1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Dev Cell. Author manuscript; available in PMC 2019 November 05.

-, HHS Public Access
«

Published in final edited form as:
Dev Cell. 2018 November 05; 47(3): 281-293.e4. doi:10.1016/j.devcel.2018.09.015.

The proton-coupled monocarboxylate transporter Hermes is
necessary for autophagy during cell death

Panagiotis D. Velentzas?!, Lejie Zhang?, Gautam Das?, Tsun-Kai Changl3, Charles
Nelsonl#4, William R. Kobertz2, and Eric H. Baehreckel:®

1Department of Molecular, Cell and Cancer Biology, University of Massachusetts Medical School,
Worcester, MA 01605 USA

2Department of Biochemistry and Molecular Pharmacology, University of Massachusetts Medical
School, Worcester, MA 01605 USA

3Cancer Immunology, Genentech Inc, South San Francisco, CA 94080 USA

4Program in Molecular Medicine, University of Massachusetts Medical School, Worcester, MA
01605 USA

5Lead Contact

SUMMARY

Nutrient availability influences the production and degradation of materials that are required for
cell growth and survival. Autophagy is a nutrient-regulated process that is used to degrade
cytoplasmic materials, and has been associated with human diseases. Solute transporters influence
nutrient availability and sensing, yet we know little about how transporters influence autophagy.
Here we screen for solute transporters that are required for autophagy-dependent cell death, and
identify CG11665 hermes. We show that Aermes is required for both autophagy during steroid-
triggered salivary gland cell death and TNF-induced non-apoptotic eye cell death. hermes encodes
a proton-coupled monocarboxylate transporter that preferentially transports pyruvate over lactate.
mTOR signaling is elevated in Aermes mutant cells, and decreased m7TOR function suppresses the
hermes salivary gland cell death phenotype. Hermes is most similar to human SLC16A11, a
protein that was recently implicated in type 2 diabetes, thus providing a link between pyruvate,
mTOR, autophagy and possibly metabolic disorders.
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Velentzas et al. identify a requirement for the pyruvate transporter Hermes in autophagy that is
associated with cell death in Drosgphila. Hermes influences mTOR signaling and is similar to the
type 2 diabetes-associated human protein SLC16A11, thus suggesting a further link between
autophagy and metabolic disorders.
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INTRODUCTION

Nutrient availability, sensing and homeostasis are paramount for cell metabolism, health and
survival (Finkel, 2015). Significantly, altered cell metabolism is associated with aging and
multiple human disorders. For example, changes in dopamine metabolism in Parkinson’s
disease patient-derived neurons causes lysosomal dysfunction and a-synuclein accumulation
(Burbulla et al., 2017), and type 2 diabetes and nonalcoholic fatty liver disease are caused by
systemic changes in metabolism reviewed in (Czech, 2017; Samuel and Shulman, 2018).
Cancer cells, unlike most normal tissues, prefer conversion of glucose into lactate, even in
the presence of sufficient oxygen that can support mitochondrial oxidative phosphorylation
(Warburg effect) (Warburg et al., 1927), and humerous studies have shown that cancer cells
alter their metabolism in order to survive and proliferate (Faubert et al., 2014; Sousa et al.,
2016). Metabolic reprogramming is also associated with inflammatory (Kamdar et al., 2016)
and cardiovascular diseases (Franssens et al., 2016), and it is becoming clear that metabolic
dysfunction is a risk factor for many age-associated diseases (Finkel, 2015).
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Autophagy is a process that is used to deliver cytoplasmic materials to the lysosome for
degradation (Mizushima and Komatsu, 2011). As a key catabolic process that is regulated by
the nutrient sensor mechanistic target of rapamycin (mTOR) (Kamada et al., 2000; Kim et
al., 2011; Scott et al., 2007), autophagy is an important node in the metabolic network of all
cells (Rabinowitz and White, 2010). Like metabolism, autophagy has been implicated in
multiple age-associated disorders, including neurodegenerative diseases, diabetes, cancer,
inflammatory diseases and others (Levine and Kroemer, 2008; Mizushima et al., 2008), and
is consider a potential therapeutic target (Rubinsztein et al., 2012). Autophagy can be
induced by various stimuli, such as metabolic changes (Singh et al., 2009), hypoxia (Liu et
al., 2013) and hormones (Baehrecke, 2000), and studies in animals indicate that autophagy
has complex regulation and functions in different cell contexts (Zhang and Baehrecke,
2015). Therefore, a comprehensive understanding of how autophagy is regulated in different
cell contexts is important to understanding organismal metabolism, development and
disease.

Autophagy has been considered a cell survival process because of pioneering work that used
yeast nutrient deprivation as a model (Tsukada and Ohsumi, 1993), but has also been
implicated in cell death in animals (Baehrecke, 2005; Yuan and Kroemer, 2010). Autophagy
that is associated with cell death has been most studied in Drosophila salivary gland cells
that die during development. In salivary glands, an increase in the steroid hormone 20-
hydroxyecdysone (ecdysone) triggers cell death that requires both caspases and autophagy
(Berry and Baehrecke, 2007). Autophagy in dying salivary gland cells also requires mTOR-
regulated cell growth arrest (Berry and Baehrecke, 2007), suggesting an important
relationship between nutrient sensing and autophagy that is associated with these dying cells
during development.

Nutritional signals influence mTOR activity to coordinate protein and lipid production with
their catabolism by autophagy (Saxton and Sabatini, 2017). Multiple pathways influence
mTOR activity, including solute transporters (Nicklin et al., 2009; Wang et al., 2015). The
Solute Carrier (SLC) superfamily consists of membrane proteins that sustain homeostasis by
regulating transport of many types of substances across lipid membranes.. Members of the
SLC superfamily play an important role in various processes, including nutrient sensing
(Rebsamen et al., 2015), metabolic homeostasis (Terker et al., 2015) and cell death
(Hoffman et al., 2014). Similar to regulators of metabolism and autophagy, members of the
superfamily have been implicated in various human disorders, such as Parkinson’s disease
(Salazar et al., 2008), nonalcoholic fatty liver disease (DeBosch et al., 2016), type 2 diabetes
(Rusu et al., 2017), and cancer (Xue et al., 2016).

Here we report the identification of members of the SLC superfamily that are required for
proper salivary gland cell death, including five genes CG11665 hermes, CG5805, CG13384,
CG8177and CG10413, that prior to this study had no known function. Significantly, we
discovered that hermes, a gene that encodes a proton-coupled monocarboxylate transporter
that transports pyruvate, participates in TNF-induced non-apoptotic programmed cell death
and is required for autophagy but not apoptotic caspase function during salivary gland
degradation. Loss of Aermes leads to elevated mTOR signaling, and decreased m7TOR
function suppresses the hermes salivary gland persistence phenotype. Interestingly the
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closest human homolog of hermesis SLC16A11, a gene that was recently implicated in type
2 diabetes (Rusu et al., 2017). These findings provide a unique link between pyruvate
transport, mTOR and the regulation of autophagy that is associated with cell death, and have
implications for metabolic diseases.

Identification of SLC superfamily members that function during developmentally
programmed autophagic cell death

Drosophila salivary gland cell death depends on mTOR regulated cell growth arrest and
autophagy (Berry and Baehrecke, 2007). Previous links between the SLC superfamily of
proteins with nutrient sensing and mTOR prompted us to screen for genes that encode SLC
proteins that are required for salivary gland degradation. We used the DRSC Integrative
Ortholog Prediction Tool (DIOPT - http://www.flyrnai.org/diopt) (Hu et al., 2011) to
identify the predicted orthologues of all human genes that encode members of the SLC
superfamily from HGNC (https://www.genenames.org). Since all SLC members are
transporters, we also acquired a list of all the genes in Drosophilathat are predicted to have a
transporter activity from Flybase (http://flybase.org), and excluded the genes that were not
predicted to have a transporter activity. We then analyzed our time-series gene expression
data from purified salivary glands (Lee et al., 2003) to identify SLC gene transcript levels
that are induced prior to autophagic cell death. We identified 25 genes, which are predicted
to be members of the SLC superfamily, and have upregulated transcripts levels in salivary
glands prior to cell death (Table S1).

We decreased the function of each of the 25 genes identified in salivary glands using RNAI
knockdown. Animals containing UAS-RNAJcombined with fkh-GAL4to drive RNAI
expression specifically in salivary glands were compared to control animals with UAS-RNAJ
that is not expressed in salivary glands. These animals were fixed 24 hours after puparium
formation (8 hours after this tissue is completely cleared in wild type animals), embedded in
paraffin, sectioned, and stained for analyses of the persistence of salivary gland material by
light microscopy. We tested two UAS-RNAI/ lines that target distinct sequences per gene
when possible and set a cutoff of at least 50% penetrance of animals that contain a persistent
salivary gland phenotype.

We identified twelve SLC genes that are required for degradation of Drosophila salivary
glands, and have not been previously implicated in this process (Table S1). Five genes,
CG11665, CG5805, CG13384, CG8177and CG10413have no known function in
Drosophila and we decided to investigate them further. Downregulation of CG11665 in the
salivary gland resulted in a gland degradation failure in 200% of the animals tested
compared to 25% of control animals (Figure 1A and B). Knockdown of CG5805 resulted in
a gland fragment phenotype in 96% of the animals compared to 25% in control animals
(Figure 1C and D). Decreased CG13384 function impaired gland degradation in 95% of the
animals compared to 30% in control animals (Figure 1E and F). Downregulation of CG8177
resulted in a gland degradation defect in 91% of the animals tested and none of the control
animals (Figure 1G and H, Figure S1). Finally, RNAi knockdown of CG10413resulted in a
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gland fragment phenotype in 67% of the tested animals compared to 20% of control animals
(Figure 11 and J).

Our incomplete understanding of the uncharacterized CG11665, CG5805, CG13384,
CG8177and CG10413 genes stimulated us to consider if they influence cell death in other
contexts. The Drosophilaeye has served as a useful model for studies of both apoptosis and
TNF (Eiger in flies)-induced non-apoptotic programmed cell death (Kanda et al., 2011).
Expression of the pro-apoptotic factor Hid in the developing eye leads to caspase activation
and a small eye phenotype (Figure S2A) that is suppressed in all animals examined by co-
expression of the caspase inhibitor p35 (Figure S2A). Knockdown of either CG11665,
CG5805, CG13384, CG8177or CG10413failed to suppress Hid-induced cell death (Figure
S2A). In contrast to Hid-induced cell death, Eiger-triggered cell death in the eye is weakly
suppressed by expression of the caspase inhibitor p35 (Kanda et al., 2011), but was
completely suppressed by knockdown of Bsk (Drosophila Jnk) in all animals that were
analyzed (Figure S2B). Interestingly, of the five genes, only CG11665knockdown
suppressed Eiger-induced eye size reduction (Figure 2A-H). These results indicate that
CG11665plays a role in non-apoptotic programmed cell death.

CG11665/hermes functions in a caspase-independent manner

CG11665encodes a protein predicted to have a monocarboxylic acid transmembrane
transporter activity. CG11665'is related to the monocarboxylate transporter 16 family
(Halestrap and Wilson, 2012), which has undergone several rounds of gene duplication in
humans since the divergence of humans and flies. We named CG11665 hermes/hrm after the
Greek god of transportation, who also guides the souls to the underworld. In order to better
understand the function of the monocarboxylate transporter encoded by /rm, we generated a
loss-of-function deletion mutant Drosophila strain using CRISPR/cas9. We designed two
guide (g)RNAs that target deletion of exons 3, 4, 5 and part of exon 6 in Arm, and isolated a
viable Drosophila strain that had a deletion of the sequence between those two sites (Figure
3A). This resulted in a nearly complete deletion of the predicted open reading frame of the
hrm (Figure 3A), suggesting this should be a strong loss-of-function mutant allele that we
named ArmAL hrmAI mutant flies are homozygous viable, fertile and possess no obvious
exterior morphological defects.

We next tested if deletion of Arm influenced salivary gland degradation. These experiments
were conducted by analyses of our newly isolated /722 mutant in combination with a
deficiency for this genomic region to reduce concerns about potential secondary site
mutations that could be induced by CRISPR. We found that 90% of the mutant animals
possessed a salivary gland degradation defect, while only 8% of the control animals had a
defect (Figure 3B and C). We next investigated if we could rescue the mutant salivary gland
degradation defect by expression of a Arm cDNA transgene. For that purpose, we used
SgGALA4 to drive expression of a UAS-Arm transgene specifically in the salivary glands of
homozygous Arm mutant animals. We found that only 10% of the mutant animals expressing
hrm in salivary glands had a defect compared to the 73% of the mutant animals without the
5g-GAL4 driver (Figure 3D and E). These data indicate that Arm is required for salivary
gland degradation.
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Salivary gland degradation requires cell-growth arrest and an increase in the steroid hormone
20-hydroxyecdysone (Berry and Baehrecke, 2007; Jiang et al., 1997). Using the cell-growth
reporter tGPH (Britton et al., 2002) we found that salivary glands from ArnAZ animals
possess normal cell-growth arrest (Figure S3A and B). In addition, deletion of /Arm did not
alter the steroid response factor BR-C (Figures S3C and D). These data indicate that /Arm is
required for larval salivary gland clearance, but alters neither cell growth arrest nor steroid
signaling.

Salivary gland cell death requires both caspases and autophagy for complete salivary gland
degradation (Berry and Baehrecke, 2007), and inhibition of either of these two pathways
leads to a partial gland degradation phenotype with persistent cell fragments. By contrast,
when both pathways are inhibited simultaneously, the persisting tissue resembles more intact
gland fragments. To determine whether /Arm influences caspase-induced cell death in
salivary glands, we expressed the caspase inhibitor p35 in Arm mutant animals. Expression
of p35 in a ArmAY+ heterozygous genotype resulted in a persistence of cell fragment
phenotype in 53% of the animals, while 47% of the animals possessed a gland fragment
phenotype (Figure 4A and B and Figure S4B). By contrast, expression of p35 in ArmA!
homozygous mutant animals resulted in a persistence of gland fragment phenotype in 88%
of the animals tested, while only 12% had a cell fragment phenotype (Figure 4A and B and
Figure S4C). These data indicate that Arm and caspases function in an additive manner. To
further test the relationship between Arm and caspases, we stained salivary glands with
antibodies against cleaved caspase 3. During normal development, cleaved caspase 3 antigen
is present at 13.5h after puparium formation. When we analyzed salivary glands for cleaved
caspase 3 antigen 13.5 h after puparium formation, we found that glands from both control
and homozygous Arm mutant animals possessed cleaved caspase 3 (Figure 4C and D). These
data indicate that Arm is not involved in the regulation of caspases during salivary gland
degradation, and suggest that /rm regulates a different pathway that influences degradation
of this tissue.

CG11665/hermes is required for autophagy

In order to investigate whether Arm influences autophagy during salivary gland cell death,
we tested if a mutation in the autophagy gene AfgZ3can enhance the failure in salivary
gland degradation phenotype of Arm mutant animals. All homozygous AfgZ3 mutant
animals possessed a cell fragment phenotype (Figure 5A and B). Animals with homozygous
mutations in both Armand Afg13did not result in an enhanced phenotype with all animals
exhibiting a cell fragment phenotype (Figure 5A and B), suggesting that these two genes
function in the same pathway.

Expression of Atgl is sufficient to induce autophagy that depends on core A#g gene function
in salivary glands (Berry and Baehrecke, 2007). Therefore, we tested if expression of Atgl
in Arm mutant animals is sufficient to suppress the Arm mutant salivary gland persistence
phenotype. Expression of Atgl suppressed the salivary gland phenotype, with 6% of the
animals possessing cell fragments compared to 100% of /Arm mutant control animals that
had a cell fragments phenotype (Figure 5C and D). These data indicate that Arm functions
upstream of Afg1.
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To further investigate the role of this monocarboxylate transporter in autophagy, we tested if
loss of Arm influences markers of autophagy by assaying for Atg8a puncta formation and
Ref(2)p/p62 accumulation. We found that at 13.5 h after puparium formation, salivary
glands from /rm mutant animals possess significantly fewer mCherry-Atg8a puncta than
salivary glands from control animals (Figure 5E and F). Consistent with these data, /irm
mutant salivary glands accumulate significantly more of the autophagy cargo receptor
Ref(2)p/p62 protein than salivary glands isolated from control animals at the same stage
(Figure 5G and H). Combined, these data indicate that Arm is required for autophagy in
dying salivary glands.

CG11665/hermes is a plasma membrane and H+-coupled monocarboxylate transporter that
influences mTOR

We investigated the localization of Hrm by introducing a c-terminal sfGFP tag in the
endogenous locus of Arm using CRISPR/cas9 technology (Figure S5A). We analyzed larval
salivary glands from /Arm-sfGFP animals and found that Hrm localizes in the cortical plasma
membrane region of cells (Figure 6A). To exclude the possibility that the signal observed
was due to non-specific integration of the GFP, we downregulate /rm by RNAI in animals
with c-sfGFP-tagged /rmand we found that those animals did not have any GFP signal
(Figure 6A). In addition, to test if the GFP tag has any impact on the function of the protein,
we performed histological analyses of animals 24h APF. Only 10% of the Arm-sfGFP
animals had a gland cell fragment phenotype compared to 65% in homozygous frnA!
mutant animals indicating that the c-terminal GFP tag has no impact on the function of the
protein (Figure S5B and C). In addition, similar results were acquired when we introduced a
smaller c-terminal FLAG tag in the endogenous locus of Armusing CRISPR/cas9
technology (Figure S5D and E), further validating that Hrm localizes in the plasma
membrane of the cells.

Monocarboxylate transporters have been divided in two categories, category | (H*coupled
monocarboxylate transporters - MCTs) and category Il (hydrophobic monocarboxylate
transporters) (Halestrap, 2013). Category | MCTs have three conserved charged residues
(K38, D309 and R313) that appear to be crucial for the transport of the monocarboxylates
(Wilson et al., 2009). Interestingly, alignment of Hrm with human category | MCTSs revealed
that Hrm possesses these conserved residues (K74, D503 and R507) (Figure S5F). Given the
sequence similarity to mammalian monocarboxylate transporters (MCTSs), we determined
whether Hrm mediated proton-coupled transport of monocarboxylates. To visualize proton
transport at the plasma membrane, we labeled the glycocalyces of HEK 293T cells with a
pH-sensitive fluorophore (Zhang et al., 2016) and monitored the change in fluorescence
(AF/Fg) upon 10 mM monocarboxylate application (Figure 6B). Because HEK293T cells
endogenously express low levels of MCTs, we compared the rates of proton-coupled
pyruvate and lactate transport from cells expressing either rMCT-1 or Hrm to mock
transfected (control) cells. Extracellular perfusion of 10 mM pyruvate initially resulted in a
rapid loss of fluorescence (due to proton transport into the cell), which slowly recovered as
transport activity slowed and protons in the media reprotonated the cell-attached pH-
sensitive fluorophores (Figure 6B, left).Compared to control cells, the fluorescent signal
from rMCT1 and Hrm transfected cells recovered faster and reversed direction, indicating
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the exogenous expression of rIMCT-1 and Hrm significantly increased proton-coupled
transport of pyruvate into the cell such that proton efflux became thermodynamically
favored. Washout of pyruvate resulted in a rapid efflux of protons from the cell; the rate of
transport for rIMCT-1 and Hrm expressing cells was ~ 2-fold faster than control cells. The
rate of proton-coupled transport of lactate also increased with rMCT-1 expression (Figure
6B, right); however, Hrm expression had no significant effect on lactate transport rate
compared to control cells. To determine a relative transport rate, we measured the rate of
proton efflux upon removal of extracellular monocarboxylate, subtracted the background
rate (control cells), and normalized the transport rates to rMCT-1 transport of lactate (Figure
6C). As was previously reported (Broer et al., 1998), rMCT-1 transports lactate
approximately twice as fast as pyruvate at 10 mM (Figure 6C). In contrast, only proton-
coupled pyruvate transport was detectable for Hrm. Proton-coupled pyruvate transport by
Hrm was inhibited by the MCT inhibitor, 2-cyano-3-(4-hydroxyphenyl)-2-propenoic acid
(CHC). At 0.3 mM CHC, Hrm activity was reduced by 60 + 3% whereas both expressed
(rMCT-1) and endogenous MCT-1 were inhibited to a lesser extent: 43 + 3% and 39 + 3%,
respectively (£ SEM; n = 6 — 8 cells), indicating that the 1C5q of CHC is lower for Hrm. In
total, these data demonstrate that Hrm is a bona fide proton-coupled monocarboxylate
transporter that transports pyruvate faster than lactate.

Hrm is similar to the human SLC16A11 protein (Table S1). Interestingly, SLC16A11 was
recently implicated in type 2 diabetes (Rusu et al., 2017). SLC16A11 type 2 diabetes risk
variants disrupt its interaction with the ancillary protein Basigin (Bsg), and this interaction is
required for correct cell-surface localization of SLC16A11. To test if Hrm also requires Bsg
for correct cell-surface localization, we downregulated bsg in a subset of salivary gland cells
using RNAI and analyzed the localization of Hrm-sfGFP. We found that cells with normal
bsg expression (RFP-negative) display correct plasma membrane Hrm-sfGFP localization
(Figure 6D). By contrast, neighboring cells with downregulated bsg levels (RFP-positive)
display decreased plasma membrane localization of Hrm-sfGFP (Figure 6D). In order to
investigate if the disruption of the cell membrane localization of Hrm is sufficient for
incomplete salivary gland degradation, we downregulated bsg specifically in salivary glands.
All animals with decreased bsg function had a strong salivary gland persistence phenotype
while only 20% of the control animals had a weak cell fragment persistence phenotype
(Figure 6E and F). Importantly, similar results were obtained using a second RNAI strain
that targets a different bsg sequence (Figure S6A and B).

SLCs influence nutrient sensing and metabolism (Wang et al., 2015). In addition,
knockdown of SLC16A11in primary human hepatocytes resulted in an increase in lipids
(Rusu et al., 2017). In order to investigate if deletion of Arm results in accumulation of
lipids, we stained salivary glands dissected from animals 13.5h after puparium formation
with Nile red. We found that the number of lipid droplets in glands is unaffected by the
deletion of Arm (Figure 7A and B). Interestingly, the size of the lipid droplets is significantly
increased in salivary glands from homozygous ArmA? mutant animals (Figure 7A and B).
These data suggest that like knockdown of SLC16A11 in human hepatocytes, loss of Arm
alters lipid metabolism.
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SLC transporters have been implicated in cell nutrient sensing through the regulation of
mMTOR (Rebsamen et al., 2015; Wyant et al., 2017), a key regulator of cell metabolism. The
Atgl kinase is downstream of mTOR (Kim et al., 2011), and expression of Atgl rescues Arm
salivary gland degradation (Figure 5C and D). Therefore, we tested if mTOR signaling is
altered in /Airm mutant salivary glands by analyses of the phosphorylation of S6 kinase.
Indeed, Arm mutant salivary glands possess elevated levels of phosphorylation of S6 kinase
(Figure 7C and D). These results suggest that /rm mutant salivary glands possess sustained
mTOR activity that suppresses autophagy. To test the hypothesis that mTOR is activated in
hrm mutants, we investigated if expression of a dominant negative form of mTOR (for’ED)
suppresses the /rm mutant persistence of salivary glands. Expression of for’52 in the
salivary glands of homozygous ArmAZ animals resulted in a persistence of cell fragment
phenotype in only 15% of the animals, compared to 73% in homozygous ArmAZ animals
(Figure 7E and F). Combined, these results suggest that /A7m mutant salivary glands possess
sustained mTOR activity that suppresses autophagy.

DISCUSSION

Three forms of cell death have been described in developing animals (Schweichel and
Merker, 1973), including apoptosis that is mediated by caspases, cell death that involves
autophagy, and necrosis. Interestingly, changes in cell metabolism have been connected to
all three types of cell death (Green et al., 2014). By studying developmentally programmed
cell death, we identified Aermes, which encodes a monocarboxylate transporter that
participates in Eiger (TNF)-triggered and autophagic cell death.

SLCs are membrane proteins that transport metabolites across lipid membranes and play an
important role in a variety of biological processes. The SLC superfamily consists of over
400 genes in humans, and 30% of those remain uncharacterized (Perland and Fredriksson,
2017). In this study, we have used bioinformatics and gene expression analyses to identify
SL Csthat are required for Drosophila salivary gland degradation during development. We
identified 12 SLC genes that are required for Drosophila salivary gland degradation, thus
providing a better understanding of how metabolites impact cell death. In addition to the
mononcarboxylate transporter that we characterized in detail, we also identified putative
transporters of amino acids (CG5805, slif, CG13384, and CG10413), nucleotide sugars
(senju) and organic anions (Oatp74D and Oatp30B8) among others that play a role in this
process, further validating the importance of metabolism in salivary gland degradation.

hermes encodes a proton-coupled monocarboxylate transporter (MCT) that transports
pyruvate and is required for autophagy during cell death. Members of the human SLC16
MCT family play a critical role in cell metabolism (Halestrap and Wilson, 2012), and have
been associated with aggressive tumors (Baek et al., 2014), exercise-induced
hyperinsulinemia (EIHI) (Otonkoski et al., 2007) and other disorders (Dumitrescu et al.,
2004; Kloeckener-Gruissem et al., 2008). In addition, fermes is required for eiger (TNF)
induced non-apoptotic cell death. Interestingly, reduced function of other members of the
solute transporter family prevented TNF-induced programmed necrosis (Hitomi et al., 2008),
however, the mechanisms by which these transporters contribute to diseases are not
completely understood. A recent study in Drosophila indicated that genes encoding enzymes
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that catalyze the conversion of monocarboxylates are required for eiger-induced cell death
(Kanda et al., 2011). They suggest that eiger-induced metabolic reprogramming, reduction
of ATP levels and ROS production are responsible for the induction of non-apoptotic cell
death. Therefore, a better understanding of how monocarboxylate transporters affect
autophagy and cell death during animal development may provide valuable insight into the
treatment of malignancies.

Some monocarboxylate transporters interact with ancillary proteins, such as Bsg and Emb
(Poole and Halestrap, 1997), and these ancillary factors are required for correct plasma
membrane localization (Wilson et al., 2002). Here we show that the Drosophila Bsg is also
required for correct localization of Hermes to the plasma membrane. Interestingly,
downregulation of bsg in salivary glands resulted in an enhanced defect in salivary gland
clearance. This increase in the severity of the phenotype might suggest that there are other
MCTs that require Bsg for correct localization, and that those MCTs are also important for
salivary gland degradation. Bsg may also possess functions that are unrelated to MCTs, and
play a role in salivary gland degradation. For example, Drosophila Bsg is interacts with
integrin and is required for normal cell architecture (Curtin et al., 2005) and synaptic vesicle
release (Besse et al., 2007). Further investigation is needed to clarify the role of bsgin cell
death.

mTOR-dependent cell growth arrest is required for salivary gland cell death (Berry and
Baehrecke, 2007). Interestingly, fermes did not influence salivary gland cell growth arrest,
but had an impact on autophagy. We show that salivary gland cells have mTOR activity at
the same time as autophagy, as evidenced by the phosphorylated S6 kinase, a well-known
target of mMTOR. One possible explanation for active autophagy at the same time that S6
kinase is phosphorylated and protein synthesis occurs is that there is a threshold requirement
of mTOR activity for its inhibition of autophagy. Indeed, although autophagy is usually
repressed when mTOR is active, it has been shown that growing tumor cells with activated
Ras possess active autophagy (Guo et al., 2011). Interestingly, decreased Aermes function
resulted in increased levels of phosphorylated S6 kinase that were associated with the
inhibition of autophagy, and these data are consistent with our results showing that mTOR is
required for the Aermes persistent salivary gland phenotype. It is also possible that pyruvate
levels could influence AMP Kinase that in turn influences Atgl activity and autophagy, a
process that is known to clear lipids (Singh et al., 2009). Therefore, salivary gland cells
possess some attributes of transformed cells that may enable the dissection of this complex
mechanism in a developmental context.

SLC16A11 is the human protein similar to Hermes. Recently, SLC16A11 was linked to type
2 diabetes (Rusu et al., 2017). In that study, downregulation of SLC16A11in human
hepatocytes resulted in metabolic changes that are associated with increased risk for type 2
diabetes. Here we show that sermes induces similar metabolic changes and mTOR
signaling. mTOR signaling is a key nutrient sensing pathway, and increased activation of
MTOR has been linked to insulin resistance and type 2 diabetes (Polak et al., 2008; Um et
al., 2004). Interestingly, autophagy has also been implicated in diabetes, and a decrease in
autophagy levels increases the risk of type 2 diabetes development (Ebato et al., 2008; Lim
et al., 2014). Furthermore, Hermes transports pyruvate, and pyruvate was previously shown
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to influence autophagy in liver cells (Holen et al., 1996). Future investigation of the
mechanisms that connect the regulation of autophagy and metabolism during development
could lead to new insights into treatment of diseases that are associated with altered
metabolism.

STAR METHODS

Detailed methods are provided in the online version of this paper and include the following:

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Dr. Eric Baehrecke (eric.baehrecke@umassmed.edu).

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Drosophila strains—Drosophila melanogaster strains used in this study are listed in the
key resources table except for stocks used for the SLC family members screen, which are
located in Table S1. Fly crosses and experiments were performed at 25°C on media con
sisting of 6.5g/L agar, 63g/L yeast, 60g/L cornmeal, 60mL/L molasses, 4mL/L acid mix and
0.13% Tegosept. Canton-S was used as the wild-type strain. In all the experiments a mixed
population of male and female animals was used. The age and developmental stage of the
animals used is indicated in the figure legends.

Human cell line—HEK293T cells (fetus hypotriploid) were cultured in high glucose
DMEM medium (Gibco) with 10% fetal bovine serum (Gibco) and 100 units/mL penicillin/
streptomycin (Gibco) at 37°C in 5% CO,.

METHOD DETAILS

Histology—Histology was performed as previously described (Muro et al., 2006). Briefly,
flies were maintained at 25°C and aged to 24 h after puparium formation. Whole pupae were
fixed in FAAG (80% ethanol, 4% Formaldehyde, 5% Acetic Acid, 1% Glutaraldehyde)
overnight at 4°C, embedded in paraffin, sectioned and stained with Weigert’s Hematoxylin
and Pollack Trichrome. Stained sections were examined using a Zeiss Axiolmager Z1
microscope.

hermes?! deletion—For the generation of Aermes mutant flies we used the CRISPR/Cas9
system (Port et al., 2014). We designed gRNAs that target a sequence in the second intron of
hermes (GTCAGAGCTGTCCTTTCACTGGG) and in the sixth exon of Aermes
(GGTCTAGAATATTATAGTACTGG) (Figure 3A), and inserted them in the pCFD3d vector.
Both plasmids were injected in Drosophila embryos expressing Cas9 protein in the germline
(w1118: pBac{vas-Cas9}VK00027, Bloomington Stock Center). We screened for deletions
by genomic DNA amplification using primers that targeted 300bp outside the deletion
gRNA sites (5’ CTGCACAAAACCGTCCCAAG 3’, 5" TGTGGGCTTGTTAATGCACG
3").
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hermes-sfGFP and hermes-2xFLAG alleles—For the generation of hermes-sfGFP
and hermes-2xFLAG flies we used the CRISPR/Cas9 system (Port et al., 2014). We
designed a gRNA that targets the c-terminal of sermes
(GGCTGTCGATAGCTACTAAATGG) (Figure 6A) and inserted it in the U6droBsagRNA
vector (Drosophila Genomics Resource Center). For Aermes-sfGFP, 1kbp regions from both
sides of the targeted site were inserted into the pScarlessHD-sfGFP-DsRed vector
(Drosophila Genomics Resource Center). For Aermes-2xFLAG, the following small single-
stranded donor DNA (ssODN) was synthesized: 5’-
GCAAAGCTAATGCGGAGGAGCAACTAGATGCACAAATCGAAAAAGCGGCTGTCG
ATAGCT
ACGGCtccGGGGATTATAAAGATCATGACATCGATTACAAGGATGACGATGACAAGT
AAATG
CTCAAACAACTCTCGTACCAAACCACGTACAATAACAATTAGATTTAAGGCTTAAA
ACG -3’. Both plasmids or plasmid and ssSODN were injected (UMass Medical School,
Model Organism CRISPR Core) in Drosophila embryos expressing Cas9 protein in the
germline (w!118: PBac{vas-Cas9}VK00027, Bloomington Stock Center). We screened for
flies positive for RFP signal in the eye and verified the correct insertion by direct sequencing
of the target region.

Transgenic strains—To generate the UAS-hermes strain, the cDNA of fiermes was
amplified from the RE60337 clone (Drosophila Genomics Resource Center) and it was
inserted in the pUAST-attB transformation vector. The construct was injected into y w67¢23;
P{CaryP}attP2 (Bloomington Stock Center) flies by BestGene Inc. (Chino Hills, CA).

Protein extracts and western blotting—Salivary glands were dissected from 13h after
puparium formation control and /rnAZ animals. Salivary glands were homogenized in
Laemmli buffer (Bio-Rad) and boiled for 5 min at 100°C. Salivary glands from
hrm-2xFLAG animals were homogenized in 1x Laemmli buffer and incubated for 5min at
420C. Proteins were separated on 4%-20% SDS polyacrylamide gels (Bio-Rad). Proteins
were transferred to 0.45 mm nitrocellulose membrane (Bio-Rad) according to standard
procedures. We used mouse anti-Broad Complex (1:500, Developmental Studies Hybridoma
Bank), mouse anti-FLAG (1:1000, Sigma-Aldrich), rabbit anti-phospho-S6K (1:500, Cell
Signaling Technologies) and mouse anti-actin (1:1000, Developmental Studies Hybridoma
Bank) primary antibodies.

Immunolabeling—For immunostaining, salivary glands were dissected in PBS and fixed
overnight in 4% formaldehyde in PBS at 4°C. They were blocked in PBS, 1% BSA, and
0.1% Tween (PBSBT) and incubated with a primary antibody (rabbit anti-cleaved caspase-3
1:400; Cell Signaling Technology, rabbit anti-Ref(2)p 1:2000, gift from G. Juhasz) overnight
at 4°C. Next, the salivary glands were washed in PBSBT for 2h at room temperature,
incubated with the appropriate secondary antibody for 2h at room temperature, and washed
for 1h in PBSBT. Salivary glands were mounted in Vectashield (Vector Laboratories). For
mCherry-Atg8a analysis, salivary glands were dissected in PBS, fixed in 4% formaldehyde
in PBS for 2h and mounted in Vectashield (Vector Laboratories). Imaging was performed on
a Zeiss LSM700 confocal microscope.
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Cell culture transfection and pH-DIBO cell surface labeling—HEK293T cells
were cultured in high glucose DMEM medium (Gibco) with 10% fetal bovine serum
(Gibco) and 100 units/mL penicillin/streptomycin (Gibco) at 37°C in 5% CO,. The cells
were seeded at 60—75% confluency in 35 mm dishes. After 24h, cells were transiently
transfected with a 1 pg of plasmid DNA and 5 L of Lipofectamine 2000 (Invitrogen) in
OptiMEM (Gibco) for 4 hours. To visualize transfected cells, 0.25 pg of pEGFP-C3 plasmid
was added to transfections that did not contain GFP-tagged transporters. After terminating
the transfections, the cells were transferred to Glass bottom culture dishes (MatTek) coated
by fibronectin and incubated in media containing 50 uM of Ac4ManNAz for 2 days, which
was replenished after 24 h. After 2 days, transfected HEK293T cells were directly labeled
with pHDIBO in Opti-MEM at 37°C in 5% CO5 for 30 min.

Extracellular pH measurement—After pH-DIBO labeling, cells were washed twice
with bath solution (145mM NaCl, 5.4 mM KCI, 5 mM CaCl, and 0.1 mM HEPES, pH 7.0).
A 35-mm chamber insert (RC-33DL, Warner) was put into the glass bottom dish for
decreasing volume. The dish was then mounted onto a Quick Exchange Platform QE-1
(Warner) for imaging. Monocarboxylates and a-Cyano-4hydroxycinnamic acid (Sigma)
were perfused in/out by using a gravity perfusion system at about 10 mL/min. Cells were
imaged at 1 Hz using a CoolLED pE-4000 light source, 63 x 1.4 N.A. oil immersion
objective, and a Zyla SCMOS camera (Andor). Fluorescent images were collected and
processed using open source software (micro-manager (Edelstein et al., 2010) and ImageJ).
FO is the average fluorescence intensity of first five data points.

Nile Red staining—For Nile Red staining, salivary glands were dissected in PBS and
fixed in 4% formaldehyde in PBS for 90 min. Salivary glands were rinsed several times with
PBS and incubated for 10 min in PBS with 1pg/mL Nile Red (Sigma-Aldrich).
Subsequently, salivary glands were rinsed with PBS, mounted in Vectashield (Vector
Laboratories) and imaged on a Zeiss LSM700 confocal microscope.

QUANTIFICATION AND STATISTICAL ANALYSES

For animal studies, sample sizes were determined empirically based on previous studies to
ensure appropriate statistical power. No animals were excluded from statistical analyses, the
experiments were not randomized, and the investigators were not blinded. p-value was
calculated using a chi-square test. For puncta quantification analyze particles function of
ImageJ was used. p-value was calculated using a two-tailed unpaired t test. Additional
information on statistical details can be found in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Members of the SLC superfamily are required for cell death during
development
. Identification of hermes, a gene that is required for autophagy during cell
death
. Hermes is a proton-coupled pyruvate transporter
. Hermes influences mTOR to regulate autophagy
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Figure 1. SLC genes that are required for salivary gland cell death
(A) Samples from control animals (w/+; +; UAS-CG11665'7/+), n= 16 (left), and those with

salivary gland-specific knockdown of CG11665 (fkh-GAL4w;, +;, UAS-CG11665'F|+), n =
18 (right), analyzed with histology for the presence of salivary gland material (red dotted
circle) 24h after puparium formation. (B) Quantification of data from (A). (C) Samples from
control animals (wi+; +; UAS-CG5805'RI+), n= 20 (left), and those with salivary gland-
specific knockdown of CG5805 (fkh-GAL4w; +; UAS-CG5805'F|+), n = 24 (right),
analyzed with histology for the presence of salivary gland material (red dotted circle) 24h
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after puparium formation. (D) Quantification of data from (C). (E) Samples from control
animals (w/+; +; UAS-CG13384'F/+), n= 20 (left), and those with salivary gland-specific
knockdown of CG13384 (fkh-GAL4w, +; UAS-CG13384'RI+), n = 20 (right), analyzed
with histology for the presence of salivary gland material (red dotted circle) 24h after
puparium formation. (F) Quantification of data from (E). (G) Samples from control animals
(wi+; UAS-CG8177/RI+; +), n= 20 (left), and those with salivary gland-specific knockdown
of CG8177 (fkh-GAL4w;, UAS-CG8177/R/+; +), n = 23 (right), analyzed with histology for
the presence of salivary gland material (red dotted circle) 24h after puparium formation. (H)
Quantification of data from (G). (I) Samples from control animals (W/+; UAS-CG10413'FI+;
+), n= 20 (left), and those with salivary gland-specific knockdown of CG10413 (fkh-
GAL4w, UAS-CG10413'RI+; +), n = 24 (right), analyzed with histology for the presence of
salivary gland material (red dotted circle) 24h after puparium formation. (J) Quantification
of data from (I). See also Figure S1.
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Figure 2. Down regulation of CG11665 suppresses eiger-induced non-apoptotic cell death
(A) Eye from a wild type animal. (B) Eye from a control animal that expresses Eiger

specifically in the eye disc (GMR-Egr). (C) Eye from an animal that expresses Eiger and
CG11665'F. (D) Eye from an animal that expresses Eiger and CG5805'F. (E) Eye from an
animal that expresses Eiger and CG13384/F. (F) Eye from an animal that expresses Eiger
and CG8177'R. (G) Eye from an animal that expresses Eiger and CG10413'R. (H)
Quantification of data from (B-G). Percent of animals with suppression of Eiger-induced eye
size reduction (n > 50 animals/genotype). Statistical significance was determined using a
Chi-square test. All animals were 3-5 days old. See also Figure S2.
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Figure 3. CG11665/hernes mutation results in persistence of salivary gland material
(A) Schematic representation of CG11665/hermes. Arrows indicate the CRISPR targeted

sites and the resulted deletion. (B) Samples from control animals (w; ArnA/+; +), n=39
(left) and Arm mutants (w; ArmAY Df(2R)BSC696, +), n=51 (right), analyzed by histology
for the presence of salivary gland material (red dotted circle) 24h after puparium formation.
(C) Quantification of data from (B). (D) Samples from control /rm mutants animals (w;
hrmA hrmAL, UAS-GFP; sg-GAL4/+), n=11 (left) and Arm mutants that express a Arm
transgene (w, ArmA hrmAl, UAS-GFP: sg-GAL4 UAS-hrm), n=20 (right), analyzed by
histology for the presence of salivary gland material (red dotted circle) 24h after puparium
formation. (E) Quantification of data from (D). See also Figure S3.
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Figure 4. Loss of hermes does not influence caspases during salivary gland degradation
(A) Samples from Arm mutant animals (w; ArmA2 Df(2R)BSC696, fkh-GAL4/+), n=20

(left), animals with salivary gland-specific expression of p35 (w; ArmALl + fkh-GAL4 UAS-
p35), n=19 (middle), and Arm mutants with salivary gland-specific expression of p35 (w,
hrmP Df(2R)BSC696, fkh-GAL4 UAS-p35), n=16 (right), analyzed by histology for the
presence of salivary gland material (red dotted circle) 24h after puparium formation. Arrows
indicate persisting salivary gland luminal structures. See also Figure S4. (B) Quantification
of data from (A). Statistical significance was determined using a Chi-square test comparing
the percentages of gland fragments. (C) Salivary glands dissected from control (w; ArmA4/ +;
+), n=4 (left), animals and Arm mutant animals (w; hrmAl Df(2R)BSC696. +), n=8 (right),
13.5h after puparium formation and stained with cleaved Caspase-3 antibody (green) and
Hoechst (blue). Scale bars represent 20um. (D) Quantification of data from (C). Data are
represented as mean + SEM. Statistical significance was determined using a Student’s t test.
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Figure 5. hermesis required for autophagy during salivary gland degradation
(A) Samples from Arm mutant animals (w; ArmA Df(2R)BSC696: +), n=51 (left), Atg13

mutant animals (w;, ArmA+ Atg13374), n = 20 (middle), and mutant animals for both /rm
and Atg13 (w;, hrmAY Df(2R)BSC696, Atg1327%), n=13 (right), analyzed by histology for
the presence of salivary gland material (red dotted circle) 24h after puparium formation. (B)
Quantification of data from (A). Statistical significance was determined using a Chi-square
test comparing the percentages of gland fragments. (C) Samples from control Arm mutants
animals (w; ArmAl DF(2R)BSC696; fkh-GAL4+), n=20 (left) and /rm mutants specifically
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expressing Atg1 in the salivary glands (w; ArmA DF(2R)BSC696: fkh-GAL4 UAS-
Atg1GS10797) n=17 (right), analyzed by histology for the presence of salivary gland material
(red dotted circle) 24h after puparium formation. (D) Quantification of data from (C).
Statistical significance was determined using a Chi-square test comparing the percentages of
gland fragments. (E) Salivary glands dissected from control animals expressing mCherry-
Atg8a (red) (w; hrmPL, mCherry-Atg8al+, +), n=10, (left) and Arm mutant animals (v
hrmPL, mCherry-Atg8a Df(2R)BSC696, +), n=8, (right) 13.5h after puparium formation and
stained with Hoechst (blue). Scale bars represent 20um. (F) Quantification of data from (E).
Data are represented as mean + SEM. Statistical significance was determined using a
Student’s t test. (G) Salivary glands dissected from control (w; ArmA2/+; +) animals, n=5,
(left) and Arm mutant animals (w; hrmAY Df(2R)BSC696, +), n=10, (right) 13.5h after
puparium formation and stained with Ref(2)p/p62 antibody (green) and Hoechst (blue).
Scale bars represent 20um. (H) Quantification of data from (G). Data are represented as
mean + SEM. Statistical significance was determined using a Student’s t test.
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Figure 6. hermesis a plasma membrane monocarboxylate transporter that interacts with the
ancillary protein Bsg

(A) Salivary glands dissected from 3" instar control larvae (w; +; +) (left), hrm-sfGFP
larvae (w; hrm-sfGFP/A; +), (middle) and /Arm-sfGFP larvae with salivary gland-specific
knockdown of Arm (w; hrm-sfGFPA; Fkh-GAL4 UAS-hrm'R) (right). Scale bars represent
20um. (B) Fluorescence traces of control cells (gray), and cells expressing MC7-1 (black)
and Arm (red) before, during and after extracellular monocarboxylate (10mM) perfusion, n =
10. Plotted data are mean + SEM (shading) for clarity. (C) Relative proton transport rate
after extracellular monocarboxylate (10mM) perfusion. The data (mean = SEM) are
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normalized to the MCT-1 transport rate upon removal of lactate. Statistical significance was
determined using one-way ANOVA with Dunnett’s multiple comparison test, * p<0.05. (D)
Salivary glands dissected from /rm-sfGFP 3" instar larvae with cell specific (red cells)
knockdown of Bsg (v, w,hs>flip/w;, hrm-sfGFRIUAS-Bsg'R; act>CD2>GAL4, UAS-RFPI+)
imaged for Hrm-sfGFP (green-left) and RFP (red-middle). (E) Samples from control
animals (Wl+; UAS-Bsg’Rl+; +), n= 20 (left), and those with salivary gland-specific
knockdown of Bsg (fkh-GAL4w;, UAS-Bsg'RI+; +), n = 24 (right), analyzed with histology
for the presence of salivary gland material (red dotted circle) 24h after puparium formation.
(F) Quantification of data from (E). See also Figure S5 and S6.
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Figure 7. hermesalters lipid metabolism and mTor signaling
(A) Salivary glands dissected from control animals (w; ArmA +, +), n=13, (left) and Arm

mutant animals (w;, ArmPl Df(2R)BSC696. +), n=13, (right) 13.5h after puparium formation
and stained with Nile Red (red) and Hoechst (blue). Scale bars represent 20um. (B)
Quantification of data from (A). Data are represented as mean + SEM. Statistical
significance was determined using a Student’s t test. (C) Western blot analyses of phospho-
S6K and actin 13.5 h after puparium formation in salivary gland extracts from control (w;
hrmA1+ +), n=8, and Arm mutant animals (w; ArmAl DF(2R)BSC696; +), n=8. (D)
Quantification of data from (C). All samples are normalized to actin and plotted relative to
control sample. Data are represented as mean + SEM. (E) Samples from control Arm mutant
animals (w; ArmA2 hrmAl, UAS-GFP: sg-GAL4+), n=11 (left) and Arm mutants specifically
expressing tor’EP in the salivary glands (w; ArmAL, UAStor™ 01 hrmAl, UAS-GFP: sg-
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GAL4+), n=20 (right), analyzed by histology for the presence of salivary gland material
(red dotted circle) 24h after puparium formation. (F) Quantification of data from (E).
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