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SUMMARY

The membrane transporter AITSLC33A1 translocates cytosolic aceGdA into the lumen of the
endoplasmi¢-reticulum (ER), participating in quality control mechanisms witkirseéhretory pathway.
Mutations and duplication events WTI-1/S.C33A1 are highly pleiotropic and have been linked to
diseases such as spastic paraplegia, developmental delay, autism spectrum disdiettandisability,
propensityto seizures, and dysmorphism. Despite these known &esscithe biology of this key
transporteiis_only; beginning to be uncovered. Here, we show that systemic overexpressiorlah AT
the mouse leads to a segmental form of progeria with dysmorphism and metabolimmrdterEte
phenotypesincludes delayed growth, short lifespan, alopecia, skin lesions, reldpk@, osteoporosis,
cardiomegaly, ‘muscle atrophy, reduced fertility, and anemia. In terms of bt@wigp the ATl
overexpressingsmouse displays hypocholesterolemia, altered glycaemia, and inadiassaf systemic
inflammation. Mecharstically, the phenotype is caused by a block in At§@m134bLC3[ and Atg9a-
Sec62LC3p interactions, and defective reticulophagy, the autophagic recycling of the ER. Inhibition of
ATasel/ATase2 acetyltransferase enzymes downstream -Gf i$tores reticulophagy and rescues the
phenotype ofithe animals. These data suggest that inappropriately elevate€ageftyix into the ER
directly induces defects in autophagy and recycling of subcellular structurehairttiis diversion of
acetylCOA from cytosol ® ER is causal in the progeria phenotype. Collectively, these data establish the
cytosotto-ER flux of acetylCoA as a novel event that dictates the pace of aging phenotypes and identify
intracellular acetylCoA dependent homeostatic mechanisms linkeddtabolism and inflammation.
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1. INTRODUCTION

Ne-lysine acetylation in the lumen of the endoplasmic reticulum (ER) has emerged agla no
mechanism for the regulation of protein homeostasis (also referred to ast@asigavithin the organelle
(Jonaset al. 2010; Pehaet al. 2012; Dinget al. 2014; Penggt al. 2014; Hullingeret al. 2016; Pengt al.
2016; Peng & Puglielli 2016)Acetylation of ER argo proteins is ensured liyree essentiatlements:
AT-1, ATasel and ATase2. ATl (also referred to as SLC33AM) the ER membrane transporter that
regulates the cytostb-ER flux of acetylCoA, donor of the acetyl group in the reaction of Ne-lysine
acetylation (Jonaset al. 2010; Penget al. 2014) ATasel (also referred to as NAT8B) and ATase2 (also
referred to ‘as NATS8) are type II ER membrane proteins that carry out the reaction of Ne-lysine
acetylationwithinithe ER lumerfKo & Puglielli 2009; Dinget al. 2014) Ex vivo andin vivo data suggest
that the ER"acetylatiomachinery is a component &R quality controland regulateswo essential
functions of theorganelle (i) selection andransport of cargo protesralong the secretory pathway and
(i) disposal ofroteinaggregatethat form within the ERand secretory pathwdPeharet al. 2012; Ding
et al. 2014; Pengt al. 2014; Hullingeret al. 2016; Penget al. 2016; Peng & Puglielli 2016 he former
requiresthe_ATases to associate with the oligosaccharyl transferase complex éD8TEcetylate
correctly folded /polypeptideg¢Ding et al. 2014; Peng & Puglielli 2016Wwhile the latter requie
acetylation/deacetylatioof the autophagy proteintg9a (Peharet al. 2012; Penget al. 2014; Pengt al.
2016; Peng & Puglielli 2016 AT-1 regulates availability of acet@@oA within the ER; as such, it plays
crucial regulatery: functions for the entire ER acetylation machinery.

Clinically, diverse outcomes related to genetic deficiency, mutationyesabundance of AT have
been identifiedwChildren with homozygous mutationsAiit1/SLC33A1 display congenital defects,
severe developmental delay and premature déhtbpkeet al. 2012; Chiplunkaet al. 2016) Patients
with heterozygous mutations appear normal at birth but then develop a complicated autimsnimant
form of spastic paraplegi@.in et al. 2008) Finally, chromosomal duplications of the 3g25.31 locus,
which harborsAT-1/SL.C33A1, have been reported ipatientswith autism spectrum disordeA$D),
intellectual” disability, propensity to seras, and facial dysmorphism (SFARI database; see also
Swisshelm, K., et al. 2014. ASHG Annual Meeting; Abstract 3205T).abloze disease phenotyere
mimicked by related mouse modeknock-in mice that lack AT1 activity (AT-153F513% die during
errbryogénesiswhile mice with haploinsufficiency of AT (AT-15*%*" develop neurodegeneration
with spasticity and propensity to infections and cand®enget al. 2014) Transgenic mice that
overexpress ATl in forebrain neurons (AT Tg) display an ASBike phenotypewithout dysmorphism
(Hullinger et al. 2016) Mechanistically, the phenotype of AIP****miceis linked to aberrant activation

of autophagy(Penget al. 2014)while the phenotype of AL Tgis linked to increased efficiency of the
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secretory pathwafHullinger et al. 2016) When taken together, the convergencéuhan and mouse
based studies clearly indicatbat the ER acetylation machinery plays fundamdriblogical functions.
Despite these known associations, the biology ofl1Adnd the ER acetylation machinery is only
beginning to be uncovereddere, we sought to investigate the broader consequences df AT
manipulation, including the cellular and systemic impact oflAdirecded changes in ER acetylatidyy
generating a transgenic mouse where-1AWas placed under the control of the Rosa26 locus. The
animals developed a severe phenotype mimicking segmental forms of human prégeriaechanistic
level, we abserved increageacetylation of the Efocalizedautophagy protein Atg9a, reducédg9a
Fam134bLC3p and Atg9aSec62LC3p interaction, and a block in E&utophagy/reticulophagyinally,
we showed that a specific ATasel/ATase2 inhibitor, which restores ER proteostatiooris
downstreamy of ATL, was able to rescue the entire phenotype of the animals, including the lifespan.
Collectively;"these data establish the cytasdER flux of acetydlCoA as a novel event that dictates the
pace of aging phenotypes and identifyracellular acetylCoA dependent homeostatic mechanisms

linked to metabolism and inflammation.

2. RESULTS
2.1 AT-1 sT.gumiee display a progeria-like phenotype

To study the systemic role of AT, we generated transgenic (Tg) mice with an inducible
overexpression TeDff system driven by the Rosa26 loclsgure 1la,b). For the purpose of this study,
the animals (referred to as AlTsTg)were maintained in the absence of doxycycline (Dox); therefore,
they overexpressed AT throughout their entire life, including developmértie animals were born with
Mendelian‘ratio and were completely normal at birth. However, within on¢hntioey appeared smaller
than their wildtype/nonTg (WT) littermatesKigure 1c), and within two months thyedisplayed a severe
phenotypeFigure 1c; Table 1) that was reminiscent of segmental foraishuman progeriaéPivnick et
al. 2000; Liao & Kennedy 2014; Gonzaéb al. 2017; Karikkinethet al. 2017) Indeed, they remained
smaller throughout their entire lifespakidure 1d), appearedohenotypically old Figure 1c), and
displayed a very short lifespaRigure 1€). The progeridike features of the animals are listedTiable
1.
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In addition to being small, AL sTg mice were very thiand hadsmall fat padgFigure 2a,b); the
significant reduction in fat tissueas observed despite the fact that they ate more than their WT
littermates Figure 2c). AT-1 sTg mice alsdisplayedsmall areas of muscle atrophfFigure 2d).
However, relativeo their body weightthey had overall enlarged orgaf#sgure 2€); the only exception
was the uterus, which appeargdnificantly smallerand atrophidFigure 2e; seelnset). This findingis
in line with the observed reduced fertility of female animdlab{e 1). The skindisplayed haHoss
multiple lesions, and delayed wound repdtig(re 1c; 2f; Table 1). Histologically, we observed
dermatitis with marked acanthosis and moderate orthokeratotic hyperkeratosisge réaobsis and
epidermal hyperplasid{gure 2g). Most of the animals also developed rectal prolapsgu(e 2f). Both
male and femalé\T-1 sTg mice displayed seveb®nedensity losswhich was reminiscerdgf human
osteoporosisHigur e 2h-j). In line with the postmortemdata(Figure 2€), echocardiographic assessment
of living animals confirmedhat AT-1 sTg mice suffered from cardiomegaly very early in (Fegure
2k ).

2.2 AT-11sTg mice display defective hematopoiesis, metabolic alterations, and systemic
inflammation

A complete blood courdf AT-1 sTg micerevealednild to moderate@nemia, which wasell evident
in females-Figure 3a). The anemia was accompanied by splenomegaly and expansion of the spleen
interfollicularfedspulp (extramedullary hematopoiedis)both males and femaléBigure 3b). We also
observeteduced: levels of circulating ferritifrigur e Sla) and iron Figure S1b), increased reticulocyte
ratio in the peripheral blood={gure 3c), and reduced erythrocyte/nucleated ratio in the bone marrow
(Figure 3d).»kurther assessment revealed a marked increase in erythroid progenitoy actii-1
sTgspleens relative to W{Figure 3ef). When taken together, the above results indicate thall AT
overexpression”™ disrupts steashate hematopoiesis, causing splenomegaly and extramedullary
erythropoiesis.

Metabolic assessment of AT sTg mice revealeteducedlevels of circulating glucose and insulin
(Figure 3g,h) but normallevels of glucagonKigure S2a). Lower levels ofplasmaglucose and insulin
were also observed following an oral glucose tolerance Eegtre 3i,j; S2b,c) suggesting a more
effective utilization of glucoselhe metabolic assessment of the animals also revealed reduced levels of
circulatingcholesterol [eigur e 3k).

Postmortem examination of AL sTg mice revealed enlarged lymph nodégure 4a) as well as
histological evidence fanoderate inflammatory infiltration across different tissues and oriaticative
of systemic inflammationConsistently we observed increased levels of several inflammatory molecules

in the plasmakKigure 4b) as well as a markdédhmunoglobulininfiltration of peripheral tissued-{gure
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4c-f). The increased systemic inflammation in -ATsTg micewvas also reflected in the significant
increase irB cells and neutrophils in the peripheral blood relative to (Bgure 4g,h). Chronic tissue
inflammation isoften associated with markers of cellular senescéhclekoria et al. 2013; Ovadya &
Krizhanovsky 2014; Kangt al. 2015; Jeoret al. 2017) Thereforewe used isolated hepatocytadd liver
sectionsto determine levels of pl6, p21, and senesceasseciategi-galactosidase (Sf-Gal), three
establishednarkers of cell senescenichkoniaet al. 2013; Ovadya & Krizhanovsky 2014; Kaegal.
2015; Jeoret al. 2017) We consistently found increased levelsttud senescent markers in AT sTg
mice whem compared to WT littermatdsidure 4i-1). These resultsvere paralleled bya significant
reduction in.the,proliferation potential of mouse embryonic fibroblasts (MEF) iareufigure 4m,n).

2.3 AT-1 sTig mice display defectivereticulophagy

The above results indicate that systemic overexpression df #duses a complex phenotype that
resembles human segmental progerias with metaaléicationsWe previouslyreportedthat the influx
of acetylCoA from the cytosol to the ER lumen by ATregulates the induction dER-autophagyand
the disposal oprotein aggregates within the secretory pathiayast al. 2010; Pehaet al. 2012; Peng
et al. 2014; Renget al. 2016; Peng & Puglielli 2016)Therefore, itis possiblethat a defect irER-
autophagy(also referred to as reticulophagg)at the basis of the progetike phenotype of ATl sTg
mice.

To test the above hypothesis, we first analyzed the acetylation profiie atitophagy proteiAtg9a,
which isessentiafor the induction of autophagy downstream of the ER acetylation magh{iheharet
al. 2012; Pengt al. 2014; Pengt al. 2016; Peng & Puglielli 2016)n fact, Atg9a undergoes acetylation
on two lysinesresidues, K359 and K363, which face the lumen of th@&lraret al. 2012) Acetylated
Atg9a blocks theinduction of autophagy while rametylated Atg9a exerts the opposite eff@aharet
al. 2012) Direct’assessment of ER membranes from WT and.ATg mice revealed a marked increase
in the acetylation status éatg9a in the transgenic animakigure 5a,b), thus supporting our hypothesis.
To assess whether the increased acetylation of Atg9a was accompanied by rdidposdl of
misfolded/aggregated ER cargo proteins, taek advantage of the pamgregatingproperties of the
A53T mutant form of a-synuclein A53T syn) (Polymeropoulogt al. 1997) Specifically, we used A53T
synwith a signal peptide (SP) at thet&fminusto drect translation on the ER aridserion into the
secretory. pathwayPenget al. 2016) The resuk show that when expressed in MEF, the levels of
aggregated/SDS soluble @B3T syn were highein AT-1 sTg vs WT animalsFjgure S3a,b). This
finding is consistent with previous datghere we showed a more efficient clearance ASBT syn in
MEF from AT-15'"*mice, whichdisplay reduced AT1 activity, reduced acetylation of Atg9and
increased induction dER-autophagy(Penget al. 2016) Therefore, when taken togethdgtafrom two
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different animal modelsAT-1 sTg present studyand AT-15'%%" (Penget al. 2016) mice, as well as
cellular system¢Peharet al. 2012) support the conclusion that thereased acetylation of Atg9a in AT
1 sTg mices causally linked to reduced ability of the ER to dispose of toxic protein aggrégatésrm
within its lumen(see also later)

Previbus'data in MEF from ATS*****miceand H4 cells overexpressing AllTindicate that changes
in autophagy induction dowstream of AT1 are also paralleled bghanges in efficiency of the secretory
pathway; specifically, reduced AT activity leads to reduced trafficking of newly synthesized
glycoproteins along the secretory pathway while increasedl AiLtivity leads to the opposite effect
(Hullinger et,al,2016) To test whether this waimdeedthe case in ATl sTg mice,we used azide
modified mannosamine (MalAz) to label sialicacid-containing newlysynthesized glycoproteins that
have successfullyrafficked from the ER to th&rans-Golgi (Hullingeret al. 2016) The results show a
significant increase in the levets ManNAz incorporation inhepatocytedsrom AT-1 sTg animals
(Figure S3c). Therefore, when taken together, twmbineduse of SPAS3T syn and MaNAz confirm
the conclusion that changes in reticulophagT-1 sTg mice are closely paralleled by opposite changes
in the transport of cargo protein along the secretory pathWasse results are in line wignevious data
(Hullingeret al. 2016; Peng &uglielli 2016)

In addition to reduced elimination of toxic protein aggregates, a significant blockciaphagy is
expectedstoscause structural reorganization of the organelldefBomine whether this was indeed the
case,we usedsuperresolution microscopy, specificallystructurel illumination microscopy (SIM).
Consistént=withmour prediction, we observed a profound reorganization of the ER-in $AG;
particularly, we observed expansion of trganelleand enlarged shebke structuresKigure 5c¢; S3d).
Even when-eemparing similar structures in WT andJA$Tgmice, the transgenic animals displayed a
marked membrane proliferation with numerous processes emerging froERtisbeets Figure 5c;

discussed later).

2.4 AT-1sTgmicedisplay reduced Atg9a-Fam134b-LC3p and Atg9a-Sec62-L.C3p interaction

The role of Atg9a as a potential “sensor” of the acetylation status of the ERIrbady been
described (Pehagt al. 2012; Penget al. 2014; Pengt al. 2016; Peng & Puglielli 2016 hus, the above
results arenot surprising However,what remains to be determinedhisw the acetylation of Atg9a on
K359 and K363 within the lumen of the ER can activate the core of the autophagy machineryswhich i
mainly cytosolic(Klionsky et al. 2016) Interestingly the abovetwo lysine residueare flanked by two
coiled regions that could be involved with protemotein interactiongPeharet al. 2012) This might
suggest that the acetylation status of Atg9a regulates the interaction with otheniB& ormembrane

bound partnerdHdowever, since the core of the autophagy machinery is mainly cytosolic, a membran
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bound protein is more likely to connect an-ERninal event, acetylation of Atg9a, tbeauthophagy core
machinery, specifically.C3p.

To address the above scenario aigbect the mechanism responsible for the block in reticulophagy,
we studied levels and ERssociation ofFaml34b, a recently identified key regulator of reticulophagy
(Khaminetset'al. 2015; Mochideet al. 2015; Rubinsztein 2015terestindy, the ER expansiom AT-1
sTg micewasaccompanied by a marked increase in the numbeammi &4 puncta on the ERiembrane
(Figure 5d,e). The upregulation of &ml34b in AT-1 sTg mice was also observed when we analyzed
MRNA (Figure 5f) andprotein levels Eigure 5g,h). Fam134b hasecentlyemerged as a novel regulator
of ER-autophagyandlevels of Fam134lseem taeflectintrinsic dynamics ofreticulophagy(Khaminets
et al. 2015; Mochideet al. 2015; Nakatogawa & Mochida 2015; Rubinsztein 2015; Lennemann & Coyne
2017) Therefore, increased steadiate levels of Fam134b in AT sTg mice [igure 5d-h) are
consistent withthe observed ER expansiofidgure 5c; S3d), as they might reflect reducedrnoverof
the ERassociated Fam134b protein as well as an attempt of the cell to restorepbtigyl by activating
Fam134b translatiorFam134b has BC3-interacting region (LIR) on its @rminus, which is required
for binding'to cytosolicLC3p (also referred to as Atg8 in yeast) (Khaminetset al. 2015; Mochideet al.
2015; Rubinsztein 2015FamB4b-L.C3p interaction is required for efficientinduction of reticulophagy
(Khaminetset al. 2015; Mochideet al. 2015; Rubinsztein 2015Notably, despite the increased levels of
Faml134b;=we=observed a marked reductiorFam134bLC3B co-localization in AF1 sTg vs WT
(Figure5i,j).

The findingsthat AT1 sTg mice display less Fam13BK3p interaction led us to hypothesize that
Atg9a, which acts as a sensor of ER acetylafiteharet al. 2012) might engage with Fam134fithin
the ER membrane. Indeed, immunoprecipitation of Atg9a from the ER membaarable to pullown
Fam13b (Figureibk,l); however, this interaction was markedly reduced ir1A3Tg mice Eigure 5k,I)
suggesting that'the increased acetylation of Aff9gure 5a) impedes functional interaction (see also
later). The reduced Atg3&am134b association in AT sTg mice was observelspitethe fact that we
consistently pulledlown more Atg9a from the ER of the Tg animals compared to WT litterntatps €
5k) and that Fam134b is upregulated in the Tg aninkataif e 5g; see also later).

Another impartant regulator of reticulophagy is Sec62, a member of the ER mentlaaslocon
complex, which.regulates import of newly synthesized proteins within théFERagalliet al. 2016)

Like FamL34b, Sec62 also has a LIR domain, which is required for binding to LC3; increased Sec62-
LC3p interaction promotes reticulophagy and delivery of ER cargo proteins to autolysosomes (Fumagalli
et al. 2016) As withFam134b, SIMmagingrevealed a marked reduction in Sed823f co-localization
in AT-1 sTg vs WT animalgFigure 5m,n). Furthermore, direct biochemical assessment revealed that

Atg9ais able to engag8ec62 at the ER membrart@gwever the Atg9aSec62interaction wasgreatly
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reduced irthe AT-1 sTg micgFigure 50,p). Again, this was observesl’en though we pulled down more
Atg9a from the ER of the Tg animali§ure 50). SIM imagng showed that Fam134bC3f and Sec62-
LC3pB co-localization can be observed on the ER membr&igule S3e), suggesting that the initial
interaction of Fam134b and Sec62 with LC3f can occur on the ER itself prior to the formation of the
autophagosome. Thisgwesds blocked in AT1 sTg mice Figure 5i-p).

When taken together, the above results suggest thdt @verexpressioand increased cytostd-ER
flux of acetytfCoA leads to increased acetylation of Atg9a and reduced Atg@#l34b and Atg9&ec62
interaction within the ER membrane; this prevents interaction with LC3p thus causing a block in the
induction of_reticulophagy. Defective reticulophagy is then accompaniezkansion of the organelle.
In essence, _the acetylation status of Atg9a appears to regulate Fah@Bfilnd Sec62-LC3p
interaction @and consequent induction of reticuloph@dgo discussed later)

The insulin \growth factor 1 (lgf) and its receptor ¢f-1r) (Longo & Finch 2003; Kenyon 2005;
Milman et al. 2016) as well as the stemness potential of stem ¢EiésciaPratet al. 2016; GarciaPrat
et al. 2017) represent already established @gsociated pathways. To determine whether they were
mechanistically involvedat least in partin the AT-1 sTg phenotype, wanalyzed whole tissuactivation
of Igf-1r signaling Figure $4a,b); we also treatedultured MEF with Igfl (Figure S4c,d). However, we
did not observe increased 1&f signaling in AT1 sTg mice when compared to WT littermatEgy(re
$4). Similarly;-ne-differences were detected in the percentages of bone manm@edc-Kit™ (L'S’K™),
multipotent progenitor (MPP; §'K*,CD48, CD150), longterm hematopoietic stem cell (HSQ).T-
HSC; LS'K*;,€D48, CD150), or shortermHSC (STHSC; LS'K*,CD48, CD150) populations from
bone marrow of WT and AL sTg mice suggesting no intrinsic block istemness potentigFigure
Sha). Nextwestransplanted WT and AT sTg bone marrow (CD45.2) into lethally irradiated recipient
mice with €D45:1 spleen cells as a supporting cell population and CD45.1 bone mealtsovigain, no
significant differences in contribution of CD45.2 donor cells to bone marrow wasveldsin WTvs.
AT-1 sTg transplantationHigur e S5b,c).

Many human progeroid syndromes are characterized by nuclear instability wherentheyptefect
is in the architecturand shap®f the nuclear envelope; associated animal models reproduce the nuclear
instability and mimic the progeroid phenotype (reviewed in (Kubben & Misteli 208éwever direct
assessment of AT sTg mice did not reveal any morphological aberration of the nudteys € S6).

When, taken together, the above results suggest that the reduceeFAIQ9a4bL.C3p3 and Atg9a-
Sec62LC3p interaction, and the consequent block in reticulophagywith changes in efficiency of the

secretory pathwagtre solely responsible for the progeile phenotype of ATL sTg mice.

2.5 Inhibition of the ATases rescuesthe AT-1 sTg phenotype
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In addition to AF1, which maintains the supply of aceGbA to the ER lumen, the acetylation
machinery include$wo acetyltransferases, ATasel and ATasafich use acetylCoA to carry out the
reaction of Ne-lysine acetydtion (Ko & Puglielli 2009). TheATases are EResident membrane proteins
and act dowsstream of ATl (see Figure 6a). We previously reported the identification of
ATasel/ATase2 specific inhibito(Ping et al. 2012) we also reported the successful agene of these
compounds§(6-chloro-5H-benzo[a]phenoxazib-one; referred to as compound #) a mouse model of
Alzheimer’s diseaséPenget al. 2016) Compound 9 is a powerful inhibitor of both ATa¢Bsng et al.
2012) it reduces the acetylation of Atg9mproves the proteostatic functions of the ER, &ndrally
absorbed(Peng,et al. 2016) Therefore,we treated ATL sTg mice with oral formulations of the
compound(50 mg/kg/ga(Penget al. 2016). We argued that if indeed the AITSTg phenotype is caused
by defective' reticulophagy and defective elimination of toxic protein aggregaderm within the ER,
then restoring the proteostatic functions of the ER by acting dawamstrof AF1l is expected to
ameliorate or rescue the phenotyps.an additional control to this study, we added a group of animals
fed a Doxcontaining diet to turn off the expression of ATitself (seeFigure 1a). In both cases,
compound' 9 and Dox were administered at weaning (postnatal dag)2¢hen the initial disease
phenotypes were already manifested

Inhibition of the ATasel and ATase2 bgnspound 9 rescuetthe progeridike phenotype of ATL
sTg micexindeedhe animals looked healthy, did not develop skin lesialmpeciarectal prolapse, or
lordokyphosis Figur e 6b,c) and were able to gain weight as a function of &gguf e 6d). Importantly,
compound=@ailsosrescua the lifespan of the animal&igure 6€). Postmortem analysi®f 8-month old
animalsconfirmed our general assessmefmmpound Qreated mice had normal fat paaisd did not
display muselesatrophyF{gure 6f). A complete blood count showed no evidence of anemia, which was
paralleled by a nermal sidespleen and no evidence of extramedullary erythropoiEgisie S7a,b). The
lymph nodesmwere overall normd&liQure S6c); this result was paralied by normalization otirculating
inflammatory moleculeéFigure S7d), andabsencef SA-B-Gal activation Figure S7ef). Compound 9
treated micelsodisplayed normabone mineral density={gure S7g). Finally, compound 9 was able to
rescue the"metabolic aspects of the A$Tg phenotype, including food intake gure S7h), circulating
levels of glucoseKigure S7i), and cholesterolemidigure S7j).

Next, we determineditg9aFam134b interaction as well dsvels of Fam134lmn ER structures
following compound 9 treatment. Again, we observed thatlA9Tg mice displayededuced Atg9a
Fam134 interaction andcreased ER membramssociated Fam134évels howeverboth findingswere
completely normalized by compoundti@atment(Figure 7a-d). Indeed, compound Bestored AtgQ-
Fam134b interactiofFigure 7a,b) and normalized Fam134b levdlsigure 7c,d). A similar result was

observed with Sec62. In fact, compound 9 restored the A2g86&2 interaction at the ER membrane
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(Figure 7ef). Finally, compound 9 rescued the membrane expansion and reorganization of the ER
observed in ATL sTg mice Figure 7g,h).

In conclusion the above results siwahatrestoring the moteostatic functions of the ER by inhibiting
ATasel and ATase2 dowgireamof AT-1 rescuse the progeridike phenotype of ATL sTg mice; they
also support the notion that a block in AtgRam134bLC3b and Atg9aSec62LC3p interaction and the
consequent defect in reticulophagy is at the basis of th& &g phenotypé&-igure S8). Although with
some minor differences, the rescue elicited by compound 9 treatment was overall btartpatiaat of
Dox, whichyin this study acted as our genetic control [Sgares 6-7 and S7). It is also important to
stress that _for ,our postmortem analysiswe used 8month old animals, which corresponds to
approximately twice the lifespan of untreated-AETg mice, thus indicating that the protective effects of
compound Averelong lasting

3. DiscussiON
3.1 Increasedwacetyl-CoA flux into the ER causes a progeria-like phenotype

Acetyl-CoA is a central metabolite that is key to many biochemical and cellular pathwaysl- Acety
CoA also acts as the donor of the acetyl group in all reactions of Ne-lysine acetylation. Here, weport
thatincreased acetyCoA flux from the cytosol to the ER lumen, as causedysyemic overexpression of
human ATF1 in the mousecauses a progeriike phenotype with metabolic alterationSegmental
progeriagypicallymanifest with severe debilitating symptoms and reduced lifeggdvirth, patientsare
typicallylsmaller anddisplayfacial dysmorphism; as they grow, they develop a complex phenotype that
often mimics accelerated forms of pathogenic aging. Segmentarig®gnclude Hutchinse@ilford,
Cokayne, Wernemloom, and Rothmund@hompsons syndromgamong othergSwehari & Nakamura
2016; Gonzalet al. 2017; Karikkinethet al. 2017; Kubben & Misteli 2017)
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Almost all human progeroid syndromes are characterized by nuclear and/or gerstabitityn where
the primary defect is in the architecturetb& nuclear envelope or in the DNA repairing machinery;
associated animal models reproduce the nuclear and genomic instability and h@micogeroid
phenotype (reviewed in (Kubben & Misteli 2017)). Exceptions to the above are the p53/p44 anelthe AT
sTg systems. Inthe case of p53/p44, the primary defect is in-taarihal regulatory functions of the
p53 protein, which leads to reduced stemness potential ofcslésras well as hyperactivation of |&IR
signaling(Tyneret al. 2002; Campisi 2004; Maiett al. 2004; Pehaet al. 2014; Lesseét al. 2017) AT-
1 sTg micedisplay many features that are in line with classical segmental progerias, such as reduced
growth, alopecia, skin lesions, rectal prolapse, osteoporosis, cardiomegalye ratreghy, reduced
fertility, and, systemic inflammation. Unlike classical progerithey do not display nuclear/genomic
instability, seduced stemness potential of stem cells, or hyperactivatidBFeiR signaling. Also in
contrast with classical progeriasTA sTg mice display metabollmked features that are not typically
observedn progeria patients. We contend that the A$Tg mouse represents the first model of progeria
like phenotype where the primary defect is in the regulation of intracellulayl-&eA flux,
reticulophagy and proteostatic functions of the ER. In lighttted known association between
dysfunctional autophagy and agssociated diseas@§ladeoet al. 2010; Kroemer 2015; Madesi al.
2015) we 'can speculate that AT sTg mice will offer new mechanistic and therapeutic avefores

several ag@ssociated diseases.

3.2 The progeria=like phenotype of AT-1 sTg miceis caused by a block in reticulophagy

Our data suggest that defects in reticulophgagrhapsaccompanied by opposite changes in
efficiency ofsthe: secretory pathwayHullinger et al. 2016; Peng & Puglielli 2016)may causally
contribute to the progeriike phenotype of theAT-1 sTg mice. INAT-1 sTg mice, réculophagy is
linked to thewacetylation status of Atg9 indicating that aest flux is a key inpufor maintenance of
ER homeostat mechanisms (seeigure S8). We have previously shown that Atg9a acts as a sensor of
the ER acetylation machinery; indeed, downregulation or expression of hypomorphitoErs levels
of acetylation of Atg9a and induces autophagy, while overexpression df K&ads to increased
acetylation of Atg9a and a block in autophagy induct{Beharet al. 2012; Pencet al. 2014; Peng &
Puglielli 2016). Importantly, gaiof-acetylation anddssof-acetylation mutants of Atg9a can recapitulate
the events.reported above, thus providing mechanistic sueraret al. 2012)

New results reported in this study indicate that functioAw9aFaml134b andAtg9aSec62
association is an initial and essential step for reticulophagy and that these interaatiooccur only
when Atg9a is not acetylated, highlighting the importancacetylation on multipléevels in proteostatic

control (seeFigure S8). Fam134b is an integral ER membrane protein that acts as a “receptor” for
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reticulophagy(Khaminetset al. 2015; Mochidaet al. 2015; Rubinsztein 2015}t was recently identified

in both yeast and mammalian ce{kshaminetset al. 2015; Mochidaet al. 2015; Rubinsztein 2015)
Interestingly, Fam134b seems to prefemdhtilocalize on ER shedike (rough ER) structures, where the
bulk of protein biosynthesis normally occurs, and might act as part of qualityplctmttouple protein
biosynthesis to disposal of unfolded/misfolded polypepti{thekatogawa & Mochida 2015f5ec62, an
integral member, of the ER translocon machinealgo seems to act as &R-resident autophagy
“receptor” (Fumagalliet al. 2016) Sec62 is also thought to be involveddauping the insertion of
newly-synthesized proteins into the ER with the regulatory mechanisaisdetect and dispose of
unfolded/misfolded polypeptides (Schuck 2Q1Bdth Fam134b and Sec62 require physical interaction
with LC3p to_exert their functions (Khaminetset al. 2015; Mochidaet al. 2015; Rubinsztein 2015;
Fumagallietal £2016; Schuck 2016 he fact that Atg9a acetylation status directs the formation of Sec62
and Fam134b c¢omplexes, sequestering them from the essential binding partner LC3[, suggests
coordimation of events to influencetreulophagy(seeFigure S8). The specific contribution of enhanced
efficiency of the secretory pathway to the progeria phenotype oflL ATg mice remains to be

determined.

3.3 Biochemical inhibition of the ATases down-stream of AT-1 restores reticulophagy and rescues
the progeria-likephenotype

The impactiof pharmacological inhibition of the acetyltransferases, ATasel arsbAT& an
exciting [development and one that may helimical application. ATasel and ATase2 act destieam of
AT-1 to acetylate ER cargo proteifiso & Puglielli 2009) regulate the acetylation status of Atg9a, and
are essentiakforthe proteostatic functions of the ER acetylation mac(idiegyet al. 2014; Penct al.
2016) Our studysshowed that inhibition of the ATases was able to restore the Pag884bL.C3p and
Atg9a-Sec62lE€3 interaction at the ER membrane, and rescue the progeria-like phenotype of ATL sTg
mice. Overexpression of AT in the mouse seems to recapitulate the outcomes of children with
duplications of the 39g25.31 locus (containii@r1/SLC33A1). In this study, treatment with compound 9
was initiated at weaning when the disease manifestations were already developing. Jémssstingt
strategies based osimilar targeting might be effective in treag the human disease, where early
diagnosis and early treatment could mitigate or even prevent disease manifestations.

While recognizing the intrinsic limitations of a single galected progeria model, seaé aspects
of the phenotype developed by ATsTg mice mimic accelerated forms of pathogenic aging. Therefore,
the model may provide insights into a range of-egated diseases and conditions, and studies on
ATasel/ATase?2 inhibitors mighoe relevant for chronic diseases linked to proteostatic dysfunction. For

example, the entire ER acetylation machinery;JAlGomez Ravettet al. 2010; Jonagt al. 2010)and
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the ATaseqDing et al. 2012) is upregulated in patients with lat@set Alzheimer's disease, the most
common form of agassociated dementia. Importantly, both haploinsufficiency cfLAAhd biochemical
inhibition of the ATases using cqgraund 9 were able to rescue the Alzheimer’s disbksg@henotype in

the mouséDuranAniotz et al. 2016; Penget al. 2016) We are eager to further explore these models and

strategieS that' we believe will have utility in a broader context of aging anelated disease.

3.4 Conclusion

In conclusion our study shows that systemic overexpression ofLAfT the mouse causes a progeria
like phenotypenith metabolic alterationdMechanistically, the phenotype is caused by a bioekig9a
Fam134bLC3[ and Atg9a-Sec62LC3p interaction, which prevents the induction of reticulophagy Our
study also shows that restoring the proteostatic functions of the ER, by tatbetifi@ases dowstream
of AT-1, can rescue the mouse phenotype, thus suggesting that ATasel/ATase?2 inhibitorsfemight of
translational oppertunities faratientswith AT-1/SLC33A1 duplications and for the mitigation of different
ageassociated diseasdsnally, this study sets the foundation for new inquiries intantkeehanisms that
regulate intracellular acet@oA flux and availability and how they caimfluencedisease phenotypes

that have not been traditionally viewed as primarily drisgmetabolic changes

4. EXPERIMENTAL PROCEDURES
4. 1. Transgenicanimals

PTREAT-1 Tg mice were described previousfHullinger et al. 2016) ROSA:LNL:TA
(Gt(ROSA)26S0of™™R053. JAX Stock No: 011008) were bred to EiGaxe (B6.FVB
Tg(Ella cre)C5379Lmgd/J; JAX Stock No: 003724), generating Rog@a26mice which
universally express tTARo0sa26:tTA mice were then crossed WfhRE-AT-1 mice to generate
ROSA26:tTApTRE-AT-1 (referred to as ATl sTg) mice. Genotyping from tail DNA was performed
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using the following primers: AT forward (3-AAT CTG GGA AAC TGG CCT TCT3'), AT-1 reverse
(5-TAT TAC CGC CTT TGA GTG AGC TGA3'), Rosa forward (5AAA GTC GCT CTG AGT TGT
TAT-3'), Rosa reverse (5'-GCG AAG AGT TTG TCC TCA ACE3). Both males and females were
studied. Wildtype (WT) littermates were used as controls throughout our stirdgss speciéd, living
AT-1 sTg mice were studied at the age of approx. 3 months.

The rodent diet with Compound 9 was manufactured bySiv. The food with Doxycycline (200
mg/kg) was purchased from Bigerv. The same diet without Compound 9 or Doxycycline semgatie
control diet:

All animal experiments were carried out in accordance with the NIH GuideddCdhe and Use of
Laboratory:Animals and were approved by the Institutional Animal Care and Usei@eenof the
University of WisconsirMadison and the Madison Veterans Administration Hospital.

4.2. Cell cultures
Mouse embryonic fibroblasts (MEFs) from wilghe and ATl sTg mice were prepared as described

previously(Penget al. 2014) Further details are in supporting information.

4.3. Hepatocyte isolation

Hepatocytes:were isolated and analyzed as described in supporting information.
4.4, Proteinsextraction, Western blotting, and immunopr ecipitation
Protein extraction, Western blotting, and immunoprecipitation techniquedeaibed in supporting

information.

4.5, Dot blots

Dot blot analysis was performed as désexnl in supporting information.
4.6. Real-time PCR
Realtime PCR was performed as described befdomaset al. 2010) Further details and in supporting

information.

4.7. Histology and bone histomor phometry

Histology and bone histomorphometry were performed asiteddn supporting information.

4.8. Faxitron radiography and dual-ener gy X-ray absorptiometry (DEXA)
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DEXA analysis was conducted as described in supporting information.

4.9. Whole blood, serum and plasma analytes

Blood, serum and plasma analytes were determined as in supporting information.

4.10. Blood and bone marrow smear examination

Fresh whole blood or bone marrow samples were smeariedsupporting information.

4.11. Flow Cytometry

Flow cytometry was performed as in supporting information.

4.12. Erythroid progenitor assays

Erithroid progenitor assaysas performed ais supporting information.

4.13. Bonemarrow transplantation
Bone marrow transplantation experiments were performed as described pre(fdastyet al. 2011)

Further details are in supporting information.

4.14. Senescence associated B-galactosidase staining

SenescencesprGalactosidase stainingwas performed as in supporting information

4.15. OGT EpGlueose, I nsulin and Glucagon assays

OGTT, glugose, insulin and glucagon assays were performed as in supporting informatio

4.16. Echocar diography

Transthoracic echocardiography was performed as described previbiaslys et al. 2002) Further
details are'in supporting information.

4.17. Trafficking.of newly synthetized glycoproteins

Quantification of trafficking glycoproteins along the secretory pathway pearmed as previously

describedHullinger et al. 2016) Further details are in supporting information.

4.18. Statistics
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Data analysis was performed using GraphPad InStat 3.06 statistical software (GraphiRac: $uc.).
Data are expressed as mean * standard deviation (SD). Comparison of the meansowasdpasing
Student’s #test or onavay ANOVA followed by TukeyKramer multiple comparisons test. For lifespan
assessment, data were analyzed with the Kddker lifespan test and leg@nk test using GraphPad

Prism version 7.03 (GraphPad Software). Differences were declared statistgraifigat if p<0.05.
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SUPPORTING INFORMATION

== Experimental Procedures
- Figures Si1S8

Table 1. Observed phenotype of AT-1 sTg mice

Median lifespan
Maximum lifespan
Body weight
Dysmorphism
Major organ mass
Fertility

Adipose tissue
Lordokyphosis
Cardiomegaly
Osteoporosis
Hair loss

Greatly reduced (males, 96 days; females, 81 days)
Greatly reduced (males, 142 days; females, 147 days)
Reduced

Observed

Increased (exception: uterus, decreased)

Males, normal; females, reduced

Reduced

Modest or absent

Pronounced

Pronounced

Pronounced
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Hair regrowth Greatly reduced

Skin lesions Pronounced

Wound repair Retarded

Muscle atrophy Modest to severe
Cataracts Normal (as in WT)
Dermal thickness Reduced

Rectal prolapse Common

Systemic inflammation Pronounced
Peripheral WBC Altered (B cell and neutrophil expansion)
Peripheral RBC Altered (anemia)
Serum glucosé/insulin Reduced

Serum lipids Hypocholesterolemia
Glucose tolerance Altered

FIGURE LEGENDS

Figure 1.-AT-1 sTg mice are smaller and have a short lifespan. (a) AT-1 sTg mice were generated
with an inducible TeOff expression system under the control of the Rosa26 locus for systemic
overexpressionb) Western blots showing AT overexpression in different tissuds \\VT; 2, AT-1
sTg).(c) Representative AT sTg mouse and WT littenate when 28 and 55 days ald) Body weight

of male and female WT and AT sTg mice across their lifespafe) Lifespan of AF1 sTg mice
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(maximum lifespan, males=142 days, females=147 day).0005;median lifespan, males=96 days,
females=81 day$<0.0005).Bars represent meanSD. p<0.05;" p<0.005;"p<0.0005.

Figure2. AT-1 sTgmicedisplay progeria-likefeatures. (a) Examination of WT and AL sTg mice.
Reduced ' fat'acctmulation asplenomegaly are evident in both ATsTg males and femalg) Total
body fat in'WT=and ATL sTg mice as determined by dwslergy Xray (DEXA) scanning (males, n=7;
females, n=8)(c) Food intake of WT and AL sTg mice (males, n=5; females, n=®l). Skeletal muscle
histology.(e) Weight of major organdnset shows uteruqf) Skin alterations and read prolapse in ATL
sTg mice(g) H&E staining of a skin section from AT sTg mice(h, i) Faxitron Xray (femur) f) and
bone mineraldensity)(of WT and AT-1 sTg mice (WT, n=8; ATl sTg, n=8. (j) Goldner’s tritrome
stain of femur.sectiongk, [) Echocardiographic assessment of WT and1A3Tg mice (WT, n=8; ATL
sTg, n=8) LVID;d, left ventricular internal diameter end diastal¥PW.d, left venticular posterior wall
end diastole®?VAW:d, left ventricular anterior wall end diastoRars represent meanSD. "p<0.05,

"~ p<0.005,p<0.0005.

Figure 3. AT-1 sTg mice display defective hematopoiesis, and reduced levels of circulating glucose,
insulin and*cholesterol. (a) Hematologic parameters of WT and ATsTg mice (males, n=4; females,
n=6). WBC/white blood cellsRBC, red blood cellsHCT, hematodt; Hb, hemoglobin(b)
Representative images of whole spleen from WT andLATg mice(c, d) Quantitative bloodd) and
bone marrowd) smears in WT and AT sTg mice (males, n=4; females, n5£).Quantitation keft) and
representative imagesdht) of Colony Forming UniErythroid (CFUE) colonies 2 days after plating
splenic cells (1 x 1Y) from WT (n=3) and ATl sTg (n=3) mice in methylcellulose containing Epo, SCF,
IL-3, and IL-6. (f)/Quantitation ieft) and representative imagesgght) of BurstForming UnitErythroid
(BFU-E) colonies'5 days after plating splenic cells (13 #@m WT (n=3) and AT1 sTg (n=3) mice in
methylcellulose containing Epo, SCF;8.and IL-6. (g, h) Fasting levels of glucosg)(and insulin )

in plagna (males, n=5; females, n="%).j) Oral glucose tolerance test (OGTT) in WT and-A$Tg mice
(males, n=5; females, n=5). AYfeose (i) and AUG,suin (j) are shown(k) Plasma lipid profile in WT and
AT-1 sTg mice (males, n=5; females, n=5). Bars represent m8&n p<0.05,” p<0.005,’p<0.0005.
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Figure4. AT-1 sTg mice display systemic and tissue inflammation. (a) Weight of axillary lymph

nodes in WT an@\T-1 sTg mice (n=6 per grougp) Plasma inflammatory markers (out of a total of 42
different analytes tested red, analytes that were changed in both males and females (males, n=6;
females, n=6)(c, d) Dot-blot of tissue immunoglobulins determined with antiuse 1gG. Representative
images (¥ and quantitation of resultd)(are shownKC, extracellularjC, intracellular;MB, membrane
bound;FA, fermic acidsoluble). The analysis was done in liver (WT, n=3:RA%Tg, n3). (e f)

Western blot. shoewing tissue immunoglobulins deterohimigh antimouse IgG. Representative images
(e) and quantitation of result§) @re shownkC, extracellulariC, intracellular;Hc, heavy chaint_c, light
chain). The analysis was done in liver (WT, n=3;-A$Tg, n=3)(g, h) Flow cytometry showing B cell
(9), and neutrophili) population in bone marrow and peripheral blood (WT, n=3;1A8Tg, n=3)(i)
Western blot showing p16 levels in liver. Representative images (left paneljamitation of results
(right panel) aretown (WT, n=7; AF1 sTg, n=7)(j) p21 mRNA quantitation in livefWT, n=7; AT-1
sTg, n=7)(k,1). SA-B-Gal staining in liver and hepatocytes. Representative im&yasd quantitation of
results [) are shown (WT, n=3; AL sTg, n=3)(m, n) Proliferatian potential of cultured MEF expressed
as proliferationsrate at each passagern(=3 different MEF lines/group) and as cell number after plating
(n; n=3 differenttMEF lines/groupBars represent meanSD. p<0.05,” p<0.005,”p<0.0005.

Figure5. AT-1 sT'g mice display defective reticulophagy and expansion of the ER. (a, b) Western blot
showing levels-of acetylatetitg9a (Atg9aAc) in ER preparations from liver. Representative blots are
shown in.&) while, quantitation of results is shown i) (WT, n=3; AT-1 sTg, n=3)(c) Structure

illumination mieroscopy (SIM) of ER in isolated hepatocydeewing size and morphology of shéke
structures(d, €) SIM showing Fam134b puncta on ER of isolated hepatodytesicleus. Quantitation

of results $'shown in€) (WT, n=8; AT-1 sTg, n=7)(f) Fam134b mRNA quantitation iiver (WT, n=6;

AT-1 sTgsn=5)(g, h) Western blot showing levels of Fam134b in ER preparations. Representative blots
are shown ind)while quantitation of results is shown im) (WT, n=4; AT-1 sTg, n=4)(i, j) SIM

showing reduced Fam134b/LC3f co-localization on ER of isolated hepatocytes fromA$Tg mice.
Quantitation of results is shown {) (WT, n=5; AT-1 sTg, n=5)(k, I) Western blot showing €o

immunoprecipitation of Atg9a and Fam134b in WT andA3Tg mice. Representative blots are shown
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in (k) while quantitation of results is shown(ih (WT, n=8; AT-1 sTg, h=8)(m, n) SIM showing
reduced Sec62/LC3p co-localization on ER of isolated hepatocytes fromAFTg mice. Quantitation of
results is shown ifn) (WT, n=5; AT-1 sTg, n=5)(o, p) Western blot showing emmmunoprecipitation
of Atg9a and Sec62 in WT and ATsTg mi@. Representative blots are showndnwhile quantitation
of resultsis Shewn irpj (WT, n=7; AT-1 sTg, n=7)Bars represent meanSD. p<0.05,” p<0.005,
#p<0.0005.

Figure 6. ATasel/ATase2 inhibition rescuesthe progeria-like phenotype and lifespan of AT-1sTg
mice. (a) Schematic view of the ER acetylation machinery with compound 9 actitigedhTases
downstreamsof-ATl. (b, c)Representative images of AITsTg mice with ad without compound 9
treatment. Bextreatment is shown for comparison. Mite@adifferent ages are show(al) Body weight
of male and female AT sTg mice with and without compound 9 treatment.-Deated AT1 sTg mice
are shownfor‘eoparison (n=16 for all groups(e) Lifespan of AF1 sTg mice with and without
compound/9 treatment. Ddxreated AT1 sTg mice are shown for comparisgr@.0005, alvs AT-1 sTg
with chow).(f) Postmortem examination of WT and ATsTg mice treated with compound 9. Dox
treatment issshown for comparison. Mice were 8 months old when examined. Basemeprear+ SD.
" p<0.005;"p<0.0005.

Figure7. ATasel/ATase2 inhibition restoresreticulophagy in AT-1 sTg mice. (a, b Western blot
showing Atg9aFam134b interaction on the ER membrane of compotinela®ed AT1 sTg mice. Dox
treated and 3 montbld AT-1 sTg mice are shown for comparison. Representative blots are shayn in (
while quantitation of results is shovin (b) (n=6 for all groups)(c, d Western blot showing ER levels of
Fam134b in compoundt®eated AT1 sTg mice. Doxreated and 3 moribld AT-1 sTg mice are shown
for comparisonsRepresentative blots are shown)iwkile quantitation of results is shavn (d) (n=6

for all group$. (e f) Western blot showing Atg98ec62 interaction on the ER membrane of compound 9
treated AT1 sTg mice. Doxreated and 3 morvbld AT-1 sTg mice are shown for comparison.
Representative blots are shownéhwhile quantitation of results is shavin () (n=6 for all groups)(g)
Structure illumination microscopy (SIM) of ER in isolated hepatocytes é@mmpound Sreated ATl

sTg mice. Doxtreated and 3 monibld AT-1 sTg mice are shown for comparisdh.nucleus(h) High-
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magnification images with Imarimediated reconstructioBars represent meanSD. p<0.05,
"p<0.005,p<0.0005.
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