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SUMMARY

Although numerous polymorphisms have been associated with inflammatory bowel disease (IBD), 

identifying the function of these genetic factors has proved challenging. Here we identified a role 

for nine genes in IBD susceptibility loci in antibacterial autophagy and characterized a role for one 

of these genes, GPR65, in maintaining lysosome function. Mice lacking Gpr65, a proton-sensing 

G protein-coupled receptor, showed increased susceptibly to bacteria-induced colitis. Epithelial 

cells and macrophages lacking GPR65 exhibited impaired clearance of intracellular bacteria and 

accumulation of aberrant lysosomes. Similarly, IBD patient cells and epithelial cells expressing an 

IBD-associated missense variant, GPR65 I231L, displayed aberrant lysosomal pH resulting in 

lysosomal dysfunction, impaired bacterial restriction, and altered lipid droplet formation. The 
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GPR65 I231L polymorphism was sufficient to confer decreased GPR65 signaling. Collectively, 

these data establish a role for GPR65 in IBD susceptibility and identify lysosomal dysfunction as a 

potentially causative element in IBD pathogenesis with effects on cellular homeostasis and 

defense.

Graphical Abstract

 INTRODUCTION

Gene mapping efforts have the potential to unlock profound insights into disease 

pathogenesis because each genetic association individually carries a biological link to 

disease. This approach is relevant to all genetic diseases as well as cancer (Reuter et al., 

2015) and offers the potential to identify targets for development of novel therapeutic 

interventions. However, the swift progress of genome-wide association studies (GWASs) in 

many disease areas has exposed limitations in translating genetic loci to pathogenic insights, 

and it is thus becoming clear that the primary challenge for human genetics is no longer 

discovering genetic associations, but in the identification of how the identified genes and 

corresponding alleles exert their influence on the biology of health and disease (Altshuler et 

al., 2008).

Inflammatory bowel disease (IBD), including Crohn’s disease and ulcerative colitis, is a 

complex disease involving inflammation of the gastrointestinal tract. It is triggered by both 

genetic and environmental factors. There has been enormous progress in IBD genetics with 

the discovery of common genetic variants in more than 150 regions of the human genome 

that increase the risk and underlie the biology of IBD (Jostins et al., 2012). These common 

genetic variants have helped reveal key cell types controlling intestinal homeostasis and 

pathways such as antibacterial defense and autophagy as playing important roles in disease 

(Adolph et al., 2013; Cadwell et al., 2008; Cooney et al., 2010; Geremia et al., 2011; Lassen 

et al., 2014; Murthy et al., 2014). However, for the vast majority of these genetic 
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associations, the specific implicated gene and causal variants have not been identified, 

limiting the near-term insights into pathogenesis and the longer-term ability to convert these 

associations into actionable therapeutic hypotheses.

The juxtaposition of the polymicrobial community with gut tissue creates an environment in 

which host and/or cell sensing of microbes is critical to homeostasis. Understanding how gut 

microbes, including potentially pathogenic microbes, are sensed by gut tissues to coordinate 

an appropriate inflammatory response is a critical question in IBD (Deretic et al., 2013). 

Recent work has characterized the role of microbes and their bacterial products in altering 

gut dynamics (Kishino et al., 2013; Macia et al., 2015; Maslowski et al., 2009; Venkatesh et 

al., 2014). In turn, host genetics impinging on host response pathways, including 

intracellular bacterial defense, autophagy, metabolite receptor expression, and the ability to 

respond to cellular stresses, influences IBD susceptibility (Kaser et al., 2011; Knights et al., 

2013). Autophagy (macroautophagy) is a prosurvival intracellular clearance system that 

directs cytoplasmic cargo to lysosomes for proteolytic degradation (Gomes and Dikic, 2014; 

Levine et al., 2011). Emerging data highlight the critical role of autophagy in host defense 

against a range of bacteria, viruses, and parasites (Deretic et al., 2015). Autophagy is critical 

for maintaining intestinal homeostasis in multiple cell types. To date, the IBD-associated 

genes ATG16L1 and IRGM have each been implicated in antibacterial autophagy (Lassen et 

al., 2014; McCarroll et al., 2008; Murthy et al., 2014; Singh et al., 2006). It is currently 

unclear whether there are additional IBD-associated genes that function in autophagy or 

intracellular bacterial defense.

In this study, we used a functional genomic approach to identify 30 IBD-associated genes in 

host bacterial defense and pinpointed the role for GPR65 in IBD pathogenesis. In vivo, loss 

of GPR65 increased susceptibility to colitis. At the cellular level, we showed that GPR65 

maintained lysosomal function, thus preserving autophagy and pathogen defense. 

Expression of an IBD-associated missense variant of GPR65 (rs3742704), which encodes an 

isoleucine-to-leucine substitution at amino acid 231 (I231L), in cell lines and in patient 

lymphoblasts resulted in impaired lysosomal acidification and disrupted lysosomal function. 

Genetic rescue of this aberrant lysosomal activity in GPR65 I231L-expressing cells restored 

intracellular bacterial defense. Together these data highlight a critical role for lysosomal 

function in intestinal homeostasis and suggest a framework for placing disease-associated 

genes into functional pathways.

 RESULTS

 Functional Genomics Identifies a Role for IBD Risk Genes in Pathogen Defense

To begin assigning function to genes in IBD risk loci, we selected two known IBD-relevant 

pathways: intracellular bacterial replication and antibacterial autophagy. We targeted genes 

in each IBD risk locus by using short interfering RNAs (siRNAs) and monitored changes in 

intracellular replication of a bioluminescent Salmonella enterica and serovar Typhimurium 

after infection of immortalized cervical HeLa cells via a high-throughput assay (Figure 1A; 

Shaw et al., 2013). A second siRNA screen was used to identify genes involved in 

antibacterial autophagy by monitoring changes in colocalization of S. Typhimurium and the 

autophagy marker LC3 (MAP1LC3A, microtubule-associated proteins 1 light chain 3A) in 
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HeLa cells stably expressing green fluorescent protein- LC3 (GFP-LC3) (Figure 1A; Lassen 

et al., 2014; Murthy et al., 2014). siRNAs against ATG16L1, a core autophagy protein, 

served as a positive control for both screens (Figures S1A and S1B). The two screens were 

performed using siRNA pools containing three siRNAs targeting each gene and found that 

knockdown of 9.7% of the genes increased intracellular replication and knockdown of 

10.5% of the genes reduced LC3 colocalization (Figure 1B and Tables S1 and S2). These 

data reinforce the functional importance of antibacterial autophagy in IBD susceptibility.

Genes that exhibited phenotypes in either primary assay screen were retested with three 

individual siRNAs per gene and endogenous LC3 staining. Genes were then filtered based 

on performance of individual siRNAs in both high-throughput and manual assays, as well as 

mRNA expression level in HeLa cells and correlation of activity with knockdown efficiency 

(Tables S3 and S4). This filtering resulted in a list of 30 genes, 9 of which were confirmed to 

have positive effects on both bacterial replication and LC3-bacteria colocalization, including 

our positive control, ATG16L1 (Figures 1C–1E and S1C). Most of the identified genes have 

not been previously suggested to alter pathogen defense or autophagy; however, some genes 

that scored in these screens were supported by published findings. RUFY4 (RUN and FYVE 

domain containing 4) has recently been shown to positively regulate autophagy in response 

to the cytokine IL-4 (Terawaki et al., 2015). SCAMP3 (secretory carrier membrane protein 

3), a gene that scored only in the intracellular bacterial replication screen, has been shown to 

affect intracellular localization of S. Typhimurium, a phenotype that can have consequences 

for bacterial replication in host cells (Mota et al., 2009). Furthermore, the E3 ligase gene 

SMURF1 and the peroxisomal biogenesis gene PEX13 are implicated in selective autophagy 

of viruses and mitochondria, suggesting that these genes might function broadly in selective 

types of autophagy (Orvedahl et al., 2011).

Of the nine genes identified as positive regulators of pathogen defense in both screens, 

GPR65 (G protein coupled receptor 65) was selected for follow-up analysis because the 

association of IBD to the GPR65 locus implicates a set of 17 individual variants (Figure 1F 

and Table S5), including the missense mutation I231L (Jostins et al., 2012). The I231L 

variant has a frequency of 19.67% in the population. Additionally, protein expression and 

human transcriptome data indicate that GPR65 mRNA and protein expression is highest in 

immune cell compartments, including whole blood and spleen, as well as the intestinal 

tissue, suggesting that it plays a role in intestinal homeostasis (Kyaw et al., 1998; Melé et 

al., 2015). Although GPR65 is known to function as a H+-sensing G protein-coupled 

receptor (GPCR) that responds to acidic pH, the role of GPR65 in intestinal inflammation is 

currently unknown (Wang et al., 2004). Nonetheless, luminal changes in pH have been 

associated with inflammation and IBD (Nugent et al., 2001). Taken together, these data 

suggest a molecular link between GPR65 function and disease.

 Loss of Gpr65 Increases Bacteria-Induced Colitis Susceptibility

To determine whether GPR65 plays an important role in intestinal homeostasis in vivo and 

to test host defense against pathogenic bacteria, we used Citrobacter rodentium, a murine 

pathogen that results in colonic lesions similar to the clinical enteropathogenic Escherichia 
coli strains associated with Crohn’s disease (Longman et al., 2014; Nell et al., 2010; Sasaki 
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et al., 2007). Recent reports on Atg16l1 hypomorphic mice suggest that impaired autophagy 

can protect against C. rodentium infection (Marchiando et al., 2013). To determine whether 

Gpr65−/− mice were resistant to infectious colitis, we infected wild-type (WT) and Gpr65−/− 

mice with C. rodentium. Untreated Gpr65−/− mice were healthy with no signs of 

spontaneous colitis or inflammation (Figure 2A). At 14 days after infection, Gpr65−/− mice 

infected with C. rodentium showed more severe inflammation by histopathology (Figures 

2A and 2B). Moreover, Gpr65−/− mice had significantly higher levels of C. rodentium in the 

cecum, colon, and feces, a phenotype consistent with decreased pathogen clearance (Figure 

2C). Immunohistochemistry of infected colon tissue revealed enhanced infiltration of T cells 

(detected as CD3+) in Gpr65−/− mice although no differences in macrophage infiltration was 

observed (Figures 2D and S2). These data suggested that GPR65 was required for effective 

pathogen clearance and modulated susceptibility to infectious colitis in vivo. Additionally, 

these results were consistent with GPR65 having functions beyond autophagy.

 Gpr65 Expression in Non-hematopoietic and Hematopoietic Cells Limits C. rodentium 
Infection

Gpr65 is highly expressed in various immune cell types as well as intestinal tissue. Both 

non-hematopoietic and hematopoietic cells have been shown to contribute to defense against 

C. rodentium (Song-Zhao et al., 2014; Vallance et al., 2002). To determine which cellular 

compartment was responsible for Gpr65-mediated protection, bone marrow (BM) cells from 

WT and Gpr65−/− mice were transferred into lethally irradiated WT and Gpr65−/− mice, 

respectively. At 8 weeks after transfer, mice were infected with C. rodentium for 11 days to 

analyze the immune response closer to the peak of infection. Consistent with our results in 

Figure 2, Gpr65−/− mice that received Gpr65−/− BM (Gpr65−/− → Gpr65−/− BM chimeric 

mice) exhibited higher levels of C. rodentium in the colon compared to WT → WT BM 

chimeric mice and decreased colon length, a marker of colitis (Figures 3A and 3B). 

Restoration of Gpr65 expression in the non-hematopoietic compartment (Gpr65−/− →WT) 

or in the hematopoietic compartment (WT → Gpr65−/−) alone was not sufficient to reduce 

C. rodentium bacterial loads to that of WT mice (Figure 3A). Data obtained using in vivo 

imaging of BM chimeric mice infected with a bioluminescent C. rodentium were consistent 

with bacterial CFU data (Figures S3A and S3B). Additionally, Gpr65−/− → WT BM 

chimeric mice displayed significantly shorter colon lengths (Figure 3B). Major differences 

in histopathology were not observed at this time point after infection (Figure 3C). Cytokine 

analysis demonstrated reduced expression of tumor necrosis factor α (TNF-α), interleukin 

17 (IL-17), and interferon-γ (IFN-γ) in infected colons associated with loss of Gpr65 
(Figures 3D and 3E). This reduction was most significant in Gpr65−/− → Gpr65−/− BM 

chimeric mice and was apparent at both the mRNA level and the protein level (Figures 3D 

and 3E). No difference was observed in IL-1β or IL-6 mRNA or protein expression in any 

BM chimeric mice (Figures 3D, 3E, S3C, and S3D). Additionally, levels of IL-23 mRNA 

were significantly reduced in mice lacking Gpr65 in the hematopoietic compartment (Figure 

S3C). Taken together, these data are consistent with a role for epithelial Gpr65 expression in 

limiting pathogen replication and a role for hematopoietic Gpr65 expression in the 

inflammatory response to intestinal pathogens.
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 Loss of GPR65 Alters Pathogen Clearance and Confers Intracellular Degradative Defects

To investigate the role of GPR65 in intracellular pathogen defense, we generated GPR65-

null HeLa cell lines using the CRISPR/Cas9 system. To confirm that GPR65 ablation was 

specifically responsible for the observed phenotype and to control for any off-target effects 

of the CRISPR/Cas9 system, we stably re-expressed GPR65 or an empty vector control. We 

observed increased S. Typhimurium replication in GPR65-null cells compared to cells 

expressing GPR65, consistent with the knockdown results (Figure 4A). To determine 

whether GPR65 functions broadly in defense against other intracellular bacteria and in other 

cell types, we infected WT and Gpr65−/− primary bone-marrow-derived macrophages 

(BMDMs) with a strain of Listeria monocytogenes lacking the autophagy-evading protein 

ActA (L. monocytogenes ΔactA) (Rich et al., 2003). In agreement with our S. Typhimurium 

infection results, Gpr65−/− BMDMs showed significantly increased CFUs of intracellular L. 
monocytogenes, indicative of increased survival of the bacteria (Figure 4B). These data 

suggest a broad role for GPR65 in controlling intracellular microbial clearance.

GPR65 deficiency also resulted in decreased LC3-S. Typhimurium colocalization in HeLa 

cells (Figures 4C and 4D), and decreased LC3-Listeria colocalization was observed in 

Gpr65−/− BMDMs at 1 hr after infection, suggesting differences in intracellular bacterial 

targeting by autophagy in these cells (Figures S4A and S4B). Examination of LC3-S. 
Typhimurium autophagosomal structures by confocal microscopy revealed not only a 

decrease in LC3-containing membranes around S. Typhimurium, but also aberrant LC3 

accumulation near S. Typhimurium within GPR65-null cells (arrowheads, Figure S4C). 

These LC3 accumulations presented as either empty circular structures or globular 

concentrations of LC3 adjacent to the bacteria without the characteristic engulfment 

observed during antibacterial autophagy (Figure S4D). This aberrant LC3 accumulation was 

reduced when GPR65 was re-expressed, showing that this phenotype was specific to GPR65 

disruption (Figures 4E and S4D). Aberrant LC3 accumulation was also observed in Listeria-

infected Gpr65−/− BMDMs and in S. Typhimurium-infected HeLa cells treated with GPR65 

siRNA, suggesting that GPR65 functions similarly in pathogen targeting in multiple cell 

types (Figures S4E–S4H). The impaired recruitment of LC3 to bacteria as well as aberrant 

LC3 accumulations around bacteria indicated a potential block in autophagic turnover in 

GPR65-null cells.

To investigate the observed phenotypes at the ultrastructural level, we performed electron 

microscopy (EM) analysis on primary WT and Gpr65−/− BMDMs as well as our GPR65-

null HeLa cells. WT BMDMs exhibited classical morphology with numerous phagosomes 

distributed throughout the cytoplasm (Figure 4F). A significant proportion of the 

phagosomes in Gpr65−/− BMDMs lost their luminal homogeneity and accumulated 

membranous structures in their interiors, suggesting a defect in the hydrolytic processing of 

endocytosed material (Figures 4F and 4G). The observed defect in phagosome biogenesis 

did not affect phagocytic uptake of Staphylococcus aureus-coated bioparticles, indicating 

that this phenotype was restricted to intracellular pathways (Figure 4H).

Lysosomes from WT and Gpr65−/− BMDMs differed in their appearance; however, the 

number of total lysosomes in BMDMs was inadequate for quantitative analysis of these 

differences (data not shown). HeLa cells, on the other hand, contained numerous lysosomes, 
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allowing quantitative analysis of the major ultrastructural differences between lysosomes of 

cells with or without GPR65. In WT HeLa cells, most of the lysosomes had a typical 

morphology with onion-like membranous conformations in their lumen (Figures 4I and 4J). 

Two minor subpopulations of these degradative organelles were also observed. The first 

included lysosomes that were partially filled with unprocessed subvacuolar material as well 

as onion-like membranes (middle panel, Figure 4I). The second subpopulation included 

aberrant lysosomes that displayed accumulated undigested material in their lumen (right 

panel, Figure 4I). In contrast to WT cells, GPR65-null cells contained significantly fewer 

typical lysosomes and an increase in lysosomes with a degradation defect (Figures 4I and 

4J). Taken together, the accumulation of unprocessed endolysosomal content in GPR65-null 

cells supports a partial lysosomal degradative defect in these cells.

 GPR65 Crohn’s Disease Risk Variant Alters Lysosomal Activity

Consistent with our observation of aberrant lysosome accumulation in GPR65-null cells, an 

unbiased genome-wide analysis of gene expression differences between WT and Gpr65−/− 

BMDMs previously identified differential regulation of genes implicated in lysosomal 

function (Atp6v1d and Atp6v1e1) and vesicular transport (Snx10), suggesting potential 

dysregulation of these processes (Figure S5A; Efeyan et al., 2012; Qin et al., 2006). 

Atp6v1d and Atp6v1e1, two of the genes downregulated in Gpr65−/− cells, encode subunits 

of the H+ transporting vacuolar ATPase (V-ATPase) that functions to acidify lysosomes as 

well as other intracellular compartments. Additionally, SNX10 is known to directly bind the 

V-ATPase complex, controlling the subcellular localization and function of the V-ATPase 

complex (Chen et al., 2012). To determine whether these genes were also downregulated in 

non-immune cell types, we performed quantitative RT-PCR on GPR65-null HeLa cells and 

cells expressing either GPR65 WT or the IBD-risk variant GPR65 I231L (rs3742704). 

Reduced mRNA expression of ATP6V1D, ATP6V1E1, and SNX10 was also observed in 

GPR65-null HeLa cells and GPR65 I231L-expressing cells relative to WT cells, suggesting 

that this is a common feature of cells lacking GPR65 and not limited to specialized cell 

types (Figure S5B). Together, these data suggest that GPR65 signaling could alter V-ATPase 

complex trafficking and lysosomal function.

Expression of GPR65 WT and GPR65 I231L was equivalent in the generated cell lines and 

both proteins showed similar subcellular localization (Figures S6A and S6B). Knockout of 

GPR65 or expression of GPR65 I231L each resulted in an accumulation of the autophagy 

protein LC3-I and the autophagy target p62, consistent with a late block in autophagy and 

impairment of autophagic turnover (Figure S6C). Consistent results were obtained with 

Gpr65−/− BMDMs (Figure S6D). Similar protein levels of LC3-I and p62 were observed in 

the presence of the autophagy inducer, Torin 1, and the lysosomal protease inhibitors E64d 

and pepstatin A, and these data are consistent with impaired lysosomal processing in both 

GPR65-null and GPR65 I231L cells (Figures S6C and S6D).

Loss of GPR65 resulted in an increase in lysosomal pH compared to cells expressing GPR65 

WT as measured by a decrease in the relative fluorescence intensity of the pH-sensitive 

LysoTracker Green probe in live cells, which marks acidic organelles (Figure 5A). 

Expression of GPR65 I231L also resulted in abnormal organelle pH (Figure 5A). Cells with 
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or without GPR65 were similarly sensitive to treatment with the specific V-ATPase inhibitor, 

bafilomycin A1, which increases lysosomal pH and thus abolishes LysoTracker 

fluorescence. Imaging of LysoTracker-stained cells also revealed peripheral localization and 

accumulation of lysosomes in GPR65-null cells (Figures 5B and 5C). This aberrant 

accumulation of lysosomes was also observed to a lesser extent in cells expressing GPR65 

I231L compared to GPR65 WT (Figures 5B and 5C). To determine whether this aberrant 

subcellular distribution of lysosomes was associated with defects in lysosomal function, 

cells were treated with the protease inhibitors pepstatin A and E64d to impair lysosomal 

proteolytic activity without perturbing lysosomal pH, thereby allowing tracking of lysosomal 

localization with pH-sensitive dyes. Treatment of cells with these inhibitors resulted in 

aberrant lysosome localization and accumulation in GPR65 I231L and GPR65 WT cells, but 

no change in the distribution of lysosomes in GPR65-null cells (Figures 5B and 5C). These 

findings align with a previous study demonstrating that lysosomal positioning is critical for 

lysosome function (Korolchuk et al., 2011).

To specifically test whether endolysosomal activity was disrupted in GPR65-null cells, we 

treated cells with DQ-BSA, a bovine serum albumin derivative that is conjugated to a self-

quenched fluorophore that becomes fluorescent upon proteolysis in the lysosome (Reis et 

al., 1998). DQ-BSA fluorescence was higher in GPR65 WT-expressing cells compared to 

either GPR65-null or GPR65 I231L cells (Figure 5D). To measure phagolysosomal activity, 

we used 3-μm diameter beads conjugated to DQ-BSA and a pH-insensitive fluorochrome to 

measure the fraction of internalized beads that underwent lysosomal proteolysis. Consistent 

with aberrant phagolysosomal function, GPR65-null and GPR65 I231L cells contained 

significantly lower levels of cleaved DQ-BSA beads than did GPR65 WT cells despite 

similar levels of total internalized beads (Figures 5E, 5F, and S6E). These results suggest 

that loss of GPR65 or expression of GPR65 I231L increases lysosomal pH and impairs 

lysosomal function.

Increases in intracellular cAMP (cyclic adenosine monophosphate) regulate V-ATPase 

trafficking and reduce both phagosomal and lysosomal pH; however, the source of cAMP 

that regulates these processes is currently undefined (Breton and Brown, 2013; Coffey et al., 

2014; Di et al., 2006). We hypothesized that cAMP produced in response to GPR65 

activation could stimulate lysosomal acidification. We confirmed that treatment of HeLa 

cells with forskolin, a cAMP inducer, was sufficient to reduce lysosomal pH (Figure S6F). 

We next tested whether cAMP production was impaired in GPR65-null cells in response to 

low pH, a known activator of GPR65 (Mogi et al., 2009). GPR65-null cells did not produce 

cAMP in response to low pH, and re-expression of GPR65 rescued this phenotype, 

consistent with previous reports (Figure 5G). cAMP production was reduced in response to 

low pH in GPR65 I231L-expressing cells, suggesting that this polymorphism confers 

reduced activity in response to its protons (Figure 5G). GPR65-null HeLa cells were 

similarly responsive to forskolin independent of GPR65 expression, demonstrating that these 

cells are capable of producing cAMP and that the defect in cAMP production in response to 

an acidic buffer is specific to GPR65-dependent signaling (Figure S6G). Given the known 

role of SNX10 in V-ATPase trafficking, we also tested whether SNX10-null cells exhibited 

increased organelle pH. The pH of organelles in SNX10-null cells was higher, suggesting 

that SNX10 is required to maintain organelle pH (Figure S6H). In sum, these data suggest a 
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model in which impaired GPR65-dependent cAMP production in response to changes in 

extracellular pH results in alterations to V-ATPase dynamics, potentially through SNX10, 

and subsequent dysregulation of organelle pH.

 GPR65 I231L Alters Lipid Droplet Levels

Recent reports have suggested an important role for lysosomal degradation and autophagy in 

formation and turnover of intracellular lipid stores during nutrient deprivation (Rambold et 

al., 2015; Singh et al., 2009). Aberrant accumulation of lipid can result in cellular toxicity 

and inflammation, which could have important consequences for intestinal homeostasis. 

Expression data from Gpr65−/− BMDMs revealed differential regulation of genes involved in 

lipid uptake and/or metabolism (Cd5l, Pla2g7, and Fcrls), suggesting that this pathway 

might be altered (Figure S5). Cells store neutral lipids in the form of lipid droplets (LDs), 

which are broken down into free fatty acids during starvation and transported to 

mitochondria, where they undergo fatty acid oxidation to generate energy for the cell 

(Hashemi and Goodman, 2015). GPR65-null or rescued cells were treated with complete 

medium or nutrient-depleted medium (HBSS) and stained for LDs using BODIPY, a dye 

that stains neutral lipids. At steady-state, GPR65-null and GPR65 I231L-expressing cells 

exhibited an accumulation of lipid droplets compared to GPR65 WT cells (Figures 6A and 

6B). Under conditions of nutrient depletion, there was a strong increase in the number of LD 

puncta in GPR65 WT cells. This increase was inhibited by treatment with the lysosomal 

inhibitor bafilomycin A1, consistent with the reported role for autophagy and lysosomal 

function in LD growth during starvation (Figure 6C; Rambold et al., 2015). LD growth 

during starvation was dramatically impaired in GPR65-null cells and partially impaired in 

GPR65 I231L-expressing cells (Figures 6A and 6B). Taken together, these data suggest that 

GPR65 I231L confers changes to lipid droplet turnover, which could have important 

consequences for lipid metabolism and cellular energetics.

 GPR65 Risk Variant-Associated Lysosomal Dysfunction Disrupts Pathogen Clearance

To determine whether the observed lysosomal impairment in GPR65 I231L-expressing cells 

results in alterations in pathogen clearance, we performed an intracellular replication assay 

with S. Typhimurium. Expression of GPR65 I231L in GPR65-null cells resulted in an 

increase in intracellular bacterial replication compared to cells expressing GPR65 WT 

(Figure 7A). Expression of either of the V-ATPase subunits identified by RNA-seq, 

ATP6V1D or ATP6V1E1, was sufficient to restore lysosomal function and reduce bacterial 

replication in GPR65 I231L-expressing cells to WT levels, suggesting that lysosomal 

dysfunction contributes to the observed deficits in intracellular bacterial defense (Figures 7B 

and 7C).

We also performed bacterial replication assays in lymphoblasts derived from IBD patient 

peripheral blood mononuclear cells homozygous for the tagged GPR65 risk polymorphism 

and compared these results with age- and disease-matched controls. Enhanced S. 
Typhimurium replication was observed in lymphoblasts derived from individuals expressing 

the GPR65 risk polymorphism (Figure 7D). The enhanced intracellular bacterial replication 

observed with the IBD-associated coding variant in both engineered and patient-derived 
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cells suggests that impaired lysosomal function decreases antimicrobial defense and that this 

could contribute to disease susceptibility.

 DISCUSSION

Functional genetic approaches offer the potential to identify genes of interest and provide 

key functional clues into pathways involved in pathogenesis. Our findings provide an 

experimental framework for pinpointing potentially relevant genetic targets from disease-

associated risk loci identified through GWASs, an approach that could lead to the 

identification of relevant therapeutic targets. Using this approach, we identified a number of 

genes that alter antibacterial autophagy and pathogen defense; however, the majority of these 

genes are probably not directly altering autophagy, as is the case for ATG16L1. Further 

assessment of relevant hits will be required to understand the individual contributions of 

these genes and their associated polymorphisms.

Our data suggest a model in which GPR65 signaling helps maintain appropriate organelle 

pH and that this signaling is impaired with the IBD-associated I231L polymorphism. This 

polymorphism in GPR65 is predicted to lie within one of the transmembrane regions of 

GPR65 (Kyaw et al., 1998). Experimental data suggest that changing an isoleucine to 

leucine alters the stability of alpha helices in the transmembrane region of proteins (Lyu et 

al., 1991). Thus, the I231L polymorphism could disrupt the transmembrane helix structure 

in GPR65, leading to the observed impaired signaling and cAMP induction. To date, the 

source of cAMP that regulates lysosomal pH is unclear (Rahman et al., 2013). Our data 

suggest a model in which GPR65 senses changes in pH, inducing cAMP production, which 

in turn regulates V-ATPase activity, potentially through SNX10. We show that loss of 

SNX10 is sufficient to alter lysosomal pH. Taken together, this study defines the role of 

GPR65 signaling in the maintenance of lysosomal pH and function and demonstrates that a 

single polymorphism could alter this process.

To date, little was known about the role of lysosomal function in IBD susceptibility. Our 

data suggest that the IBD-associated risk variant GPR65 I231L disrupts lysosomal function 

and impairs pathogen defense, reinforcing the concept that decreases in bacterial clearance 

have important consequences for IBD pathogenesis (Lassen et al., 2014; Murthy et al., 

2014). However, given the central role of lysosomal function in cellular homeostasis, our 

finding that GPR65 I231L alters lysosomal function has broad implications for tissue 

homeostasis beyond autophagy and pathogen clearance. We demonstrate that Gpr65−/− mice 

are highly susceptible to infection with C. rodentium, in contrast to reports using Atg16l1 
hypomorphic mice, which have a reduction in autophagy but no effect on lysosome function 

(Marchiando et al., 2013). Additionally, WT and Gpr65−/− mice infected with C. rodentium 
produced similar levels of IL-1β to WT whereas an impairment of autophagy is known to 

increase IL-1β production from macrophages (Saitoh et al., 2008). Finally, our data in BM 

chimeric mice demonstrate an important role for Gpr65 in both the hematopoietic and non-

hematopoietic compartments, consistent with the broad role of lysosomes in cellular 

physiology.
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It is likely that GPR65 is playing a critical role in phagocytic cells that require high levels of 

V-ATPase activity to maintain phagosomal and lysosomal pH, and this activity aids in the 

direct clearance of enteric pathogens. Recent studies have shed light on the critical role that 

lysosomes play in the immune response, signaling, tissue repair, and cellular energetics, and 

it is likely that disruptions in these responses contribute to IBD susceptibility (Ferguson, 

2015; Settembre et al., 2013).

Parallels can be drawn between our findings and other diseases known to alter lysosomal 

function. Hermansky-Pudlak syndrome (HPS) is a rare autosomal-recessive disorder 

resulting from mutations in genes involved in the formation and trafficking of lysosome-

related organelles. Interestingly, a subset of HPS patients develop Crohn’s disease-like 

colitis, suggesting that genetic alterations to lysosomal function can result in Crohn’s-like 

pathologies (Hazzan et al., 2006). Although inherited lysosomal disorders are known to 

cause severe disease, our data suggest that subtle changes to lysosomal function through 

genetic polymorphisms can alter susceptibility to microbes, particularly in the gut at the 

host-commensal interface (Ferguson, 2015).

We demonstrated that lysosomal dysfunction in GPR65-null cells and GPR65 I231L-

expressing cells disrupted lipid droplet formation during acute starvation. Aberrant lipid 

turnover and metabolism might also directly contribute to IBD pathogenesis. Of note, the 

fatty acid desaturases FADS1 and FADS2 each scored in both the bacterial replication and 

LC3-bacteria colocalization assays. FADS1 and FADS2 are rate-limiting enzymes that 

regulate the unsaturation of ω-3 and ω-6 long-chain polyunsaturated fatty acids. Another 

gene that scored in our screen, PEX13, underlies the peroxisomal disorder Zellweger 

syndrome (Shimozawa et al., 1999). Loss of PEX13 in humans or mice is characterized by 

impaired peroxisomal β-oxidation of very long chain fatty acids and an accumulation of lipid 

droplets (Maxwell et al., 2003). Recent studies have explored the role of lipid metabolism 

and lipid signaling in immune activation and pathogen defense (O’Neill and Pearce, 2016; 

York et al., 2015). For example, fatty acid synthesis and turnover are critical for the Treg/

Th17 cell signaling axis as well as M1/M2 macrophage activation (Berod et al., 2014; 

Huang et al., 2014). Potentially, lipid metabolism in immunity could be a common pathway 

contributing to IBD pathogenesis.

In conclusion, our investigation used an unbiased screening approach to identify GPR65 as a 

previously uncharacterized key gene controlling susceptibility to colitis. Defects in 

lysosomal activity associated with GPR65 I231L will negatively impact autophagy, a known 

IBD-associated pathway; however, therapeutic approaches aimed to boost overall levels of 

autophagy in these cells could exacerbate disease in these individuals. By increasing the flux 

of materials to the lysosome, autophagy modulators could stress lysosomes that are 

functioning at capacity and further disrupt cellular homeostasis. Potentially, a GPR65 

agonist could help restore lysosomal function in individuals who harbor GPR65 risk 

polymorphisms. For this reason, development of personalized therapeutic strategies will 

require an understanding of not only the pathogenic contributions of disease-associated 

genes, but also the function of specific polymorphisms.
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 EXPERIMENTAL PROCEDURES

 siRNA Screens

HeLa cells (parental strain or stably transduced with LC3-GFP) were reverse transfected 

with 5 pmol pooled siRNA (three siRNAs targeting one specific human gene per well) 

against selected genes within IBD susceptibility loci from the Silencer Select Human 

Druggable Genome siRNA Library (Ambion) available in 96-well glass-bottomed plates at a 

density of 6 × 103 cells per well for imaging analysis. S. Typhimurium overnight cultures 

were subcultured 1:33 for 3 hr and then infected at MOI 100:1 for DsRed S. Typhimurium 

and bioluminescent S. Typhimurium (Perkin Elmer). See the Supplemental Experimental 

Procedures for further details.

 Antibacterial Autophagy Assays

S. Typhimurium infection of HeLa cells and LC3 quantification were performed as 

previously described (Lassen et al., 2014). In brief, 1 × 105 HeLa cells were plated on glass 

coverslips in 12-well plates. Cells were infected with SL1344 DsRed-Salmonella enterica 
serovar Typhimurium for 1 hr, fixed in ice-cold methanol, and stained with rabbit anti-LC3 

(Sigma), goat anti-CSA (S. Typhimurium), and Hoechst. See the Supplemental Experimental 

Procedures for further details.

 Lysosomal Function Assays

To measure the pH of acidic intracellular compartments, cells were loaded with 75 nM 

Lysotracker Green DND-26 (Invitrogen) for 5 min. Cells were analyzed on a BD FACSVerse 

instrument and mean fluorescence intensity (MFI) was calculated via FlowJo software. MFI 

was normalized to GPR65-null cells. For DQ-BSA assays, 10,000 cells/well were plated in 

96-well plates. The next day, cells were starved for 1 hr with HBSS and then treated with 10 

μg/mL DQ-BSA Green dye (Life Technologies) in complete media to increase endocytosis. 

Cells were incubated for 1 hr and then washed. Cells were stained with Hoechst 33342 

(Molecular Probes) for 5 min to visualize nuclei and imaged with the ImageXpress Micro 

Widefield High-Content Screening System with a 20× lens. Fluorescence intensity of 

internalized DQ-BSA was quantified with MetaExpress software. See the Supplemental 

Experimental Procedures for further details.

 Lipid Droplet Analysis

Cells were plated in 96-well plates as described above. For starvation experiments, cells 

were starved for 3 hr in HBSS. Cells were washed in PBS and fixed in 4% PFA with 

Hoechst for 15 min. Cells were washed and stained for 15 min with BODIPY 493/503 in 

PBS at a final concentration of 1 μg/mL. For each well, 6–9 fields were imaged and 

analyzed to obtain an average number of LDs/cell for each well. For each experiment, 3–6 

replicate wells were analyzed. See the Supplemental Experimental Procedures for further 

details.
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 Mouse Experiments

All experiments involving mice were carried out according to protocols approved by the 

relevant animal ethics committees. Gpr65−/− mice, in which exon 2 coding sequences are 

replaced by promoterless IRES-EGFP sequences, were obtained from Jax laboratories and 

backcrossed on a C57BL/6 background to 13 generations. All experiments were performed 

on age- and gender-matched animals. C. rodentium infections were performed as described 

previously. C. rodentium were grown overnight at 37°C in 10 mL LB with 100 μg/mL 

nalidixic acid or in LB with ampicillin for bioluminescent C. rodentium. Overnight C. 
rodentium cultures were harvested by centrifugation and resuspended in PBS. Mice were 

orally gavaged with 1–4 × 109 colony-forming units (CFUs) of the bacterial suspension. 

CFUs from the indicated organs were determined by plating on LB agar containing nalidixic 

acid. Histological slides of colon were scored blinded for C. rodentium infection, with a 

maximum possible score of 10. See the Supplemental Experimental Procedures for further 

details.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Genomic screen identifies role for nine genes in IBD susceptibility loci in 

autophagy

• Gpr65-deficient mice are more susceptible to bacteria-induced colitis

• Loss of GPR65 results in accumulation of aberrant phagosomes and 

lysosomes

• GPR65 IBD risk variant confers defects in lysosomal function and pathogen 

defense
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Figure 1. Functional Genomic Analysis Identifies Genes Involved in Autophagy-Dependent 
Intracellular Pathogen Defense
(A) Schematic of high-throughput genetic screens. HeLa or HeLa-GFP-LC3 cells were 

transfected with an siRNA library and infected with bioluminescent S. Typhimurium 

(intracellular bacterial replication) or DsRed-labeled S. Typhimurium (LC3 colocalization).

(B) Mean effect size of siRNAs in intracellular bacterial replication assay (left) and LC3 

colocalization assay (right). n = 2 independent experiments.

(C) Representative confocal micrographs of selected siRNA-treated HeLa cells infected for 

1 hr with DsRed-labeled S. Typhimurium. Scale bars represent 7.5 μm.
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(D) Validated genes that scored in LC3 colocalization and intracellular bacterial replication 

assays using single siRNAs for a given gene.

(E) Heatmap illustration of effect size scores of confirmed hits.

(F) Schematic of GPR65 locus with identified IBD risk SNPs from the IBD fine-mapping 

project.

See also Figure S1 and Tables S1, S2, and S3–S5.
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Figure 2. Gpr65−/− Mice Are More Susceptible to Bacterial-Induced Colitis
(A) Representative H&E-stained sections of distal colon tissue are shown from untreated 

WT and Gpr65−/− mice (20× magnification) (n = 4 mice per genotype).

(B) Representative H&E-stained sections of distal colon tissue are shown from infected WT 

and Gpr65−/− mice (20× magnification) (n = 8 mice per genotype).

(C) Histological score for inflammation in colon tissues 14 days after C. rodentium 
infection. Data shown as mean ± SD; n = 5/group. **p < 0.01 (Mann-Whitney U test).
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(D) WT and Gpr65−/− mice were orally infected with C. rodentium and bacterial numbers 

(CFU) were measured in the cecum, colon, feces, and liver 14 days after infection. Data are 

means + SEM (n = 10 [WT], 10 [Gpr65−/−]; 2 experiments). **p < 0.01 (Mann-Whitney U 

test).

(E) Immunohistochemistry image of CD3 staining on WT and Gpr65−/− colon tissue 14 days 

after infection with C. rodentium.

See also Figure S2.
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Figure 3. Gpr65 Expression in Non-hematopoietic and Hematopoietic Cells Limits C. rodentium 
Infection
(A) Bone marrow chimeric mice were orally infected with C. rodentium and bacterial 

numbers (CFU) were measured in the colon at 11 days after infection. Data are means + 

SEM (n = 11 [WT → WT], n = 6 [WT → Gpr65−/−], n = 10 [Gpr65−/− → WT], n = 4 

[Gpr65−/−/Gpr65−/−]). *p < 0.05, **p < 0.01, ****p < 0.0001 (unpaired t test).

(B) Colon length from bone marrow chimeric mice infected with C. rodentium for 11 days. 

Data are means + SEM. **p < 0.01 (unpaired t test).
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(C) Representative H&E-stained sections of distal colon tissue are shown from infected bone 

marrow chimeric mice at 11 days after infection (20× magnification).

(D) Cytokine expression in C. rodentium-infected mice, as quantified by qRT-PCR. Relative 

mRNA levels of the indicated cytokine are shown. *p < 0.05; **p < 0.01 (unpaired t test).

(E) Secretion of cytokines from colon tissues 11 days after infection with C. rodentium. 

Data are means + SEM. *p < 0.05 (unpaired t test).

See also Figure S3.
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Figure 4. Cells Lacking GPR65 Exhibit Impaired Antibacterial Autophagy and Accumulation of 
Aberrant Degradative Compartments
(A) S. Typhimurium intracellular replication in GPR65-null HeLa cells stably expressing 

either an empty vector or GPR65 WT. Bars represent means ± SD from n = 4. ***p < 0.001 

(unpaired t test).

(B) CFU of intracellular Listeria ΔactA recovered from WT or Gpr65−/− BMDMs at 3 hr 

after infection. ***p < 0.001 (unpaired t test).

(C) Confocal micrographs of endogenous LC3-S. Typhimurium colocalization in GPR65-

null HeLa cells stably expressing either an empty vector or GPR65 WT at 1 hr after 

infection. Scale bars represent 7.5 μm.

(D) Quantification of colocalization of S. Typhimurium and endogenous LC3 in indicated 

cells 1 hr after infection. Data shown represent means + SEM from n = 3 independent 

experiments. *p < 0.05 (unpaired t test).
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(E) Quantification of aberrant endogenous LC3 accumulation at sites of S. Typhimurium-

LC3 colocalization in cells shown in Figure S3D. Data shown represent means + SEM of n 

= 3 independent experiments. ****p < 0.0001 (unpaired t test).

(F) Quantification of the percentage of BMDMs displaying more than two aberrant 

phagosomes as shown in (B). Results are expressed as percent of cells with a defined type of 

phagosome in the cell population + SEM. **p < 0.01 (t test).

(G) Representative EM micrographs of WT and Gpr65−/− BMDMs showing phagosomal 

morphology. Abbreviations are as follows: ER, endoplasmic reticulum; G, Golgi; M, 

mitochondria; P, phagosomes; P*, aberrant phagosomes; PM, plasma membrane. Scale bars 

represent 1 μm.

(H) WT and Gpr65−/− BMDMs were treated with S. aureus-coated bioparticles conjugated 

to the pH indicator dye for the indicated times. Number of puncta were normalized to WT 

levels at each time point. n = 3 independent experiments.

(I) Representative EM micrographs of the lysosomal subpopulations observed in WT and 

GPR65-null HeLa cells. Abbreviations and symbols are as follows: #, typical lysosome; *, 

lysosome with a partial degradation defect; **, aberrant lysosome with a degradative defect; 

ER, endoplasmic reticulum; G, Golgi; PM, plasma membrane. Scale bars represent 500 nm.

(J) Quantification of each lysosome subpopulation shown in (I). Results are expressed as the 

number lysosomes per cell + SEM. ****p < 0.0001 (t test).

See also Figure S4.
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Figure 5. GPR65 I231L-Expressing Cells Exhibit Aberrant Lysosomal Function and Increased 
Bacterial Replication
(A) Relative Lysotracker fluorescence in GPR65-null HeLa cells stably expressing either an 

empty vector, GPR65 WT, or GPR65 I231L. Cells were left untreated or treated with 100 

nM bafilomycin A1 for 2 hr.

(B) Representative micrographs of GPR65-null HeLa cells stably expressing an empty 

vector, GPR65 WT, or GPR65 I231L stained with Lysotracker. Cells were left untreated or 

treated with 10 μg/mL E64d and pepstatin A for 3 hr prior to staining.

(C) Quantification of cells imaged in (B) with aberrant lysosomal localization.
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(D) Relative DQ-BSA fluorescence in GPR65-null, GPR65 WT, or GPR65 I231L HeLa 

cells. Cells were left untreated or treated with 100 nM bafilomycin A1 for 2 hr.

(E) Fraction of DQ-BSA-positive fluorescent beads compared to total internalized beads in 

GPR65-null, GPR65 WT, or GPR65 I231L HeLa cells.

(F) HeLa cells treated with DQ BSA-conjugated beads. AF594 (red) was used to monitor 

total uptake of beads into cells. DQ-BSA (green) was used to monitor phagolysosomal 

activity.

(G) GPR65-null HeLa cells stably expressing an empty vector or GPR65-V5 WT were 

treated with buffers at the indicated pH for 30 min and cAMP levels were measured. 

Average of n = 3 independent experiments. Error bars represent + SEM.

For all panels, *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA with multiple 

comparisons. See also Figures S5 and S6.
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Figure 6. GPR65 I231L Impairs Lipid Droplet Turnover
(A) Representative micrographs of cells treated for 4 hr with complete medium, HBSS, or 

HBSS and 200 nM bafilomycin A1 and stained with BODIPY. n = 4 independent 

experiments.

(B and C) Quantification of images as shown in (A). Results are representative of n = 4 

independent experiments. Bars show mean + SEM.
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Figure 7. Impaired Lysosomal Function in GPR65 I231L-Expressing Cells Results in Increased 
Bacterial Replication
(A) S. Typhimurium intracellular replication in GPR65-null HeLa cells stably expressing 

either GPR65 WT or GPR65 I231L. Bars represent means ± SD from n = 4.

(B) Fraction of DQ-BSA-positive fluorescent beads compared to total internalized beads in 

GPR65 WT cells or GPR65 I231L cells stably expressing either ATP6V1D or ATP6V1E1.

(C) S. Typhimurium intracellular replication in GPR65 WT cells or GPR65 I231L cells 

stably expressing either ATP6V1D or ATP6V1E1. Bars represent means ± SD from n = 3 

independent experiments.

(D) Intracellular S. Typhimurium replication in IBD patient-derived lymphoblasts expressing 

the ancestral SNP (AA) or the risk allele (CC).

For all panels, **p < 0.01, ***p < 0.001 (unpaired t test in A and D, one-way ANOVA with 

multiple comparisons in C).
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