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CELL BIOLOGY
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Programmed cell death is regulated by the balance between activating and inhibitory signals. Here, we have identi-
fied RECS1 (responsive to centrifugal force and shear stress 1) [also known as TMBIM1 (transmembrane BAX inhibitor
motif containing 1)] as a proapoptotic member of the TMBIM family. In contrast to other proteins of the TMBIM fami-
ly, RECS1 expression induces cell death through the canonical mitochondrial apoptosis pathway. Unbiased screen-
ing indicated that RECS1 sensitizes cells to lysosomal perturbations. RECS1 localizes to lysosomes, where it regulates
their acidification and calcium content, triggering lysosomal membrane permeabilization. Structural modeling and
electrophysiological studies indicated that RECS1 is a pH-regulated calcium channel, an activity that is essential to
trigger cell death. RECS1 also sensitizes whole animals to stress in vivo in Drosophila melanogaster and zebrafish mod-
els. Our results unveil an unanticipated function for RECS1 as a proapoptotic component of the TMBIM family that

ignites cell death programs at lysosomes.

INTRODUCTION

Apoptosis is an evolutionarily conserved mechanism of regulated
cell death. In mammals, apoptosis execution is tightly regulated at
the level of mitochondria by the proteins of the B cell lymphoma 2
(BCL-2) family (I, 2). The BCL-2 family is functionally classified
into antiapoptotic [i.e., BCL-2, BCL-X{, and myeloid cell leukemia
1 (MCL-1)] and proapoptotic proteins, which are further subdi-
vided into “multidomain” [i.e., BCL-2-associated X protein (BAX)
and BCL-2 antagonist or killer (BAK)] and BH3-only proteins
[i.e., BCL-2 homology 3 (BH3)-interacting domain death agonist
(BID), BCL-2-interacting mediator of cell death (BIM), and p53
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upregulated modulator of apoptosis (PUMA)]. Activator BH3-only
proteins trigger cell death through the conformational activation
of the multidomain proteins BAX and BAK, resulting in their
homo-oligomerization at the mitochondrial surface. This event
triggers mitochondrial outer membrane permeabilization (MOMP),
followed by the release of cytochrome ¢ and other mitochondrial
intermembrane factors to engage the caspase cascade and execute
apoptotic cell death (1).

Although the attention of the field has been historically centered
on the regulation of MOMP by the BCL-2 family, other organelles,
such as lysosomes and the endoplasmic reticulum (ER), play important
roles in the initiation and control of cell death triggered by several
intra- and extracellular stimuli (3). For example, a pool of anti- and
proapoptotic proteins of the BCL-2 family localizes to the ER mem-
brane, where they regulate apoptosis in response to acute or sustained
ER stress (4). Moreover, cell death triggered by lysosomal membrane
permeabilization (LMP) contributes to a wide array of pathophysio-
logical conditions, including cancer, neurodegenerative diseases, lyso-
somal storage disorders, and the involution of mammary glands, one
of the main cell death events in the adult mammalian organism (5, 6).

The transmembrane BAX inhibitor motif containing (TMBIM)
superfamily is composed of at least six widely conserved proteins,
with homologs in mammals, plants, yeast, and viruses (7, 8). The
founder member of the family, BAX inhibitor 1 (BI-1), was found in
a yeast screen as a potent inhibitor of cell death induced by the human
proapoptotic protein BAX (9). BI-1 localizes to the ER membrane
where it inhibits cell death triggered by a wide variety of cytotoxic
stimuli (9, 10) [reviewed in (8)]. In addition to BI-1, the TMBIM super-
family includes the following members: responsive to centrifugal
force and shear stress 1 (RECS1/TMBIM1), lifeguard (LFG/TMBIM2),
glutamate receptor ionotropic N-methyl-p-aspartate receptor 1
(GRINA/TMBIM3), Golgi anti-apoptotic protein (GAAP/TMBIM4),
and growth hormone-inducible protein (GHITM/TMBIMS5) (8).
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These proteins are characterized by seven transmembrane domains
and localize to intracellular membranes, where they regulate calcium
homeostasis and stress-induced cell death (8, 11), possibly through
an ion channel activity (11, 12). Antiapoptotic functions have been
reported for all six members of the TMBIM family; however, the mo-
lecular mechanisms for the antiapoptotic activity of each individual
member are not completely understood and may involve the control
of Golgi and ER calcium homeostasis, in addition to the regulation of
the unfolded protein response (UPR) and autophagy, among others
(10, 13-17). For example, RECSI1 and LFG are regarded as inhibitors
of the extrinsic pathway of apoptosis as they block cell death induced
by Fas ligand (18, 19), while BI-1, GRINA, and GAAP repress
apoptosis induced by intracellular cytotoxic stimuli (10, 17). De-
spite recent advances in our understanding of the structure and
function of the TMBIM family, the molecular mechanisms link-
ing the function of its members with the control of apoptosis are
still poorly defined.

The evolutionary origin of the cell death machinery involves a
rheostat model where the balance between activating and repressing
signals determines the induction of apoptosis (1, 20). In yeast, the
sole putative ortholog of BI-1 (termed YNL305C, Ybh3p, or Bxilp)
can repress or induce cell death depending on the context (21-23).
However, no proapoptotic molecules have been identified in the
mammalian TMBIM family. Sequence analyses of RECSI revealed
the presence of a conserved C-terminal domain that contains a pu-
tative BH3-like motif that is also present in the yeast Ybh3p/Bxilp
protein (22). RECSI (also known as TMBIM1, LFG3, and PP1201)
is a 35-kDa protein first identified as a gene up-regulated by shear
stress in embryonic endothelial cells (24). At the cellular level, RECS1
inhibits cell death triggered by the Fas ligand through an interaction
with the Fas receptor at the Golgi apparatus (19). Additional sequence
analyses revealed the presence of a conserved di-aspartyl sensor and
an arginine latch, shown to be critical for the regulation of the calci-
um channel function of the bacterial (Bacillus subtilis) homolog
BsYet] and human GAAP (11, 12, 25). To date, the function of
RECSI in the regulation of different modalities of cell death has
not been investigated.

Here, we determined the significance of RECS1 to the regulation of
cell death initiated at different intracellular compartments, including
lysosomes and the ER. Using gain- and loss-of-function approaches,
we found that, in contrast to other members of the TMBIM family,
RECS]1 expression results in cell death via the mitochondrial pathway
of apoptosis. Unbiased screening with a large panel of cytotoxic
agents revealed that RECS1 expression highly sensitizes cells to
lysosomotropic agents and microtubule-destabilizing drugs. RECS1
localizes to the lysosomal membrane, where it rapidly induces cell
death through LMP, involving the recruitment of active BAX to
lysosomes. RECS1 also sensitizes cells to ER stress possibly via its
transcriptional up-regulation. Under basal conditions, RECS1 pro-
motes lysosomal acidification and increases lysosomal calcium con-
centration. At the molecular level, we show that RECS1 operates as
a pH-dependent calcium and sodium channel, where a single muta-
tion in the critical di-aspartyl sensor (D295Q) is sufficient to disrupt
its calcium and sodium permeability, reducing cell death upon lyso-
somal stress. Last, we provide evidence indicating that RECS1 ex-
pression induces cell death and sensitizes whole animals to stress in
fly and zebrafish models. Overall, our data indicate that RECS1 is a
proapoptotic factor controlling the initiation of cell death programs
at the lysosomal membrane.

Pihan et al., Sci. Adv. 7, eabe5469 (2021) 12 November 2021

RESULTS

RECS1 induces cell death through the mitochondrial
apoptosis pathway

To define the significance of RECS1 in the regulation of cell death,
we generated mouse embryonic fibroblast (MEF) cells expressing a
doxycycline-inducible full-length human RECS1 tagged with FLAG
(Flag-RECS1) (Fig. 1A, left). Unexpectedly, the sole expression of
RECS1 in the absence of additional stressors resulted in cell death as
determined by propidium iodide (PI) and SYTO16 staining, fol-
lowed by automated live microscopy analysis (Fig. 1A, right). Under
these conditions, cell death reached a plateau of around 20% after
28 hours of doxycycline stimulation (Fig. 1A). We were able to validate
these results by transient transfection of MEFs with increasing
concentrations of a RECS1 expression vector (Fig. 1, B and C).
These observations suggest that RECS1 overexpression is sufficient
to induce cell death.

Cell death initiated by intracellular signals usually proceeds through
the intrinsic mitochondrial pathway of apoptosis, a process involv-
ing the conformational activation of BAX and BAK (1, 2). To deter-
mine the requirement of caspases, we treated RECS1-overexpressing
cells with the pan-caspase inhibitor QvD-OPh (QvD), followed by
cell death kinetics and fluorescence-activated cell sorting (FACS)
analysis. Caspase inhibition completely abrogated cell death induced by
RECSI (Fig. 1, D and E). We then generated a doxycycline-inducible
Flag-RECS1 cell line in a BAX and BAK double-knockout (DKO)
background (Fig. 1F) and observed full resistance to cell death
induced by RECS1 overexpression (Fig. 1G). These results support
the idea that RECS1 overexpression induces cell death through the
mitochondrial pathway of apoptosis.

RECS1 C-terminal domain is required for its

pro-dead function

RECS] has been traditionally classified within the TMBIM super-
family (8). However, detailed sequence and phylogenetic analyses
suggest that RECS1, together with GRINA, LFG, GAAP, and
Tmbim1b, forms a distinct and evolutionarily conserved protein
family, termed the “LFG family,” characterized by a shared common
ancestry and the lack of the signature BI-1 motif (fig. S1A) (7, 26).
Previous sequence comparison using the BH3 motif consensus
from Prosite (PS01259) identified one putative BH3 motif on the
C-terminal domain of the human RECS1 and LFG proteins (22).
The BH3-like motif in the C-terminal region of RECS1 contains the
characteristic minimal Leu-X3-Gly-Asp/Glu sequence, but no addi-
tional BH3-like motifs of this kind were found in the other mem-
bers of the LFG and BI-1 protein families (fig. S1B). However, an
additional conserved BH3-like sequence consisting of Leu-X4-Asp
is also present in an adjacent sequence of RECS1, in addition to
GRINA and LFG (fig. S1B). These putative “BH3 motifs” are con-
served in humans and in several species of non-human primates
(fig. S1, Cand D). However, only one such motif is present in rodents,
suggesting that they represent a late evolutionary event.

To determine the role of each putative BH3-like motif on cell
death induced by RECS1, we generated two deletion mutants:
RECS1A910, lacking the C-terminal BH3 motif, and RECS1A868,
lacking both (fig. SI1, E and F). Ablation of one BH3-like motif
was sufficient to abrogate RECS1-induced cell death after tran-
sient transfection in MEFs (fig. S1G). Notably, both RECS1 deletion
mutants also lack conserved C-terminal residues that have been
shown to be necessary for the channel function of other TMBIM
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Fig. 1. RECS1 induces cell death through the mitochondrial pathway of apoptosis. (A) Left: MEFs expressing doxycycline-inducible Flag-RECS1 were stimulated with
doxycycline (DOX), and the levels of RECS1 were determined by Western blot. Right: Cell death was determined by Pl and SYTO16 costaining followed by automated
microscopy (n=7). My, weight-average molecular weight; NT, not treated. (B) MEFs were transiently transfected with the indicated concentrations of MYC-RECS1
followed by Western blot analysis. (C) Left: Bright-field (BF) and PI fluorescent images of MEFs transfected with 0.4 ug of MYC-RECS1 for 24 hours. Right: Cell death was
determined by Pl staining followed by FACS (n = 3). (D) Left: Images of MEF Flag-RECS1 cells cultured with doxycycline in the presence or absence of the caspase inhibitor
QvD-OPh (QvD; 40 uM) for 24 hours (red, Pl staining). Right: Corresponding cell death kinetics (n = 3). (E) Pl staining and FACS of cells treated as in (D) (n =4). (F) MEF Flag-RECS1
wild-type (WT) or BAX and BAK (BB) double-knockout (DKO) cells were treated with doxycycline, and indicated proteins were assessed by Western blot. (G) Indicated
cells were cultured with doxycycline for 38 hours, and cell death was determined by FACS (n = 3). (H) Images (left) and quantification (right) of RECS1 (Flag) colocalization
with indicated organelle markers in Flag-RECS1 MEFs treated with doxycycline. GA, Golgi apparatus. Data represent means +SD (A, C, and D) or means + SEM. Statistically
significant differences were determined comparing the best individual fit for each curve using the extra-sum-of-squares F test (A and D) or two-way analysis of variance
(ANOVA) followed by Holm-Sidak’s multiple comparisons test (C, E, and G). *P < 0.05; **P < 0.01; ****P < 0.0001).

proteins, including BI-1 and GAAP (11, 25, 27). Specific structural
and functional criteria are required to validate a BH3 motif, since
definitive bioinformatic procedures that rely purely on sequence
analyses are currently lacking (28). To this end, we synthesized
two peptides: RECS1%*"2*” and RECS17°°!! based on the N- and
C-terminal BH3-like motifs, respectively. These peptides were
predicted to fold into a single amphipathic a helix, similar to those
of other BH3 motifs (fig. SIH). We then determined whether the
peptides were able to depolarize mitochondria in a BAX- and
BAK-dependent manner. We loaded wild-type (WT) and BAX/

Pihan et al., Sci. Adv. 7, eabe5469 (2021) 12 November 2021

BAK DKO cells with the mitochondrial potential (A%¥m)-sensitive
dye JC-1, followed by treatment with increasing concentrations of
each peptide. However, neither of RECS1-derived BH3 peptides
triggered mitochondrial membrane depolarization, suggesting that
they do not act as direct activator BH3 motifs (fig. S1I). As positive
and negative controls, peptides derived from BIM or a PUMA
nonfunctional BH3 mutant (PUMA2A) were used. Second, we
assessed whether RECS1 peptides could displace the interaction
between BIM and antiapoptotic proteins of the BCL-2 family by
fluorescence polarization immunoassay. As shown in fig. S1J,
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peptides derived from RECSI failed to compete with the interac-
tion between BIM and BCL-2, BCL-X|, or MCL-1. Together, these
results suggest that the C-terminal region of RECS1 is essential to
induce cell death, but this sequence does not bear functional bona
fide BH3 motifs.

RECS1 localizes to lysosomes and triggers cell death upon
lysosomal stress

To assess the possible role of RECS1 in the regulation of cell death
triggered by stress conditions, we performed an unbiased screening
using a library of 77 cytotoxic and chemotherapeutic compounds
(fig. S2A). Unexpectedly, RECS1 overexpression sensitized cells to the
death triggered by ~14 compounds, whereas it repressed the activity
of 12 compounds (fig. S2A). The top sensitizing drugs were chloro-
quine (CQ) and hydroxychloroquine (HCQ), which are known to in-
duce lysosomal stress by inhibiting their acidification (Fig. 2, A and B).
In addition, RECS1 expression also protected against the toxicity of a
subgroup of pharmacological agents, where the top inhibited com-
pounds were the antifolate and anti-inflammatory drug methotrexate
(MTX), in addition to several DNA damage-inducing agents, includ-
ing the purine analogs floxuridine and cladribine (fig. S2, Cand D). We
decided to focus our validation experiments in the sensitizing effects of
RECS1 to the exposure to lysosomotropic agents. Dose-response exper-
iments showed that CQ and HCQ triggered cell death exclusively in

RECSI overexpression cells, with a median effective concentration
of 33.6 and 36.8 uM, respectively (fig. S2B). RECS1 overexpression also
sensitized cells to drugs that target the cytoskeleton, including taxanes
such as docetaxel and paclitaxel (Fig. 2, A and B, and fig. S2C).

To gain further mechanistic insights into the function of RECS1
under lysosomal stress, we measured cell death in MEF expressing
Flag-RECS] after lysosomal pH alkalization. We found that CQ treat-
ment strongly induces cell death in cells overexpressing RECS1,
whereas control cells were fully resistant (fig. S3A). Kinetic analyses
confirmed the rapid sensitization of cells to CQ treatment upon RECS1
expression, detecting 80% of cell death after 24 hours of treatment
(Fig. 2C, fig. S3B, and movie S1). Similar results were obtained with the
V-ATPase (vacuolar H'-ATPase) inhibitor bafilomycin A; (Fig. 2D).
Last, we also confirmed these observations in HeLa cells expressing
Flag-RECS]1 (Fig. 2, E and F). These results indicate that RECS1 po-
tentiates cell death triggered by lysosomal stress.

Previous studies have mapped RECSI localization to different
intracellular compartments including late endosomes and lysosomes,
multivesicular bodies, and, to a lesser extent, the Golgi apparatus
(19, 29-32). We confirmed RECSI localization to lysosomes and the
Golgi apparatus using immunofluorescence and confocal microscopy,
followed by quantitative colocalization analysis using MEF and HeLa
cells expressing Flag-RECS1 (Fig. 1H and fig. S1L). We also performed
immunogold staining followed by transmission electron microscopy
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Fig. 2. RECS1 triggers cell death upon lysosomal stress. (A) Flag-RECS1 MEFs were stimulated with doxycycline for 16 hours and treated with a library of 77 cytotoxic
compounds for 24 hours. Cell death was determined by Pl staining using an ImageXpress Micro XL automated microscope. ETO, etoposide; NVB, vinorelbine tartrate; DTX,
docetaxel. (B) Heatmap of the top 10 sensitizing compounds in (A). For each compound, heatmap colors depict doxycycline-treated Pl values after the subtraction of cell
death induced by doxycycline alone and by the compound in the absence of doxycycline. *CQ and HCQ were used at 50 uM. **Cisplatin (CDDP) was used at 150 uM. (C) Left:
Representative images of MEF Flag-RECS1 cells pretreated with doxycycline and treated with 50 uM CQ for 24 hours (red, Pl staining). Right: Cell death kinetic analyses of
cells treated as in (B) (n = 3). (D) Cells were cultured as in (C) and then treated with indicated concentrations of bafilomycin A; for 24 hours. Cell death was determined by FACS
(n=4). (E) Left: Representative images of HeLa Flag-RECS1 cells treated as in (C). Right: Corresponding cell death kinetic analyses (n=3). (F) HeLa Flag-RECS1 cells were
treated as in (E), and cell death was assessed by FACS (n = 3). Data are shown as means + SD (C and E) or means + SEM (A, D, and F). Statistically significant differences were
determined using the extra-sum-of-squares F test (C and E) or two-way ANOVA followed by Holm-Sidak’s multiple comparisons test. *P < 0.05; **P < 0.01; ****P < 0.0001.

Pihan et al., Sci. Adv. 7, eabe5469 (2021) 12 November 2021

40f18

T20Z ‘ST JequenoN uo B10°80us 105 MMM//:SANY WOJ) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

(TEM) and observed that endogenous RECS]1 localizes to the mem-
brane and lumen of intracellular vesicles (fig. S1K). Together, these
results support a role of RECS1 at the lysosome as a modulator of
cell death in response to several cytotoxic agents (fig. S2F).

We then explored the effects of lysosomal stress on RECS1 local-
ization. Analysis of the distribution of endogenous mouse RECS1
indicated that, under basal conditions, RECS1 colocalizes mainly in
lysosomes and late endosomes (around ~20%) (fig. S3, C to E). How-
ever, in cells undergoing starvation or starvation and treated with
CQ, RECS1 was further recruited to lysosomes but not to late endo-
somes, suggesting that RECS1 distribution is highly dynamic (fig.
S3, Cto E). Notably, the levels of Recs]I mRNA were up-regulated in
cells undergoing nutrient starvation (fig. S3F). In addition, RECS1
overexpression induced autophagosome formation, an effect that
was increased by CQ treatment (fig. S3G). Overall, our results indi-
cate that RECSI is located at lysosomes and regulates the suscepti-
bility of cells to lysosomal stress.

A CQ 50 uM

QvD 40 uM  QvD 40 uM

CQ 25 M

€Q 50 uM

Flag-RECS1

RECS1 expression enhances LMP

LMP has emerged as a relevant cell death routine involved in sev-
eral pathophysiological processes (5, 33). During LMP, lysosomal
intraluminal cathepsins and hydrolases leak into the cytosol, where
they act as cell death proteases (5, 33). The relocation of the cytosolic
B-galactoside-binding proteins LGALS1/galectin-1 and LGALS3/
galectin-3 to the lysosomal glycocalyx is a hallmark of LMP and a
direct measure of lysosomal membrane damage (34). Thus, to in-
vestigate the effects of RECS1 expression on LMP, we monitored
their distribution by immunofluorescence. Although RECS1 over-
expression had no effects on LGALS1/galectin-1 localization at basal
levels, treatment with CQ resulted in a dose-dependent increase in
the number of LGALS1/galectin-1 puncta (Fig. 3, A and B). We
observed an increase in LMP events in cells overexpressing RECS1
following treatment with a higher concentration of CQ, even when
at this concentration LMP was also induced under basal conditions
(fig. S4, A to C). We validated these results using LGALS3/galectin-3,
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Fig. 3. RECS1 causes LMP in cells undergoing stress. (A) HeLa Flag-RECS1 cells were cultured with doxycycline and then treated with indicated concentrations of CQ,
QvD, or both for 16 hours. Immunofluorescence against galectin-1 was performed. (B) Quantification of galectin-1 puncta per field (n = 2; 6 to 27 fields in total). (C) MEF
Flag-RECS1 cells were cultured with doxycycline and treated with 50 uM CQ for indicated time points. The enzymatic activities of cathepsin D, acid phosphatase, and
hexosaminidase were assessed from cytosolic, lysosomal-free fractions (n = 3). (D) MEF Flag-RECST WT and BAX and BAK DKO cells were cultured with doxycycline and
then treated with indicated concentrations of CQ for 24 hours. Cell death was determined by PI staining followed by FACS (n = 3). (E) MEF Flag-RECS1 cells were cultured
with doxycycline and treated with CQ for 16 hours. Immunofluorescence against LAMP-2 (green), BAX N-terminal domain (red, BAX 6A7 antibody), and Flag-RECS1 (blue,
anti-Flag antibody) was performed. The triple colocalization of Flag-RECS1, LAMP-2, and active BAX is visualized as white color. (F) Representative immunofluorescence
images of Flag-RECS1 MEF cells treated as in (E). Bottom panels correspond to zoomed white boxes (marked as z) from the top panels. (G) Intensity profiles for LAMP-2,
BAX, and Flag-RECS1 signals along the line shown with an L1 (left) or an L2 (right) in (F). Data are shown as means + SEM. Statistically significant differences were deter-
mined by two-way ANOVA followed by Holm-Sidak’s multiple comparisons test. **P < 0.01; ***P < 0.001; ****P < 0.0001.
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although this protein exhibited translocation to the lysosomes under
basal conditions (fig. S4, D to F). Notably, LGALS3/galectin-3—positive
lysosomes were smaller under basal conditions when compared with
permeabilized lysosomes in cells overexpressing RECS1 (fig. S4D,
arrow versus arrowhead). LGALS1/galectin-1 translocation to the
lysosomal lumen occurred before caspase activation (Fig. 3, A and B,
and fig. $4, A and B), indicating that RECS1-induced LMP is not a
secondary process downstream of MOMP. In addition, we measured
the enzymatic activities of three lysosomal enzymes—cathepsin D,
acid phosphatase, and hexosaminidase—in cytosolic lysosomal-free
fractions. In line with previous results, we found that the activity of
these three enzymes is increased in the cytosol of MEFs expressing
Flag-RECS] after CQ treatment but not in control cells (Fig. 3C). Last,
we defined the requirement of BAX and BAK in cell death induced by
lysosomal stress. As expected, BAX and BAK DKO cells were almost
completely resistant to cell death induced by treatment with 25 uM
CQ (Fig. 3D). However, we observed 30% of cell death in BAX and
BAK DKO Flag-RECS] cells treated with the higher CQ dose (50 uM), an
effect that could not be reversed by inhibition of mitochondrial tran-
sition permeability pore (mPTP) (cyclosporin A) or necroptosis
(necrostatin-1s) (Fig. 3D and fig. S4G).

BAX has been shown to translocate to lysosomes where it is sug-
gested to trigger LMP and cell death under different pathophysio-
logical conditions, including Parkinson’s disease, oxidative stress,
and autophagic cell death (35-37). To assess BAX translocation to
the lysosomal membrane and its colocalization with RECS1, we de-
tected active BAX using the 6A7 conformational antibody. Analysis
of RECS1 (using the Flag antibody) and the distribution of the lyso-
somal protein LAMP-2 in MEFs indicated that under basal conditions
(no RECS1), BAX remained mainly cytosolic (fig. S4H). However,
BAX colocalized with RECSI in LAMP-2-positive vesicles follow-
ing RECS1 induction (Fig. 3, E to G). After CQ treatment, BAX was
redistributed into large LAMP-2-positive vesicles, an effect that
was dependent on RECS1 expression (Fig. 3E). Active BAX was
present preferentially in Flag-RECS1-positive lysosomes in cells
treated with CQ (Fig. 3, F and G). Together, these results suggest
that RECS1 induces cell death through LMP in response to lyso-
somal stress, correlating with the translocation of BAX to lysosomes.

RECS1 overexpression sensitizes cell death induced
by ER stress
Several proteins of the TMBIM family, such as BI-1 and GRINA, in-
hibit apoptosis triggered by ER stress, probably through the modu-
lation of ER calcium (10, 13, 15, 17, 38). To gain further insights into
the role of RECS1 in the control of cell death under cellular stress,
we measured its expression in cells undergoing ER stress induced
by the treatment with the N-glycosylation inhibitor tunicamycin
(Tm). We found that RecsI mRNA levels were up-regulated under
ER stress, whereas Bi-1 mRNA levels remained unaltered (fig. S5A).
This expression profile parallels that of certain BCL-2 proteins
known to be induced by ER stress (i.e., Puma), while antiapoptotic
components were unchanged (i.e., Bcl-2) (fig. S5B). Recs]I mRNA was
also up-regulated in cells undergoing ER stress induced by the sarco/
endoplasmic reticulum Ca**-ATPase (SERCA) calcium pump inhibitor
thapsigargin (Tg) (fig. S5C). The kinetics of the up-regulation of Recs!
mRNA under ER stress paralleled the up-regulation of the ER chaperone
Bip/Grp78 and the proapoptotic factor Chop/Gadd153 (fig. S5D).
Given that RECS1 is a highly hydrophobic protein, we evaluated
whether its overexpression was sufficient to perturb ER proteostasis.

Pihan et al., Sci. Adv. 7, eabe5469 (2021) 12 November 2021

To this end, we induced Flag-RECS1 expression in MEFs and deter-
mined the levels of XBP1s mRNA splicing, an early indicator of the
activation of the UPR (39). We found that, although Flag-RECS1
rapidly accumulated after doxycycline treatment (fig. S5E), the levels
of Xbpl mRNA splicing were not induced (fig. S5, F and G). As
positive controls, cells were stimulated with Tm. Furthermore, RECS1
overexpression did not result in the up-regulation of Bip/Grp78 and
Chop/Gadd153 (fig. S5H), two sensitive markers of ER stress
(13, 15). We also evaluated the effect of RECS1 overexpression in the
activating transcription factor 6 (ATF6) and PERK [protein kinase R
(PKR)-like endoplasmic reticulum kinase] branches of the UPR. We
determined the protein levels of CHOP [CCAAT/enhancer-binding
protein (C/EBP) homologous protein] and ATF4 (downstream
PERK pathway effectors) and BiP (binding immunoglobulin protein,
regulated by ATF6/ATF4) in MEFs treated with Tm. We also as-
sessed the activation of PERK by detecting its phosphorylation
measured as a mobility shift in Western blot analysis. In contrast to
ER stress induced by Tm treatment, we found that RECSI1 over-
expression did not trigger the activation of PERK or the up-regulation
of CHOP, ATF4, or BiP, suggesting that the PERK pathway is not
engaged (fig. S5J). We also measured the levels of two downstream
genes, SellL and Pdia4, which are regulated by ATF6, and found
that RECS1 overexpression failed to up-regulate any of these genes
(fig. S5I). These results indicate that RECS1 overexpression alone
does not cause ER stress. We also determined whether CQ treatment
could induce ER stress. Treatment of Flag-RECS1-overexpressing
MEFs with CQ failed to induce XbpI mRNA splicing (fig. S5, Kand L),
Bip/Grp78, or Chop/Gadd153 (fig. S5L). These results suggest that
cell death induced by RECS1 under lysosomal stress conditions is
not associated with the activation of the UPR.

We then determined the rate of cell death in MEF expressing
Flag-RECS1 under ER stress. We found that RECS1 expression sen-
sitized cells to Tm, evidenced by an increased number of annexin V
and PI double-positive cells (Fig. 4A). Since ER stress affects protein
trafficking through the secretory pathway and the expression of
RECS1 alone does not trigger ER stress, we allowed RECS1 to accu-
mulate for 16 hours before challenging cells with Tm or other ER
stressors (Fig. 4B). Using this protocol, we found that RECS1 over-
expression hastened cell death to ER stress, as evidenced in cell
death kinetic experiments (Fig. 4C). Moreover, we confirmed these
observations in HeLa cells in dose-response experiments (fig. S5, M
and N). We further validated these results in cells stimulated with
Tg, followed by cell death measurements using both FACS and live
microscopy (Fig. 4, D and E). Long-term survival assessment by
clonogenic assays indicated that RECS1 expression reduced the growth
of cells under ER stress (Fig. 4F). Last, we treated MEFs expressing
Flag-RECS1 with QvD together with Tm and determined cell death
by live microscopy. As expected, QvD treatment reduced cell death
under ER stress (Fig. 4G). Similarly, BAX and BAK double deficiency
fully inhibited cell death triggered by RECS1 overexpression under
ER stress (Fig. 4H).

To assess the function of endogenous RECSI in the control of
cell death under ER stress, we transiently transfected MEF with two
different pools of small interfering RNAs (siRNAs) directed against
Recs] mRNA (siRecs1#1 and siRecs1#2) or control (siSCR) (Fig. 5A).
Silencing endogenous RECS1 in MEFs had no effects in basal cell
viability (fig. S5, O and P), but it conferred protection against ER
stress induced by Tm and Tg (Fig. 5, B and C). Virtually identical
results were observed when HeLa cells were transfected with siRNA
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against the endogenous human RECSI (fig. S5, Q and R). We con-
firmed these results by silencing endogenous mouse RecsI in MEFs
through the stably delivery of a short hairpin RNA (shRNA), al-
though the levels of RECS1 down-regulation were not optimal (fig.
S5S). These results suggest that the basal expression of RECS1 regu-
lates cell death under ER stress. Although more studies are needed
to fully assess the significance of RECS1 expression in the global
control of intrinsic cell death, these studies suggest a major role in
injuries to the lysosome and the ER.

RECS1 promotes lysosomal acidification

and calcium accumulation

The resolution of the crystal structure of the bacterial TMBIM ortholog
BsYet] from B. subtilis revealed a seven-transmembrane pH-sensitive
calcium channel, providing a possible functional model for some
members of the BI-1 and LFG protein families (11, 12). Since
calcium-binding affinities of many fluorescent probes vary with
pH, it is critical to have a precise knowledge of lysosomal luminal
pH and its effect on the calcium-binding affinity (K4) of the probe
to accurately measure the concentration of lysosomal intraluminal
calcium (40). Accordingly, we simultaneously measured these two
parameters in RECS1-overexpressing cells using ratiometric calcium
(Fura-2Dx) and pH (OGDx) probes, as previously described (40).
We first confirmed the specific endosomal localization of these
probes in our cellular models (fig. S6A). One pH and calcium

calibration curves were performed per experimental day using cali-
bration solutions from pH 3.0 to 7.0 and calcium concentrations of
0 and 10 mM, respectively (fig. S6B). To obtain precise lysosomal
calcium measurements, we used our pH values to convert lysosomal
Fura-2Dx signals to calcium concentration, taking into account the
effects of pH on the Fura-2Dx Ky4. RECS1 overexpression resulted in
lysosomal acidification in HeLa cells, with lysosomal pH (pHy)
decreasing from 4.77 to 4.38 (Fig. 6A). The acidification of lysosomes
correlated with an increase in lysosomal intraluminal calcium concen-
tration ([Ca2+]1ys) from an average of 149 to 286 uM (1.9-fold increase)
(Fig. 6B), while ER calcium content was not altered (Fig. 6C). In
agreement with these results, expression of RECS1 in MEFs lowered
lysosomal pH from 4.4 to 4.1, an effect that was dependent on
BAX and BAK expression (Fig. 6D). In cells overexpressing RECS1,
lysosomes exhibited a near 3.7-fold increase in calcium content,
from 463 pM to 1.4 mM (Fig. 6E). Again, the consequences of RECS1
expression on lysosomal calcium levels were dependent on BAX
and BAK expression (Fig. 6E). In agreement with these results,
knocking down RecsI with siRNAs (Fig. 6F) led to an increase in
lysosomal pH (Fig. 6G). However, inhibition of Recs1 expression
only slightly altered lysosomal luminal calcium content (Fig. 6H).

To investigate the possible consequences of RECS1 expression
on lysosomal morphology and content, we quantified the number
of primary and secondary lysosomes in WT and BAX and BAK
DKO MEFs using TEM. We found that RECS1 overexpression
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Fig. 6. RECS1 increases lysosomal acidification and calcium content. (A) Lysosomal pH of HeLa Flag-RECS1 loaded with FuraDx and OGDx and cultured in the absence
or presence of doxycycline for 24 hours (n =5, 15 to 16 total coverslips). (B) Corresponding lysosomal calcium concentration. (C) Left: Cytosolic calcium levels were deter-
mined in Hela Flag-RECST1 cells treated with doxycycline. Cells were treated with 5 uM Tg to stimulate ER calcium release. Right: Maximum ER calcium peak (n=4, 10 to
11 coverslips). ns, not significant. (D) MEF WT and BAX and BAK DKO Flag-RECS1 cells were loaded as in (A), and lysosomal pH was determined after 24 hours of doxycycline
treatment (n=6, 12 to 17 coverslips per condition). (E) Lysosomal calcium measurements (n=6). (F) Knockdown of the endogenous mouse RECS1 by siRNA was con-
firmed by qPCR after 48 hours of transient transfection. (G) Cells transfected as described in (F) were loaded as described in (A), and lysosomal pH was determined after
48 hours of transfection (n=5, 14 to 15 coverslips). (H) Lysosomal calcium measurements (n=5, 14 to 15 coverslips). (I) MEF Flag-RECST WT and BAX and BAK DKO cells
were treated with doxycycline for 16 hours and analyzed by TEM. Image magnification, x4000 (n=13 to 17 cells per condition). (J) Diameter of primary and secondary
lysosomes (n =8 to 13 cells per condition). Data represent means + SEM. Statistically significant differences were detected using ratio-paired two-tailed t test (A, B, D, E, G,
and H) or two-way ANOVA followed by Holm-Sidak’s multiple comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
12 November 2021

Pihadn et al., Sci. Adv. 7, eabe5469 (2021) 80f18

T20Z ‘ST JequenoN uo B10°80us 105 MMM//:SANY WOJ) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

increased the amount of secondary lysosomes, an effect that was
dependent on BAX and BAK expression, but it had no effect on
lysosomal size (Fig. 6, I and J). Since secondary lysosomes are
characterized by increased catabolic activity, these results suggest
that RECS1 may boost lysosomal function. To define the possible
consequences of CQ treatment in lysosomal morphology, we per-
formed TEM in MEF cells expressing Flag-RECS1 treated with
CQ. Although RECSI had no apparent effects on lysosomal size or
morphology, CQ treatment resulted in the accumulation of enlarged
lysosomes (fig. S6C). As a complementary approach, we stained
MEF overexpressing RECS1 cells with lysotracker and evaluated
lysosomal size and number (fig. S6D). Overexpression of RECS1 did
not have any significant effect in lysosomal size and total lysosomal
number per cell (fig. S6, E to G). In addition, treatment with CQ

triggered lysosome enlargement, while it also reduced lysosomal
number (fig. S6, E to H). We also assessed the effects of RECS1
overexpression on the number of large lysosomes (area, >1.5 um?),
which usually correspond to endolysosomes characterized by a
more acidic intraluminal pH and higher catabolic activity (41), and
found no significant differences (fig. S6H). Together, these results
suggest that RECS1 localizes to the lysosomes where it regulates
acidification and luminal calcium concentration.

RECS1 is a pH-dependent Ca®* and Na* channel

To define the possible biochemical activity of human RECS1, we
constructed homology models of the three-dimensional (3D) struc-
ture in closed and open conformations based on the bacterial
BsYet] protein using structure-based sequence alignment and the
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Fig.7.RECS1 is a pH-dependent calcium and sodium channel. (A) Alignment showing the conservation of the critical Arg® residue from BsYetJ. Right: Comparison of the
conserved di-aspartyl sensor. (B) Tridimensional structural model of the human RECS1 in closed and open conformations. Zoom: Key conserved C-terminal residues involved
in pH sensing and channel opening. (C) X. laevis oocytes were injected with mRNA for Flag-RECS1 WT or D295Q, and ionic single-channel currents were recorded in the
cell-attached mode using patch clamp at pH 7 or 6.5. Inset: Amplified plots depicting three opening states for RECS1 (O, O, and Os). (D) Quantification of the probability to
find the channel in the open state (NP,) for RECS1 WT and D295Q (left). The NP, for open states O; (middle) and O (right) is also shown [n=4 (RECS1 WT) or n= 3 (RECS1
D295Q)]. (E) Images of X. laevis oocytes injected with different concentrations of Flag-RECS1 (top) and oocyte survival (bottom). Arrowhead indicates morphological alter-
ations (n=3). NI, not injected. (F) Recordings of macroscopic currents using the cut-open technique. (G) Permeability ratios with respect to K* for indicated cations (1 =3 to 7).
(H) Top: Indicated MEF Flag-RECS1 cells were treated with doxycycline, and protein levels were monitored by Western blot. Dashed lines indicate Western blot splicing. Bottom:
Cells were treated with doxycycline and 25 uM CQ for 24 hours. Cell death was determined by FACS and normalized to WT (100%) (n =3). Data represent means + SEM. Statistical
differences were determined by two-way (D, E, and G) or one-way ANOVA followed by Holm-Sidak’s multiple comparisons test. *P < 0.05; ***P < 0.001; ****P < 0.0001.
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MODELLER platform (11). BsYet] has 27% identity with GAAP
and 36% with RECS1 (fig. S7). In the bacterial BsYet], the closed
channel conformation is maintained through the interaction of the
Arg® with a conserved di-aspartyl group formed by Asp'”'-Asp'®>,
which are hydrogen-bonded to one another through their carboxylate
groups (11, 12). The di-aspartyl sensor is conserved in all six
TMBIM proteins, while the arginine latch is only present in the
LFG subfamily (LFG1 to LFG4) but not in BI-1, where it has been
replaced by His’® (Fig. 7A) (11). Our human RECS1 model predicts
an interaction between Arg'*® with the Asp®*®-Asp®* di-aspartyl
sensor in the closed conformation (Fig. 7B, green). In the open state,
this latch becomes dislodged, and the second transmembrane is dis-
placed out, leading to the opening of the channel (Fig. 7B, magenta).
Our model suggests that RECS1, as demonstrated for other proteins
of the LFG and BI-1 families (11, 12, 25), could operate as an ion
channel. Our bioinformatic analysis also suggests that Asp>° (D295)
is a strong candidate to regulate the channel activity of RECS1 and
was therefore selected for mutagenesis and functional studies.

To directly test the electrophysiological properties of RECS1, we
expressed WT and D295Q mutant human RECS1 in Xenopus laevis
oocytes and recorded ionic single-channel currents in the cell-attached
mode. Recordings at constant voltage (~100 mV) and pH 7 showed
spontaneous, single-channel current spikes with three different
opened states in both RECS1 WT and D295Q mutant. Lowering the
pH to 6.5 caused a marked decrease in the number of current spikes
in both channels (Fig. 7C), consistent with the hypothesis of RECS1
as a pH-regulated channel. Quantification of the total open proba-
bility (NP,) in addition to the probability for each independent
opening state (NP, O,) showed that the channel activity of RECS1
is heavily dependent on pH (Fig. 7D). Mutation of the key Asp”*”
from the putative di-aspartyl sensor significantly reduced RECS1
opening probability at pH 7, while it only slightly affected the ability to
respond to pH changes (Fig. 7D). Notably, overexpression of RECS1
triggered cell death and structural abnormalities in the oocytes in a
dose-dependent manner, consistent with its role as a cell death
regulator (Fig. 7E). We were not able to obtain reliable recordings
at pH lower than 6.5 because of increased basal permeability of
the oocyte’s membrane.

We then assessed the permeability of RECS1 for different cations
using the cut-open voltage clamp technique with potassium as the
reference ion. Analyses of permeability ratios indicated that RECS1
allows the flux of Ca** and, to a lesser extent, Na* (Fig. 7F). Mutation
of the di-aspartyl sensor results in a marked decrease in the channel’s
permeability to Ca®* and Na* but not to Ba** or Cs* (Fig. 7G).
Together, these results suggest that RECS1 is a pH-dependent
cationic channel, with a main preference for calcium.

Last, to define the relationship between the channel activity of
RECS1 and the regulation of cell death induced under lysosomal
stress, we generated a doxycycline-inducible MEF cell line expressing
a single-point mutant version of RECS1 (Fig. 7H). When compared
to WT RECS], the overexpression of the D295Q mutant diminished
cell death, behaving similarly to the mock conditions (Fig. 7H).
These results suggest that RECS1 channel function is required for
the regulation of cell death under conditions of lysosomal stress.

RECS1 regulates cell death and organismal resistance

to stress in Drosophila melanogaster

Members of the TMBIM superfamily, including BI-1 and GRINA,
have a conserved activity in the control of stress-induced cell death

Pihan et al., Sci. Adv. 7, eabe5469 (2021) 12 November 2021

in fly models. To validate the role of RECS1 in the regulation of
apoptosis in vivo, we searched for putative ortholog genes within
the TMBIM family in D. melanogaster and found CG9722 as a
strong candidate, sharing a 34% amino acid sequence identity with
the human RECSI (fig. S8A). CG9722 belongs to the LFG subfamily
of proteins and, based on a structural modeling, exhibits a conserved
3D structure together with the presence of critical channel residues
(fig. S8, B and C). To assess the possible function of CG9722 (here
termed dRECS1 as a candidate RECS1 ortholog) in cell death during
fly development, we created a transgenic fly overexpressing the full-
length dRECSI protein using the GAL4/UAS system and moni-
tored larvae viability by counting the number of eclosed pupae.
Unexpectedly, we found that dRECS1 overexpression (dRECS1°F)
completely abrogated animal development, with none of them
reaching the adult stage (Fig. 8A). In sharp contrast, a mutant line
where a transposon is inserted in the coding region (dRECS1¥°)
exhibited a slightly slower eclosion rate but was completely viable
(Fig. 8A). This mutation was predicted to generate a truncated and
nonfunctional protein.

To bypass the developmental lethality, we restricted dRECS1
overexpression to the wing imaginary discs with the nub>Gal4 driver.
dRECS]1 overexpression resulted in the activation of caspase-3 in
the center of the imaginal wing discs (Fig. 8B). We then evaluated
the wing phenotype in adult flies expressing either one or two copies
of the dRECS1 transgene. In line with our previous results, dRECS1
overexpression induced notches and reduced wing size in a dose-
dependent manner (Fig. 8C), a morphological phenotype previously
associated with increased cell death. Expression of a 22-residue
C-terminal deletion mutant (dRECS14€) failed to induce notches,
suggesting that, as with human RECSI in mammalian cells, this
domain is required for the proapoptotic function of dRECSI (Fig. 8C).

To quantify the pro-death effects of dRECS1 dosage and its
potentially conserved function with human RECS1 on cell death
induction, we counted the number of notches per wing and the
number of blistered wings in adult flies expressing one copy of
dRECS] together with a control transgene [CD8-green fluorescent
protein (GFP)], an additional copy of dRECS]I, or the human RECS1
(hRECS1) counterpart (Fig. 8, D and E). We found that overexpression
of two dRECS1 transgenes resulted in a complete blistered wing
phenotype in male and female wings (Fig. 8E). Moreover, human
RECS1 overexpression increased the severity of overexpressing one
copy of the dRECS1 transgene (Fig. 8E), an effect that was more
evident in male flies since the nub>Gal4 driver is inserted in the
X chromosome. As control, we expressed a siRNA against dRECS1
mRNA (dRECS1™), which completely reversed the adverse effects
of dRECSI overexpression (Fig. 8E). Together, these data suggest
that dRECSI induces cell death in vivo on a fly model.

Last, we evaluated the consequences of dRECS]1 expression on
cell survival and the adaptation of whole animals to adverse stress
conditions. To this end, we assessed the wing phenotype of flies
overexpressing one copy of dRECSI after exposure to CQ or Tm in
the food. Overexpression of dRECS1 strongly sensitizes to lysosomal
perturbations and ER stress, resulting in exacerbated wing abnor-
malities (Fig. 9A). Moreover, dRECSI deficiency conferred resistance
to Tm in male and female flies, increasing life span under ER stress
(Fig. 9, B and C). In addition, dRECS1X° female animals were more
resistant to death induced by nutrient starvation, an effect that was still
observed but not as prominent in male flies or larvae (Fig. 9, D and E).
Last, given our observations showing that dRECS1° flies are more
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resistant to starvation, we evaluated the effects of dRECS1 expres-
sion in autophagy. To this end, we used the fly fat body as a model,
an organ that is well known for its prominent autthagic activity in
response to starvation (42). We found that dRECS1 O cells exhibited
increased formation of autophagosomes and autolysosomes together
with higher overall autophagy flux (fig. S8, D to F). Together, these
results suggest that CG9722 has a proapoptotic activity in vivo and
sensitizes flies to lysosomal- and ER stress—induced cell death.

RECS1 expression induces cell death and developmental
abnormalities in zebrafish

There is a high degree of functional conservation in the mecha-
nisms regulating cell death between vertebrates, with almost all the
members of the BCL-2 and the TMBIM families conserved in
zebrafish (17, 43, 44). We were able to detect the expression of the
endogenous zebrafish RECS1 in different tissues in the zebrafish
embryo using an antibody directed against the mouse and human
RECSI protein (fig. S9A). To investigate the role of RECS1 on the
control of cell death in vivo in a vertebrate model, we overexpressed
the full-length human RECS1 in zebrafish by injecting in vitro
synthetized mRNA to one-cell stage embryos, followed by the analy-
sis of animal viability and morphology 24 hours post-fertilization
(hpf). RECSI overexpression significantly decreased animal survival,
a phenotype that was independent of its C-terminal domain (Fig. 10A).
As a control, we overexpressed the TMBIM protein GRINA, which,
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under the same conditions, did not result in any developmental defects
(Fig. 10A). A fraction of the viable embryos injected with RECS1
(around 52%) or two C-terminal deletion mutants exhibited mor-
phological defects, such as the formation of cyclops (embryos with
one eye), ocular fusion, and anterior-posterior shortening, among
other abnormalities (Fig. 10B).

To determine the possible role of RECS1 in the regulation of cell
death in zebrafish, we stained injected embryos with acridine orange
(AO) and quantified the number of AO-positive spots correspond-
ing to dead cells in the embryo. As expected, RECS1 overexpression
induced a high number of AO spots, distributed along the head and,
to alesser extent, the body of the embryo (Fig. 10, C and D). Deletion
of the C-terminal domain of RECS1 completely abrogated its cyto-
toxic effects (Fig. 10, C and D). Together, these results suggest that
the overexpression of RECS1 induces cell death in zebrafish embryos,
involving its C-terminal region; however, RECS1’s detrimental effects
in embryonic development may involve other regions and/or func-
tions of the protein.

Next, we determined the importance of RECSI1 channel activity
to cell death control during zebrafish development. We injected
single-cell embryos with RECS1 WT or the D295Q mutant and
assessed animal viability 24 hpf. In line with our in vitro results,
overexpression of the RECS1 D295Q mutant failed to induce cell
death in these embryos (Fig. 10E). Moreover, while the injection of
RECS1 WT resulted in a high proportion of morphological-altered
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embryos, expression of the mutant protein did not have any adverse
effect (Fig. 10, F and G). We determined the mRNA levels of human
RECS1 in a pool of viable and altered embryos by real-time poly-
merase chain reaction (PCR). Dysmorphic embryos exhibited around
3.8-fold more RECS1 mRNA levels than embryos with normal
appearance (i.e., without apparent phenotype) (fig. S9B), suggesting
that the differences observed in viability are dose-dependent. Last,
we determined the consequences of RECS1 expression to the sus-
ceptibility of animals to ER stress. RECS1 overexpression resulted
in reduced survival when zebrafish were exposed to Tg in the water,
while overexpression of the mouse GRINA conferred protection
(Fig. 10, H and I) as reported (17). We were unable to set up the
conditions to use CQ in this animal model. Together, these results
indicate that RECS]1 induces cell death in zebrafish and sensitizes
this vertebrate to ER stress.

DISCUSSION
Most mechanisms controlling cell death involve the presence of
activating and inhibitory signals (rheostat model) to determine cell

Pihan et al., Sci. Adv. 7, eabe5469 (2021) 12 November 2021

fate (1). RECS1 is a member of the evolutionarily conserved TMBIM
superfamily and, more specifically, the LFG family of cell death
regulators. Although the role of these proteins as inhibitors of cell
death is well documented, the possible existence of proapoptotic
members remained elusive (8). Here, we provide evidence suggest-
ing that, in contrast to other proteins of the TMBIM family, RECS1
promotes apoptosis in response to different intracellular cytotoxic
stimuli probably through a mechanism involving the regulation of
lysosomal calcium content, its permeabilization, and BAX translo-
cation to the lysosomal membrane (Fig. 10]). Using gain- and loss-of-
function approaches, we demonstrate that (i) RECS1 overexpression
alone is sufficient to induce cell death and that (ii) RECS1 expres-
sion sensitizes to apoptosis induced by lysosomal pH neutralization
and ER stress.

We showed that the RECS1 C-terminal domain is necessary for its
pro-dead function, which contains two putative BH3-like domains,
one of which was previously shown to trigger cell death by the yeast
ortholog of BI-1 (22). However, in contrast to Ybh3, RECS1’s putative
BH3-like motifs did not behave as bona fide BH3 motifs in vitro, since
peptides containing such motifs were unable to induce mitochondrial
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***P <0.001; ****P <0.0001.

permeabilization or to displace the interaction of a BH3-only
protein with antiapoptotic proteins of the BCL-2 family. However,
there are differences in the ability to induce apoptosis between
20- to 25-residue-long BH3 peptides and full-length BH3-only
proteins. Short peptides derived from PUMA failed to induce
cytochrome c release, while the full-length protein rapidly activates
BAX and BAK, inducing cell death (45). Moreover, there may be
posttranslational modifications that are required for the pro-dead
function of BH3-peptides derived from RECS1, such as phosphoryl-
ation and ubiquitination (32). These caveats limit the conclusions
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from our assays using short BH3-derived peptides, and studies us-
ing the full-length protein and single-amino acid substitutions are
necessary to fully address the role of this motif in cell death induced
by RECS1. Notably, the yeast protein Ybh3p has been proposed to
be an ancient member of the TMBIM family, as well as a putative
BH3-only protein (21-23). This protein localizes to the ER and
sensitizes cells to apoptosis induced by different cellular stresses
including H,0,, acetic acid, and ER stress (22). However, other
studies have found that Ybh3p is a prosurvival protein, questioning
the functional relevance of this ancient BH3 motif (21, 23, 46). Such
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a BH3 sequence is present in 1834 different proteins in Saccharomyces
cerevisiae and lacks conservation in orthologous proteins. More-
over, there are no BCL-2 homologs in yeast, making the function of
this BH3-like motif in cell death very unlikely (28).

Indirect evidence has been shown for calcium leak activity for all
members of the TMBIM family (10, 14, 17, 30, 47-50), although a
direct proof of ion conductivity has only been demonstrated for
bacterial BsYet], and human BI-1 and GAAP (11, 25); the permea-
bility of BsYet] or any other TMBIM family members to monovalent
ions is currently unknown. Here, we provide evidence indicating
that RECS1 is a pH-dependent calcium and sodium channel, an
activity required to induce cell death. RECSI contains a highly
conserved di-aspartyl sensor localized within the TM7 domain,
which is also disrupted in our BH3 deletion mutants. These residues
are conserved across the TMBIM superfamily and play an important
role in calcium signaling and their antiapoptotic functions (11, 12, 25).
A recent study showed that mutations of either of the pH-sensing
aspartates in the yeast BsYet] protein resulted in defective calcium
binding and reduced sensitivity to pH changes (12). In addition,
mutation of Asp*"® (corresponding to BsYet] Asp'®®) completely
inhibited the effects of BI-1 on ER calcium leak, while the analogous
Asp*?Asn mutation in GAAP increases its channel conductance
and abrogates its antiapoptotic function (25, 27, 48). Thus, the
activity of RECS1, as well as other proteins of the TMBIM super-
family, is linked to its calcium conductance activity and depends on
key C-terminal residues.

RECS1 localizes in part at the lysosomal membrane, and RECS1
overexpression strongly sensitizes cells to CQ and HCQ, two lyso-
somal poisons. RECS1 expression resulted in lysosomal acidification
together with increased lysosomal intraluminal calcium concentra-
tion. BI-1 has been recently shown to increase the pool of lysosomal
releasable calcium through an indirect effect as an ER calcium
channel leak (51). From the ER, BI-1 promotes the transfer of calcium
to lysosomes, indirectly modulating lysosomal calcium content
(51). Although we did not study the mechanisms of lysosomal acidifi-
cation by RECS1, they may involve the regulation of the lysosomal
H"-ATPase (V-ATPase), as it has been suggested for BI-1 (52). Low
pH has differential effects on other lysosomal calcium-permeable
channels: It activates transient receptor potential channel mucolipin-1
(TRPMLL1) and sensitizes two-pore channel-1 (TCP1) for activation by
nicotinic acid adenine dinucleotide phosphate (NAADP), whereas
it inhibits P2X purinoreceptor-4 and decreases TCP2 sensitivity for
NAADP (53). Thus, it is difficult to predict the overall effect of
hyperacidification on lysosomal calcium content. As an alternative
hypothesis, under basal conditions, the acidic lysosomal intraluminal
pH (pH <4.5) may keep RECSI in a closed conformational state.
Then, upon lysosomal pH neutralization or pathophysiological
conditions, RECS1 switches to an open state, leading to LMP and the
release of matured cathepsins into the cytosol, ultimately resulting
in cell death (Fig. 10]). Loss of TRPMLI leads to lysosomal acidifi-
cation and the translocation of cathepsin B to the cytosol to trigger
apoptosis (54, 55). How does RECSI trigger LMP? Evidence has
emerged suggesting that the BCL-2 multidomain proteins BAX and
BAK may induce LMP in a way analogous to their role at the mito-
chondria during apoptosis. BAX-mediated LMP has been suggested
as the initial cell death signal in Parkinson’s disease, autophagic cell
death, and some forms of oxidative stress, such as lysosomal perme-
abilization induced by free fatty acids or mitochondrial damage
(35-37, 56). In line with this hypothesis, we provide evidence
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suggesting that RECS1 overexpression induces BAX activation at
the lysosomal membrane. Moreover, BAX and BAK DKO cells are
resistant to cell death triggered by CQ treatment, suggesting a direct
role for these proteins in the initiation of cell death at the lysosomal
membrane.

RECS1 was initially found as a gene up-regulated by shear stress
in endothelial cells. Aged RECS1 knockout mice are prone to cystic
medial degeneration of the aorta, a pathology characterized by
basophilic depositions and smooth muscle loss (29, 57). Recent
studies have also suggested that RECS1/TMBIM1 localizes to late
endosomes and lysosomes, where it promotes the trafficking and
lysosomal degradation of the Toll-like receptor 4, ameliorating the
symptoms of nonalcoholic steatohepatitis in the liver of mice and
monkeys (31, 32). RECSI expression was shown to be protective in
models of cardiac hypertrophy, where gene therapy to deliver the
protein into the heart ameliorated disease features (32). Conversely,
RECS1 deficiency accelerated high fat-induced metabolic disease in
mice, exacerbating heart damage (58). These results suggest a dual
role of RECS1 in the control of cell death and cell physiology
depending on the context. Several TMBIM family members are
deregulated in cancer. Consistent with this idea, the screening using
a panel of cytotoxic agents suggested that overexpression of RECS1
has a wide impact in the regulation of cell death triggered by an array
of anticancer drugs. RECSI sensitizes cells to CQ, ER stress, and
microtubule destabilizers, whereas it can block cell death induced by
MTX and several pyrimidine analogs, among others. Recent studies
identified genetic variants of RECS] as a risk factor to develop colon
cancer and the occurrence of inflammatory bowel disease (59, 60).
Many cancer cells are resistant to lysosomotropic agents used for
chemotherapy. Since RECS1 expression can reverse the resistance of
immortalized HeLa or MEF cells to CQ, the analysis of its expression
levels in cancer biopsies may serve as a predictor for the sensibility
of tumors to the action of certain chemotherapies, a concept that
needs to be further investigated.

In summary, here, we have uncovered a previously unanticipated
function of the TMBIM member RECS1 as an inducer of cell death
initiated by perturbations at the levels of the lysosome and the
ER. Last, we provide evidence indicating that RECS1 is a previously
unidentified lysosomal pH-dependent calcium channel that sensi-
tizes cells to cell death induced by lysosomal stress resulting in LMP.

MATERIALS AND METHODS
Details are given in Supplementary Materials and Methods.

Cell culture, cell lines, and DNA constructs

All MEF, HeLa, and human embryonic kidney (HEK) cells were
maintained in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum and nonessential amino acids and
grown at 37°C and 5% CO,. The production of retroviruses using
the HEK293 cell line and transduction of MEF and HeLa cells were
performed according to standard protocols (61). Cells with stable
expression of shRNA directed against the endogenous mouse Recsl
(shRECS1) or Luciferease genes (Broad Institute) as control (shLuc)
were generated as previously described (62).

RNA isolation, reverse transcription PCR, and real-time PCR
Total RNA was extracted using the TRIzol reagent (Thermo Fisher
Scientific) following the manufacturer’s instructions. The analysis
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of transcription targets was performed by real-time PCR using
specific primers (see Supplementary Materials and Methods).

Western blot

Cells were collected and homogenized in radioimmunoprecipitation
assay buffer. Total cell protein extracts were quantified and assessed
by Western blot as described elsewhere (15). The following anti-
bodies diluted in blocking solution [phosphate-buffered saline (PBS)
and 0.1% Tween 20 containing 5% milk] were used: anti-HSP90
(1:5000; sc13119, Santa Cruz Biotechnology), anti-Flag (1:3000;
F7425, Sigma-Aldrich), anti-TMBIM1 (1:1000; MBS1499661,
MyBioSource), anti-BAX (1:1000; 06-499, EMD Millipore), anti-
MYC (1:3000; ab9106, Abcam), and anti-actin (1:10,000; sc-8432,
Santa Cruz Biotechnology). Bound antibodies were detected using
peroxidase-coupled secondary antibodies and the enhanced chemi-
luminescence system.

Cell death assays

Cell death was monitored by PI and annexin V costaining, followed
by flow cytometry using FACScan and FACSCalibur systems (BD
Biosciences). Cell death kinetics were determined by either staining
the cells with the cell-impermeable DNA binding dye SYTOX green
(587020, Thermo Fisher Scientific) or costaining them with PI and
SYTOL16 (S7578, Thermo Fisher Scientific), followed by imaging
using a one-color FLR IncuCyte or a two-color ZOOM IncuCyte
(Essen BioScience), respectively.

Indirect immunofluorescence analysis

Flag-RECS1, MYC-RECSI, BAX, ERp57, LAMP-1/2, LGALS1/
galectin-1, and LGALS3/galectin-3 proteins were visualized by
immunofluorescence. The following antibodies were used: anti-
Flag (F7425, Sigma-Aldrich), anti-Flag M2 (F1804, Sigma-Aldrich), anti-
TBMIM1 (MBS1499661, MyBioSource), anti-ERp57 (ab13506, Abcam),
anti-LAMP-1 (an24170, Abcam), LAMP-2 (ab18528, Abcam), BAX
(ab5714, Abcam), anti-LGALI1/galectin-1 (ab25138, Abcam), and
LGAL3/galectin-3 (556904, BD Biosciences). All antibodies were
diluted 1:1000. We used a sensitive method based on a confined
displacement analysis algorithm to calculate colocalization co-
efficients between Flag-RECS1 and ERp57 (ER), GM130 (Golgi
apparatus), and LAMP-1/2 (endosomes/lysosomes) (63). The colo-
calization of images was performed as previously described (63).

TEM and immunogold staining

For TEM analysis, cells were fixed in 2% glutaraldehyde (EM grade)
in 0.1 M sodium cacodylate buffer (pH 7.4) for 30 min at room tem-
perature. Samples were washed and postfixed with reduced 1%
osmium tetroxide for 1 hour and infiltrated with Epon (catalog no.
812, TAAB). The images were randomly acquired using a Hitachi
HT7800 microscope (Hitachi High-Technologies, Tokyo, Japan)
and Rio9 complementary metal-oxide semiconductor camera
(AMETEK Gatan Inc., Pleasanton, CA). For immunoelectron
microscopy studies, MEF Flag-RECS1 cells (noninduced) were fixed
with periodate-lysine-paraformaldehyde fixative for 2 hours at
room temperature. Samples were washed, permeabilized with 0.01%
saponin, and labeled with anti-TMBIM1 antibody (diluted 1:20;
MBS149966, MyBioSource) for 1 hour and nano-gold-conjugated
anti-rabbit FAB fragments for 1 hour before postfixation. Nano-
gold particles were then intensified for 5 min using the HQ SILVER
Enhancement Kit (catalog no. 2012, Nanoprobes) according to the
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manufacturer’s instructions, followed by gold toning in 2% sodium
acetate, 0.05% HAuCly, and 0.3% sodium thiosulfate. Samples
were then osmicated, dehydrated, and flat-embedded into Epon
as described above.

BH3 profiling and competition assays

The profiling of BH3 peptides derived from RECS1 C-terminal domain
was performed as previously described (64). The ability of RECS1%%0-2
(SPEDYITGALQYRDIIYI) and RECS1***!! (IYIFTFVLQLMGDRN)
peptides to displace the interaction of the BH3-only protein BIM with
BCL-2, BCL-X, or MCL-1 was assessed by fluorescent polarization,
as previously performed (65). BIM protein and a BH3-defective
PUMA mutant (PUMA2A) were used as positive and negative
controls, respectively.

Measurement of lysosomal pH and calcium

To measure lysosomal intraluminal calcium, lysosomal pH and
calcium were measured simultaneously using two ratiometric dyes
[see detailed protocol in (66)] according to a modified protocol based
on the methods described by Christensen and colleagues (40).

Molecular modeling

Molecular models of human RECS1 in its open and closed confor-
mations were generated by molecular similarity with MODELLER
(67), using the crystal structure of BsYet] as template (11). We used
the chain A from 4PGS and 4PGW and from 4PGR and 4PGV
Protein Data Bank structures as templates for the models of the
open and closed conformations, respectively. The corresponding
sequences were aligned with MAFFT using the linsi protocol (68, 69).
One hundred models were generated, and the one with better
discrete optimized protein energy was selected as the best model
per conformation.

RECS1 expression in X. laevis oocytes

Full-length WT human RECS1 and RECS1 D295Q were subcloned
into the pBSTA vector, which is optimized for expression in X. laevis
oocytes. DNA was amplified and cleaned using a QIAprep kit
(QIAGEN). Plasmid DNA (10 pg) was linearized with Not I, and
1 pug was used for in vitro transcription with a mMESSAGE
mMACHINE kit (Ambion). Xenopus oocytes were injected with
50 nl of ~5 ng of RECS1 WT or mutant complementary RNA per
oocyte. Recordings were performed 1 to 3 days after injection.

Electrophysiology

Patch clamp

Using the patch-clamp technique, ionic single-channel currents were
recorded in the cell-attached mode by a constant voltage or a ramp
potential. Currents were recorded at —100 mV for constant voltage
during 90 s, and the ramp was elicited between —250 and 150 mV during
40 s. Experiments were performed at room temperature (20°C).
Cut open

Macroscopic currents were recorded using the cut-open technique
(Cut-open Oocyte Vaseline Gap voltage clamp), recording a wide
fraction of the total oocyte membrane (20 to 25% of the total) (70).
To obtain a low-resistance path to the intracellular side, the oocytes
were permeabilized with 0.1% saponin during 15 to 30 s. Oocytes
were dialyzed in internal solution during 30 min before individual
recordings with different extracellular cations were performed. K*
was used as the internal reference ion. Tail current versus voltage
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relationships were measured from 150 to =350 mV, every —20 mV,
and during 120 ms. Current recordings were sampled at 30 kHz and
filtered at 5 kHz. The linear components were subtracted by P/-4
prepulse protocol (71).

Generation of D. melanogaster strains and cell death assays
Fly strains

All experiments were performed with D. melanogaster grown at
25°C unless otherwise indicated. We generated transgenic animals
allowing the Gal4/UAS (72) guided expression of the full-length
(dRECS1) or truncated version (ARECS12€) of the CG9722/dRECS1
gene or the human RECS1 coding sequence (hRECS1), all of them
tagged with a 3xFlag sequence at the N-terminal region. All
additional Drosophila strains were obtained from Bloomington
Drosophila Stock Center: w8 (BDSC:3605), yl,w* (BDSC:1495),
CG9722-KO [y',w*; Mi{MIC}CG9722M1%*83 BDSC:44979],
UAS-CG9722-IR (TRiP.JF02887, BDSC:28052), UAS-CD8-GFP
(BDSC:5130), UAS-GFP-mCherry-Atg8a (BDSC:37749), Cg-Gal4
(BDSC:7011), nub-Gal4 (BDSC:86108), and Tub-Gal4 (BDSC:5138).
Wing phenotypes

Flies (1 to 2 days) were immersed in 70% ethanol, and right-sided
wings were dissected and transferred to a microscope slide for
imaging. Animals with vestigial wings were mounted in glycerol for
imaging. To determine the effect of lysosomal or ER stress, animals
were grown in media supplemented with CQ (100 pg/ml) or Tm
(10 pg/ml) throughout the development until hatching, where
wing phenotypes were analyzed (N = 3 independent experiments,
n > 80 wings per condition).

Survival assays

Depending on the case, animals were grown in vials containing
normal food (Instant Drosophila Medium, #173200, Carolina) or
starvation media (1% agarose in PBS), either alone or supplemented
with CQ or Tm. To evaluate eclosion rate, embryos were collected
in vials containing rich food alone or with Tm (10 pg/ml) for
6 hours, after which adults were discarded and eggs developed at
25°C until hatching.

Zebrafish studies

Zebrafish embryos were raised in E3 medium, kept at 28°C, and
staged according to age (hpf). WT AB/Tiibingen zebrafish were
microinjected at one-cell stage with 39 pg of full-length human RECS1,
C-terminal deletion mutants, RECS1 D295Q, or mouse GRINA
or left uninjected as control. Embryo viability and morphology
were quantified 24 hpf by visual inspection. In addition, at 24 hpf,
apoptotic cells were visualized by AO (Sigma-Aldrich) staining,
followed by epifluorescence microscopy in full-mounted embryos,
as previously reported (73). The effect of RECS1 overexpression in
ER stress-induced cell death was evaluated by incubating micro-
injected embryos with 1 to 5 mM Tg (Sigma-Aldrich) for 4 hours
followed by AO staining. All of our animal experiments were
previously approved by the appropriate ethics committee.

Statistics and reproducibility

Results were statistically compared using one-way analysis of
variance (ANOVA) for unpaired groups, followed by Holm-Sidak’s
multiple comparison test. When there were two independent
variables, a two-way ANOVA followed by Holm-Sidak’s multiple
comparison test was performed. For cell death kinetic experiments,
the goodness of fit of the different curves was compared using the
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extra-sum-of-squares F test. When pertinent, two-tailed Student’s
t test was performed for unpaired or paired groups. In all plots,
P values are shown as *P < 0.05, **P < 0.01, ***P < 0.001, and
¥*¥*¥P < 0.0001 and were considered significant. All results are
presented as the means + SD or means + SEM as indicated in the
figure legends. Analyses were performed using PRISM software.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abe5469

View/request a protocol for this paper from Bio-protocol.
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