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Summary

Aggregates of human islet amyloid polypeptide (IAPP) in the pancreas of patients with type-2 

diabetes (T2D) are thought to contribute to β-cell dysfunction and death. To understand how IAPP 

harms cells and how this might be overcome, we created a yeast model of IAPP toxicity. Ste24, an 

evolutionarily conserved protease that was recently reported to degrade peptides stuck within the 

translocon between the cytoplasm and the endoplasmic reticulum, was the strongest suppressor of 

IAPP toxicity. By testing variants of the human homolog, ZMPSTE24, with varying activity 

levels, the rescue of IAPP toxicity proved to be directly proportional to the declogging efficiency. 

Clinically relevant ZMPSTE24 variants identified in the largest database of exomes sequences 

derived from T2D patients were characterized using the yeast model, revealing 14 partial loss-of-

function variants, which were enriched among diabetes patients over 2-fold. Thus, clogging of the 

translocon by IAPP oligomers may contribute to β-cell failure.

Graphical abstract
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Introduction

Type-2 diabetes (T2D) is a widespread and growing metabolic disease that currently afflicts 

nearly 415 million people worldwide. The pathogenesis of T2D is multi-faceted with at least 

two fundamental components: 1) development of insulin resistance and 2) pancreatic β-cell 

failure. In patients with T2D, a 37-amino acid hormone that is co-secreted with insulin, islet 

amyloid polypeptide (IAPP), typically misfolds and forms amyloid deposits in pancreatic 

islets (Clark et al., 1988; Cooper et al., 1987; Westermark, 1972).

In health, IAPP plays a role in glycemic regulation. It inhibits insulin secretion, slows gastric 

emptying, and suppresses appetite. In disease, the buildup of toxic IAPP aggregates likely 

contribute to β-cell failure (Jurgens et al., 2011; Lorenzo et al., 1994; Mukherjee et al., 

2015). Supporting the hypothesis that toxic IAPP aggregates play a role in diabetes, a 

mutation in IAPP which converts serine at position 20 to glycine has been shown to increase 

the amyloidogenicity and toxicity of the peptide (Ma et al., 2001; Sakagashira et al., 2000). 

This mutation has been associated with premature onset diabetes (Sakagashira et al., 1996) 

and more rapid deterioration of insulin secretion (Morita et al., 2011). Although mouse 

IAPP is not amyloidogenic, transgenic mice overexpressing human IAPP developed 

spontaneous diabetes, with mice expressing higher levels of IAPP progressed to diabetes 

more rapidly than those expressing lower levels of IAPP (Zhang et al., 2014). IAPP 

aggregates have recently been shown to behave as prions in mice, signifying that IAPP 

aggregation could accelerate and spread once it has started (Mukherjee et al., 2017). Thus, it 

will be necessary intervene at the earliest onset of aggregation to avoid irreparable damage 

to β-cells.

Similar to findings for neurodegeneration-associated protein aggregates, the consensus on 

what constitutes the toxic form of IAPP has shifted from amyloid deposits, to smaller, 

diffusible oligomers. Indeed, the extent of IAPP amyloid deposition often does not correlate 

with β-cell death (Butler et al., 2004; Janson et al., 1996). IAPP oligomers and many toxic 

oligomers share a common epitope (Gurlo et al., 2010; Ritzel et al., 2006), which is 

detectable by an antibody raised against Aβ oligomers (Kayed, 2003). Staining human 

IAPP-expressing mouse islets with this oligomer-specific antibody has revealed that IAPP 

oligomers are predominantly found intracellularly and independent of IAPP amyloid 

deposits (Lin et al., 2007). IAPP oligomers likely disrupt multiple aspects of β-cell biology. 

They induce endoplasmic reticulum (ER) stress (Huang et al., 2007), proteasome deficiency 

(Costes et al., 2010), defects in autophagy (Rivera et al., 2014), and cell membrane 

permeabilization (Janson et al., 1999). Yet, we do not have a complete understanding of how 

IAPP aggregates cause toxicity, preempting our ability to identify ways to avert it. Thus, it is 

critical that we develop new tools in order to discover potential avenues for therapeutic 

intervention.

The remarkable evolutionary conservation of proteostasis mechanisms among eukaryotes 

makes Saccharomyces cerevisiae a powerful model system for interrogating proteotoxicities. 

Comprehensive, genome-wide screens in yeast expressing α-synuclein (Outeiro, 2003), 

TDP-43 (Kim et al., 2013), Aβ (Treusch et al., 2011), FUS (Ju et al., 2011), polyglutamine 
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(Kayatekin et al., 2014; Ripaud et al., 2014; Wolfe et al., 2014), and other toxic proteins 

(Couthouis et al., 2011) have identified distinct sets of toxicity modifiers for each protein.

Building on the successes of these yeast models, we have created the first yeast model of 

IAPP toxicity. Strains expressing IAPP oligomers experienced a strong growth defect 

enabling genome-wide overexpression and deletion screens for modifiers of this defect. The 

known functions of the genetic modifiers recovered from these screens provided insights 

into pathways perturbed by IAPP. The strongest suppressor recovered was Ste24, a protease 

that is highly conserved from yeast to humans (ZMPSTE24). Mutations in ZMPSTE24 have 

been previously shown to cause laminopathies such as mandibuloacral dysplasia (Agarwal et 

al., 2003) and restrictive dermopathy (Navarro et al., 2004), as well as maturity-onset 

diabetes of the young (Flannick et al., 2016). However, ZMPSTE24 had never been 

associated with IAPP toxicity. As Schuldiner and colleagues recently demonstrated, Ste24 

and ZMPSTE24 clear translocons of polypeptides that have stalled during translocation (Ast 

et al., 2016). Our results, therefore, revealed a previously unidentified proteotoxic 

mechanism for IAPP oligomers: clogging of the ER translocon.

Results

The yeast model of IAPP toxicity

IAPP is post-translationally processed from 89 to 37 amino acids while transiting the 

secretory pathway of pancreatic β-cells, at the end of which it is stored in secretory granules. 

To mimic endogenous IAPP trafficking in yeast, we adapted a strategy successfully 

employed for our yeast model of Aβ toxicity, which exposes the cytoplasm, as well as much 

of the secretory and endocytic pathways, to the peptide (Treusch et al., 2011). We fused the 

ER signal peptide of the Kar2 protein (Kar2SS) to the N-terminus of IAPP. Once this fusion 

protein enters the ER, the signal peptide is removed. IAPP is then trafficked through the 

secretory pathway to the plasma membrane, where it is retained by the cell wall. There, 

IAPP can undergo endocytosis and traffic through endocytic compartments.

Overexpressing IAPP monomers did not produce sufficient toxicity under conditions 

required for screening (Figure S1A, B). This is in keeping with previous work indicating that 

IAPP oligomers, not monomers, are responsible for toxicity. To increase the production of 

proteotoxic IAPP molecules, we created a genetically encoded IAPP oligomer, which we 

expected would model some aspects of IAPP proteotoxicity. This approach enabled us to 

bypass a rate-limiting step of protein aggregation: primary nucleation. We linked six IAPP 

monomers into a single polypeptide and fused it to the Kar2 signal peptide forming a 

construct we termed 6xIAPP (Figure S1). Expression of 6xIAPP produced protein of the 

expected size and elicited a strong growth defect from a single-copy insertion into the 

genome (Figure 1A, B). The two bands visible by western blot resulted from the presence or 

absence of the Kar2 signal peptide. 6xIAPP tagged with monomeric super folder GFP 

(msfGFP, (Landgraf et al., 2016)) retained its toxicity (Figure S1C) and its pattern of 

distribution in the cell was consistent with localization to secretory compartments (Figure 

1C). Since 6xIAPP was properly localized and produced a growth defect strong enough for 

screening, we used the 6xIAPP expressing yeast as our model of IAPP toxicity.
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IAPP oligomers induced the unfolded protein response, ER stress, and a translocation 
defect

Before making genetic manipulations, we observed the effects of IAPP oligomer 

overexpression in yeast. First, we measured changes in the transcriptome of 6xIAPP-

expressing yeast using RNAseq (Figure 1D). Relative to control cells, 6xIAPP-expressing 

cells had 38 genes with >4-fold increased expression. Of these, 22 were targets of the 

unfolded protein response (UPR) (Pincus et al., 2014), representing a highly significant 

enrichment for this pathway (p = 3.8 × 10−18, Fisher’s exact test). We confirmed the 

activation of the UPR by expressing 6xIAPP in a reporter strain harboring GFP under the 

control of a UPR-inducible promoter (Figure S1D). These results gave us confidence that 

our 6xIAPP-expressing yeast were modeling a biologically relevant toxicity, as ER stress is 

also a phenotype of IAPP toxicity in other model systems (Huang et al., 2007; Matveyenko 

et al., 2009).

We employed a fluorescent reporter library recently constructed in our lab (Landgraf et al., 
manuscript in preparation) to further probe the mechanisms of IAPP toxicity (Figure 1E). 

This library allowed us to examine changes in the levels and localization of key proteins. 

Furthermore, the sensitivity of this library to proteotoxic stresses allowed us to interrogate 

cellular responses at low levels of toxicity (Figure S1E). For most reporter strains in the 

library, cells expressing 6xIAPP had higher mean fluorescence intensity relative to controls, 

potentially due to the slower growth rate of the 6xIAPP-expressing cells or lower protein 

turnover in these cells. ER-stress reporter strains (such as those expressing monomeric Neon 

Green (mNG) fusions of Kar2 and Scj1, tagged at their endogenous loci) had greatly 

elevated fluorescence, consistent with the ER stress signal in the RNAseq data. The most 

striking changes were in strains that overexpressed ER-targeted GFP (Kar2SS-mNG, Kar2SS-

msfGFP-HDEL, etc.). In IAPP-expressing cells, the ER-targeted GFP molecules were 

localized to the cytoplasm instead of the ER. Therefore, we concluded that 6xIAPP induces 

ER stress and impairs transport into the ER.

Genome-wide screens identified protective pathways and highlighted the translocon as a 
focus of IAPP oligomer toxicity

To identify modifiers of IAPP toxicity, we performed a genome-wide overexpression screen. 

We created a library of diploid yeast carrying two copies of estradiol-inducible 6xIAPP and 

5532 yeast open reading frames (ORFs) on low-copy plasmids under the control of the 

galactose-inducible promoter (Hu et al., 2007). This diploid, two-copy 6xIAPP strain 

experienced significant IAPP toxicity but not lethality, allowing for simultaneous screening 

for enhancers and suppressors of IAPP toxicity. An ORF was defined as modifier if it 

changed the growth of IAPP-expressing cells while producing no change in growth on its 

own (Figure 2A). After extensive secondary validation, we confirmed 29 suppressors (Figure 

S2A, Table S1) and 3 enhancers (Figure S2B) as bona fide modifiers of 6xIAPP toxicity.

Two strong suppressors from the overexpression screen were related to protein degradation. 

These were Rpn4, a transcription factor that promotes the expression of proteasomal 

subunits, and Atg17, a phagophore assembly scaffold protein involved in autophagy. These 
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findings were consistent with the proposed roles of autophagy and the proteasome in other 

models of IAPP toxicity (Costes et al., 2010; Rivera et al., 2014).

The strongest suppressor of 6xIAPP toxicity was Ste24, a highly conserved transmembrane 

protease of the ER with the active site in the cytoplasm. Ste24 overexpression suppressed 

both 6xIAPP (Figure 2B) and 1xIAPP toxicity (Figure 2C), with the 6xIAPP being rescued 

more strongly than the 1xIAPP. These results indicated that while direct expression of IAPP 

oligomers produced greater amounts of the toxic species that is affected by Ste24, 

overexpression of IAPP monomers could also produce this toxic form.

In yeast, the annotated function of Ste24 is the processing of a-factor, a mating pheromone. 

The annotated function of the human homolog ZMPSTE24 is the processing of lamin A, a 

nuclear membrane protein not present in yeast. Notably, Schuldiner and colleagues recently 

discovered that Ste24 and ZMPSTE24 clear the ER translocon of trapped polypeptides, 

identifying a shared function between the two proteins (Ast et al., 2016). If translocon 

clearing was indeed responsible for relieving IAPP oligomer toxicity, then IAPP oligomers 

might clog the translocon, providing a mechanistic explanation for our observed ER defects.

To expand our knowledge of the genetic modifiers of IAPP toxicity, we followed up on our 

overexpression screen with a genome-wide deletion screen (Baryshnikova et al., 2010; 

Costanzo et al., 2010; Kuzmin et al., 2016). We measured colony sizes for 1,388 

temperature-sensitive alleles of essential genes and 4,635 viable deletion mutants with and 

without 6xIAPP overexpression (Tables S2 and S3). There were no overrepresented 

biological pathways among suppressors of IAPP toxicity (www.pantherdb.org), but there 

were several overrepresented pathways among enhancers of IAPP toxicity (Figure S3A). In 

concordance with the overexpression screen, two of the overrepresented pathways were 

macroautophagy and the ubiquitin proteasome pathway (Figure 2D). Furthermore, although 

interactions identified in the deletion screen were not systematically confirmed, four of the 

top 11 suppressors (STE24, MUM2, MSN5, RPN4) recovered from our overexpression 

screen were recovered as enhancers from the deletion screen.

Many genes related to translocation were recovered as modifiers of IAPP toxicity. Two 

components of the translocon complex, Sec72 and Sec62, were suppressors of IAPP toxicity. 

We confirmed this finding by recreating the SEC72 deletion in an independent strain (Figure 

S3B). Furthermore, there was a strong overrepresentation of physical and genetic interactors 

of Sec61 (www.yeastgenome.org), the protein-conducting subunit of the ER translocon, 

among modifiers of IAPP toxicity (p = 4.6×10−9, hypergeometric test). Among the strongest 

enhancers were two proteins that have been proposed to function in concert with Ste24 to 

clear clogged translocons: Cdc48, an AAA ATPase that generates a pulling force to extract 

proteins from the ER, and Dfm1, the recruitment factor for Cdc48 (Ast et al., 2016). These 

connections between translocon declogging machinery and IAPP toxicity further supported 

the hypothesis that IAPP oligomers clog the translocon.

ZMPSTE24 protects mammalian cells against IAPP oligomer toxicity

Taking advantage of the high degree of conservation between yeast Ste24 and mammalian 

ZMPSTE24, we probed the interaction between ZMPSTE24 and 6xIAPP in a biologically-
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relevant mammalian cell line to test the evolutionary conservation of this mechanism. We 

used a doxycycline-inducible promoter to drive the expression of 6xIAPP in INS-1 823/13, a 

rat insulinoma line widely used as a model for pancreatic β cells (Hohmeier et al., 2000). As 

a control, we expressed an identically constructed rat IAPP oligomer. The mature rat and 

human IAPP differ at just six residues, all in the amyloid-forming region. These amino acid 

differences prevent amyloid formation and toxicity of the rat protein. Both the rat and the 

human 6xIAPP were fused to the human IAPP signal peptide (Figure S1A).

To test the interaction between IAPP oligomers and ZMPSTE24, we sought a synergistic 

effect between 6xIAPP expression and ZMPSTE24 inhibition. We used the human 

immunodeficiency virus protease inhibitor lopinavir, which also inhibits ZMPSTE24 (Clark 

et al., 2017; Coffinier et al., 2007). The expression of 6xIAPP (human or rat) did not cause 

overt toxicity in INS-1 823/13 cells (Figure 3). However, human 6xIAPP expression was 

toxic when combined with lopinavir, suggesting that ZMPSTE24 inhibition sensitized the 

cells to 6xIAPP toxicity. Importantly, the synergistic effect between ZMPSTE24 inhibition 

and IAPP expression was specific to human IAPP and not observed with rat IAPP. These 

results confirmed the mammalian relevance of the genetic interaction between IAPP and 

Ste24 first uncovered in yeast.

Ste24 overexpression uniquely suppressed the toxicity of IAPP directed to the secretory 
pathway

Having validated the interaction between IAPP oligomers and Ste24 in a mammalian 

system, we returned to yeast to investigate whether the translocon clearing activity of Ste24 

might suppress IAPP toxicity. Ste24 is a protease, so overexpression of Ste24 might 

generally increase degradation of highly expressed proteins. While Ste24 overexpression 

reduced IAPP levels somewhat (Figure 4A), the magnitude of the reduction was insufficient 

to fully account for the massive reduction in toxicity. None of the other suppressors 

recovered from the overexpression screen were as potent as Ste24, yet many lowered 

6xIAPP levels much more than Ste24 (Figure S4A). Furthermore, the suppression of toxicity 

by Ste24 overexpression was specific to IAPP toxicity. Ste24 did not rescue the toxicity of 

either TDP-43 or α- synuclein (Figure 4B). This indicated that Ste24 does not act as a 

generic protease or interfere with overexpression of toxic proteins. Additionally, Ste24 

overexpression did not rescue the toxicity of 6xIAPP lacking a secretory signal peptide 

(Figure S4B), indicating that it did not degrade IAPP unless it was directed to the secretory 

pathway. Since Ste24 does not degrade IAPP in the cytoplasm and cannot once it passes into 

the ER membrane, the most likely place where Ste24 can act on IAPP is at the interface 

between the ER and the cytoplasm, the translocon.

Ste24 overexpression relieved 6xIAPP induced ER-stress and translocation defect

We hypothesized that the ER-stress in 6xIAPP-expressing cells was due to IAPP clogging 

the translocon. Therefore, if IAPP oligomers clogging the ER translocon are the cause of the 

ER stress, then overexpression of Ste24 should relieve the ER stress phenotypes. To test this, 

we explored whether Ste24 overexpression could rescue the 6xIAPP-induced phenotypes in 

our fluorescent reporter strains. Specifically, we examined the increased expression of Kar2-

mNG and Scj1-mNG, as well as the re-localization of an ER-directed GFP with an ER 
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retention sequence, Kar2SS-mNG-HDEL (Figure 5). Ste24 overexpression attenuated ER 

stress phenotypes at both high and low levels of toxicity, returning the GFP expression to 

levels resembling those in the absence of 6xIAPP expression. Ste24 overexpression was an 

especially potent suppressor of the translocation defect in cells expressing Kar2SS-msfGFP-

HDEL, almost completely reversing the defect. Since Ste24 overexpression relieved both the 

translocation defect and the ER stress phenotypes, it is likely that both phenotypes were the 

consequence of a single toxic event.

ZMPSTE24 mutants rescued IAPP toxicity proportionately to their declogging activity

The evolutionary conservation of Ste24 provided an opportunity to test whether the human 

protein, ZMPSTE24, could also rescue IAPP toxicity in yeast. We first confirmed that the 

deletion of endogenous STE24, while conferring no growth defect on its own, caused an 

increase in 6xIAPP toxicity (Figure 6A). This was evident from comparing the Δste24 strain 

expressing 6xIAPP to the same strain transformed with a single-copy plasmid expressing 

STE24. While reintroduction of wild-type (WT) Ste24 lessened IAPP toxicity, a protease-

impaired E298G variant of Ste24 had little effect (Figure 6A) (Ast et al., 2016). Next, we 

introduced ZMPSTE24 into the Δste24 strain. Like Ste24, ZMPSTE24 expression alone did 

not affect the growth of the yeast yet suppressed 6xIAPP toxicity (Figure 6B).

We used the ZMPSTE24-complemented Δste24 yeast strain to test the functional 

consequences of ZMPSTE24 mutations. We postulated that amino acid replacements that 

reduce ZMPSTE24 translocon-clearing activity should also reduce its capacity to suppress 

6xIAPP toxicity. Several mutants identified from patients with ZMPSTE24-related 

laminopathies had been previously characterized for their ability to unclog the translocon 

(Ast et al., 2016; Barrowman et al., 2012). These variants possessed a spectrum of 

translocon declogging activities, ranging from WT-like to completely inactive. In our assay, 

the level of declogging activity possessed by each variant was in complete agreement with 

its rescue of IAPP toxicity (Figure 6B). These results supported the hypothesis that IAPP 

oligomers clog the translocon and that ZMPSTE24/Ste24 protects cells from IAPP toxicity 

by declogging the translocon.

The yeast IAPP model enabled functional testing of ZMPSTE24 mutants identified in the 
population

The direct correlation between the declogging activity of ZMPSTE24 and the growth rate of 

IAPP-expressing yeast provided an opportunity to perform a comprehensive functional 

analysis on ZMPSTE24 polymorphisms discovered in the human population. Importantly, 

since yeast lack lamin, ZMPSTE24 activity on IAPP could be measured independently of 

the laminopathy phenotypes that ZMPSTE24 variants might produce in mammalian cells. 

Using the resources compiled by the T2D-GENES/GoT2D consortium (manuscript in 

preparation), we identified and created plasmids to express 111 single nucleotide missense 

mutants of ZMPSTE24 found in either the T2D population or non-diabetic controls. We 

introduced these plasmids into the Δste24 strain harboring a single copy of 6xIAPP and 

measured the growth rate of this strain upon 6xIAPP expression (Figure 7A). We then 

retested variants that had an apparent growth defect (Figure 7B). The variants that grew 

more poorly than WT ZMPSTE24 expressing cells in this secondary analysis (One sided 
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ANOVA followed by Dunnett’s test, threshold was p < 0.01) were considered loss-of-

function variants.

We identified 14 loss-of-function variants, including P94L and P248L, which are known 

laminopathy-causing variants of ZMPSTE24 (Figure 7C). To our knowledge, none of the 

other loss-of-function alleles are known to cause laminopathies and had milder defects than 

the laminopathy variants. Since clinical outcomes data were available, we examined whether 

mutants with reduced 6xIAPP-rescuing function were enriched among the diabetic 

population. Because all the mutations were found in singletons, statistical power was 

limited. Though it did not reach conventional statistical significance (p=0.075), we observed 

an intriguing trend where ZMPSTE24 mutants with loss-of-function were enriched among 

T2D patients ~2-fold.

Discussion

Deposits of aggregated human IAPP are frequently present in the pancreatic islets of patients 

with T2D and are thought to contribute to β-cell dysfunction and death. To understand how 

IAPP oligomers disrupt the biology of eukaryotic cells we created a yeast model of IAPP 

toxicity. Through genome-wide screens in this model, we found that Ste24 was the most 

potent suppressor of IAPP toxicity and validated this finding in mammalian cell lines. Ste24 

is a protease responsible for clearing peptides that clog the cytoplasm-to-ER protein-

conducting channel (Ast et al., 2016). The strong evolutionary conservation of this protein 

from yeast to human enabled the functional replacement of yeast Ste24 with human 

ZMPSTE24, creating a platform to measure the consequence of missense mutations 

identified in humans. We found many previously uncharacterized loss-of-function variants, 

many of which clustered on the ER-lumen facing side of ZMPSTE24. Furthermore, these 

variants were more likely to be found in the diabetic population.

The use of yeast as a model system has produced a wealth of data on the cell autonomous 

toxicities of many misfolding-prone proteins. Here, we presented the first yeast model of 

IAPP toxicity. A growing body of evidence has implicated IAPP oligomers as the cytotoxic 

agent. IAPP oligomers are found intracellularly, while the amyloid deposits are extracellular 

(Gurlo et al., 2010; Lin et al., 2007). In vitro preparations of IAPP aggregates are most toxic 

when freshly prepared, while the end-stage aggregates are inert (Abedini et al., 2016). In 

mice, the frequency of β-cell death is correlated with the rate of increase in amyloid 

deposition and not the presence of amyloids, suggesting that molecules preceding amyloid 

formation are responsible (Butler et al., 2003). Based on this body of work, for our yeast 

model of IAPP toxicity, instead of overexpressing monomers with the expectation that a 

small population would form toxic oligomers, we directly expressed an IAPP oligomer 

consisting of six repeats of IAPP. We hypothesize that this generated much greater toxicity 

than 1xIAPP because the direct expression of an oligomer bypassed the nucleation barrier 

for protein aggregation, thereby producing far more toxic particles than monomer 

overexpression. While our use of 6xIAPP made it difficult to study cellular mechanisms that 

might prevent the nucleation process, it highlighted pathways that were perturbed following 

IAPP oligomer formation.
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Our genetic screens yielded numerous suppressors and enhancers, highlighting various 

pathways of IAPP toxicity. Genes involved in autophagy and the proteasome were recovered 

from both the deletion and overexpression screens. We were reassured to capture these 

pathways in our yeast model as the proteasome and autophagy are documented pathways 

involved in IAPP toxicity in other model systems (Costes et al., 2010; Rivera et al., 2014). 

We also uncovered a novel proteotoxic mechanism for IAPP oligomers, translocon clogging. 

To our knowledge, this is the first demonstration of an oligomer that induces cytotoxicity 

through this mechanism. This cytotoxic mechanism may be particularly relevant in the 

context of pancreatic β-cells, which are dedicated secretory cells and critically dependent on 

an efficient secretory pathway. Our yeast model could be used in high-throughput drug 

screens to identify modulators of any of these pathways or even IAPP itself.

Our genetic analyses in yeast strongly supported the hypothesis that the translocon-clearing 

activity of Ste24 rescues IAPP toxicity. Ste24 protease activity was required to relieve IAPP 

toxicity and Ste24 did not rescue 6xIAPP without a secretory targeting peptide, i.e. 6xIAPP 

in the cytoplasm. Since the protease domain of Ste24 is in the cytoplasm, the likely place 

where Ste24 could act on IAPP is at the translocon. Ste24 is thought to clear translocons in 

concert with Cdc48 and its recruitment factor Dfm1 (Ast et al., 2016). These two genes were 

among the strongest enhancers of toxicity in our deletion screen. Moreover, in strains 

deleted for Ste24 and complemented with laminopathy-causing variants of ZMPSTE24, 

rescue of IAPP toxicity was directly correlated to the declogging activity of the ZMPSTE24 

variant. The L438F variant was especially interesting. This variant is strongly defective in 

CaaX-processing activity, but close to WT in translocon clearing activity. In our assays, this 

L438F ZMPSTE24 was closer to WT in its rescue of IAPP toxicity. These results support 

the hypothesis that the lamin-cleaving activity of ZMPSTE24 may be partially separable 

from its translocon-clearing activity (Ast et al., 2016).

Translocon clogging is thought to occur when a polypeptide prematurely folds before it fully 

passes through the translocon. Monomeric IAPP is a small and intrinsically disordered 

molecule, making it an unlikely clogger. We hypothesize that newly synthesized IAPP could 

clog the translocon by forming misfolded oligomers in the cytoplasm prior to translocation. 

In human islets cultured in high glucose, IAPP is upregulated even more than insulin 

(Novials et al., 1993). This increased production of IAPP would increase its likelihood of 

aggregating following synthesis. Intriguingly, intrinsically disordered proteins like IAPP 

may be inherently difficult to translocate into the ER (Gonsberg et al., 2017). Such failed 

translocation events, which return the polypeptide into the cytoplasm with an intact signal 

peptide (Gonsberg et al., 2017), could contribute to a buildup of IAPP in the cytoplasm. 

Furthermore, pre-existing IAPP aggregates could actively template the aggregation of newly 

synthesized IAPP, especially since IAPP aggregates have recently been shown to have prion-

like, self-templating properties (Mukherjee et al., 2017). Thus, there are multiple 

complementary mechanisms by which IAPP oligomers could be formed before they are 

directed to the secretory pathway.

The ever-expanding availability of human genetic information combined with associated 

clinical data has enhanced our ability to link genetic polymorphisms to disease. One 

challenge in this endeavor is determining which mutations are benign and which mutations 
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are deleterious. Here, we used the association between ZMPSTE24 function and IAPP 

toxicity to search for loss-of-function mutations in ZMPSTE24 and assess enrichment 

among people with T2D. Using the largest available database of matched genetic and 

clinical data on T2D to find ZMPSTE24 mutants, we examined 111 single nucleotide 

changes. Most of these mutants had no measurable defect. Of those that did, half of amino 

acid changes were not in the protease domain. Rather, they were located on the side of 

ZMPSTE24 facing the ER lumen. These amino acid changes might modify the interaction of 

ZMPSTE24 with other components of the translocon or translocon declogging machinery, or 

potentially diminish protease activity in an allosteric manner. The loss-of-function alleles 

were extremely rare, with only a single person harboring any given mutation. Nevertheless, 

we observed an intriguing trend where these loss-of-function alleles were more likely to be 

found among patients with diabetes. Though this did not reach conventional statistical 

significance, the odds ratio of 2.19 was far greater than those typically observed for T2D risk 

factors (Billings and Florez, 2010). These results suggest that the declogging activity of 

ZMPSTE24 is protective against T2D. Therefore, defects in this protein quality control 

pathway may contribute, in a subset of cases, to the onset of diabetes or the progression from 

a prediabetic state to a diabetic one. More study of the variation in ZMPSTE24 and 

associated proteins, including non-coding mutations and epigenetic modifications that may 

alter protein expression levels, and their roles in diabetes are warranted as data become 

available.

Of the many treatments to address the end result of hyperglycemia in diabetes, few can be 

considered as disease modifying in that they target the underlying causes. This is partly 

because we do not yet have a complete grasp of the basic biology involved. Here we have 

presented a new model system for dissecting the cell-autonomous toxicity associated with a 

diabetic proteinopathy, IAPP aggregation. Our yeast model provides a new a platform for 

identifying genetic and pharmaceutical targets to combat the toxic protein aggregates that 

build up in the pancreas of patients with T2D.

STAR Methods

Contact for Reagent and Resource Sharing

Requests for materials should be addressed to the Lead Contact, Can Kayatekin 

(can.kayatekin@gmail.com)

Experimental Model and Subject Details

Saccharomyces cerevisiae strains used in this study are described in Table S4. Unless 

otherwise stated, strains were grown with shaking at 30°C in appropriate synthetic media 

purchased from Sunrise Science Products, made up as per their instructions, and 

supplemented with 2% glucose, raffinose, or galactose.

The INS-1 823/13 cells used in this study were maintained at 37°C in T75 flasks in 

RPMI-1640 medium supplemented with 10% fetal calf serum, 10mM HEPES, 2nM L-

glutamine, 1mM sodium-pyruvate and 0.05mM 2-mercaptoethanol.
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Method Details

Estradiol-inducible yeast models—Many previous yeast studies relied on the 

galactose-inducible GAL1 promoter to overexpress genes. The GAL1 promoter is extremely 

strong, but its induction requires a carbon source shift. In addition to overexpressing the 

gene of interest, this dramatically alters the expression of many unintended genes. This 

could obscure salient aspects of IAPP-related toxicity. To overcome this dilemma, we 

adopted an estradiol-responsive zinc-finger based expression system to effectively and 

specifically regulate expression of IAPP (Aranda-Díaz et al., 2016; McIsaac et al., 2012). 

The system employs a transcriptional regulator (TR) consisting of a chimeric transcription 

factor containing the Zif268-DNA binding domain fused to the human estradiol receptor and 

the Msn2 activation domain (ZEM). Expression of ZEM was driven by the constitutive 

EIF1α promoter from S. paradoxus. Estradiol-bound ZEM translocates to the nucleus, binds 

and activates transcription from pZ, a modified pGAL1 promoter containing Zif268 binding 

sites and lacking Gal4 binding sites.

Isolation, sequencing, and analysis of yeast mRNA—Yeast cells were grown in 5 

mL of minimal media with appropriate prototrophic selection to logarithmic growth phase 

and IAPP expression was induced for 6 hours with 100 nM estradiol. RNA was isolated 

using a standard hot acid phenol-chloroform method. The cells were pelleted and 

resuspended in 400 μL of TES buffer (10 mM Tris-HCl, 10 mM EDTA, 0.5% SDS, pH 7.5). 

An equal volume of acid phenol was added and the sample was briefly shaken for 10 s and 

then incubated at 65 °C with occasional vortexing for 1 hour. Samples were then cooled on 

ice for 5 min and centrifuged for 5 min at 10000g at 4 °C. The aqueous phase was combined 

with 400 μL of chloroform, vigorously vortexed and centrifuged for 5 min at 10000g at 4°C. 

The aqueous phase was isolated and combined with 40 μL of 3 M sodium acetate, pH 5.3, 

and 1 ml of cold 100% ethanol and precipitated for 60 min. After another 5 min 

centrifugation step (10000g at 4°C), the pellet was isolated, washed once with 70% ethanol, 

and resuspended in 50 μL of RNAse-free water. The concentration of RNA was calculated 

using absorbance measurements at 260 and 280 nm. The RNA was then analyzed to confirm 

sample integrity using a BioAnalyzer (Agilent). Sequencing libraries were prepped using the 

TruSeq RNA Library Prep Kit (Ilumina) according to manufacturer’s instructions. 

Sequencing was performed on an Illumina HiSeq 2500 sequencing platform and multiplexed 

with 8-9 samples per lane. This yielded 13.4 and 19.6 million reads per sample with a 

complexity of 15-20%.

Reads were mapped with TopHat v2.0.13 (Trapnell et al., 2009) against the sacCer3 version 

of the yeast genome using the following parameters: “-I 2500, –solexa1.3-quals, –segment-

length 20, –no-novel-juncs, –no-coverage-search, –b2-very-sensitive, -g 1, and -G gtf file”. 

We used the annotation file “Saccharomyces_cerevisiae.R64-1-1.80.gtf.gz” downloaded 

from ENSEMBL. We assigned reads to genes with htseq-count (Anders et al., 2015) using 

the options “–mode=intersection-strict, –stranded=reverse”, and the same gtf file used in the 

mapping. Then, EdgeR (Robinson et al., 2010) was run to assay differential gene expression.

FACS analysis of UPR activation—Cells were inoculated from saturated cultures into 

synthetic complete media at an OD of 0.025 and incubated for 5 to 6 hours at 30°C to reach 
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exponential growth (OD of 0.2). Cells were then split into 3 conditions: treated with 2 mM 

DTT (to induce UPR activation), or 100 nM estradiol, or untreated for 4 hours before 

measurement. 10,000 events were acquired using a MACSQuant VYB cytometer with a 96-

well plate platform (Miltenyi Biotech) and data was processed using FlowJo. The B1 

channel (525/50 filter) was used to measure green fluorescence. To exclude dead cells, the 

cultures were treated with 10 ug/mL propidium iodide and the Y3 channel (661/20 filter) 

was used to measure propidium iodide staining. Events were gated by forward and side 

scatter, and median fluorescence values were calculated. Experiments were performed in 

biological duplicate.

Screening the library of fluorescent reporters of yeast biology—All strains were 

constructed in the using the W303 genetic background yeast strain. The EIF1α-promoter 

driven ZEM was integrated at the YBR032W locus and pZ-driven 6xIAPP or empty control 

vector was integrated at the LEU2 locus. This strain was mated to the reporter library which 

consisted of strains harboring fluorescent protein fusions of genes at their endogenous loci 

or fluorescent reporters that were integrated as single copies into the yeast genome at the 

TRP1 locus. The resulting diploid cells harboring the single copy 6xIAPP plasmid were 

mixed at a 2:1 ratio with the cells harboring the control empty plasmid and grown for 4.5 

hours from a starting density of OD600 = 0.08 in synthetic complete media with 2% glucose 

and 5nM estradiol. Cells were then diluted to OD600 of 0.15 in the same media and 

transferred to a concanavalin A coated plate that was then spun down at 2000g for 5 minutes 

to attach the cells to the surface. Using an automated microscope, the reporter strains were 

imaged sequentially with 25 independent fields acquired for each well. Total acquisition 

time for one 96-well plate was ~3 hours. Control cells were differentiated from 6xIAPP-

expressing cells by the presence of a constitutively expressed blue fluorescent protein driven 

by the TDH3 promoter integrated at the LEU2 locus. Quantification of the GFP intensity 

was performed using MATLAB. This library, acquisition, and analysis platform will be 

described in a separate manuscript currently under preparation (Landgraf et al., in 

preparation). This screen of IAPP toxicity across all the reporter strains was performed a 

single time.

Genome wide overexpression screen—The yeast strains for the overexpression 

screen were generated by mating a BY strain harboring 2 copies of 6xIAPP (at HIS3 and 

LEU2) and the EIF1α-driven ZEM integrated at YBR032W to an arrayed overexpression 

library containing 5532 single-copy plasmids containing ORFs under the control of the 

GAL1 promoter (Hu et al., 2007). The mated cultures were pinned from the plates into 

synthetic media lacking histidine and uracil with 2% glucose media in 96-well plates and 

grown to saturation. They were then diluted into the same media with 2% raffinose and 

grown to saturation once again to relieve glucose repression of the GAL1 promoter. These 

cultures were then re-diluted to an OD of 0.2 in fresh media and grown for 6-7 hours until 

the OD reached ~0.5. The cultures were then pinned onto agar plates with synthetic media 

lacking histidine and uracil with 2% galactose, with and without 100nM estradiol. The 

strains were grown for 48 hours and imaged using a scanner.
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We used the program Cell Profiler (Kamentsky et al., 2011) (cellprofiler.org) to quantify all 

estradiol-containing plates. The first 20 analyzed plates were averaged at each of the 96-well 

plate positions (omitting any clear outliers) to generate an average growth value, which was 

used to correct for positional growth differences. Enhancers were checked manually against 

the corresponding plates lacking estradiol to determine whether they were specific to IAPP 

expression or generically reduced growth. Any putative enhancers that caused a growth 

defect in the absence of IAPP expression were eliminated from consideration. All hits were 

confirmed by sequencing and validated by isolating each plasmid from an independent 

bacterial stock and retesting the rescue in a naïve IAPP yeast strain.

Genome wide deletion screen—The query strain was constructed in a haploid BY4741 

background, which produced an intermediate a level of toxicity such that both suppressors 

and enhancers could be identified. A single copy of 6xIAPP was introduced into the LEU2 
locus under the control of the pZ promoter. The EIF1α-promoter driven ZEM was integrated 

at the YBR032W locus with nourseothricin selection. This strain also carried Synthetic 

Genetic Array (SGA) compatible selectable markers and reporters (Kuzmin et al., 2016) 

allowing for the inducible 6xIAPP gene to be introduced into arrayed collections of 

nonessential gene deletion alleles and temperature-sensitive alleles of essential genes (Li et 

al., 2011) using the SGA method. The query strain was crossed to an ordered array of 

mutant strains. The resulting diploids were pinned to a sporulation-inducing medium, after 

which the cells were transferred to synthetic medium lacking histidine but containing 

canavanine and thialysine to allow for selective germination of haploid meiotic progeny. 

These haploids were then transferred to a medium containing genticin to select for array 

mutants, and then to a medium containing both genticin and lacking leucine to also select for 

6xIAPP.

To identify modifiers of 6xIAPP toxicity, mutant arrays were grown on plates with 2% 

raffinose in 1536-density arrays, with 4 independent isolates per array mutant, in the 

presence of 100nM estradiol. The strains were grown for 2 days and resultant colony sizes 

were measured and compared to the colony sizes of the same mutants derived from SGA 

screens using an isogenic query control strain, which did not express 6xIAPP. All plates 

were imaged and quantified using an automated, high-resolution imaging system. Colony 

size and interaction measurements were performed using the SGA score algorithm 

(Baryshnikova et al., 2010; Costanzo et al., 2010).

Cell culture experiments—The rat insulinoma clonal cell line INS-1 823/13 was kindly 

provided by the Newgard laboratory at Duke University (Hohmeier et al., 2000). Cells were 

maintained in T75 flasks in RPMI-1640 medium supplemented with 10% fetal calf serum, 

10mM HEPES, 2nM L-glutamine, 1mM sodium-pyruvate and 0.05mM 2-mercaptoethanol. 

The IAPP constructs were introduced in INS-1 823/13 cells by lentiviral infection (2nd 

generation, pMD2.G envelope and psPAX2 packaging vectors) with doxycycline-inducible 

expression vector selectable by puromycin at 0.5 ug/mL final concentration. The viability 

experiments were performed as follows: 105 INS-1 cells were plated in 96-well plates on 

day 1, doxycycline was added on day 2 at 50 ng/mL final concentration, lopinavir was added 

on day 4 and cell viability was assayed by Alamar Blue assay on day 5.
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Functional testing of ZMPSTE24 mutants—All ZMPSTE24 mutants were cloned into 

uracil selectable low-copy plasmids bearing the constitutive TDH3 promoter with a three-

piece Gibson assembly reaction. Using complementary PCR primers containing the mutated 

nucleotide sequence, the ZMPSTE24 ORF was cloned as two fragments and assembled with 

the plasmid backbone. All clones were verified by PCR to confirm the size of the insert and 

sequenced with a single primer to verify the presence of the mutation. The constructs were 

transformed into a ∆ste24 BY4741 strain, harboring a single insertion of pZ driven 6xIAPP 

at the LEU2 locus and EIF1α promoter driven ZEM at the YBR032W locus. Cells were 

grown in 70uL volumes in 384-well plates inoculated from a saturated culture with a 300:1 

dilution. Each variant was tested in biological quadruplicate, with three technical replicates. 

Cells were grown in synthetic media lacking uracil with 2% glucose and 100 nM estradiol. 

Growth was quantified as the area under the growth curve at 2500 minutes. To correct for 

edge effects, this value was normalized to that of cells harboring a WT ZMPSTE24 plasmid 

grown in the same position on a different plate. The corrected areas under the curve were 

then normalized to a 0-100% scale where the poorest growing frameshift ZMPSTE24 

variant = 0% and the mean WT ZMPSTE24 = 100%.

Variants that grew worse than WT in 2 out of 3 technical replicates were retested in 

biological and technical quadruplicate. These experiments were performed in the same 

manner as the primary screen, with the exception that the edges of the plate (2 wells deep on 

either side) were left empty to avoid edge effects. Variants that grew worse than WT with p 
≤ 0.01 were considered bona fide loss-of-function variants (One sided ANOVA followed by 

Dunnett’s test). For the graph, the mean area under the curve of cells harboring the WT 

plasmids was defined as 100%, while the mean area under the curve of cells harboring 

frameshift plasmids was defined as 0%. All analysis was performed with the Prism 7 

software package.

Statistical Analysis of ZMPSTE24 mutants—To test for association between variants 

characterized as loss-of-function and type-2 diabetes, sequence data from 45,231 subjects 

(20,791 T2D cases and 24,440 controls), drawn from five different ancestries, were 

aggregated at the Broad Institute. The vast majority of sequence data was generated at the 

Broad, using a standard Illumina sequencing protocol: genomic DNA was sheared, end 

repaired, ligated with barcoded Illumina sequencing adapters, amplified, size selected, and 

subjected to in-solution hybrid capture using either the Agilent SureSelect or Illumina 

Nexome bait set. Resulting Illumina exome sequencing libraries were qPCR quantified, 

pooled, and sequenced with 76-bp paired-end reads using HiSeq 2000 sequencers to ~82-

fold mean coverage. Details of the full sequence dataset will be described elsewhere 

(manuscript in preparation). Sequencing reads were then processed and aligned to the human 

genome (build hg19) using the Picard (http://broadinstitute.github.io/picard/), BWA, and 

GATK software packages, following best-practice pipelines (https://

software.broadinstitute.org/gatk/best-practices/). Single nucleotide and short indel variants 

were then called using a series of GATK commands (version nightly-2015-07-31-

g3c929b0): ApplyRecalibration, CombineGVCFs, CombineVariants, GenotypeGVCFs, 

HaplotypeCaller, SelectVariants, and VariantFiltration. Default parameter values were used 

for each command. Hard calls (the GATK-called genotypes but set as missing at a genotype 
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quality [GQ] <20 threshold) and dosages (the expected value of the genotype, defined as 

Pr(RX|data) + 2Pr(XX|data), where R is the reference and X the alternative allele) were 

computed for each individual at each variant site. Hard calls were used only for quality 

control, while dosages were used in downstream association analyses. Quality control was 

performed on samples by first calculating a range of metrics measuring sample sequencing 

quality, stratifying samples by ancestry and sequence capture technology, and excluding 

outlier samples according to any metric based on visual inspection by comparison to other 

samples within the same stratum. After exclusion of samples, we calculated an additional set 

of variant metrics and excluded any variant with overall call rate <0.3, average non-reference 

genotype quality <10 (e.g. an estimated error rate >90% for non-reference genotypes), 

heterozygosity of 1, or heterozygote allele balance of 0 or 1 (e.g. 100% or 0% of reads 

called non-reference for heterozygous genotypes).

Variants were annotated with the Variant Effect Predictor (VEP) (McLaren et al., 2016), and 

all variants classified as IMPACT=MODERATE (e.g. nonsynonymous variants) were 

subjected to experimental characterization. Variants considered functionally deficient, 

together with variants classified by the VEP as IMPACT=HIGH (19 variants in total), were 

used to conduct a burden test for association with T2D. Although E119A, I277T, and N309S 

were experimentally found to have loss of function, they were omitted from this analysis 

because either the sequencing quality was not sufficient or we did not have information on 

the diabetes status of the patient. Each sample was assigned the number of variants carried in 

the set, and Firth logistic regression was performed using EPACTS to estimate association 

with (p-values) and effect sizes on (odds ratios) T2D. Covariates measuring ancestry (as 

computed from 10 principal components, calculated using the EIGENSTRAT software 

package, of common coding variation exome-wide) as well as sequencing batch and cohort 

of collection were included in the model.

Western Blotting—For all western blots, yeast cultures were diluted from saturated 

overnight cultures to around OD600 = 0.1. After 6 hours of growth in synthetic media with or 

without 100 nM estradiol, 1.5 OD600 of cells were collected for each sample and total 

protein extracts were precipitated using trichloroacetic acid. Precipitates were resuspended 

in 50 uL of HU buffer (2% SDS, 7M urea, 1 mM TCEP, 200 mM TRIS pH 6.8) and 

incubated at 65 °C for 15 minutes. Gels were transferred to nitrocellulose membranes using 

the iBlot2 dry blotting system (Thermo Fisher Scientific). IAPP was probed overnight at 

4 °C, using the rabbit anti-IAPP antibody from Sigma-Aldrich (Catalog number: 

HPA053194, 1:5000 dilution). Quantitative measurements were performed on the LI-COR 

Odyssey imaging platform, using fluorescent secondary antibodies. The sum of both the 

higher and lower bands intensities was used when quantifying 6xIAPP levels.

Standard fluorescence microscopy—For fluorescent imaging, all strains were grown 

to saturation in synthetic complete media with 2% glucose, diluted to OD600 = 0.2, and 

induced for 6 hours with estradiol. All images were acquired with a Nikon Plan Apo 100x 

oil objective (NA 1.4) using a Nikon Eclipse Ti-E inverted microscope and a CCD camera 

(Andor technology). The fluorescent reporter strains were identical to those used in for the 

high content microscopy. Specifically, the Kar2SS-msfGFP-HDEL gene was driven by the 
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TDH3 promoter and integrated in single copy at the TRP1 locus. Both Kar2 and Scj1 were 

C-terminally fused to mNG at their endogenous locus. Total cellular GFP fluorescence was 

quantified manually using ImageJ. The fraction of cells with mislocalized GFP (i.e. GFP in 

the cytoplasm instead of the ER) was determined visually. For the experiments 

demonstrating STE24 rescue of the IAPP-induced phenotypes, STE24 was inserted with a 

single-copy integrating plasmid at the URA3 locus under the control of the pZ promoter. 

Due to the additional estradiol-inducible promoter binding site introduced by integrating 

STE24 in this manner, for the low toxicity experiments the concentration of estradiol used 

was double that of the screening experiments. For each data point, the fluorescence intensity 

of at least 100 cells was quantified using ImageJ. Experiment were performed in biological 

triplicate.

Quantification and Statistical Analysis

Microsoft Excel and GraphPad Prism software were used to process data. Images were 

manipulated using ImageJ. Software for specialized analyses can be found in the appropriate 

section of the Method Details and in the Key Resources Table. Statistical details such as the 

number of replicates, error calculations, and significance calculations are provided in figure 

legends and in the appropriate section of the Method Details.

Data and Software Availability

Requests for additional data should be directed to the Lead Contact, Can Kayatekin 

(can.kayatekin@gmail.com).

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-PGK1 polyclonal Antibodies-online.com Cat# ABIN568371

Rabbit anti-IAPP polyclonal Sigma Aldrich Cat# HPA053194

Donkey anti-mouse secondary 
800CW dye conjugate

LI-COR Cat# 926-32212

Donkey anti-rabbit secondary 
680CW dye conjugate

LI-COR Cat# 926-68073

Rabbit anti-mouse secondary 
polyclonal HRP conjugate

Sigma Aldrich Cat# A-9044

Bacterial and Virus Strains

Escherichia coli DH5alpha ATCC Cat# 69021

Biological Samples   

Chemicals, Peptides, and Recombinant Proteins

Nourseothricin dihydrogen 
sulfate (ClonNAT)

Werner BioAgents Cat# 5.005.000

G418 (geneticin) Life Technologies Cat# 10131027

B-Estradiol Sigma Aldrich Cat# E8875-5G

Propidium iodide Sigma Aldrich Cat# P4864
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REAGENT or RESOURCE SOURCE IDENTIFIER

Lopinavir Sigma Aldrich Cat# SML1222-10MG

Yeast nitrogen base VWR Cat# 90004-146

Complete supplement mixture 
(CSM) media

Sunrise Science Products Cat# 1001-100

CSM lacking uracil Sunrise Science Products Cat# 1004-100

CSM lacking leucine Sunrise Science Products Cat# 1005-100

CSM lacking histidine Sunrise Science Products Cat# 1006-100

CSM lacking uracil and histidine Sunrise Science Products Cat# 1009-100

Critical Commercial Assays

TruSeq RNA Library Prep Kit Ilumina  

Deposited Data

RNASeq GEO GSE104172

Experimental Models: Cell Lines

INS-1 823/13 Newgard Lab CVCL_7226

Experimental Models: Organisms/Strains

S. cerevisiae: Strain background: 
W303

ATCC Cat# 201238

S. cerevisiae: Strain background: 
BY4741

ATCC Cat# 201388

Oligonucleotides

Please see Table S5   

Recombinant DNA

Please see Table S6 for all 
plasmids

  

Software and Algorithms

GraphPad Prism GraphPad Software https://www.graphpad.com/scientific-software/prism/

SGA Score algorithm Baryshnikova et al, 2010  

Cell Profiler Kamentsky et al., 2011 cellprofiler.org

TopHat Trapnell et al., 2009 https://ccb.jhu.edu/software/tophat/index.shtml

htseq-count Anders et al., 2015  

EdgeR Robinson et al., 2010  

Picard  Broad Institute http://broadinstitute.github.io/picard/

Burrows-Wheeler Aligner (BWA)  http://bio-bwa.sourceforge.net/

GATK Broad Institute https://software.broadinstitute.org/gatk/
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Highlights

• Developed a yeast model of IAPP proteotoxicity.

• IAPP oligomers clogged the ER to cytoplasm translocon

• Genetic screens identified STE24/ZMPSTE24 as a strong suppressor of IAPP 

proteotoxicity

• Loss-of-function mutations in ZMPSTE24 were more often found in diabetes 

patients.

A combination of yeast and human genetics studies explains how aggregates of human 

islet amyloid polypeptide interfere with protein translocon function to drive β-cell 

dysfunction in type 2 diabetes
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Figure 1. Growth defects and ER stress in yeast expressing 6xIAPP
A) Yeast harboring empty vector or 6xIAPP were induced with 100 nM estradiol and grown 

on agar plates for 24 hrs. B) Western blot of cells expressing 6xIAPP. C) Cells expressing 

6xIAPP-msfGFP fused to a Kar2 signal peptide (Kar2SS) (panel 1), msfGFP fused to Kar2SS 

(panel 2), and msfGFP fused to Kar2SS and an ER retention peptide (HDEL) (Panel 3). 

Scale bar = 5 μm. D) RNAseq data from 2 biological replicates of strains harboring a single 

copy of 6xIAPP. In red are genes upregulated in both the IAPP strains and in the unfolded 

protein response. The Venn diagram shows the genes typically upregulated in the UPR 
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(blue) and those upregulated >4 fold when 6xIAPP was expressed (pink). The overlap 

between the two sets is shown in dark pink, along with the p-value calculated using Fisher’s 

exact test. E) Mean GFP intensity comparison across all fluorescent reporter strains for cells 

expressing 6xIAPP and controls. The solid line represents equal GFP expression. Filled 

circles are reporter strains with large intensity changes upon 6xIAPP expression. The most 

highly perturbed strains (Kar2ss-GFP-HDEL, Scj1-mNG, Kar2-mNG-HDEL) were 

measured independently and are shown on the right. Scale bar = 5 μm. See also Figure S1.
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Figure 2. Genome-wide screens for modifiers of IAPP toxicity
A) The suppressors and enhancers recovered from the overexpression screen, highlighting 

the strongest suppressors. A positive score indicates a suppressor of toxicity, while a 

negative score indicates an enhancer of toxicity. B) Spotting assays demonstrating 

independent verification of the Ste24 suppressor on both the 6xIAPP and C) 1xIAPP yeast 

models. 6xIAPP strains and uninduced 1xIAPP strains were grown for 48 hours. The 

induced 1xIAPP strains were grown for 72 hours. The bar chart is a quantification of the 

1xIAPP dilution assay (dashed rectangle) with cells co-overexpressing control vector 

represented by the black bar (n=6) and cells co-overexpressing STE24 represented by the 
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gray bar (n=9). Statistical analysis was performed using Student’s t-test. D) The enhancers 

of toxicity recovered from the genome wide deletion of non-essential genes (circles) and 

temperature-sensitive allele screen of essential genes (squares). A more negative score 

indicates a stronger enhancer of toxicity. The enrichment for autophagy genes (orange 

circles) and proteasome genes (turquoise squares) among the enhancers is highlighted. See 

also Figures S2, S3, and Tables S1-S3.
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Figure 3. ZMPSTE24 inhibition unmasked IAPP oligomer toxicity in a pancreatic cell line
6x human IAPP and 6x rat IAPP were introduced into INS-1 823/13 cells by lentiviral 

infection and induced with doxycycline. Inhibition of ZMPSTE24 with 20 uM lopinavir 

reduced the survival of cells expressing 6x human IAPP (***p < 0.001, Student’s t-test) but 

not cells expressing 6x rat IAPP.
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Figure 4. Suppression of toxicity by Ste24 overexpression was not due to reduced IAPP levels and 
is specific for IAPP
A) Western blot of IAPP expression measured in whole cell lysates prepared after 6 hours of 

6xIAPP expression, with and without co-overexpression of STE24. The sum of the upper 

and lower bands was quantified and normalized to control cells. Overexpression of Ste24 

modestly reduced 6xIAPP levels. Pgk1 was the loading control. B) STE24 overexpression 

rescued 6xIAPP toxicity but not α-synuclein or TDP-43 toxicities. Effects of STE24 
overexpression are shown in spotting assays alongside SLA1 (Aβ suppressor), VTS1 
(TDP-43 suppressor), and YPT1 (α-synuclein suppressor). 6xIAPP and α-synuclein were 

induced with 100 nM estradiol. TDP43 was induced with 5 nM estradiol. All strains were 

grown for 48 hours.
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Figure 5. Ste24 overexpression attenuated 6xIAPP-induced changes in Kar2 and Scj1 expression 
and Kar2SS-msfGFP-HDEL localization
Representative fluorescence images for cells co-expressing 6xIAPP in combination with 

either STE24 or a vector control and either Kar2 protein C-terminally fused to mNG at its 

endogenous locus (Kar2-mNG, top panels); Scj1 protein C-terminally fused to mNG at its 

endogenous locus (Scj1-mNG, middle panels); or overexpressed msfGFP N-terminally fused 

to the Kar2ss and C-terminally fused to the ER-retention sequence HDEL (Kar2ss-msfGFP-

HDEL, bottom panels). The three estradiol doses are for uninduced (0 nM), low toxicity (10 

nM), and high toxicity (100 nM) conditions. For Kar2 and Scj1 the mean GFP intensity of 
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the cells was quantified, while the fraction of cells with cytoplasmic, rather than ER-

localized GFP was quantified for Kar2ss-msfGFP-HDEL. At least 100 cells were quantified 

per replicate and experiments were performed in biological triplicate. Error bars = SD of 

biological replicates. Scale bar = 5 μm.

Kayatekin et al. Page 31

Cell. Author manuscript; available in PMC 2019 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Loss of STE24 enhanced IAPP oligomer toxicity
A) Deletion of STE24 produced no growth defect on its own but greatly enhanced 6xIAPP 

toxicity. This was rescued by reintroducing STE24 on a plasmid under the control of its 

endogenous promoter. A catalytically inactive E289G Ste24 was much less effective in 

rescuing the enhanced IAPP toxicity of the Δste24 strain. B) WT human ZMPSTE24 

functionally substituted for Ste24 and relieved 6xIAPP toxicity in the Δste24 strain. The 

effects of substitution with ZMPSTE24 mutants possessing a range of declogging activities 

are shown in order of decreasing activity (for a measurement of their declogging activity 

please see (Ast et al., 2016)).
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Figure 7. Analysis of the IAPP oligomer toxicity-rescuing ability of 111 ZMPSTE24 missense 
mutants
ZMPSTE24 mutants identified from the sequencing of diabetes patients and healthy controls 

were tested for their ability to rescue 6xIAPP toxicity in the Δste24 yeast strain. The growth 

of 6xIAPP strains expressing ZMPSTE24 variants was quantified as the area under the 

growth curve at 48 hours. A) Each cell of the heat map is the average growth of four 

biological replicates, while each column is a technical replicate. B) Retest of poorly growing 

variants. Variants meeting statistical significance were deemed loss-of-function variants 

(One-sided ANOVA followed by Dunnett’s test, cutoff: p < 0.01) and are shown in blue bars. 

Error bars = SD. C) Residues in ZMPSTE24 where amino acid changes produced lower 

6xIAPP toxicity rescuing activity are shown on the crystal structure (PDB: 5SYT) in orange, 

with laminopathy-causing variants shown in red.
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