent in open arms, forced swim test to determine e percentage immobility
time, Y-maze test to determine f total distance (cm), g total arm entries and h percentage
alternation triplet, and Morris water maze test to determine i total distance (cm), j mean
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swimming speed (cm/s), k escape latency (s) over 7 testing days, and | percentage time in
guadrants and m the number of crosses over the platform region during the probe test. 7s,
not significant, *p < 0.05, **p < 0.01, ***p < 0.001
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