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SUMMARY

Type 1 diabetes is characterized by the destruction
of pancreatic b cells, and generating new insulin-
producing cells from other cell types is a major aim
of regenerative medicine. One promising approach
is transdifferentiation of developmentally related
pancreatic cell types, including glucagon-producing
a cells. In a genetic model, loss of the master regula-
tory transcription factor Arx is sufficient to induce the
conversion of a cells to functional b-like cells. Here,
we identify artemisinins as small molecules that
functionally repress Arx by causing its translocation
to the cytoplasm. We show that the protein gephyrin
is the mammalian target of these antimalarial drugs
and that the mechanism of action of these molecules
depends on the enhancement of GABAA receptor
signaling. Our results in zebrafish, rodents, and pri-
mary human pancreatic islets identify gephyrin as a
Cell 168, 1–15,
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druggable target for the regeneration of pancreatic
b cell mass from a cells.

INTRODUCTION

Type 1 diabetes patients often suffer from total loss of their func-

tional b cells, as indicated by the complete absence of insulin

C-peptide in their serum. Replacing b cell mass by pancreatic

islet transplantation has been shown to be curative in principle

but is limited by the availability of donor islets, immunological

complications, and transplant survival (Shapiro et al., 2006).

Therefore, attempts to regenerate patient-specific insulin-pro-

ducing cells have been undertaken using different cell sources,

including embryonic stem cells (ESCs), induced pluripotent

stem cells (iPSCs), hepatic cells, exocrine cells, and other endo-

crine cells (Al-Hasani et al., 2013; Chera et al., 2014; Collombat

et al., 2009; Kroon et al., 2008; Pagliuca et al., 2014; Sangan

et al., 2015; Talchai et al., 2012; Zhou et al., 2008). In most cases,

these approaches have relied on the overexpression of master

regulatory transcription factors involved in normal pancreas
January 12, 2017 ª 2016 The Authors. Published by Elsevier Inc. 1
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development, and in only a few cases, small molecules or

biologicals have been used (Fomina-Yadlin et al., 2010; Kubicek

et al., 2012; Pennarossa et al., 2013; Xie et al., 2013; Yi et al.,

2013). a cells are particularly attractive starting points for trans-

differentiation protocols, as they are developmentally closely

related to b cells. These cells have been shown to replenish insu-

lin-producing cells following extreme b cell loss (Thorel et al.,

2010; Ye et al., 2015). In a genetic model, overexpression of the

transcription factor Pax4 converts mouse a cells to b cells during

development (Collombat et al., 2009) andwhen triggered in adult-

hood (Al-Hasani et al., 2013). Molecularly, the b cell factor Pax4

acts by directly repressing the a cell master regulatory transcrip-

tion factor Arx (Collombat et al., 2003), and the loss of Arx alone is

sufficient to convert a cells into b cells (Courtney et al., 2013).

So far, Pax4- and Arx-mediated a and b cell transdifferentia-

tion has been observed in vivo in the endogenous environment

of a pancreatic islet of Langerhans (Collombat et al., 2009; Court-

ney et al., 2013). It remains unclear whether these cell-type

conversions occur by a cell-autonomous mechanism or are

dependent on other islet cell types and/or signaling from remote

organs, such as the liver. To discriminate the two scenarios, we

generated cell-line models for inducible overexpression of

pancreatic transcription factors and showed their applicability

to identify small-molecule modulators of the transdifferentiation

process. From a representative library of approved drugs, we

identified the anti-malarial drug class of artemisinins as com-

pounds that functionally counteract the a cell-specific transcrip-

tion factor ARX, thereby overcoming a major barrier for a cell

transdifferentiation. A mammalian molecular target for artemisi-

nins has remained elusive. Here, we show that these compounds

bind to gephyrin, amultifunctional protein that has primarily been

studied in neurons (Tyagarajan and Fritschy, 2014). Among other

functions, gephyrin is essential for active GABAA receptor

signaling, a pathway that has been proposed to reverse diabetes

by induction of b cell proliferation (Purwana et al., 2014; Soltani

et al., 2011). We show that artemisinins increase GABA signaling

and prevent glucagon secretion by a cells. Consequently, a cells

acquire b cell characteristics, resulting in improved glucose ho-

meostasis in zebrafish and rodent diabetes models.

RESULTS

Identification of Artemisinins as Functional ARX
Inhibitors in a Cell-Line Model for Transcription Factor-
Mediated Transdifferentiation
To discriminate cell-autonomous effects of transcription factor-

mediated transdifferentiation from phenotypes that require para-

crine and endocrine signaling in an islet microenvironment, we

engineered the mouse b cell line Min6 to allow the inducible over-

expression of ARX. Based on the known heterogeneity of the

parental cell line (Nakashima et al., 2009), we isolated clonal

derivatives with integrations of constructs for the doxycycline-

controlled transcriptional activation of Myc-tagged ARX (Figures

S1A and S1B).While basal expression levels of a and b cell genes

varied in the different subclones, we observed that induction of

ARX overexpression consistently activated the transcription of a

cell genes and repressed b cell-specific transcripts (Figure S1C)

in a time-dependent manner (Figure S1D). These changes indi-
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cate that our cell lines faithfully model the b-to-a fate switch

upon ARX overexpression and suggest that transdifferentiation

can be initiated in a cell-autonomous fashion. Furthermore, the

cellular system we generated is directly applicable to a high-con-

tent screen for functional repressors of ARX. In DMSO-treated

control samples, we observed a >50% reduction in insulin protein

levels after ARX induction compared to uninduced cells (Figures

1Aand1B). To identify smallmolecules that counter ARX function,

we induced ARX expression and, at the same time, added

compounds from a library of 280 clinically approved small mole-

cules selected for their structural and target diversity. We then

measured insulin levels after 72 hr and selected hit compounds

for their ability to maintain high insulin levels in the presence of

ARX while not affecting cell viability (Figure 1C). All compounds

that appeared to counteract ARX in Min6 b cells were then tested

for their ability to induce insulin expression in the a cell line aTC1

(Figure1D). Twoartemisinins, artemetherand its activemetabolite

dihydroartemisinin, fully inhibited the ARX overexpression pheno-

type in Min6 cells while also inducing insulin expression in aTC1

cells, as predicted for functional inhibitors of ARX (Figure 1E).

Importantly, artemether treatment increased insulin expression

inMin6-ARX-inducedcells and inaTC1cells in a dose-dependent

manner (Figures S2A and S2B). To further understand the effects

of artemether on a cells, we analyzed the relative quantitative

changes in the proteome of aTC1 cells treated with artemether

for 72 hr. Proteins with roles in oxidative phosphorylation and

mitochondrial localization were significantly altered, with some

of these proteins showing increased abundance and others

showing decreased abundance. In line with artemisinins acting

as functional ARX antagonists, glucagon protein levels were

reducedbymore than50%after artemether treatment (Figure 1F).

Importantly, artemether reduced the abundance of both proglu-

cagonandprocessedglucagonpeptides inaTC1cells (Figure1G).

To understand the effect of artemether on ARX, we used theMin6

overexpression model to study the cellular localization of the

transcription factor. We observed that artemether induced the

translocation of ARX from the nucleus to the cytoplasm (Figures

1H–1J), thereby depleting ARX from chromatin.

Artemether Induces Insulin Expression in a Cells by
Targeting Gephryin
Based on the activity of artemether, we investigated the effects

of additional artemisinin analogs in a cells. The closest structural

analogs, including arteether and artesunate, showed effects

comparable to those of artemether. In contrast, deoxyarteether,

an analog lacking the endoperoxide moiety, did not increase in-

sulin expression in a cells (Figure S2C). To rule out the possibility

that artemether, an endoperoxide, induced insulin expression

due to the generation of reactive oxygen species (ROS), we

applied the ROS inducer elesclomol. No significant change of

insulin expression in a cells was apparent (Figure S2D). Finally,

combined treatment with the anti-oxidant N-acetylcysteine, a

known suppressor of the anti-malarial properties of artemisinins

(Arreesrisom et al., 2007), abolished the effect of artemether on

insulin expression in a cells (Figure S2E).

Artemisinins are among the most effective therapies for ma-

laria and, based on their rapid toxicity to plasmodia, are the

preferred first-line treatment for the disease (Nosten and White,



Figure 1. A Cell-Line Model of Transcrip-

tion-Factor-Mediated Transdifferentiation for

Identifying Functional ARX Inhibitors

(A) Representative images ofMin6-ARX cells stained

for insulin and the Myc-tag present on the ARX

overexpression construct with and without induction

with 1 mg/ml doxycycline for 72 hr. Scale bars, 5 mm.

(B) Quantification of insulin reduction upon ARX

overexpression, detected by immunofluorescence

as in (A) (data indicate means and SD from 50 wells).

*p < 0.001.

(C) High-content screen of Min6-ARX cells

concomitantly treated with 1 mg/mL doxycycline and

10 mM compound for 72 hr, analyzed for cell number

and insulin protein levels by immunofluorescence.

Means and SD for DMSO-treatedwells are indicated

in red.

(D) Validation of active compounds from the pri-

mary screen in aTC1 cells, analyzed for cell number

and insulin protein levels by immunofluorescence

following compound treatment for 72 hr.

(E) Insulin immunofluorescence in aTC1 cells treated

with 10 mM artemether or control DMSO for 72 hr.

Scale bars, 5 mm.

(F) Quantitative proteome analysis of aTC1 cells

treated with 10 mM artemether for 72 hr compared to

control DMSO-treated cells.

(G) Western blot for glucagon in aTC1 cells treated

with increasing concentrations of artemether for

72 hr.

(H) Immunofluorescence staining for the Myc-tag on

overexpressed ARX in Min6-ARX cells. Cells were

induced with 1 mg/mL doxycycline for 24 hr and

concomitantly treated with either 10 mM artemether

or control DMSO. Scale bars, 5 mm.

(I) Quantification of the cells with higher nuclear/

cytoplasmic ARX staining ratio from immunofluo-

rescence images as in (H).

(J) Western blot for nuclear ARX in cells treated as

in (H).

See also Figures S1 and S2.
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2007). Despite being widely used, the molecular mechanism of

action of artemisinins is not clear. Different molecular targets

have been proposed, including heme binding followed by iron

oxidation in human erythrocytes (Shukla et al., 1995; Wang

et al., 2015) and the inhibition of two different plasmodium-spe-

cific proteins: the sarcoplasmic/endoplasmic reticulum calcium

ATPase (SERCA) PfATP6 (Eckstein-Ludwig et al., 2003) and

phosphatidylinositol 3-kinase PfPI3K (Mbengue et al., 2015).

Potent effects of artemisinins are also observed on human cells,

where these compounds have been assigned anti-inflammatory

and anti-cancer properties (Ho et al., 2014). There is limited ev-

idence for possible positive effects of Artemisia extracts on ani-

mal models of type 1 diabetes (Ahmad et al., 2014) and in human

patients (al-Waili, 1988), but the use of isolated artemisinins for

the treatment of diabetes has never been proposed, and their

effect in the pancreas has not been evaluated. To identify the

molecular mechanism of artemisinins in pancreatic a cells, we

first assessed whether the homologs of proposed targets of

the compounds in plasmodia were involved. We used the

SERCA inhibitor thapsigargin on aTC1 cells and did not observe

increased insulin levels up to dose-limiting toxic concentrations

(Figure S3A). Next, we tested whether artemether treatment of

aTC1 cells resulted in reduced PI3P and phosphorylated (p-)

Akt levels, indicative of PI3K inhibition (Figures S3B and S3C).

Rather than inhibition, we observed an increased signal in both

readouts, thereby excluding a conserved mechanism of action

based on the proposed plasmodium targets. In order to discover

potential mechanisms of action of artemisinins in mammalian

endocrine cells, we undertook a chemical proteomics approach

(Rix and Superti-Furga, 2009) to determine the proteins that

directly interact with artemisinins in aTC1 cells. We coupled arte-

sunate, an artemisinin active in aTC1 cells, to solid support and

performed pull-down experiments in the presence and absence

of competing free artemether (Figure 2A). Mass spectrometry

identified gephyrin as the most significantly enriched specific in-

teractor (Figures 2B and S3D). Artemether increased gephyrin

protein levels in aTC1 cells (Figures 2C and S3E), while mRNA

expression levels remained unchanged (Figure S3F), suggesting

stabilization of the protein. To examine the interaction between

gephyrin and artemisinins in a cellular context, we used a fluo-

rescently labeled artelinic acid probe. The cellular localization

of the compound was nearly identical with gephyrin in costaining

experiments (Figure S3G). Next, we asked whether gephyrin

was functionally required for the insulin increase in artemether-

treated aTC1 cells. Using a specific small hairpin RNA (shRNA)

targeting gephyrin, we achieved a >70% reduction of gephyrin

protein in aTC1 cells (Figure S3H). In contrast to control-

treated a cells, cells treated with an shRNA targeting gephyrin

(shGephyrin) failed to increase intracellular insulin levels after

artemether treatment (Figure 2D). Single-cell analysis of the im-

aging data revealed a high correlation between the increases

of gephyrin and insulin in artemether-treated cells, which was

largely abolished when gephyrin was knocked down (Figure 2E).

Gephyrin-Mediated Increase of GABA Signaling Induces
Insulin Expression in a Cells
Gephyrin exerts different functions, including enzymatic activity

in the synthesis of the molybdenum cofactor Moco, regulation of
4 Cell 168, 1–15, January 12, 2017
mTOR signaling via direct interaction with mTOR (mechanistic

target of rapamycin) (Sabatini et al., 1999), and structural roles

in the transport of glycine and GABAA receptors to the mem-

brane (Fritschy et al., 2008). Therefore, we investigated whether

artemether modulated these gephyrin-mediated pathways. We

observed increased Moco synthesis in artemether-treated a

cell extracts, indicative of enhanced gephyrin enzymatic activity

(Figure S4A). Moreover, a small fraction of endogenous gephyrin

interacted with mTOR, and artemether inhibited this interac-

tion (Figure S4B). Finally, several subunits of the GABAA-recep-

tor complex, which physically interacts with gephyrin, were

increased on both the mRNA and protein levels following arte-

mether treatment (Figures 3A and 3B; Figure S3F). RNA

sequencing (RNA-seq) experiments further underlined the ef-

fects of artemether on GABAA-receptor signaling in aTC1 cells.

GeneOntology (GO) term enrichment analysis identified synaptic

transmission among the pathways significantly altered by arte-

mether (Figure 3C), and we observed the upregulation of the

genes P2rx3, Vamp1, and Nrxn3 involved in the GABA-signaling

pathway (Figure S4C). Therefore, we used 3-day pre-incubation

with 10 mM artemether to test whether adaptive cellular re-

sponses, such as GABAA-receptor-mediated effects, could

contribute to changes in aTC1 cell excitability to modulate

hormone release. Artemether-treated cells exhibited signifi-

cantly lower basal Ca2+ levels (Figures 3D and 3E), including

coincidently reduced nuclear (Figure S4D) and cytoplasmic

(Figure S4E) Ca2+ relative to control cultures. Likewise, partial

substitution of extracellular Na+ by K+ (to trigger excitation)

induced differential responses in drug-exposed aTC1 cells:

physiologically relevant 15 mM KCl increased the fraction of

cells with Ca2+ transients, suggesting increased excitability, as

compared to untreated controls (Figure 3F). In 50mMKCl, which

induces signal saturation due to maximal Ca2+ influx through

voltage-gated (VG) Ca2+ channels, artemether-treated cells

showed attenuated slow Ca2+ responses in the second time-

scale (Figure 3G), which was mimicked by pre-treatment of con-

trol cells with the GABAA-receptor antagonist picrotoxin.

Next, we tested whether acute application of muscimol, a

GABAA-receptor agonist, could potentiate KCl (15 mM)-induced

responsiveness and whether it exhibited an additive effect with

artemether. Indeed, muscimol-exposed cells showed further in-

creases in their intracellular Ca2+ when simultaneously exposed

to KCl. This effect significantly exceeded that of control cells (Fig-

ure 3H). Pre-incubation with the GABAA-receptor antagonist

picrotoxin abolished these effects (Figure 3H), confirming

GABAA-receptor involvement. Based on these results, we sug-

gest that artemether pre-treatment resets intracellular Ca2+

through GABAA-receptor-mediated mechanisms and acutely

modulates aTC1 cell excitability by potentiating GABAA-receptor

signaling.Moreover, thedatashow thatGABAcanact asanexcit-

atory stimulus in aTC1 cells. Since GABAA receptors gate Cl�

ions, we sought to directly monitor intracellular Cl� concentra-

tions by usingMQAEdye imaging. 3-day pre-treatment with arte-

mether induced an increase in intracellular Cl� (Figure 3I), which

wasnot further changedwhen treatedwithmuscimol acutely (Fig-

ure S4F). Similarly, we detected muscimol-induced transmem-

branecurrentsat the low-picoampere range, if any, inbothcontrol

and in artemether-treated aTC1 cells acutely using perforated



Figure 2. Artemether Induces Insulin Expression in a Cells by Targeting Gephyrin

(A) Chemical proteomics to identify proteins that specifically bind to artemisinins.

(B) Volcano plot of interacting proteins identified by chemical proteomics. Both p values and fold change were calculated based on two biological replicates.

(C) Western blot for gephyrin in aTC1 cells treated with increasing doses of artemether for 72 hr.

(D) Immunofluorescence for insulin and gephyrin in aTC1 cells treated with artemether and/or shGephyrin. Scale bars, 25 mm. shRNA treatment was for 16 hr,

followed by selection with 4 mg/mL puromycin for 3 days and artemether treatment at a concentration of 10 mM for 3 days.

(E) Quantification of insulin and gephyrin intensity in single cells from (D).

See also Figure S3.
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Figure 3. Artemether Increases GABA-Receptor Signaling in a Cells

(A) Western blot for GABA-receptor subunits in aTC1 cells treated with 1 mM artemether for 72 hr.

(B) Representative immunofluorescence images of aTC1 cells treated with 10 mM artemether or control DMSO for 72 hr. Scale bars, 5 mm.

(legend continued on next page)
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patch recordings (data not shown). Even though this might be

seen as contradictory to a mechanism reliant on GABAA-recep-

tor-gated currents, we argue that the high input resistance (>1

GU) of all recorded cells, together with the presence of VG Ca2+

currents operating at the picoampere range (Figure S4G, pink

shading), and with high-amplitude delayed-rectifier K+ channels

(Figure S4G), might be sufficient to induce membrane potential

oscillations because of the initial activation of VG Ca2+ channels

(depolarization) followed by the activation of VG K+ channels

(repolarization) (Figure S4H). Accordingly, the injection of minute

currents (up to 5 pA) in current-clamp mode was sufficient to

induce quasi-action potentials, which we expect to be respon-

sible for the generation of Ca2+ transients regulating exocytosis.

Thus, artemether treatment can evoke global differences in

aTC1 cell excitability and hormone release through the potentia-

tion of functional GABAA receptors. To prove that GABAA-recep-

tor signaling plays a functional role in the mechanism of action of

artemisinins inaTC1cells,wecombinedartemetherwith structur-

ally and mechanistically distinct GABAA-receptor antagonists

(Figures 3J andS4I).While thesecompoundshaddifferent effects

on baseline insulin expression by themselves, all compounds

partially inhibited the effects of artemether on insulin expression.

We next tested whether treatment with different GABAA-receptor

agonists alonewas sufficient to induce insulin expression in aTC1

cells (Figure 3K). Most compounds—particularly, the positive

allosteric modulators etifoxine and NS11394—induced insulin

expression, but allGABA-receptor agonistswere lesspotent rela-

tive to artemether.

Hormone Secretion Controls Pancreatic Cell-type
Stability
GABA is normally co-secreted with insulin by b cells, and sup-

pressing glucagon secretion is one of the physiological functions

of GABA signaling in a cells (Li et al., 2013; Rorsman et al., 1989;

Wendt et al., 2004; Xu et al., 2006). In aTC1 cells, artemether

treatment inhibited glucagon secretion in low-glucose condi-

tions (Figure 4A). Interestingly, supplementing recombinant

glucagon abolished the effect of artemether on insulin induction

(Figure 4B). These data imply that maintaining the correct con-

centration of glucagon in close vicinity to a cells is critical

for the stability of this cell type. In order to lower the extracellular

glucagon concentration, we applied Decanoyl-RVKR-CMK
(C) GO term enrichment analysis of RNA-seq data from aTC1 cells treated with 1

(D) Representative calcium responses to depolarizing solutions containing 15 and

for 72 hr.

(E) Basal Fura-2 ratio levels (F340/F380) in aTC1 cells treated with 10 mM artemeth

percentiles). ***p < 0.001, Mann-Whitney rank-sum test.

(F) Percentage of aTC1 cells generating detectable calcium responses upon 15

(G) Average calcium responses to the solution containing 50 mM KCl (mean ± 99

(H) Dot-density plots of mean Dratio level after stimulation by 15 mM KCl applic

artemether alone, 6.25 mM picrotoxin alone, or the combination of the two for 72

(I) Intracellular chloride intensity in aTC1 cells treated with 10 mM artemether for

mean ± SD.

(J) Quantification of insulin intensity in aTC1 cells treated with GABA-receptor a

salycylhydrazide (5 mM, n = 4), alone or in combination with 10 mM artemether fo

(K) Quantification of insulin intensity in aTC1 cells treated with 10 mM artemethe

(100 mM), halothane (20 mM), NS11394 (10 mM), zolpidem (6.25 mM), or gaboxado

See also Figure S4.
(PCi), a highly potent, irreversible, cell-permeable inhibitor of

proprotein convertases that inactivates prohormone convertase

2 at subnanomolar concentrations (Denault et al., 1995). Treat-

ment of aTC1 cells with this compound resulted in a dramatic

increase of intracellular glucagon staining, consistent with the

accumulation of unprocessed proglucagon (Figure 4C). At the

same time, these a cells stained positive for insulin protein (Fig-

ure 4C). On the transcriptional level, the decrease of glucagon

secretion repressed glucagon expression and significantly

upregulated the expression of b cell-specific transcription fac-

tors Pax4 andMnx1 (Figure 4D; Table S2). These results suggest

that artemether-mediated amplification of GABA-receptor

signaling prevents glucagon secretion, thereby reducing extra-

cellular glucagon and triggering the loss of a cell identity.

Artemether Increases b Cell Mass In Vivo
To characterize the physiological relevance of our findings, we

applied artemether in vivo in three model organisms. For devel-

opmental effects of the compound, we studied zebrafish carrying

a GFP transgene under the glucagon promoter and an mCherry

construct controlled by the insulin promoter. 5-day treatment of

zebrafish larvae with artemether altered islet morphology and

caused a dose-dependent reduction in a cell numbers, with

b cell numbers affected at higher concentrations (Figures S5A

and S5B). Next, we applied the compound in a zebrafish b cell

ablation model at a later developmental stage. In animals ex-

pressing an insulin-promoter-driven caspase-8 transgene that

can be activated pharmacologically, b cells were completely ab-

latedby the addition of a small-molecule dimerizer at 3dayspost-

fertilization (dpf) for 48 hr. The expression of a far-red fluorophore

(E2crimson) under the control of the insulin promoter allowed the

analysis of b cell numbers at 12 dpf (Figures 5Aand5B). Basedon

the known regenerative capacity of zebrafish, control ablated

animals had an average of eight reestablished b cells at this

time point. In animals ablated and treated with artemether for

4 days (8–12 dpf), we observed a 75% increase in b cell number

to 14 cells per animal onaverage.Next,weanalyzed theeffects of

b cell ablation and artemether on glucose levels in zebrafish.

While b cell ablation resulted in a 34% increase in glucose levels

7 days post-ablation, artemether treatment after ablation in-

versed that phenotype, and animals had 42% lower glucose

levels compared to unablated controls (Figure 5C). In addition
0 mM artemether versus control DMSO for 72 hr.

50 mM KCl of aTC1 cells pre-treated with 10 mM artemether or control DMSO

er versus control DMSO for 72 hr (boxplots show 10th, 25th, 50th, 75th, and 90th

mM KCl containing solution (mean ± SEM). *p < 0.05 (n = 6 + 6).

% confidence interval).

ation without or with 100 mM muscimol in aTC1 cells pre-treated with 10 mM

hr. ***p < 0.001, Wilcoxon signed-rank test.

72 hr by live-cell fluorescence imaging (n = 3). *p < 0.001. Error bars represent

ntagonist gabazine (10 mM, n = 6), picrotoxin (6.25 mM, n = 4), or salicylidene

r 72 hr (data indicate means and SD). *p = 0.006; **p < 0.0001.

r or GABA-receptor agonist etifoxine (12.5 mM), muscimol (50 mM), vigabatrin

l (200 mM) for 72 hr (data indicate means and SD; n = 4). *p < 0.05; **p < 0.005.
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Figure 4. Hormone Secretion Controls Pancreatic Cell-type Stability

(A) ELISA for secreted glucagon in aTC1 cells treated with 10 mM artemether

for 72 hr (n = 4). *p < 0.05. Error bars represent mean ± SD.

(B) Immunofluorescence quantification of insulin intensity in aTC1 cells with

treated with 10 mM artemether and 10 ng/ml glucagon for 72 hr (n = 4).

*p < 0.001. Error bars represent mean ± SD.

(C) Representative images of insulin and glucagon immunofluorescence in

aTC1 cells treated with 10 mM prohormone convertase inhibitor (PCi) for 72 hr.

Scale bars, 5 mm.

(D) qRT-PCR of islet genes in aTC1 cells following treatment with 10 mMPCi for

72 hr. All data were normalized to DMSO control (n = 3). *p = 0.010; **p = 0.019;

***p = 0.002; ****p < 0.001. Error bars represent mean ± SD.
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to these developmental models, we also sought to study artemi-

sinin effects onmature islets in wild-typemice. In line with in vitro

data, we observed an increase in pancreatic islet size following

3-month treatment with artesunate in drinking water (Figures
8 Cell 168, 1–15, January 12, 2017
5Dand5E). Thesechangesoccurred in theabsenceof adramatic

shift in islet subpopulations or cell proliferation (Figure S5C),

thereby phenocopying Arx loss in vivo (Courtney et al., 2013).

To confirm a cells as the source of new insulin-positive cells,

we turned to a lineage-tracing model. We isolated islets from

miceharboring aconstruct forCre recombinaseunder thecontrol

of the glucagon promoter and a floxed red fluorescent protein

(RFP) allele integrated in the Rosa26 locus. Thereby, all cells

that have ever activated glucagon expression are permanently

labeled RFP positive. In control DMSO-treated islets, we

observed that only a background of approximately 1% cells

were double positive for insulin and RFP. Treatment of these is-

lets for 24 hr with artemether resulted in 4-fold upregulation of

this cell population (Figures 5F and 5G). These data indicate

that artemether induces a rapid induction of insulin expression

in a cells within mouse islets, resulting in long-term expansion

of the insulin-producing cell population and islet mass. Finally,

to analyze the effects of artemether treatment in a rodent dia-

betes model, we ablated b cells in rats with a single high-dose

streptozotocin injection. Animals were randomized to treatment

and control groups based on matching blood glucose measure-

ments on day 9 post-ablation and then treated orally with arte-

mether or control vehicle for 23 days. After overnight fasting,

baseline blood glucose levels in artemether-treated animals

were drastically reduced compared to those of control rats (Fig-

ure 5H). These lower baseline glucose levels were also reflected

in an oral glucose tolerance test performed in the two groups

(Figures 5I and 5J).

Single-Cell Transcriptomics Reveals Artemether
Effects in Human a Cells
We next assessed the effects of artemether on a cells in primary

human pancreatic islets (Figure 6A; Table S3). The drug caused a

rapid translocation of ARX to the cytoplasm and a reduction in

the staining intensity for this master regulatory transcription fac-

tor (Figure 6A). To better visualize the artemether-induced trans-

location of ARX to the cytoplasm, we treated intact islets and

then dissociated them to single cells immediately prior to immu-

nofluorescence staining (Figure 6B). We observed that active

GABAA-receptor signaling was a requirement for the transloca-

tion of ARX to the cytoplasm following artemether treatment,

since co-treatment with artemether and the GABAA-receptor

antagonist picrotoxin maintained nuclear ARX localization (Fig-

ure 6C). We then studied the effect of artemether on hormone

levels and gene expression in primary human islets. Compared

to control DMSO-treated islets, artemether increased the

number of double-positive cells expressing both insulin and

glucagon (Figures S6A–S6C). The effects of artemether or

GABA on global transcriptional profiles were tested in bulk sam-

ples containing 500 cells. Gene set enrichment analysis (GSEA)

revealed significantly decreased expression of exocrine-specific

genes (Li et al., 2016), both with artemether and GABA (Fig-

ure S7A; Table S1). In contrast, genes upregulated by both arte-

mether and GABA significantly overlapped with an endocrine,

but not an exocrine, gene set (Figure S7B). To investigate

the cell-type-specific gene expression changes with artemether

treatment, we performed single-cell transcriptomics on human

primary islets. We treated intact islets with artemether or



Figure 5. Artemether Increases b Cell Mass

In Vivo

(A) Representative images of insulin reporter

cells in zebrafish larvae. b cells in ins:caspase8;

ins:E2Crimson embryoswere ablated by treatment

with 2 mM dimerizer AP20187 from 3 dpf to 5 dpf.

Then, larvae were treated with 5 mM artemether or

control DMSO for 4 days (8–12 dpf) and immuno-

stained for dsRed and DAPI. Scale bar, 15 mm.

(B) Quantification of numbers of insulin reporter

cells in zebrafish larvae described in (A). Shown are

cell numbers from individual animals, and the

means and SD are indicated for the three groups.

*p = 0.0005.

(C) Glucose measurement in pooled larvae ex-

tracts, treated as in (A) and normalized to non-

ablated animals (means and SD are indicated for

at least four independent larvae pools for each

condition).

(D) Representative staining for insulin and

glucagon in mouse pancreas following a 3-month

treatment with 1 mg/mL artesunate in drinking

water versus control DMSO. Scale bar, 30 mm.

(E) Quantification of islets size in sections from

mouse pancreata following a 3-month treatment

with artesunate in drinking water (120–180 islets

per animal). *p < 0.001. Shown are medians, 25%–

75% (boxes) and 10%–90% confidence intervals.

(F) Co-staining of RFP and insulin in RFP-labeled

lineage-tracing mouse islets after treatment with

10 mM artemether or control DMSO for 24 hr. Scale

bar, 10 mm.

(G) Quantification of RFP/insulin double-positive

cells in mouse islet from (F) (means and SD are

indicated from two replicates). *p = 0.019.

(H) Blood glucose levels after an overnight fast in a

rat b cell ablation model. b cells were ablated with

60 mg/kg streptozotocin; on day 9 post-ablation,

animals were assigned to treatment and control

groups based on matching fasting glucose levels

and were treated with 20mg/kg artemether p.o. for

7 days followed by 200 mg/kg artemether p.o. for

16 days. (Measured values in individual animals,

means and SD, n = 10 per group, p = 0.005).

(I) Oral glucose tolerance test of animals described

in (H). Means and SE are indicated for ten animals

from each group.

(J) Area under the curve from the oral glucose

tolerance test described in (I). Shown are mea-

surements in individual animals, and the means

and SD are indicated for the groups; p = 0.004.

See also Figure S5.
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DMSO, dissociated the islets immediately prior to sorting single

cells to individual wells of a 96-well plate containing lysis buffer,

and performed single-cell RNA-seq as previously described (Li

et al., 2016). We then assessed global transcriptomic alikeness

between individual cells through multidimensional scaling (Fig-

ure 6D). We observed that compound-treated cells clustered

with DMSO-treated controls, indicating that up to 72 hr of

in vitro treatment with artemether did not induce a whole new

cell type. Looking for changes in specific genes related to the

compounds’ mechanism, we found that GABRB3 and GABRG2
were strongly upregulated in artemether-treated a cells (Fig-

ure 6E), consistent with the findings in the mouse cell line. An

increase in gephyrin and GABA-receptor subunit protein levels

on some islet cells was also evident by immunofluorescence

staining (Figure 6F). To analyze transcriptome-wide changes,

we used GSEA to identify differentially regulated pathways in

DMSO- versus artemether-treated single-cell transcriptomes.

In b cells, artemether downregulated some cell-type-specific

transcripts (Figures S7C and S7D). In a cells, we observed a

strong and significant downregulation of a cell-specific genes,
Cell 168, 1–15, January 12, 2017 9



Figure 6. Artemether Affects a Cell Identity

in Human a Cells

(A) Representative immunofluorescence images

of sectioned human islets treated with 10 mM ar-

temether and control DMSO for 3 hr, co-stained for

nuclei (DAPI), ARX, glucagon, or C-peptide. Scale

bars, 100 mm.

(B) Representative images of dissociated human

islet cells stained for ARX after treatment with

10 mM artemether and/or 6.25 mM picrotoxin for

3 hr. Scale bars, 5 mm.

(C) Quantification of ARX localization from

human islets cells treated as in (B) (data indi-

cate means and SD from six imaged wells).

Boxes indicate 25th and 75th percentiles, hori-

zontal lines medians, and whiskers minima and

maxima.

(D) Multidimensional scaling plot representing

transcriptomes of single human islet cells treated

as intact islets with either control DMSO (gray

circles) or 10 mM artemether (black circles) for

24 hr or 72 hr.

(E) Expression pattern of GABA-receptor subunits

in human a cells from (D).

(F) Immunofluorescence staining of dissociated

human pancreatic islet cells for nuclei (DAPI),

gephyrin, and GABRG2 receptor treated as intact

islets with either control DMSO or 10 mM arte-

mether for 72 hr. Scale bar, 10 mm.

(G) Gene set enrichment analysis using a gene

set representing all genes significantly higher

expressed in human a cells compared to b cells,

comparing cumulative expression levels from sin-

gle a cell transcriptomes obtained from islets

treated with control DMSO or 10 mMartemether for

72 hr.

(H) Cumulative expression levels from single

a or b cell transcriptomes obtained from islets

treated with control DMSO or 10 mM artemether

for 72 hr.

See also Figure S6 and Table S1.
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including EIF4A1, CRYBA2, PDK4, and MUC13 following arte-

mether treatment (Figures 6G and 6H). Key b cell-specific genes

were upregulated in a cells following artemether treatment,

including GNAS and ABCC8, the gene coding for the sulfonyl-

urea receptor (Figures S7E and S7F).

Artemether Improves Insulin Secretion in Human Islets
We next assessed whether the reduction in a cell character

and gain of b cell characteristics following artemether treat-
10 Cell 168, 1–15, January 12, 2017
ment had functional consequences in

intact human islets. First, we tested the

expression of a cell factor ARX (Fig-

ure 7A). While we observed donor-to-

donor variability of the effect size, ARX

expression was consistently reduced.

We then investigated whether the loss

in a cell character corresponded to

increased b cell properties. Normalized

to total protein, artemether-treated islets
contained more intracellular insulin compared to DMSO-

treated islets from the same donor (Figure 7B). Finally, we

tested whether this insulin increase was functional and per-

formed glucose stimulated insulin secretion assays. While

artemether treatment did not affect secretion in low-glucose

conditions, artemether-treated islets from all donors tested

secreted significantly more insulin compared to DMSO-con-

trol-treated islets when challenged with high-glucose concen-

trations (Figure 7C).



Figure 7. Artemether Enhances Insulin Secretion in Human Islets

(A) RT-qPCR assay for ARX expression in human islets treated with control DMSO or 10 mM artemether for 72 hr. Error bars represent mean ± SD.

(B) Measurement of intracellular insulin content in human islets treated with control DMSO or 10 mM artemether for 72 hr. Error bars represent mean ± SD.

(C) Measurement of glucose-stimulated insulin secretion in human islets treated with control DMSO or 10 mM artemether for 72 hr (two replicates each donor;

**p < 0.005; *p % 0.05). Error bars represent mean ± SD.

(D) Proposed mechanism of action of artemether. By stabilizing gephyrin, artemether increases GABA-receptor signaling in a cells, thereby preventing glucagon

secretion. Decreased extracellular glucagon concentration induces loss of a cell identity and increase of insulin expression.

See also Figure S6.
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DISCUSSION

Weidentifiedartemisininsasapproveddrugs that canconferbcell

characteristics to a cells. This phenotype depends on the stabili-

zation of the protein gephyrin, which, in turn, activates GABA

signaling in a cells. Active GABA signaling is required for the ef-

fects of artemisinins on the key a cell-fate determining transcrip-
tion factor ARX, which translocates to the cytoplasm following

drug treatment (Figure 7D). It is tempting to speculate that the

changes in nuclear calcium (and/or chloride) signaling that we

observed provide a direct link between extracellular glucagon,

GABA-receptor signaling, and nuclear ARX localization.

Previous studies have already connected a cells’ key function

of glucagon secretion to GABA-receptor signaling. GABA is
Cell 168, 1–15, January 12, 2017 11
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primarily produced by b cells, whereas several GABAA-receptor

subunits are specifically expressed on a cells (Franklin andWoll-

heim, 2004;Wan et al., 2015). The architecture of the vasculature

in islets ensures that arterioles first contact insulin-expressing

cells (Bonner-Weir and Orci, 1982; Stagner and Samols, 1992),

resulting in the exposure of the downstream a cells to high local

concentrations of factors secreted by b cells, including insulin

and GABA. Insulin is known as a major repressor of glucagon

secretion (Maruyama et al., 1984), and the action of the hormone

is dependent on active Akt and GABA signaling (Xu et al., 2006).

Our findings suggest that GABA signaling not only affects a cell

function, as measured by glucagon secretion, but also feeds

back to a cell identity. Thus, we propose an additional beneficial

effect of activating GABA-receptor signaling in diabetes, beyond

themodulation of the immune system and b cell proliferation pre-

viously suggested (Purwana et al., 2014; Soltani et al., 2011).

A key remaining question concerns the lack of a to b cell trans-

differentiation in diabetes. Why would evolution equip a cells

with a high amount of epigenetic plasticity, so that loss of a single

transcription factor is sufficient for their transdifferentiation, and

why would a mechanism to exclude this very transcription factor

from the nucleus be maintained? However, the only conditions

known, when a cells convert into b cells, are following the genetic

manipulation of these master regulatory transcription factors

(Collombat et al., 2009; Courtney et al., 2013) and a toxin-

induced model of near-complete b cell loss (Thorel et al.,

2011). Particularly in type-2-diabetic conditions, several of the

factors observed to contribute to ARX repression are altered in

similar ways to the changes we observe with artemisinins. For

example, GABA receptors accumulate on the surface of a cells

in high-glucose/high-insulin conditions (Xu et al., 2006). More-

over, long-term treatment with GABA alone is sufficient to induce

a cell-mediated, b-like cell neogenesis in a mouse model (Ben-

Othman et al., 2016; this issue of Cell). However, we still only

have a limited understanding of the intra-islet changes associ-

ated with diabetic conditions, including local concentrations

of GABA, insulin, and glucagon, as well as the composition of

GABA receptors and other factors affecting the autocrine and

paracrine effects of these molecules. Insufficient b cell-derived

GABA levels and inappropriate glucagon secretion in diabetic

high-glucose conditions could, therefore, prevent endogenous

a cell transdifferentiation in diabetic conditions. In our a cell-

line model, GABA-receptor agonists induced lower levels

of insulin compared to artemether. Likely, the strong transcrip-

tional induction of several GABA-receptor subunits following

drug treatment induces a specific GABA-receptor subunit

composition not normally present in a cells. These receptors

then increase GABA responsiveness and alter baseline calcium

signaling of artemether-treated a cells, and the effects could

potentially synergize with other aspects of gephyrin biology

and PI3K signaling.

Artemisinin combination therapy is the treatment of choice for

malaria and more than 300 million doses are dispensed annually

(Dondorp et al., 2010). Despite this large patient cohort, no

clinical data on the effects of artemisinins on human pancreatic

endocrine function are available. There are several reasons

why such changes might have gone unnoticed so far. First, the

acute life-threatening condition of plasmodium-infected pa-
12 Cell 168, 1–15, January 12, 2017
tients, together with the known propensity of plasmodium infec-

tion to cause hypoglycemia, makes blood glucose levels highly

variable in the short term. Second, in healthy individuals, a small

increase in b cell number is not expected to cause a phenotype,

as these cells secrete insulin in a highly glucose-regulated

manner. Unfortunately, currently no imaging methods are avail-

able to directly assess human b cell mass. Third, treatment dura-

tion with artemisinins might be critical for effects on a cells. We

observe rapid effects of these compounds on cell lines, isolated

islets, and zebrafish larvae in the timescale of hours to days. In

contrast, effects in rodent models take weeks to months, poten-

tially because of the lower bioavailability of artemisinins in vivo.

Plasma half-lives of these compounds are in the range of mi-

nutes to a few hours, and the poor solubility in aqueous solutions

precludes the continuous dosing using pumps; hence, we rely

on once-daily oral dosing in rats. In contrast, for malaria patients,

a typical treatment cycle with artemisinins lasts only 4 days,

but dosing occurs at relatively high concentrations every 8 hr.

Currently, clinical studies are ongoing for the long-term

effects of artemisinins in cancer patients (Ericsson et al., 2014)

(NCT02263950). Therefore, investigation of the effects of long-

term artemether treatment for the induction of endogenous insu-

lin expression in C-peptide-negative type 1 diabetes patients

appears clinically feasible.

Regardless of the direct clinical use of artemether in diabetes,

our findings open up completely new avenues for transdifferen-

tiating a cells by structurally different gephyrin stabilizers, GABA-

receptor transcriptional activators, and additional targets in

the GABA-receptor signaling pathway, toward a treatment for

type 1 diabetes.
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Population pharmacokinetics of artesunate and dihydroartemisinin during

long-term oral administration of artesunate to patients with metastatic breast

cancer. Eur. J. Clin. Pharmacol. 70, 1453–1463.

Fernbach, N.V., Planyavsky, M., Müller, A., Breitwieser, F.P., Colinge, J., Rix,

U., and Bennett, K.L. (2009). Acid elution and one-dimensional shotgun anal-

ysis on an Orbitrap mass spectrometer: an application to drug affinity chroma-

tography. J. Proteome Res. 8, 4753–4765.

Fomina-Yadlin, D., Kubicek, S., Walpita, D., Dancik, V., Hecksher-Sørensen,

J., Bittker, J.A., Sharifnia, T., Shamji, A., Clemons, P.A., Wagner, B.K., and

Schreiber, S.L. (2010). Small-molecule inducers of insulin expression in

pancreatic alpha-cells. Proc. Natl. Acad. Sci. USA 107, 15099–15104.

Franklin, I.K., and Wollheim, C.B. (2004). GABA in the endocrine pancreas: its

putative role as an islet cell paracrine-signallingmolecule. J. Gen. Physiol. 123,

185–190.

Fritschy, J.M., Harvey, R.J., and Schwarz, G. (2008). Gephyrin: where do we

stand, where do we go? Trends Neurosci. 31, 257–264.

Herrera, P.L. (2000). Adult insulin- and glucagon-producing cells differentiate

from two independent cell lineages. Development 127, 2317–2322.

Ho,W.E., Peh, H.Y., Chan, T.K., andWong,W.S. (2014). Artemisinins: pharma-

cological actions beyond anti-malarial. Pharmacol. Ther. 142, 126–139.

Huang, H., Vogel, S.S., Liu, N., Melton, D.A., and Lin, S. (2001). Analysis of

pancreatic development in living transgenic zebrafish embryos. Mol Cell Endo-

crinol. 177, 117–124.

Huber, K.V., Salah, E., Radic, B., Gridling, M., Elkins, J.M., Stukalov, A., Jemth,
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Myc-Tag Cell Signaling Technology Cat#2276

Histone H2B Cell Signaling Technology Cat#2934

Gephyrin Abcam Cat#ab25784; RRID: AB_1209349

Gephyrin (Figure S4B) Synaptic systems Cat#147111; RRID: AB_887719

GABA-receptor subunit beta 3/4 Millipore Cat#MAB341; RRID: AB_2109419

GABA-receptor subunit alpha 2 Abcam Cat#ab176170

GABA-receptor subunit gamma 2 Abcam Cat#ab101036; RRID: AB_10672116

mTOR Cell Signaling Technology Cat#2972

p-mTOR Cell Signaling Technology Cat#5536

Akt Cell Signaling Technology Cat#4691

p-Akt Cell Signaling Technology Cat#4060P; RRID: AB_972551
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Artemether (Figures 5H–5J) Cayman Europe Cat#11815
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Picrotoxin Sigma Cat#P1675

Salicylidene salicylhydrazide Sigma Cat#S8194

Etifoxine Sigma Cat#SML0272

Muscimol Sigma Cat#M1523

Vgabatrin Sigma Cat#V8261

Halothane MedChemExpress Cat#HY-B1010

NS11394 MedChemExpress Cat#HY-11048
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Zolpidem Sigma Cat#E006

Thapsigargin Sigma Cat#T9033

Gaboxadol Santa Cruz Cat#sc204342
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FG-7142 Sigma Cat#E006

Elesclomol Selleck Cat#S1052

Nacetylcysteine Sigma Cat#A9165

Lynxtag_art Biolynx Technologies Cat#BL007RUO

PCi Enzo Life Sciences Cat#ALX-260-022-M001

Artesunate Sigma Cat#A3731

Artesunate (Figures 5D and E) TCI Cat#A2191

Deoxyarteether Santa Cruz Cat#sc-211235

Arteether Santa Cruz Cat#sc-217662

N-hydroxy-11-azaartemisinin TRC Cat#H804500

Artemisitene TRC Cat#A777550

Artemisone Alsachim Cat#C1740

Artemisiten Alsachim Cat#S1873

Dihydro artemisinin TRC Cat#A637875

Recombinant glucagon Sigma Cat#G2044

Dimerizer AP20187 Clontech Cat#635059

pE2-Crimson-N1 Vector Clontech Cat#632554

Methylcellulose Sigma Cat#M6385

Hoechst 33342 Thermo Fischer Cat#H1399

Critical Commercial Assays

Xanthine Oxidase Assay Kit Abcam Cat#ab102522

PI(3)P Mass ELISA kit Echelon Cat#K-3300

Glucagon ELISA Alpco Cat#48-GLUHU-E01-AL

Insulin ELISA Alpco Cat#80-INSHU-E01.1

Glucose Assay Kit Biovision Cat#K606-100

Deposited Data

Single cell RNA-seq of the control cells NCBI Gene Expression Omnibus GEO: GSE73727

Single cell RNA-seq of the artemether treated cells NCBI Gene Expression Omnibus GEO: GSE84714

RNA-seq of bulk samples NCBI Gene Expression Omnibus GEO: GSE84592

Experimental Models: Cell Lines

aTC1 Novo Nordisk ATCC Cat#CRL-2934

aTC1-LT This paper N/A

Min6 Novo Nordisk Miyazaki et al., 1990

Min6-ARX This paper N/A

Experimental Models: Organisms/Strains

(Gcga:GFP)ia1- (Ins:NTR-mcherry)ml10 Zebrafish This paper N/A

Ins:caspase8;ins:E2Crimson Zebrafish This paper N.S. and D.M., unpublished data

GluCre::RFP mouse This paper N/A

Recombinant DNA

TetR-CMV-ARX-MYC-FLAG This paper N/A

SV40 large T-antigen lentivirus GenTarget Cat#LVP016-Neo

Sequence-Based Reagents

Primers for Ins2, Actb, Pax4, ACTB Fomina-Yadlin et al., 2010 N/A
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Primers for Mnx1, Gcg, ARX This paper Table S2

shGephyrin Sigma Cat#TRCN0000098585

shControl Sigma Cat#SHC001

Software and Algorithms

Tophat v2.0.4 Kim et al., 2013 https://ccb.jhu.edu/software/tophat/index.shtml

RSeQC package Wang et al., 2012 http://rseqc.sourceforge.net/

Gene Set Enrichment Analysis Subramanian et al., 2005 http://software.broadinstitute.org/gsea/downloads.jsp

Mootha et al., 2003

ImageJ/FIJI Schneider et al., 2012 https://fiji.sc/

Cell Counter Plugin Kurt De Vos, University of

Sheffield, Academic Neurology

https://imagej.nih.gov/ij/plugins/cell-counter.html
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Further information and requests for reagents may be directed to, andwill be fulfilled by the Lead Contact Stefan Kubicek (skubicek@

cemm.oeaw.ac.at).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture
aTC1cellswere purchased fromATCC (CRL-2934) andgrown in low-glucoseDMEMsupplementedwith 10%FBS, 50U/mLpenicillin

and 50 mg/mL streptomycin. Min6 cells with doxycycline-inducible constructs were grown in high-glucose DMEMsupplementedwith

15% Tet System Approved FBS (Clonetech 631106), 71 mM 2-mercaptoethanol, 50 U/ml penicillin and 50 mg/ml streptomycin. The

mouse islets from the a cell lineage-tracing animals were kept in RPMI medium supplemented with 10% FBS, 50 U/ml penicillin

and 50 mg/ml streptomycin. The cell culture for human islets followed established protocols (Walpita et al., 2012).

Mice and rats
All mouse work was conducted in Patrick Collombat’s lab as previously described (Courtney et al., 2013) according to French ethical

regulations under the animal license NCE/2012-85 and NCE/2014-190. Rat experiments were conducted at Physiogenex according

to the standard operating procedure in place at the test facility and an agreement from the French veterinary services. All procedures

were performed in accordance with the Guide for the Care and Use of Laboratory Animals (revised 1996 and 2011, 2010/63/EU) and

French laws.

Zebrafish
Transgenic (Gcga:GFP)ia1-(ins:NTR-mcherry)ml10 zebrafish weremaintained according to the guidelines of the local authorities under

licenses GZ:565304/2014/6 and GZ:534619/2014/4. Transgenic ins:caspase8;ins:E2Crimson (abbreviated ins:casp8) zebrafish em-

bryos were generated under license BMWF-66.008/0017-II/3b/2013. The ages of the zebrafish are described in the method details.

Human islets
Human islets were obtained from the European Consortium for Islet Transplantation (Geneva) and the Integrated Islet Distribution

Program IIDP. This study is approved by the Ethics Committee of theMedical University of Vienna (EK-Nr. 1228/2015). Detailed donor

information is provided in Table S3.

METHOD DETAILS

Establishment of inducible cell lines
To generate inducible Min6 cells, we first transduced cells with a lentivirus carrying TetR DNA and a neomycin resistance cassette

(Gentarget, cat.# LVP017-Neo) and then isolated a single clone expressing high amounts of TetR protein, validated with the

Tet01 antibody (MoBiTec). This TetR expressing cell line was then transduced with virus particles coding for Flag-Myc tagged

(C-terminal) human ARX cDNA also expressing the puromycin resistance gene. The vector used for this work was pSTK007, a

modified version of the pLenti4.2 (Life technologies). Then, a second round of clonal selection was performed where numerous

clones were tested for maximum repression in the uninduced state and a high degree of induction upon treatment with doxycyline

(1mg/ml).
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All lentiviruses were produced in HEK293T cells using the Virapower plasmid mix (Life technologies), according to the manufac-

turer’s protocol. All virus work was done in a Class II laboratory, and before transferring the cells to a regular lab the cells were proven

to be virus free using a p24 ELISA kit (Cell Biolabs, cat.#VPK-108-H).

To establish the aTC1 subclone used for all experiments described in this study, aTC1 cells were infected with a lentiviral vector

causing the expression of large T antigen under the CMV promoter to make them independent of the glucagon-promoter driven large

T antigen expression.

High-throughput screening and immunofluorescence staining
50 nL compound per well was transferred to black optical suitable 384-well plate (Corning 3712) from DMSO stock plates using

acoustic transfer (Labcyte Echo 520). 3000 Min6 cells per well were then plated in 50 ml media containing 1 mg/ml doxycycline on

top of the compounds. Three days after seeding, cells were fixed in 3.7% formaldehyde for ten minutes at room temperature.

Following washing with PBS, cells were fixed with cold pure methanol at �20�C for 10 min, permeabilized with 1% Triton X-100

in PBS for 30 min and blocked with 3% BSA in PBS for 30 min. 20 ml primary anti-insulin antibody (1:2000) in 1.5% BSA/PBS,

was added per well and incubated at 4�C overnight. After washing with PBS twice, 20 ml Cy-3–labeled donkey-a-guinea pig antibody

(1:1000) and 10 mg/ml Hoechst 3342 in PBSwas added perwell and incubated for 1 hr. After twowasheswith PBS, plates were stored

in 4�C in dark until analysis.

Images were taken by an automated microscope (Perkin Elmer Operetta) using a 20x objective. Images were exposed for 10 ms

in the Hoechst channel and for 500 ms in the Alexa Fluor 546 channel. Images were analyzed using the Harmony software (Perkin

Elmer). Nuclei were identified (Harmony Method C) and cytoplasm was defined based on the nuclei (Harmony Method C). In total

1152 wells were screened containing 280 compounds from the CeMM Library of Unique Drugs (CLOUD) (M. Licciardello, P. Markt,

F. Klepsch, and S.K., unpublished data) in triplicates with control wells. Hits were selected based on the intensity of insulin in

the Alexa Fluor 546 channel and cell numbers in the Hoechst channel. Immunofluorescence staining for all other antibodies was

performed as described above, images were acquired on an automated microscope (Perkin Elmer Operetta) or a Leica DMI6000

B inverted confocal system with a 63x 1.30 ACS Apo lens. Image analysis and quantitation was performed as described above.

For quantification, at least 1,000 cells were analyzed for each condition.

RNA-seq
Cells were lysed and RNA isolated using the RNeasyMini Kit (QIAGEN) according to themanufacturer’s protocol. The amount of total

RNA was quantified using a Qubit 2.0 Fluorometric Quantitation system (Life Technologies) and the RNA integrity number (RIN) was

determined using an Experion Automated Electrophoresis System (Bio-Rad). The libraries for RNA-seq after 24h induction in Min6

cells were prepared with Ribo-zero and Scriptseq v2 kits (Epicenter) following the provider’s manual. Other RNA-seq libraries were

prepared with TruSeq Stranded mRNA LT sample preparation kit (Illumina) using Sciclone and Zephyr liquid handling robotics

(PerkinElmer). Library amount was quantified using the Qubit 2.0 Fluorometric Quantitation system (Life Technologies) and the

size distribution was assessed using Experion Automated Electrophoresis System (Bio-Rad). Libraries were pooled and sequenced

on the Illumina HiSeq platform using the 50 bp single-read configuration. Reads were aligned with tophat (v2.0.4) with the–no-novel-

juncs–no-novel-indels options (Kim et al., 2013). Gene expression was calculated as Reads Per Kb per Millions of reads (RPKMs)

using RPKM_count.py from the RSeQC package (Wang et al., 2012) and the NCBI RNA reference sequences collection (RefSeq)

downloaded from UCSC. Sample preparation and data analysis for single cell RNA-seq was conducted as previously described

(Li et al., 2016).

RT-qPCR
After the RNA was isolated with the RNeasy Mini Kit (QIAGEN), it was reverse transcribed with random primers using the High

Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative PCR was performed with Power SYBR Green PCR

Master Mix (Applied Biosystems) on a Lightcycler 480 (Roche). Primer sequences used were published previously (Fomina-Yadlin

et al., 2010), novel sequences are indicated in Table S2.

Ca2+ imaging
Ca2+ responses were measured using Fura-2AM (Invitrogen). Ratiometric imaging was performed using a VisiChrome monochro-

mator (Visitron Systems) on a CoolSnap HQ2 camera (Photometrics) and recorded in VisiView software (Visitron Systems). Data

were statistically analyzed and plotted using SigmaPlot 13.0 (Systat Software). Krebs-Ringer solution was used as basic external

solution and contained: 119 mM NaCl, 2.5 mM KCl, 1 mM NaH2PO4, 1.5 mM CaCl2, 1.5 mMMgCl2, 20 mM HEPES, 11 mM glucose

(pH 7.4). A p value of < 0.05was considered statistically significant, and calculated by theMann-Whitney rank sum test (unpaired test)

or Wilcoxon’s signed rank test (paired test), as appropriate. Experiments were performed at 25�C.

Patch-clamp electrophysiology
aTC1 cells were assayed by patch-clamp electrophysiology using the gramicidin or amphotericin perforated-patch configuration.

Ionic currents and membrane potential were recorded, filtered, and analyzed using an Axopatch 200 B amplifier, DigiData1322 inter-

face, and the pClamp8 software (Molecular Devices). The external solution contained: 119 mM NaCl, 2.5 mM KCl, 1 mM NaH2PO4,
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1.5 mM CaCl2, 1.5 mM MgSO4, 11 mM glucose and 20 mM HEPES-NaOH (pH 7.4). For the measurement of muscimol-induced

currents the following intracellular solution was used: 140 mM CsCl, 4 mM NaCl, 2 mM MgCl2, 10 mM HEPES, 1 mM EGTA,

4 mM ATP-Na2, 400 mg/l amphotericin, (pH adjusted to 7.3 with NaOH). For studying excitable properties of aTC1 cells the intracel-

lular solution contained: 114 mM K-gluconate, 6 mM KCl, 10 mM HEPES, 5 mM EGTA, 4 mM ATP-Mg, 30-50 mg/l gramicidin

(pH adjusted to 7.3 with KOH). All experiments were performed at 25�C.

Chloride imaging
To assess muscimol induced Cl� changes, aTC1 cells were preincubated with MQAE for 0.5 hr (Thermo Fisher Scientific). The fluo-

rescence was recordedwith CoolSnap HQ2 camera (Photometrics) and VisiView software (Visitron Systems) using 350 nm excitation

with VisiChrome monochromator (Visitron Systems) and the emission filter (445 ± 50 nm). Experiments were done at 25�C in Krebs-

Ringer solution. Basal levels were measured after 1 hr incubation with MQAE and washing with PBS by live cell imaging on an auto-

mated microscope (Perkin Elmer Operetta) using a 20x objective and analyzed using the Harmony software (Perkin Elmer).

Moco synthase assay
aTC1 cells were pretreated with artemether for three days and lysed with NP-40 buffer. The measurement of Moco synthase was

performed with Xanthine Oxidase Assay Kit (Abcam ab102522).

Western blotting
Whole cell extracts were generated by lysing cells in NP-40 buffer containing 150 mM sodium chloride, 1.0%NP-40 and 50 mM Tris,

pH 8.0 supplemented by Protease Inhibitor Cocktail (Roche). 30 mgwhole cell lysates were loaded onto a SDS–polyacrylamide gel for

electrophoresis at 30mA per gel, and then transferred by electrophoresis to a nitrocellulose membrane (GE Healthcare Life Science).

All the blots were incubated with corresponding primary antibodies diluted 1:1000 in 5% milk at 4�C overnight followed by HRP-

labeled secondary antibodies (1:20000) for 1 hr at room temperature. The signals were detected using ECL Prime western blotting

Detection Reagent (Amersham).

Immunoprecipitation
Primary antibody was incubated with Dynabeads Protein G (Life technologies 10765583) for 15min at room temperature andwashed

with PBS containing 0.02% Tween-20 (PBST). Antibody-coupled beads were then incubated with aTC1-LT cell lysates overnight at

4�C, washed with PBST for three times and eluted with SDS-loading buffer. The input, supernatant (5%) and elution were used for

western blot.

PI3P assay
PI3P measurements were performed using the PI(3)P Mass ELISA kit (K-3300, Echelon). In brief, aTC1-LT cells were pretreated with

artemether for three days, followed by lipid extraction and an ELISA assay according to the manufacturer’s guideline.

Glucagon secretion assays
aTC1-LT cells were pretreated with artemether for three days. Cells were first incubated in high glucose medium (5 g/L glucose

in KRBS medium) for one hour followed by incubation in low glucose medium (0.5 g/L glucose in KRBS medium) for another

hour. Supernatant after low glucose challenge was collected to measure glucagon content using a Glucagon ELISA (Alpco

48-GLUHU-E01-AL).

Glucagon-GFP/Insulin-mCherry zebrafish larvae assay
Transgenic zebrafish strains Tg(Gcga:GFP)ia1 and Tg(ins:NTR-mcherry)ml10 were used to demarcate a cells by GFP expression and

b cells by mCherry expression. Double transgenic zebrafish were treated with indicated concentrations of artemether added to E3

medium from 26 hpf until 100 hpf. Zebrafish were embedded for confocal microscopy as described previously (Distel and Koster,

2007). Z stacks of the pancreatic islets were taken on a confocal microscope (Leica TCS SP8 X WLL) using a 25x water objective.

Using the measurement counting tool of the Leica software on 3D models of the islets GFP-positive cells and mCherry-positive cells

were counted.

Zebrafish Islet Ablation
Transgenic lines were generated using Tol2 mediated transgenesis (Kawakami et al., 2004). 1 kb of the insulin promoter (Huang et al.,

2001) was cloned into the p5E-MCS plasmid of the Tol2 Gateway system (Kwan et al., 2007) using the BamHI and HindIII restriction

sites. The FKBP-caspase8 fusion gene (Pajvani et al., 2005) (a kind gift of Philipp Scherer) was cloned downstreamof the ins promoter

in the p5E-ins plasmid. E2Crimson (pE2-Crimson-N1 Vector, Clontech) was cloned into the pME-MCS plasmid of the Tol2 system

and expressed via a separate insulin promoter inserted via the BamHI and HindIII sites. Final constructs were generated by an LR

recombination reaction as described (Kwan et al., 2007) in pDestTol2pA, and injected together with transposasemRNA into fertilized

eggs to generate Tg(ins:caspase8;ins:E2Crimson), abbreviated ins:casp8, fish.
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Zebrafish (Danio rerio) were maintained according to standard protocols. Transgenic lines were generated and maintained in the

Mitfab692/b692/ednrb1b140/b140 background (a kind gift of Wolfgang Driever at the University of Freiburg).

3 days post fertilization (dpf) old embryos were incubated in 2 mM Dimerizer AP20187 (Dim) for 48 hr at 28�C in the dark. Dim was

added to eggwater (0.3 g/l Coral Pro Salt (Red Sea) to reach the final concentration. Control embryos were exposed to corresponding

amounts of ethanol. At 5 dpf (0 days post ablation, dpa), larvaewere rinsed in eggwater and transferred to fresh eggwater at a density

of 20 fish/200 ml. Starting at 3dpa, ablated larvae were treated with either 5 mM artemether or an equivalent volume of DMSO for 4 d.

Compound was renewed every second day.

Larvae were harvested at 7 dpa and fixed for 1 to 2 hr at room temperature in 4% PFA in PBS, then washed 3x 5 min with 1 x PBS/

0.2%Triton X-100. To improve access of antibodies to internal structures, head and tail were cut off and the gut was cut open. Larvae

were incubated in blocking buffer containing 1%DMSO, 1%sheep serum, 1%BSA and 1%Triton X-100 in 1 x PBS for at least 60min

at room temperature. The embryos were then incubated overnight at 4�C with primary antibody recognizing E2Crimson (rabbit anti-

dsRed, 1:100 dilution), washed and then reblocked and incubated in secondary antibody (anti-rabbit Alexa Fluor 633 conjugated,

1:1000 dilution) overnight at 4�C. Larvae were then incubated in 100 ng/ml DAPI overnight at 4�C.
Confocal images were acquired using a Zeiss LSM Exciter5 microscope with a 40x water objective.

For glucose assays, larvaewere collected in pools of 4 and euthanized on ice. After removal of all liquid, larvaewere resuspended in

200 mL ice-cold, autoclaved 1X PBS, then sonicated on ice with 6 pulses of 0.5 s, and centrifuged at 13,000 rpm for 15min at 4�C. The
supernatant was transferred to fresh eppendorfs and used directly for glucose measurement. The glucose assay was performed as

described (Kimmel et al., 2015) on biological replicates, using 15 mL larvae extract per reaction. Sample buffer was added up to 25 ml,

and combined with 25 mL reaction mix. After incubation at 37�C for 30 min, Ex/Em 535/590 was read on a microplate reader. Protein

concentration (A280) was measured on a nanodrop and used to normalize glucose concentration to protein content.

Insulin-expressing (E2Crimson+/Alexa 633+) cells were counted in z stacks using the Cell Counter Plugin of ImageJ. Confocal im-

ages were processed by a median filter in ImageJ to remove speckle noise and assembled using Adobe Illustrator.

Insulin secretion assay and intracellular insulin content assay of human islet
500-1000 human islets were pretreated with artemether for three days. Cells were first incubated in low glucose medium (0.5 g/l

glucose in KRBS medium) for one hour and in high glucose medium (5 g/l glucose in KRBS medium) for another hour. Supernatant

was collected after low and high glucose incubations tomeasure insulin content using an ELISA kit (Alpco 80-INSHU-E01.1). The islet

pellets after high glucose incubation were lysed in NP-40 buffer and intra-islet insulin content was measured using the same kit.

Rodent models
Twomonths old 129/SVmice were treated with artesunate (1mg/ml) in drinking water provided ad libitum for 3 months. Animals were

sacrificed by cervical dislocation and the tissues were fixed and sectioned as previously described (Collombat et al., 2003). For the

ex vivo lineage tracing experiments, islets from 2 months old GluCre::RFP animals (containing the following transgenes: the rat

glucagon promoter upstream of the phage P1 Cre recombinase (Herrera, 2000) and the Rosa26 promoter upstream of a loxP-

Stop-loxP-tdRFP cassette (Luche et al., 2007)) were isolated by collagenase type XI (1 mg/ml) digestion followed by a density

gradient to purify the islets from the acinar tissue. Approximately 250 islets per group were handpicked under the microscope

and treated with either 10 mM artemether or DMSO as control. Following 24 h of treatment, the islets were dissociated, fixed, and

plated into a 384-well plate. Following washing with PBST and blocking with BSA, the cells were incubated with guinea pig polyclonal

anti-insulin (1/500-Linco) for 2 h at room temperature. The cells were then washed and incubated with 488-Alexa anti-guinea pig (1/

1000-Molecular probes) together with the nuclear counter-stain DAPI for 1 h. The cells were then imaged on an automated micro-

scope (Perkin Elmer Operetta) using a 20x objective and analyzed using Harmony software (Perkin Elmer).

Rat experiments were conducted on 2 months old male SD rats which were fasted overnight and treated with 60 mg/kg strepto-

zotocin i.p. On day 9 post ablation animals were randomized to treatment and control groups based on matching fasting glucose

levels, and treated with 20 mg/kg artemether p.o. for 7 d followed by 200 mg/kg artemether p.o. for 16 d. 1% methylcellulose

was used as vehicle, prepared once per week by dissolving in distilled water, heating to 40�C, then stored at 4�C. Artemether sus-

pension in 1% methylcellulose was prepared fresh daily before treatment. Blood glucose were measured via tail nick using a hand-

held glucometer (Accu-Check Performa Roche Diagnostics).

Chemical proteomics
NMR spectra were recorded on a Bruker Avance III 400 (Bruker, Billerica, MA, U.S). Chemical shifts are given in ppm, and coupling

constants are given in hertz. Mass spectra were recorded using a XeVo-UPLCTQ-MS system (Waters, Milford, MA, U.S.). Purification

by flash column chromatography (FCC) was performed using silica gel 60 (Merck, Darmstadt, Germany), MPLC was performed on a

Biotage Isolera system (Biotage, Uppsala, Sweden). The purity of the synthesized compounds was determined and confirmed by

UPLC analysis. All synthesis chemicals were purchased from Sigma-Aldrich and used without further purification.

Drug-affinity matrices were prepared essentially as described previously (Fernbach et al., 2009; Huber et al., 2014). Briefly, ethyl-

enediamine (2.7 mL, 40 mmol), ethanolamine (9.7 mL, 160 mmol), and trimethylamine (15 mL, 108 mmol) were added to 500 mL NHS-

activated Sepharose 4 Fast Flow beads (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) and the reaction was incubated on

a rotary shaker for 24 hr. Beads were washed and resuspended in DMSO and NHS-activated artesunate (100 mL, 1.00 mmol) was
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added to the suspension, and the mixture was incubated on a rotary shaker for 24 hr. Unreacted beads were blocked by addition

of NHS-acetate (10 mmol) and triethylamine (25 mL, 180 mmol), followed by agitation on a rotary shaker for 24 hr. After washing

with DMSO and lysis buffer, beads were incubated with cell lysates.

Affinity chromatography and elution were performed in duplicate as reported previously (Fernbach et al., 2009; Huber et al., 2014),

with 10 mg total cell lysate per replicate.

After elution, enriched proteins were reduced with dithiothreitol, cysteine residues alkylated by incubation with iodoacetamide and

the samples digested with modified porcine trypsin (Promega, Madison, WI). Three percent (and multiples thereof) of the digested

eluates were purified and concentrated by C18 reversed-phase material. Samples were analyzed at pH 2.4 on an Agilent 1200

nano-HPLC system (Agilent Biotechnologies, Palo Alto, CA) coupled to a hybrid linear trap quadrupole (LTQ) Orbitrap Velos mass

spectrometer (ThermoFisher Scientific, Waltham, MA) utilizing the Xcalibur software version 2.1. The analysis was performed in a

data-dependent acquisition mode. The 15 most intense ions were isolated and fragmented by collision-induced dissociation

(CID). Dynamic exclusion for selected ions was 60 s and a single lock mass at m/z 445.120024 (Si(CH3)2O)6) was used for internal

mass calibration (Olsen et al., 2005) with the target loss mass abundance of 0%. Maximal ion accumulation time allowed was

500 ms and overfilling of the C-trap was prevented by automatic gain control set to 106 ions for a full FTMS scan and 5 3 103

ions for MSn. Intact peptides were detected in the Orbitrap mass analyzer at a resolution of 60,000 with a signal threshold of

2,000 counts for triggering an MS event. Further details of the LCMS methodology are as previously described (Maurer et al., 2013).

Peak extraction and conversion of raw MS files into the mgf format was performed with msconvert (ProteoWizard Library

v2.1.2708) and the peak lists searched against themouse SwissProt database v2013.01_20130110 (24,615 sequences including iso-

forms obtained from varsplic.pl (Kersey et al., 2000) and appended known contaminants) with the search engines Mascot (v2.2.03,

MatrixScience, London, UK) and Phenyx (v2.5.14, GeneBio, Geneva, Switzerland) (Colinge et al., 2003). Submission to the search

engines was via a Perl script that performs an initial search with relatively broad mass tolerances (Mascot only) on both the precursor

and fragment ions (±10 ppmand ± 0.6 Da, respectively). High-confidence peptide identifications are used to recalibrate all precursors

and fragment ion masses prior to a second search with narrower mass tolerances (±4 ppm and ± 0.3 Da for CID). One missed tryptic

cleavage site was allowed. Carbamidomethyl cysteine and oxidisedmethionine were set as fixed and variable modifications, respec-

tively. To validate the proteins, Mascot and Phenyx output files were processed by internally developed parsers. Proteins with R 2

unique peptides above a score T1, or with a single peptide above a score T2 were selected as unambiguous identifications. Addi-

tional peptides for these validated proteins with score > T3were also accepted. The thresholds T1, T2, and T3 for each search engine

were set by the target-decoymethod to control the false discovery rate (FDR) of < 1% for protein identifications and < 1% for peptides

(including the ones exportedwith lower scores). ForMascot, the following thresholdswere used: T1 = 14, T2 = 40 and T3 = 10; Phenyx

thresholds were set to 4.2, 4.75 and 3.5, respectively (p value < 10-3). The validated proteins retrieved by the two algorithms were

merged, any spectral conflicts discarded and grouped according to shared peptides. Non-specific binders were filtered from the

drug pull-downs using the SAINT software (version 2.3.4) (Choi et al., 2011). Using protein spectral counts as a measure of protein

abundance and comparing the data of from the drug pull-downs with the negative control drug competition experiments, SAINT cal-

culates the probability of a prey protein to be a real bait interactor. We also compared SAINT probabilities with the fold-reduction of

spectral count upon free compound competition representing a magnitude of effect. Fold-reduction was computed as the ratio of

median spectral counts observed in pull-downs with/without competition. In each condition, 4 spectral counts were available for

the median (2 biological replicates and 2 technical for each).

Quantitative proteomics analysis
Quantitative proteomic analysis was performed on aTC1 cells harvested after three day compound treatment and lysed with 2% so-

dium dodecyl sulfate (SDS). Samples were centrifuged at 5,000 r.c.f. for 2 min and the supernatant removed. Lysis buffer (1mL) was

added and the samples incubated for 20 min at RT. The samples were then heated for 5 min at 99�C and sonicated with a Covaris

sonicator to reduce viscosity. After centrifugation at 16,000 r.c.f. for 15 min, the supernatant was collected. The protein amount in

each sample was determined by using the bicinchoninic protein assay (BCA, Pierce Biotechnology, Thermo Scientific, IL) followed

by an adaptation of the filter-aided sample preparation method (FASP) (Manza et al., 2005; Wi�sniewski et al., 2009). Samples were

reduced with 100 mM dithiothreitol (DTT) at 99�C for 5 min and transferred into VIVACON 500 filter units (Vivaproducts). SDS con-

taining buffer was removed from the sample by centrifugation and exchanged with 8M urea in 100mMTris-HCl buffer. Proteins were

alkylated with 50 mM iodoacetamide and washed with 50 mM triethyl ammonium bicarbonate (TEAB). Porcine trypsin (Promega,

Madison, WI) was used to digest the proteins in an enzyme to protein ratio of 1:100 (w/w). For relative protein quantitation, the set

of six samples (three untreated and three drug-treated) were separately derivatised with TMT 6-plex reagents (ThermoFisher Scien-

tific, Waltham, MA) according to the instructions provided by the manufacturer. The samples were labeled with TMT 126, 127, 128,

129, 130, 131, respectively. The labeled tryptic digests were pooled and concentrated by solid phase extraction (SPE) (MacroSpin

columns 30-300 mg capacity, The Nest Group). Samples were basified with 20 mM ammonium formate prior to injection onto a

Phenomenex column (150 3 2.0 mm Gemini�NX-C18 3 mm 110Å; Phenomenex, Torrance, CA, USA) on an Agilent 1200 series

HPLC (Agilent Biotechnologies, Palo Alto, CA) with UV detection at 214 nm. HPLC solvent A consisted of 20mM ammonium formate,

pH 10 in 5% acetonitrile and solvent B consisted of 20 mM ammonium formate, pH 10 in 90% acetonitrile. Peptides were separated

at a flow rate of 100 mL/min and eluted from the column with a two-step linear gradient from 0 to 70% solvent B. Seventy two time-

based fractions were collected, acidified, and pooled into 50 HPLC vials based on the UV trace. After removal of organic solvent in a
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vacuum centrifuge, samples were reconstituted to 10 mLwith 5% formic acid (Bennett et al., 2011). Individual fractions were analyzed

at pH 2.4 on an Agilent 1200 nano-HPLC system (Agilent Biotechnologies, Palo Alto, CA) coupled to a hybrid linear trap quadrupole

(LTQ) Orbitrap Velos mass spectrometer (ThermoFisher Scientific, Waltham, MA) utilizing the Xcalibur software version 2.1. for data

acquisition. Single fractions were loaded onto a trap column (Zorbax 300SB-C18 5 mm, 5 3 0.3 mm, Agilent Biotechnologies, Palo

Alto, CA) with a binary pump at a flow rate of 45 mL/min. Loading and washing solvents were composed of 0.1% trifluoracetic acid

(TFA) in water (solvent A) and 0.1% TFA in 70%methanol and 20% isopropanol (solvent B). The peptides were eluted by back-flush-

ing from the trap column onto a 16 cm fused silica analytical columnwith an inner diameter of 50 mmpackedwith C18 reversed-phase

material (ReproSil-Pur 120 C18-AQ, 3 mm, Dr. Maisch GmbH, Ammerbuch-Entringen, Germany). LCMS solvents were composed of

0.4% formic acid (FA) in water (solvent A) and 0.4% FA in 70%methanol and 20% isopropanol (solvent B). Elution was achieved with

a 27 min gradient ranging from 3 to 30% solvent B, followed by a 25 min gradient from 30 to 70% solvent B and, finally, a 7 min

gradient from 70 to 100% solvent B at a constant flow rate of 100 nL/min. The analysis was performed in a data-dependent acqui-

sition mode. The 10 most intense ions were isolated and fragmented by higher-energy collision-induced dissociation (HCD) for pep-

tide identification and relative quantitation of TMT reporter ions. Dynamic exclusion for selected ions was 60 s and a single lock mass

at m/z 445.120024 (Si(CH3)2O)6) was used for internal mass calibration (Olsen et al., 2005) with the target loss mass abundance of

0%. Maximal ion accumulation time allowed was 500 ms and overfilling of the C-trap was prevented by automatic gain control set

to 106 ions for a full FTMS scan and 5 3 105 ions for MSn HCD. Intact peptides were detected in the Orbitrap mass analyzer at a

resolution of 30,000 with a signal threshold of 2,000 counts for triggering an MSMS event. The maximum ion scan time was set to

200 ms for acquiring 1 microscan at a resolution of 7,500.

Peak extraction and conversion of .raw MS files into the .mgf format was performed with msconvert (ProteoWizard Library

v2.1.2708) and the peak lists searched against the mouse SwissProt database v2014.03_201403131 (24,830 sequences including

isoforms obtained from varsplic.pl (Kersey et al., 2000) and appended known contaminants) with the search engines Mascot

(v2.2.03, MatrixScience, London, UK) and Phenyx (v2.5.14, GeneBio, Geneva, Switzerland) (Colinge et al., 2003). Submission to

the search engines was via a Perl script that performs an initial search with relatively broad mass tolerances (Mascot only) on

both the precursor and fragment ions (±10 ppm and ± 0.6 Da, respectively). High-confidence peptide identifications are used to re-

calibrate all precursor and fragment ion masses prior to a second search with narrower mass tolerances (±4 ppm and ± 0.025 Da for

HCD). One missed tryptic cleavage site was allowed. Carbamidomethyl cysteine and the TMT 6-plex tag on peptide N-termini and

lysine residues were set as fixed modifications. Oxidised methionine was set as a variable modification. To validate the proteins,

Mascot and Phenyx output files were processed by internally developed parsers. Proteins with R 2 unique peptides above a score

T1, or with a single peptide above a score T2 were selected as unambiguous identifications. Additional peptides for these validated

proteins with score > T3 were also accepted. The thresholds T1, T2, and T3 for each search engine were set by the target-decoy

method to control the false discovery rate (FDR) of < 1% for protein identifications and < 1% for peptides (including the ones exported

with lower scores). For Mascot, the following thresholds were used: T1 = 12, T2 = 45 and T3 = 10; Phenyx thresholds were set to 5.5,

9.5 and 3.5, respectively (p value < 10-3). The validated proteins retrieved by the two search engines were merged, any spectral con-

flicts discarded and grouped according to shared peptides. Using the isobar software (Breitwieser et al., 2011), quantitation of the

relative fold change of each protein after drug treatment (Figure 1F) was calculated by determining the ratios of TMT reporter ion in-

tensities. The TMT reporter ion channels were normalized based on the protein median intensities and only peptides unique to each

protein group were used for the quantitation. The Isobar software employs statistical models to calculate the fold change of each

protein and the associated p value based on the ratios and statistical confidence of each individual reporter channel.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean ± SD unless otherwise indicated in figure legends. Sample numbers and experimental repeats are indi-

cated in figure legends. Unless otherwise indicated, p values were calculated by Student’s t test (Graphpad Prism) and the exact

values were indicated in figure legends. The Gene ontology terms enrichment was calculated using Gorilla (Eden et al., 2007;

Eden et al., 2009). Gene set enrichment analysis was conducted as previously described (Mootha et al., 2003; Subramanian

et al., 2005).

DATA AND SOFTWARE AVAILABILITY

Data Resources
Raw data files for the RNA sequencing analysis have been deposited in the NCBI Gene Expression Omnibus under accession

numbers GEO: GSE84592, GEO: GSE73727, and GEO: GSE84714.
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Supplemental Figures

Figure S1. A Min6 Cell Line for Inducible ARX Overexpression, Related to Figure 1

(A) Western blot for the Myc-tag in three clonal Min6 cell lines allowing inducible overexpression of Myc-ARX. Myc-ARX expression was induced with 1 mM

doxycycline for 16 hr. Histone H2B or tubulin was used as a loading control.

(B) Western blot for the ARX as in (A).

(C) Gene expression after 24 hr ARX induction.

(D) Time course of gene expression after ARX induction for 3 and 6 days.

(E) Relative gene expression changes in ARX inducible clones after 24 hr ARX induction.



Figure S2. Structure Activity Relationships of Artemisinins, Related to Figure 1

(A) Artemether dose-dependence of insulin protein maintenance quantified by immunofluorescence in induced Min6-ARX cells treated for 72 hr (Mean and SD).

(B) Artemether dose-dependence of insulin protein induction quantified by immunofluorescence in aTC1 cells treated for 72 hr.

(C) Insulin intensity in aTC1 cells following 72 hr treatment with artemisinin analogs at concentrations achieving maximum insulin induction: DMSO (0), 0.27 mM

Artesunate (1), 4.5 mM Deoxyarteether (2), 2.5 mM Arteether (3), 0.17 mM N-hydroxy-11-azaartemisinin (4), 7.5 mM artemistene (5), 0.1 mM artemisone (6), 2.5 mM

artemisiten (7) and 67.5 mM anhydro dihydro artemisinin (8) (Mean and SD from 3 wells).

(D) Quantification of insulin intensity in aTC1 cells following treatment with the ROS inducer elesclomol for 72 hr. (Mean and SD from 4 wells).

(E) Quantification of insulin intensity in aTC1 cells following treatment with artemether in combination with N-Acetyl-Cysteine for 72 hr (*p = 0.034). All panels show

mean and SD from three biological replicates.



Figure S3. Artemether Increases Gephyrin Protein Levels and GABA-Receptor Signaling, Related to Figure 2

(A) Quantification of insulin intensity in aTC1 cells following treatment with SERCA inhibitor for 72 hr (n.s.,p > 0.05). Error bars represent mean ± SD.

(B) Western blot for p-Akt and Akt of lysates from aTC1 cells treated with multiple doses of artemether for 72 hr.

(C) Measurement of PI3P in aTC1 cells treated with artemether for 72 hr (*p = 0.007; **p = 0.002). Error bars represent mean ± SD.

(D) List of all significantly enriched proteins identified by chemical proteomics in artesunate pull-downs.

(E) Immunofluorescence staining for gephyrin in a cells treated with 10 mM artemether for 72 hr (scale bar 25 mm).

(F) Expression of GABA-receptor subunits in aTC1 cells treated with artemether for 72 hr detected by RNA-seq, measured as RPKM (Reads Per Kilobase of

transcript per Million mapped reads). Error bars represent mean ± SD.

(G) Costaining of aTC1 cells treated with 10 mM fluorescently labeled artelinic acid for 2 hr for gephyrin (scale bar 10 mm).

(H)Western blot for validating gephyrin knockdown by shRNA. aTC1 cells were infected with shGephyrin, selected with 4 mg/ml puromycin and lysed after 7 days.

Ponceau S staining is used as a loading control.



Figure S4. Artemether Effect on Gephyrin Biology, Related to Figure 3

(A) Moco synthetase activity concentration in aTC1 cell treated with artemether for 72 hr (n = 3 *p = 0.04). Error bars represent mean ± SD.

(B) mTOR pull-down analyzed for interaction with gephyrin by western blot in aTC1 cells treated with control DMSO or 10 mM artemether for 72 hr.

(C) Expression change of genes involved in synaptic transmission in aTC1 cells treated with 10 mM artemether for 72 hr.

(D) Basal nuclear Fura-2 ratio levels (F340/F380) in aTC1 cells treatedwith 10 mMartemether versus control DMSO for 72 hr (boxplots showing 10th, 25th, 50th, 75th

and 90th percentiles; ***p < 0.001, Mann-Whitney rank sum test).

(E) Basal cytoplasmic Fura-2 ratio levels (F340/F380) in aTC1 cells treatedwith 10 mMartemether versus control DMSO for 72 hr (boxplots showing 10th, 25th, 50th,

75th and 90th percentiles; ***p < 0.001, Mann-Whitney rank sum test).

(F) Analysis of chloride changes upon muscimol (100 mM) application in aTC1 cells treated with 10 mM artemether versus control DMSO for 72 hr (data presented

as boxplots).

(G) Voltage-clamp current recordings upon 100 ms polarization steps in control aTC1 cells in pseudophysiological conditions with K-gluconate in the patch

pipette (left panel) and with CsCl-based internal solution (right panel); pink traces show the presence of voltage-gated slowly inactivated inward currents.

(H) Current clamp recordings in aTC1 cells; the representative traces demonstrate similar ‘‘firing’’ properties upon 5 pA current injection (1 s).

(I) Quantification of insulin intensity in aTC1 cells treated with GABA-receptor antagonists bicuculline (10 mM; ***p = 0.0001), furosemide (12.5 mM; **p = 0.0014) or

FG-7142 (50 mM; *p = 0.043) alone or in combination with 10 mM artemether for 72 hr (Mean and SD from 4 wells).



Figure S5. Effect of Artemether on Pancreatic Islets In Vivo, Related to Figure 5

(A) Islet morphology and GFP expression as marker of a cells of Tg(Gcga:GFP)ia1 zebrafish larvae treated from 26 hpf until 100 hpf with artemether.

(B) Quantification of Glucagon-GFP positive cells and Insulin-mCherry positive cells per single zebrafish islets (8-10 fish per condition; *p = 0.007, **p = 0.088,

***p = 0.004, ****p = 0.003). Error bars represent mean ± SD.

(C) Immunofluorescence for Sst, Pp, and BrdU co-stained with insulin or glucagon in mouse pancreas with or without artemether treatment.



Figure S6. Artemether-Induced Insulin/Glucagon Double-Positive Cells in Human Pancreatic Islets, Related to Figure 6

(A) Detection of insulin/glucagon double positive cells following treatment of intact human islets with 10 mM artemether for 72 hr (scale bar 10 mm).

(B) Quantification of cell fractions in human islets treated with 10 mM artemether for 72 hr by individual donor.

(C) Summary of data in B. (*p < 0.001, n = 5). Error bars represent mean ± SD.



Figure S7. Artemether Alters Human Pancreatic Islet Transcriptomes, Related to Figure 6

(A) GSEA in bulk human islet samples treated with 10 mM artemether or 10 mM GABA for 72 hr.

(B) Overlap between the gene set upregulated by both GABA and artemether (core-upregulation) and exocrine or endocrine gene sets. Fisher’s exact test is used

for the significance test.

(C) GSEA for a cell specific genes in single human b cells from islets treated with artemether.

(D) Repression of b cell genes in artmether treated beta cells.

(E) Induction of expression of GNAS in human a cells after treatment of intact islets with 10 mM artemether for 72 hr.

(F) Induction of expression of ABCC8 in human a cells after treatment of intact islets with 10 mM artemether for 72 hr.
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