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SUMMARY

Endoplasmic reticulum (ER) stress is known to induce pro-inflammatory response
and ultimately leads to cell death. Mesencephalic astrocyte-derived neurotrophic
factor (MANF) is an ER-localized protein whose expression and secretion is
induced by ER stress and a crucial survival factor. However, the underlying mech-
anism of how MANF exerts its cytoprotective activity remains unclear due to the
lack of knowledge of its receptor. Herewe show that Neuroplastin (NPTN) is such
a receptor for MANF. Biochemical analysis shows the physiological interaction
between MANF and NPTN on the cell surface. Binding of MANF to NPTN miti-
gates the inflammatory response and apoptosis via suppression of NF-kb
signaling. Our results demonstrate that NPTN is a cell surface receptor for
MANF, which modulates inflammatory responses and cell death, and that the
MANF-NPTN survival signaling described here provides potential therapeutic
targets for the treatment of ER stress-related disorders, including diabetes mel-
litus, neurodegeneration, retinal degeneration, and Wolfram syndrome.

INTRODUCTION

The endoplasmic reticulum (ER) participates in many important cellular processes. This includes the native

folding, post-translational modification, and trafficking of transmembrane and secretory proteins. Genetic

or acquired dysfunction of the ER leads to a variety of diseases. Imbalance between the demand for secre-

tory and membrane proteins and the protein folding capacity of ER results in a buildup of unfolded/mis-

folded proteins in the ER. The status in which unfolded/misfolded proteins are accumulated in the ER

lumen is referred to as ER stress. Once ER stress occurs, it is mitigated by a signaling mechanism known

as the unfolded protein response (UPR) (Ron and Walter, 2007; Schroder and Kaufman, 2005). The UPR

maintains ER homeostasis through three distinct physiological responses: (1) translational attenuation to

decrease the demands made on the organelle (Harding et al., 2002), (2) the transcriptional induction of

genes encoding ER-resident chaperones to facilitate protein folding (Li et al., 2000; Yoshida et al., 1998),

and (3) ER-associated degradation (ERAD) to degrade unfolded or misfolded proteins in the ER lumen

(Ng et al., 2000; Travers et al., 2000). Excessive and unresolved ER stress induces pro-inflammatory

response and eventually leads to apoptotic cell death, which contributes to the pathogenesis of a variety

of diseases including neurodegenerative disorders and diabetes mellitus (Nakagawa et al., 2000; Urano

et al., 2000).

MANF is an ER stress responsive protein whose expression and secretion are enhanced by ER stress (Apos-

tolou et al., 2008; Mizobuchi et al., 2007). MANF together with cerebral dopamine neurotrophic factor

(CDNF) was originally identified as highly evolutionarily conserved neurotrophic factors (NTFs) forming a

novel family of NTFs (Lindahl et al., 2017; Lindholm and Saarma, 2010; Lindholm et al., 2007; Petrova

et al., 2003). Traditionally, it was considered that there were three families of NTFs: (1) neurotrophin family,

(2) glial cell line-derived neurotrophic factor (GDNF) family of ligands (GFLs), and (3) neurotrophic cytokines

(neurokines). By binding to and activating their receptors on the cell surface, NTFs transmit cytoprotective

and survival signals via a phosphorylation cascade (Airaksinen et al., 1999; Chao, 2003). MANF and CDNF

are structurally distinct from all other families of NTFs and signal through unknown receptors or mecha-

nisms (Lindahl et al., 2017).

Previous studies demonstrated that MANF is a protective factor for dopamine neurons in animal models of

Parkinson disease, cardiac myocytes in myocardial infarction, cortical neurons in ischemic stroke, and
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Figure 1. Identification of MANF Receptor by a Ligand Receptor Capture (LRC) Technology

(A) Fluorescence-activated cell sorting (FACS) analysis examining the binding and cross-linking of MANF peptide-

TRICEPS and Insulin peptide-TRICEPS to the oxidized glycans on the cell surface of INS-1 832/13 cells.

(B) CaptiRec volcano plot to compare enriched proteins analyzed by liquid chromatography-tandem mass spectrometry

(LC-MS/MS) in the Insulin and MANF peptide samples. Data are shown on the protein level.

(C) Immunoblot analysis monitoring NPTN andMANF-TRICEPS in HeLa cells treated with mock (�) or MANF-TRICEPS (+).

Lysates from HeLa cells were pulled down with streptavidin beads.

(D) The evaluation of NPTN knockdown with lentivirus expressing shGFP or shNPTN in HeLa cells. Left panel is a

representative immunoblot image of NPTN and GAPDH. GAPDH was used as a loading control. Right graph is

quantitative analysis of NPTN from three independent experiments (n = 3; values are mean G SD, ***p < 0.001, unpaired

two-tailed Student’s t test).
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retinal cells in models of photodamage (Airavaara et al., 2009; Glembotski et al., 2012; Lu et al., 2018; Neves

et al., 2016; Voutilainen et al., 2009). MANF is indispensable for the survival of pancreatic b-cells (Lindahl

et al., 2014). Negative regulation of nuclear factor (NF)-kB has been shown as cytoprotective effect of

MANF (Chen et al., 2015b; Hakonen et al., 2018). However, the precise signaling pathways regulated by

MANF remain unclear.

As NTFs are known to bind to cell surface receptors to activate downstream signaling, a specific receptor

for MANF is expected to exist. In this study, we show that neuroplastin (NPTN) is such a cell surface receptor

for MANF. NPTN mediates the expression and secretion of inflammatory cytokines through activation of

the NF-kB pathway, andMANF antagonizes the inflammatory effect of NPTN by direct physical interaction,

resulting in the suppression of ER stress-mediated inflammation and cell death. Our study reveals a mech-

anism of MANF-mediated cell survival and anti-inflammation.

RESULTS

An Unbiased Cell Surface Binding Assay to Identify MANF Receptor Candidates

To identify cell surface molecules that bind to the extracellular MANF in mammalian cells, we adapted a

ligand-receptor capture system TRICEPS (Frei et al., 2012). This system utilizes a specifically designed che-

moproteomic reagent TRICEPS, which has three heads: one is covalently coupled to a ligand of interest,

one is used for cross-linking to oxidized glycan of the target receptor, and one is modified with biotin

for purification with streptavidin. MANF protects pancreatic b-cells from ER stress-mediated cell death

in vitro and in vivo (Lindahl et al., 2014). Therefore, we hypothesized that pancreatic b-cells might have

abundant MANF receptor expression. To test this idea, we usedMANF and insulin polypeptides as ligands

to capture receptor candidates in a rat b-cell line INS-1 832/13 cells. The receptor capturing efficiency was

monitored by flow cytometric analysis of fluorescein isothiocyanate (FITC)-labeled streptavidin. As shown

in Figure 1A, the robust fluorescent signal of INS-1 832/13 cells labeled by FITC-streptavidin indicates that

MANF-TRICEPS, as well as Insulin-TRICEPS, bound to cell surface molecules efficiently. After purification

with streptavidin beads, samples were analyzed by liquid chromatography-tandem mass spectrometry

(LC-MS/MS). 882 glycopeptides were identified and quantified in our experiments. Among those, 269 gly-

coproteins were known to be localized to the cell membrane. As expected, Insulin-TRICEPS captured in-

sulin-like grown factor 1 (IGF1) receptor, one of the known insulin receptors, indicating that this LRC screen

worked properly (Varewijck and Janssen, 2012). MANF-TRICEPS sample captured two receptor candidates,

neuroplastin (NPTN) and SLC44A3 (also known as CTL3) (Figure 1B). To confirm the binding between

MANF and these candidate receptors, we conducted a pull-down assay. The assay revealed that MANF

interacted with NPTN, but not with SLC44A3 (Figure 1C). NPTN knockdown by short hairpin RNA (shRNA)

in HeLa cells significantly reduced the signal of the cells labeled by FITC-streptavidin (Figures 1D–1F), sug-

gesting that MANF interacts with NPTN in vivo. Because CDNF has a structural similarity with MANF, we

tested the ability of CDNF to bind NPTN using microscale thermophoresis. MANF, CDNF, and GDNF

(negative control) polypeptides were titrated with varying concentrations of NPTN polypeptide. We found

strong binding of NPTN to MANF, but not to CDNF or GDNF, indicating that NPTN is a specific binding

partner withMANF. Based on these analyses, we focused onNPTN to verify if NPTN is a receptor forMANF.

NPTN Is Upregulated under ER Stress

First, we sought todeterminewhetherNPTNexpression couldbe increasedbyER stress becauseMANFexpres-

sion is known to be increased under ER stress conditions (Apostolou et al., 2008; Mizobuchi et al., 2007). Rat glial

C6 cells were treated with thapsigargin, a chemical ER stressor. NPTN mRNA and protein and MANF mRNA

levels were increased just like as other known ER stress marker genes (BiP and CHOP) (Figures 2A and 2B).

Figure 1. Continued

(E and F) HeLa cells stably expressing shGFP or shNPTN were mixed with MANF-TRICEPS and were examined by FACS to

investigate the binding. Representative results of FACS analyses (E). The graph shows the average percentage of FITC-

positive cells of three independent experiments (F) (n = 3; values are meanG SD, *p < 0.05, one-way ANOVA followed by

Dunnett’s test).

(G) For the microscale thermophoresis, recombinant MANF, CDNF, and GDNF polypeptides were fluorescently labeled

with Alexa 647, and the concentration of labeled molecules was kept constant at 10 nM in all runs. Recombinant NPTN

polypeptide was titrated over a range of concentrations from 0.122 to 1,000 nM. Shown are the mean DFnorm-values G

SD resulting from n = 3 independent repeats. The means are fitted using Nanotemper MO.Affinity analysis v2.1.2

assuming a 1:1 binding stoichiometry and the resulting Kd value is given together with an error estimation from the fit.
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Another ER stressor, tunicamycin, also increased mRNA levels ofNPTN andMANF. On the other hand, this in-

crease was not observed by treatment with staurosporin, an agent that induces apoptosis independently of ER

stress, suggesting that NPTN is specifically upregulated by ER stress (Figure 2C and 2D).

NPTN Induces Inflammation via NF-kB Activation

Previous studies demonstrate that MANF negatively regulates NF-kB, thus reducing inflammation (Chen

et al., 2015b; Hakonen et al., 2018). Indeed, when we performed knockdown ofManf in C6 cells using small

interfering RNA (siRNA) (Figures S1A and S1B), Manf knockdown cells showed increased NF-kB activation

(Figure S1C). Consistent with this finding, mRNA and secretion levels of proinflammatory cytokine, inter-

leukin (IL)-6, and CXCL-1 (ortholog of human IL-8) were increased in Manf knockdown cells (Figures

S1D–S1F). Therefore, we tested if NPTN might be involved in inflammation and NF-kB activation. Treat-

ment of C6 cells with lipopolysaccharide (LPS) robustly increased NF-kB-dependent luciferase activity in

control, whereas Nptn knockdown suppressed the luciferase activity both in untreated and LPS-treated

cells (Figures 3A, S2A, and S2B). In addition, Nptn knockdown significantly reduced mRNA and secretion

levels of IL-6 (Figures 3B and 3C). We next conducted overexpression of Nptn using Np55-EGFP (a shorter

isoform of NPTN) or Np65-EGFP (a longer isoform of NPTN) vector (Figure S1C). Contrary to knockdown

experiments, transient overexpression of Np55 and Np65 significantly induced NF-kB-dependent lucif-

erase activity, as well as mRNA and secretion levels of IL-6 (Figures 3D–3F). Collectively, these results indi-

cate that NPTN activates inflammatory responses through NF-kB signaling.

Figure 2. NPTN Expression Is Increased by ER Stress

(A) Representative immunoblot images of NPTN, MANF, BiP, andGAPDH in C6 cells treated with thapsigargin (TG, 10 nM

and 100 nM) for 16 h or untreated (UT). GAPDH was used as a loading control.

(B) Quantitative analysis of NPTN expression. The number is the average of three independent experiments (n = 3; values

are mean G SD, *p < 0.05, one-way ANOVA followed by Dunnett’s test).

(C) qPCR analysis of Nptn, Manf, Bip, and Chop in C6 cells treated with 10 nM TG for 16 h or untreated (UT) (n = 3; values

are mean G SD., *p < 0.05, unpaired two-tailed Student’s t test).

(D) qPCR analysis of Nptn andManf in C6 cells treated with tunicamycin (TM, 0.1 mg/mL and 1 mg/mL), staurosporin (STS,

0.01 nM and 0.1 nM) for 16 h or untreated (UT) (n = 3; values are mean G SD, *p < 0.05, one-way ANOVA followed by

Dunnett’s test).
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MANF Suppresses NF-kB Activation through NPTN

Given the direct binding between MANF and NPTN, we tested if MANF might suppress the NF-kB activity

through NPTN. First, we investigated the dynamics of this interaction in the presence of ER stress or inflam-

matory stimuli. After co-transfecting Np65-EGFP and MANF expression vectors in HeLa cells, we treated

these cells with or without thapsigargin or LPS. The cell lysates were immunoprecipitated with anti-GFP

antibody and subsequently immunoblotted. The amount of MANF interacting with NPTNwas not changed

by the treatment with either thapsigargin or LPS, indicating that ER stress and inflammatory stimuli do not

affect the interaction between NPTN and MANF (Figure S3). Consistent with previous reports and our ob-

servations (Figure S1), co-treatment with recombinant MANF polypeptide and LPS reduced NF-kB-depen-

dent luciferase activity compared with LPS alone. This reduction was blunted inNptn knockdown cells (Fig-

ure 4A). Under basal conditions, NF-kB complexes with IkB, which is a physiological inhibitor for NF-kB.

Under inflammatory conditions, IkB is degraded by the ubiquitin-proteasome system. This is followed by

the release of active NF-kB, which promotes transcription of inflammatory cytokines (Afonina et al.,

2017). LPS stimulation decreased the protein levels of IkB, which was restored byMANF (Figure 4B). Knock-

down of Nptn negated the effects of MANF on IkB protein levels. Furthermore, MANF treatment signifi-

cantly suppressed the expressions of the well-established NF-kB target genes, IL-6 and Cxcl-1 (IL-8).

Knockdown of Nptn attenuated this effect (Figures 4C and 4D). As reported previously, ER stress induces

inflammation leading to cell death (Hotamisligil, 2010). Thapsigargin treatment increased not only mRNA

expression levels of Il-6 and Cxcl-1 (Il-8) but also those of Chop, which is a major molecule in ER stress-

induced cell death (Figure 4D). Additionally, caspase 3/7 activity was increased by thapsigargin treatment

Figure 3. NPTN Activates Inflammatory Response through the NF-kB Pathway

(A–C) (A) Luciferase assay in C6 cells cotransfected with NF-kB luciferase, pRL-TK, and either a scrambled siRNA (siCtrl) or

siRNA targeting ratNptn (siNptn). At 48 h after transfection, the cells were treated with LPS 100 ng/mL for 8 h and then the

luciferase activity was measured (n = 6; values are meanG SD, *p < 0.05, one-way ANOVA followed by Dunnett’s test). (B

and C) C6 cells were transiently transfected with siCtrl or siNptn. At 48 h after transfection, mRNA level (B) or secretion

level (C) of IL-6 was measured by qPCR or ELISA (n = 3; values are mean G SD, *p < 0.05, unpaired two-tailed Student’s t

test).

(D–F) (D) C6 cells were cotransfected with NF-kB luciferase, pRL-TK, and a vector expressing EGFP, Np55-EGFP, or Np65-

EGFP. At 48 h after transfection, the cells were treated with LPS 100 ng/mL for 8 h and then the luciferase activity was

measured (n = 6; values are mean G SD, *p < 0.05, one-way ANOVA followed by Dunnett’s test). (E and F) C6 cells were

transiently transfected with a vector expressing EGFP, Np55-EGFP, or Np65-EGFP. At 48 h after transfection, the gene

expression level (E) or secretion level (F) of IL-6 was measured by qPCR or ELISA (n = 3; values are mean G SD, *p < 0.05,

one-way ANOVA followed by Dunnett’s test).
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(Figure 4E). As expected, recombinant MANF polypeptide suppressed expression levels of ER stress

marker genes, NF-kB activation, and cell death mediated by thapsigargin. Consistent with those results,

MANF-mediated suppression of ER stress, NF-kB activation, and cell death was not observed in Nptn

knockdown cells. Furthermore, Manf knockdown in C6 cells increased the expression of NF-kB target

gene, Il-6, induced by an ER stressor, thapsigargin. In contrast, the simultaneous knockdown of Manf

and Nptn negates this increase. These results indicate that ER stress-induced MANF suppresses NF-kB

activation via NPTN (Figure 4F). MANF-mediated suppression of Il-6 was also not observed in Nptn

knockout mouse embryonic fibroblasts (Figure 4G). Cytokines are potent inducers of ER stress and are

known to play a critical role in the autoimmune destruction of islets in type 1 diabetes mellitus (T1D) (Kutlu

et al., 2003; Lopes et al., 2014). Moreover, Manf knockout mice spontaneously develop diabetes mellitus

due to b-cell death within pancreatic islets (Lindahl et al., 2014). These previous reports and our findings

motivated us to hypothesize that MANF can protect islets from b-cell death via binding to NPTN in T1D.

To verify our hypothesis, we employed in vitromodel of T1D. INS-1E cells were treated with cytokine cock-

tail (IL-1b and IFN-g 50 ng/mL), and we then monitored caspase 3/7 activity and Il-6 mRNA levels. Treat-

ment with recombinant MANF polypeptide modestly attenuated cytokine-mediated cell death with sup-

pression of IL-6 expression. As expected, knockdown of Nptn abrogated this protective effect (Figures

4H, 4I, and S4). Collectively, these findings suggest that MANF alleviates inflammation, ER stress, and

cell death by binding to NPTN in a variety of cell types.

DISCUSSION

MANF was originally identified as the new family member of NTFs. Further studies revealed that MANF is

highly expressed in non-neuronal tissues and circulates in the blood (Lindahl et al., 2017). MANF signaling

is an emerging therapeutic target in neurodegenerative diseases, diabetes mellitus, stroke, retinal

damage, and Wolfram syndrome, a genetic disorder characterized by diabetes and retinal and neuronal

degeneration. However, the plasma membrane receptor for MANF involved in cytoprotective and anti-in-

flammatory effects was not identified. In this study, we show that NPTN is such a receptor for MANF.

Severalprevious studiesdemonstratedthatMANF inhibits inflammation (Chenetal., 2015a; Liuet al., 2019;Neves

et al., 2016). Our study demonstrates that NPTN has pro-inflammatory effects that are suppressed by MANF.

Recently, the pro-inflammatory secretory proteins, S100A8 and S100A9, bind to two isoforms of NPTN, Np65

and Np55, respectively (Sakaguchi et al., 2016). S100A9 is also reported to exclusively bind to CD147, which in-

duces inflammation by recruitingTRAF2 to the cytoplasmic domain of CD147, leading to subsequentNF-kBacti-

vation (Hibino et al., 2013). CD147 has a high structural similarity with Np55, and both proteins have Ig2 and Ig3

domains. Interestingly, the cytoplasmic domain of NPTN is able to interact with TRAF2, andNPTN heterodimer-

izeswithCD147 (Beesley et al., 2014; Sakaguchi et al., 2016). These reports andour present study suggest that the

anti-inflammatory effects of MANF may be mediated by the inhibition of S100A9 and/or TRAF2.

Figure 4. MANF Inhibits NF-kB Pathway via NPTN

(A) Luciferase assay with C6 cells cotransfected with NF-kB luciferase, pRL-TK, and either siCtrl or siNptn.At 48 h after transfection, the cells were pre-treated

with or without MANF (3 mg/mL for 1 h) before LPS treatment (100 ng/mL for 8 h) and then the luciferase activity was measured (n = 6; values are meanG SD,

*p < 0.05).

(B) Representative immunoblot images of IkBa and GAPDH with C6 cells transfected with siCtrl or siNptn. At 48 h after transfection, the cells were pre-

treated with MANF (3 mg/mL for 1 h) before LPS treatment (100 ng/mL for 30 min) and then lysed. The right graph indicates quantification of IkBa protein

levels. The number is the average of three independent experiments. GAPDH was used as a loading control. (n = 3; values are mean G SD, *p < 0.05).

(C) qPCR analysis of Il-6 and Cxcl-1 (Il-8) using C6 cells transfected with siCtrl or siNptn. At 48 h after transfection, the cells were pre-treated with or without

MANF (3 mg/mL for 1 h) before LPS treatment (100 ng/mL for 8 h) (n = 3; values are mean G SD, *p < 0.05).

(D) qPCR analysis of Il-6, Cxcl-1 (Il-8), and Chop using C6 cells transfected with siCtrl or siNptn. After 48 h of transfection, the cells were pre-treated with or

without MANF (3 mg/mL for 1 h) before TG treatment (100 nM for 8 h) (n = 3; values are mean G SD, *p < 0.05).

(E) C6 cells were treated with TG (100 nM, for 8 h) 48 h after transfection with siCtrl or siNptn. Caspase 3/7 activity was monitored by a Promega Caspase-Glo

3/7 kit (n = 6; values are mean G SD, *p < 0.05).

(F) qPCR analysis of Il-6 using C6 cells transfected with siCtrl, siManf, or siManf and siNptn. At 48 h after transfection, the cells were treated with or without TG

(100 nM, for 8 h) (n = 3; values are mean G SD, *p < 0.05).

(G) qPCR analysis of Il-6 in primary cultured MEF from wild-type (WT) orNptn knockout (KO) mice. The cells were pre-treated with or without MANF (3 mg/mL

for 1 h) before LPS treatment (100 ng/mL for 8 h) (n = 3; values are mean G SD, *p < 0.05).

(H) qPCR analysis of Il-6 with INS-1E cells. The cells were treated with cytokine cocktail (IL-1b and IFN-g 50 ng/mL for 8 h) 48 h after transfection with siCtrl or

siNptn (n = 3; values are mean G SD, *p < 0.05).

(I) INS-1E cells were treated with cytokine cocktail (IL-1b and IFN-g 50 ng/mL for 8 h) 48 h after transfection with siCtrl or siNptn, then caspase 3/7 activity was

monitored by a Promega Caspase-Glo 3/7 kit (n = 6; values are mean G SD, *p < 0.05).

(J) Schematic of the relationship between NPTN and MANF. Statistical analysis of data was performed by one-way ANOVA followed by Dunnett’s test.
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ER stress-mediated inflammation is a promising target for preventing b-cell death in diabetes (Clark and

Urano, 2016; Lerner et al., 2012; Oslowski et al., 2012; Papa, 2012). MANF-deficient mice develop diabetes

due to ER stress-mediated pancreatic b-cell death (Lindahl et al., 2014). Furthermore, increased circulating

MANF levels have been detected in the sera of patients with type 1 and type 2 diabetes (Galli et al., 2016;

Wu et al., 2017). Our data demonstrate that MANF mitigates inflammation and cell death by suppressing

the NPTN-mediated inflammatory signal in a cell model of type 1 diabetes. In addition to diabetes mellitus,

cytoprotective effects of MANF have also been shown in animal models of Parkinson disease, ischemia, and

retinal neurodegenerative diseases (Airavaara et al., 2009; Glembotski et al., 2012; Lu et al., 2018; Neves

et al., 2016; Voutilainen et al., 2009). Furthermore, we have recently reported that MANF prevents ER

stress-mediated b-cell death in cell and mouse models of Wolfram syndrome (Mahadevan et al., 2020).

These previous reports and our findings indicate that screening assays, such as surface plasmon resonance

(SPR), to discover small molecules that bind to NPTN and mediate survival and anti-inflammatory effects

will lead to a novel therapeutic strategy for a variety of ER stress-related diseases, including diabetes, neu-

rodegeneration, retinal degeneration, and Wolfram syndrome (Abreu and Urano, 2019).

Ca2+ homeostasis is known toplay a pivotal role in fine-tuning insulin release frompancreaticb-cells. ERdysfunc-

tion, in particular ER stress, leads to disruptions in Ca2+ homeostasis that interfere with b-cell function (Clark and

Urano, 2016; Marre and Piganelli, 2017). The key molecules linking ER homeostasis and Ca2+ signaling are not

clear. Our study has revealed that ER stress responsive proteinMANF physically interacts with NPTN. Recent re-

ports demonstrated that NPTN regulates intracellular Ca2+ homeostasis by stabilizing plasma membrane Ca2+

ATPases (PMCAs) (Korthals et al., 2017; Schmidt et al., 2017). CD147 has been shown to be an essential subunit

of the PMCA complex and a key regulator of Ca2+ clearance (Schmidt et al., 2017). In addition, MANF has been

reported to revert phosphorylation of ryanodine receptor 2 (RyR2) leading the inhibition ofCa2+ leakage from the

ER (Park et al., 2019). Although downstream of the interaction between MANF and NPTN remains unclear, both

these molecules may contribute to the regulation of b-cell function, especially maintaining Ca2+ homeostasis.

Here, we report the discovery of NPTN as a plasma membrane receptor for MANF. Our findings indicate

that NPTN is involved in the intercellular regulation of inflammation and cell survival mediated by MANF

(Figure 4J). It has been shown that MANF interacts with BiP in the ER and regulates protein-folding homeo-

stasis (Yan et al., 2019). Because MANF is also located in the lumen of the ER, it is possible that there are

other binding partners for MANF exerting its survival and anti-inflammatory effects. Nevertheless, our

study paves the way to develop MANF-based therapies for human disorders, including b cell death in

type 1 and type 2 diabetes, neurodegenerative diseases, and Wolfram syndrome characterized by juvenile

onset-diabetes, optic nerve atrophy, and neurodegeneration.

Limitations of the Study

In this article,we show thatNPTN isaplasmamembrane receptor forMANFand regulates intercellular regulation

of inflammation and cell survival mediated byMANF under ER stress conditions. Although steady-state interac-

tion betweenMANFandNPNT is shown in Figures 1C and1G, the dynamics of this interaction in the presence of

ER stress inducers and inflammatory stimuli are still not clear and should be investigated further (Figure S3).

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Fumihiko Urano (urano@wustl.edu).

Materials Availability

All cell lines and reagents generated in this study are available from the Lead Contact with a completed

Materials Transfer Agreement.

Data and Code Availability

All data are included in the published article and the Supplemental Information, and any additional infor-

mation will be available from the lead contact upon request.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Figure S1, Related to Figure 3.
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Figure S1.Manf knockdown induces NF-κB activation, Related to Figure 3.
(A, B) C6 cells were transiently transfected with scrambled siRNA (siCtrl) or siRNA targeting rat Manf
(siManf). Protein and mRNA levels of MANF were measured by immunoblot (A) and qPCR (B).
GAPDH was used as a loading control (n=3; values are mean�S.D., *P < 0.05). (C) Luciferase assay
with C6 cells co-transfected with NF-κB luciferase, pRL-TK and either siCtrl or siManf. At 48 h after
transfection, the cells were treated with LPS 100 ng/ml for 8 hours, then the luciferase activity was
measured (n=6; values are mean�S.D., *P < 0.05). (D) qPCR analysis of Il-6 and Cxcl-1 (Il-8) using
C6 cells transfected with siCtrl or siManf (n=3; values are mean�S.D., *P < 0.05). (E) ELISA of IL-6
secreted from C6 cells transfected with siCtrl or siManf (n=3; values are mean�S.D., *P < 0.05).
Statistical analysis of data was performed by unpaired two-tailed Student’s t test.
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Figure S2, Related to Figure 3.
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Figure S2. Nptn knockdown and overexpression in C6 cells, Related to Figure 3.
(A, B) C6 cells were transiently transfected with scrambled siRNA (siCtrl) or siRNA targeting rat Nptn
(siNptn). Protein and mRNA levels of Nptn were measured by immunoblot (A) and qPCR (B). GAPDH was
used as a loading control (n=3; values are mean�S.D., *P < 0.05). (C) C6 cells were transiently transfected
with a vector expressing EGFP, Np55-EGFP or Np65-EGFP. Immunoblot analysis reveals the expression of
EGFP and EGFP-fused Np55 / Np65 proteins detected by GFP antibody. GAPDH was used for loading control.
Statistical analysis of data was performed by unpaired two-tailed Student’s t test.
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Figure S3, Related to Figure 4.
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Figure S3. Treatment with TG or LPS dose not affect the interaction between MANF and NPTN, Related
to Figure 4.
HeLa cells were transiently co-transfected with vectors expressing Np65-EGFP and MANF. NPTN was
immunoprecipitated by anti-GFP antibody after treatment with TG (100nM) or LPS (100 ng/ml) for 8 hours,
then immunoblot analysis was performed. The blot is a representative image from 3 independent experiments.
Note that neither treatment affects the interaction of MANF with NPTN. a-Tubulin was used as a loading
control.



Figure S4, Related to Figure 4.
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Figure S4. Nptn knockdown in INS-1E cells, Related to Figure 4.
INS-1E cells were transiently transfected with scrambled siRNA (siCtrl) or siRNA targeting rat Nptn (siNptn).
Protein were measured by immunoblot. GAPDH was used as a loading control.
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Transparent Methods 

Ligand–receptor capture 

TriCEPSTM-based ligand-receptor capture (LRC) assay was performed utilizing CaptiRec 

(Dualsystems Biotech AG) to identify cell surface binding proteins for MANF of INS-1 832/13 

cells according to manufacture’s protocol. Briefly, TriCEPSTM was coupled with 300 µg of MANF 

peptide (Peprotech) or human insulin as a control respectively by incubating for 2 hours at 20 ℃. 

Next, to gently oxidize the cell surface proteins of  INS-1 832/13 cells, 1.5 mM NaIO4 was added 

to 1 x 109 cell suspension. After incubation at 4 ℃ in the dark for 15 min, the cells were washed 

twice and then resuspended in PBS (pH 6.5). For the receptor capture reaction, the oxidized cells 

were treated with 100 µg of TriCEPSTM-MANF / Insulin for 90 min at 4 ℃ under constant agitation. 

After collecting an aliquat from each sample for FACS analysis to confirm the receptor capturing 

efficiency, the cells were collected and the cell pellets were sent to Dualsystems Biotech AG for 

LC-MS/MS analysis.  

The samples were analyzed on a Thermo LTQ Orbitrap XL spectrometer fitted with an 

electrospray ion source. The samples were measured in data dependent acquisition mode in a 40 

min gradient using a 10cm C18. The nine individual samples in TriCEPSTM-MANF / Insulin 

dataset were analyzed with a statistical ANOVA model. This model assumes that the measurement 

error follows Gaussian distribution and views individual features as replicates of a protein's 

abundance and explicitly accounts for this redundancy. It tests each protein for differential 

abundance in all pairwise comparisons of MANF and Insulin samples and reports the p-values. 

Next, p- values are adjusted for multiple comparisons to control the experiment-wide false 

discovery rate (FDR). The adjusted p-value obtained for every protein is plotted against the 

magnitude of the fold enrichment between the two experimental conditions. The area in the 
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volcano plot that is limited by an enrichment factor of 2 fold or greater and an FDR-adjusted p-

value less than or equal to 0.05 is defined as the receptor candidate space.  

 

Flow cytometric analyses 

After incubating cells with TriCEPS–ligand complexes, cells were washed twice and stained with 

streptavidin-FITC (BD Biosciences) in FACS buffer (1% FBS in PBS) for 20 min. Labeled cells 

were washed once and analyzed with LSR II (BD Biosciences). The results were analysed by 

Flowjo X (10.0.7r2) software. 

 

Coimmunoprecipitation with TriCEPS–ligand complexes 

After incubating cells with TriCEPS–ligand complexes, cells were lysed in cell lysis buffer (150 

mM NaCl, 0.5 % NP40, 50 mM HEPES pH 7.4, 1 mM EDTA and protease inhibitor cocktail 

(Roche)) followed by centrifugation at 15,000 rpm to remove cellular debris. The supernatants 

were mixed with Streptavidin (Cell Signaling) and incubated at 4°C for 4 hours. The beads were 

washed four times with the cell lysis buffer and analyzed by SDS-PAGE and immunoblot analysis.  

 

Microscale thermophoresis 

Recombinant MANF (P-101-100, Icosagen), CDNF (Biovian) and GDNF (P-103-100, Icosagen) 

were fluorescently labeled with Alexa647 using the Monolith Protein Labeling Kit RED-NHS 

following manufacturer’s instructions (MO-L001, Nanotemper Technologies). Labeled proteins 

were purified from the free dye using Zeba Spin Desalting columns (89882, Thermo Scientific). 

During all runs, the concentration of labeled molecules was kept constant at 10nM. Recombinant 

NPTN was titrated over a range of concentrations from 0.122-1000nM. All experiments were done 
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using the Monolith NT.115 Premium Capillaries (MO-K025) and MST buffer (10mM Na-

phosphate buffer, pH7.4, 1mM MgCl2, 3mM KCl, 150mM NaCl and 0.05% Tween-20). MST 

measurements were done using the Monolith NT.115 instrument with MST power at low setting, 

exitation power at 100%.    

 

 

Transfection and plasmids 

Np55-EGFP and Np65-EGFP were generously gifted from Dr. Karl-Heinz Smalla (Leibniz 

Institute for Neurobiology). Lentivirus constructs expressing shRNA were obtained from the 

Genome Institute of Washington University in St. Louis. The shRNA target sequences are as 

follows: shGFP, CGACGTAAACGGCCACAAGTT; human shNPTN, 

CATGGAGTACAGGATCAATAA.  

 

Primary MEFs cultures 

Primary MEFs cultures were obtained from WT or Nptn-/- mice embryos at E13.5 or 14.5. Their 

limbs were collected for genotyping before digestion. The embryos were finely minced after 

dissecting out the head and visceral tissue. Minced tissue was digested in 0.05% Trypsin / EDTA 

(ThermoFisher Scientific), and isolated MEFs were grown in the medium described above. MEFs 

were used for experiments within three passages. 

 

Quantitative real-time PCR 

Total RNA was isolated from the cells using RNeasy Mini Kit (Qiagen) according to 

manufacture’s instruction. Purified RNA was reverse transcribed to cDNA using ImProm-II 
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Reverse Transcription System (Promega). Quantitative real-time PCR used was performed on a 

ViiA 7 Real-Time PCR System (Applied Biosystems) using PowerUp SYBR Green Master Mix 

(Applied Biosystems). The relative expression for each gene was measured by the standard curve 

method and normalized against β-actin expression.  

 

Luciferase Assay 

pGL4.32[luc2P/NF-kB-RE/Hygro] (Promega) and pRL-TK (Promega) were used for reporter 

assay. Cells were cotransfected with plasmids/siRNA and reporters as indicated. After 48 hours, 

the cells were treated with the indicated reagents. Luciferase activity was evaluated by the Dual-

Luciferase Reporter Assay System (Promega) according to the manufacturer’s protocol. Values 

obtained from Firefly luciferase signals were normalized to Renilla luciferase activity.  

 

Measurement of apoptosis 

Cells were plated to 96 well plates and pre-treated with or without MANF peptide at indicated 

concentrations for 1 hour. After pre-treatment, the cells were treated with the indicated reagents. 

Caspase 3/7 activity was then detected using the Caspase-Glo® 3/7 Assay (Promega) using the 

Infinite M1000 plate reader (Tecan).   

 

Measurement of IL-6 

Cells were plated to 24 well plates and transfected with plasmids/siRNA. After 48 hours, IL-6 

produced in culture medium was measured with an IL-6 Rat ELISA Kit (ThermoFisher Scientific) 

according to the manufacturer’s protocol. 
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Statistical analysis 

Statistical analysis of the data was performed by one-way analysis of variance (ANOVA) followed 

by Dunnet’s test or Student’s t-test using SPSS 22 (IBM). 

 

Cells 

HeLa and C6 cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM, ThermoFisher 

Scientific), supplemented with 10% FBS (ThermoFisher Scientific), penicillin (100 U/ml, 

ThermoFisher Scientific) and streptomycin (100 µg/ml, ThermoFisher Scientific). MEFs were 

grown in the same medium additionally containing 1% MEM Non-Essential Amino Acids (NEAA 

ThermoFisher Scientific). INS-1 832/13 cells were grown in Roswell Park Memorial Institute 

(RPMI) 1640 Medium (ThermoFisher Scientific), supplemented with 10% FBS, 1mM sodium 

pyruvate (ThermoFisher Scientific), 100 µM b-mercaptoethanol (SIGMA), penicillin, and 

streptomycin. INS-1E cells were grown in RPMI 1640 Medium, supplemented with 10% FBS, 

10mM HEPES, 1mM sodium pyruvate, 1% NEAA, 50 µM b-mercaptoethanol, penicillin, and 

streptomycin. All kinds of cells were maintained in a humidified atmosphere containing 5% CO2. 

 

Animals 

NPTN deficient mice were obtained from INFRAFRONTIER (Strain name: C57BL/6N-

Nptn<tm1a(EUCOMM)Hmgu>/H). Animal experiment was performed according to procedures 

approved by the Institutional Animal Care and Use Committee at the Washington University 

School of Medicine 
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KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 

polyclonal sheep anti-mouse NPTN  R&D Systems Cat# AF7818, RRID:AB_2715517 

monoclonal mouse anti-human NPTN  
Novus 

Biologicals 
Cat#NBP1-47374, RRID:AB_10010327 

polyclonal rabbit anti-SLC44A3 GeneTex Cat# GTX46769, RRID:AB_11172502 

polyclonal rabbit anti-MANF 
Abnova 

Corporation 
Cat# PAB13301, RRID:AB_10546841 

monoclonal rabbit anti-BiP Cell Signaling Cat# 3177, RRID:AB_2119845 

monoclonal mouse anti-IkB Cell Signaling Cat# 4814, RRID:AB_390781 

monoclonal rabbit anti-GAPDH Cell Signaling Cat# 2118, RRID:AB_561053 

monoclonal mouse anti-GFP MBL Cat# M048-3, RRID:AB_591823 

Chemicals, Peptides, and Recombinant Proteins 

Tunicamycin Sigma Cat# T7765 

Thapsigargin Sigma Cat# T9033 

Staurosporin Sigma Cat# S6942 

Recombinant Human MANF Peprotech Cat# 450-06 

Recombinant Rat IL-1 b R&D Systems Cat# 501-RL 

Recombinant Rat IFN-g  R&D Systems Cat# 585-IF 

Streptavidin-HRP Cell Signaling Cat# 3999 

FITC Streptavidin BD Cat# 554060 

Critical Commercial Assays 

CaptiRec 
Dualsystems 

Biotech AG 
Cat# P05201 

Caspase-Glo® 3/7 Assay System Promega Cat# G8090 
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IL-6 Rat ELISA Kit 
Thermo Fisher 

Scientific 
Cat# BMS625 

Dual-Luciferase® Reporter Assay System Promega Cat# E1910 

RNeasy Mini kit QIAGEN Cat# 74104 

High-Capacity cDNA Reverse Transcription 

Kit 

Thermo Fisher 

Scientific 
Cat# 4368814 

Powerup TM SYBR TM Green 
Thermo Fisher 

Scientific 
Cat# 25742 

Oligonucleotides 

rat β-actin RV 
Integrated DNA 

Technologies 
GCAAATGCTTCTAGGCGGAC 

rat β-actin RV 
Integrated DNA 

Technologies 
AAGAAAGGGTGTAAAACGCAGC 

rat Nptn FW 
Integrated DNA 

Technologies 
GCGCCAGAGAAACACAAATTAAG 

rat Nptn RV 
Integrated DNA 

Technologies 
GCATGCTTTAGACGGTCATTG 

rat Il-6 FW 
Integrated DNA 

Technologies 
TAGTCCTTCCTACCCCAACTTCC  

rat Il-6 RV 
Integrated DNA 

Technologies 
TTGGTCCTTAGCCACTCCTTC 

rat Cxcl-1 FW 
Integrated DNA 

Technologies 

CATTAATATTTAACGATGTGGATGC

GTTTCA 

rat Cxcl-1 RV 
Integrated DNA 

Technologies 
GCCTACCATCTTTAAACTGCACAAT 

rat Bip FW 
Integrated DNA 

Technologies 
TGGGTACATTTGATCTGACTGGA 
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rat Bip RV 
Integrated DNA 

Technologies 
CTCAAAGGTGACTTCAATCTGGG 

rat Chop FW 
Integrated DNA 

Technologies 
AGAGTGGTCAGTGCGCAGC 

rat Chop RV 
Integrated DNA 

Technologies 
CTCATTCTCCTGCTCCTTCTCC 

rat Manf FW 
Integrated DNA 

Technologies 
TGAGGTATCGAAGCCTCTGG 

rat Manf RV 
Integrated DNA 

Technologies 
AAGAAAGGGTGTAAAACGCAGC 

mouse β-actin FW 
Integrated DNA 

Technologies 
GCAAGTGCTTCTAGGCGGAC 

mouse β-actin RV 
Integrated DNA 

Technologies 
AAGAAAGGGTGTAAAACGCAGC 

mouse Il-6 FW 
Integrated DNA 

Technologies 
CTCTGCAAGAGACTTCCATCCA 

mouse Il-6 RV 
Integrated DNA 

Technologies 
AGTCTCCTCTCCGGACTTGT 

Software and Algorithms 

SPSS 22 IBM 
https://www.ibm.com/support/pages/sp

ss-statistics-220-available-download 

Flowjo X 10.0.7r2 BD https://www.flowjo.com/solutions/flowjo 

Image Lab BIO-RAD 
https://www.bio-rad.com/en-

us/product/image-lab-software 
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