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ABSTRACT

Chaperone networks are dysregulated with aging and neurodegenerative disease, but whether
compromised Hsp70/Hsp90 chaperone function directly contributes to neuronal degeneration is unknown.
Stress-inducible phosphoprotein-1 (STI1; STIP1; HOP) is a co-chaperone that simultaneously interacts with
Hsp70 and Hsp90, but whose function in vivo remains poorly understood. To investigate the requirement of
STI1-mediated regulation of the chaperone machinery in aging we combined analysis of a mouse line with a
hypomorphic Stipl allele, with a neuronal cell line lacking STI1 and in-depth analyses of chaperone genes in
human datasets. Loss of STI1 function severely disturbed the Hsp70/Hsp90 machinery in vivo, and all client
proteins tested and a subset of cochaperones presented decreased levels. Importantly, mice expressing a
hypomorphic ST 11 allele showed spontaneous age-dependent hippocampal neurodegeneration, with consequent
spatial memory deficits. STI1 is a critical node for the chaperone network and it can contribute to age-

dependent hippocampal neurodegeneration.
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Introduction

The heat shock proteins 70 (Hsp70) and 90 (Hsp90) are ubiquitously expressed molecular chaperones
that promote folding and activation of proteins and are also involved in targeting misfolded or aggregated
proteins for refolding or degradation (Lackie et al., 2017). Hsp70 binds indiscriminately to proteins in the early
stages of translation and folding and help them to adopt and maintain native conformations. It also prevents
aggregation and supports refolding of aggregated and misfolded proteins (Mayer, 2013). Hsp90 is mainly
involved in a later stage of activation and supports the maturation and activation of a specific set of “client”
proteins, many of which, such as steroid hormone receptors, kinases, and transcription factors, are involved in
signaling (Picard, 2006; Taipale et al., 2012; Zhao et al., 2005).

In eukaryotes, both Hsp70 and Hsp90 are regulated by different co-chaperones that tune their activities
(Ebong, Beilsten-Edmands, Patel, Morgner, & Robinson, 2016; Harst, Lin, & Obermann, 2005; Hildenbrand et
al., 2011; J. Li, Richter, & Buchner, 2011). Client proteins are initially recruited by a complex formed between
Hsp70 and its co-chaperone Hsp40 and are then transferred to Hsp90 with the help of the co-chaperone stress-
inducible phosphoprotein 1 (See Figure 1, STI1, STIP1 or HOP for Hsp organizing protein in humans). STI11
contains three tetratricopeptide repeat domains (TPR1, TPR2Aand TPR2B); two of them bind to Hsp70 (TPR1
and TPR2B) and one binds to Hsp90 (TPR2A) (Schmid et al., 2012a). STI1 has been shown to physically
interact simultaneously with both chaperones and regulate their activity, facilitating the transfer of client
proteins (Johnson, Schumacher, Ross, & Toft, 1998; C. T. Lee, Graf, Mayer, Richter, & Mayer, 2012; Rohl,
Wengler, etal., 2015; Schmid et al., 2012a).

Besides its role in the client folding pathway, STI1 has been suggested to be involved in a number of
different functions including shuttling of some proteins from the cytosol to the mitochondria (Hoseini et al.,
2016); facilitating gene transcription by removing nucleosomes at target promoters (Floer, Bryant, & Ptashne,
2008); and maintaining genome integrity by silencing transposons (Gangaraju et al., 2011; Karam, Parikh,
Nayak, Rosenkranz, & Gangaraju, 2017). Furthermore, STI1 can be secreted by different cells, including

astrocytes and microglia, and binding of extracellular STI1 to the prion protein triggers pro-survival signaling
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cascades and prevents AB toxicity in neurons (Linden et al., 2008; Lopes et al., 2005; Ostapchenko et al., 2013;
Zanataet al., 2002).

Noteworthy, yeast cells null for STI1 are viable under optimal conditions (Chang, Nathan, & Lindquist,
1997; Y. Song & Masison, 2005), but they are highly sensitive to Hsp90-inhibiting compounds and grow poorly
under limiting conditions (Chang et al., 1997; Y. Song & Masison, 2005). In worms STI1 lacks the TPR1
domain, but it is still functional and connects Hsp70/Hsp90 (Y. Song & Masison, 2005). C. elegans lacking
STI1 are viable but are less resilient to stress and display reduced lifespan (Gaiser, Brandt, & Richter, 2009b).
In contrast, knockout of STI1 in mice leads to embryonic lethality (Beraldo et al., 2013), indicating that in
mammals the roles of ST 11 are essential for life and cannot be compensated by other proteins. T o note, during
mouse development, STI1 co-chaperone activity seems to be a critical mechanism for the modulation of
apoptosis and cellular resilience (Beraldo et al., 2013).

The chaperone machinery is essential for protein quality control and is thought to be particularly
important in neurodegenerative disorders such as Alzheimer’s, Parkinson’s and Huntington’s disease (Fontaine
et al., 2016; Pratt, Gestwicki, Osawa, & Lieberman, 2015). In yeast, STI1 interaction with Hsp70 can redirect
toxic amyloid-like proteins into cytosolic foci, thus increasing cellular viability (Wolfe, Ren, Trepte, & Cyr,
2013). Remarkably, recent experiments in yeast suggest that excessive demand for chaperone activity can
disturb chaperone function by decreasing STI1 interaction with members of the chaperone network (Farkas et
al., 2018). Dysregulation of the Hsp70/Hsp90 chaperone network transcriptome is present in aging brains and in
neurodegenerative disease (Brehme et al., 2014). However, whether ST11 and Hsp70/Hsp90 are required in vivo
to maintain homeostasis in mammals during aging is unknown. To address this critical question, we engineered
a mouse line with a STI1 hypomorphic allele that retained partial functionality allowing survival of mice to
adulthood. We combined analyses of human genetic datasets, this novel hypomorphic mouse line and a
CRISPR-Cas9 STI11 knockout neuronal cell line to understand the requirement of ST 11 for the functionality of
chaperone networks. Our experiments reveal that limiting ST11 function due to the hypomorphic STI1 allele
strongly reduces neuronal resilience during aging, suggesting a mechanism by which compromised chaperone

network function may contribute to neurodegeneration.
4
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Results

The ATPR1 hypomorphic allele is expressed at low levels but is sufficient for mouse survival.

To investigate the relationship between STI1 and the chaperone network in mammals, we generated
hypomorphic TPR1-deprived STI1 mice using the Cre/lox system to remove exons 2 and 3 of the STI1 gene
(Fig. 2A). We focused on removing the TPR1 domain because STI11 TPR domains are well conserved from
yeast to humans and the TPR1 domain is absent in C. elegans, yet the protein can still regulate Hsp70/Hsp90
(Gaiser et al., 2009b). Moreover, we confirmed the recombination of the Stipl locus by genome sequencing
(data not shown, see ST11-flox and ATPR allele cartoon in Figure 2A). After recombination, we confirmed that
the alternative translation initiation codon of the mutated mRNA lacks a neighboring Kozak consensus (Kozak,
1986), which likely contributed to less efficient translation of ATPR1 protein.

Homozygous mutant STI1 mice (ATPR1 mice) were viable but they were born on a significant lower
frequency than expected from a Mendelian distribution. That is, out of 488 pups born from breeding
WT/ATPR1 to WT/ATPR1 mice, 154 (32%) were WT, 277 (57%) were WT/ATPR1, and 57 (12%) were ATPR
instead of 25%, 50% and 25% respectively (x2=47.49, df=2, p<0.0001). Interestingly, at embryonic day E17.5,
the proportion of homozygous ATPR1 mutants was close to the expected Mendelian frequency of 25% (out of
33 pups 3 (9%) were WT, 22 (67%) were WT/ATPRI1, and 8 (24%) were ATPR1; %2 =5.182, df=2, p=0.0075),
suggesting that the decreased Mendelian distribution we observed for ATPR1 mice was because pups were
dying immediately after birth. Supporting this hypothesis, ATPR mice showed a significantly higher mortality
rate during the first month and 17.5% of the cohort died before 30 days of age, compared to 0.5% of
WT/ATPR1 and 1.0 % of the WT siblings. Interestingly, survival rate of ATPR1 mice that lived through and
after the first month was not different from that of WT/ATPR1 and WT mice (Fig. 2B).

Strikingly, one ATPR1 allele was able to rescue the early embryonic lethality of STI1 null mutants.
Specifically, we bred ATPR1 females to heterozygous null mice for STI1 (STI11 WT/KO mice, (Beraldo et al.,
2013) and observed that out of 21 pups born alive, two were ATPR1/STI1IKO (9.5%) while 19 were

ATPRI/WT (90.5%) instead of 50% and 50% as expected from the Mendelian distribution. One of the
5
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ATPRI1/STI1KO pups died one day after birth and the other survived to adulthood. These data suggest that ST 11
lacking TPR1 has the necessary ability to allow mammalian development to proceed. Because of their frailty we
did not further proceed to obtain mice with only one ATPR1 allele.

We used gPCR to determine mRNA expression for the mutated locus (Fig. 2C and D). Analysis with
primers targeting exons 2 and 3 (Fig. 2A, these primers detect full length STI1 mRNA, but not ATPR1-STI1
MRNA) showed 50% reduction in full-length STI1 mRNA levels in heterozygous mutants, whereas in
homozygous mutants, full length ST11 mRNA was not detected in adult cortical tissue (Fig. 2C). Importantly,
primers flanking exons 8 and 9 (Fig. 2A, which detect both full length and ATPR1 STI1 mRNA) revealed that
expression level of ATPR1 STI11 mRNA in ATPR1 mice was like that of STI1 full length mRNA in WT mice
(Fig. 2D, one-way ANOVA, p=0.1022).

Immunoblot analysis demonstrated that ATPR1 mice lacked full length STI1 protein (66 kDa) and
instead expressed a truncated protein with reduced molecular mass of 53 kDa (Fig. 2E). The deleted TPR1
domain is predicted to be 12-13 kDa in size, hence the apparent molecular mass of the mutant protein equals the
predicted molecular mass of STI1 (66 kDa) minus 13 kDa. We detected close to 80% reduction in mutant
protein levels in ATPR1 mice when compared to WT littermates (Fig. 2F, p<0.0001). Control experiments
demonstrated that our polyclonal antibody recognizes several epitopes on the ST 11 protein, therefore excluding
the possibility that the reduced levels of immunostaining observed were due to decreased binding of the
antibody to deleted epitopes (Figure 2 G).

Two possibilities could explain decreased STI1 levels in ATPR1 mice: 1) the ATPR1 protein is unstable
and therefore undergoes rapid degradation or 2) the ATPR1 mRNA is poorly translated. Because the yeast
ATPR1 protein is stable (Rohl, Tippel, et al., 2015; Rohl, Wengler, et al., 2015; Schmid et al., 2012b) and the C.
elegans protein naturally lacks the TPR1 domain (Gaiser, Brandt, & Richter, 2009a; H. O. Song et al., 2009), it
is unlikely that decreased levels of the ATPRL protein in mice is a consequence of instability. On the other
hand, the mRNA generated after deletion of exons 2 and 3 was expected to be poorly translated. The 5’ end of

the ST11 mRNA, including the translational initiation codon, was preserved in the ATPR1 mRNA, but a UGA
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stop codon was created 18 nucleotides downstream of the initiation codon. Thus, only a 7 amino acid peptide
would be expected to be generated when this canonical initiation codon is used. However, overlapping the
newly created UGA codon there is an AUG that can work as an alternative initiation codon and generate the
ATPR1 protein (Fig. 2A). Much less ATPR1 protein is expected to be generated because of low efficacy of the
alternative initiation codon. Sequencing analysis of the mutated Stipl locus and mRNA confirmed these
changes. Regardless of the mechanism, the hypomorphic STI1 mice have a truncated STI1 protein that is
expressed at low levels but provides sufficient activity for survival.

Noteworthy, while young ATPR1 mice and WT littermate controls showed similar weight, adult ATPR1
mice gained less weight than WT littermate controls (Fig. 2H). To determine whether ATPR 1 mice showed any
metabolic phenotype, we tested them on metabolic cages at 15-18 months of age. Mice were habituated to the
metabolic cages for 16 h and data were collected over the following 24 h (Table 1). We observed that food
intake was not significantly different between ATPR1 mice and littermate controls, both during the light and the
dark phases of the day, indicating that difference in weight was not due to decreased food intake. Likewise,
water consumption was similar between both genotypes. On the other hand, ATPR1 mice showed increased
ambulatory daily activity when compared to WT littermate controls, mainly due to increased locomotion during
the light cycle. Also, ATPR1 mice showed a significant increase in total activity, which includes not only
locomotion but also grooming, sniffing, tail flicking and rearing, both during the light and dark cycle (Table 1).
The increased physical activity could explain the decreased body weight observed in ATPR1 mice. Also, it
could explain the higher volumes of oxygen consumption and carbon dioxide release observed in ATPR1 mice
during both the light and dark cycles (Table 1). Importantly, the elevated metabolic rate was not a consequence
of increased production of heat [Energy expenditure (EE); Table 1]. Furthermore, no significant differences in
respiratory exchange rate (RER), a parameter that reflects the relative contributions of carbohydrate and fat
oxidation to total energy expenditure, were observed between ATPR1 mice and littermate controls.

ATPR1-STI1 does not affect mRNA and protein levels of Hsp70 and Hsp90 but affects a subset of

Hsp70-Hsp90 interacting proteinsand co-chaperones
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We tested whether Hsp90 and Hsp70 mRNA levels were changed in ATPR1 mice but did not observe
any difference among genotypes (Fig. 3A-B; Hsp90, p=0.18; and for Hsp70 , p=0.37). We then tested whether
ATPR1-STI1 affects expression levels of Hsp90 and Hsp70 proteins in aged (15-18-month-old) mice (Fig. 3C-
F). We did not find any changes in Hsp90 protein levels (Fig. 3C-E, p=0.076 for pan Hsp90; p=0.465 for
Hsp90p). There was also no significant difference in Hsp70 levels when we compared controls and ATPRI1
brain tissues (Fig. 3C and F, p=0.076). Immunofluorescent labelling for STI1, Hsp70 and Hsp90 revealed that
localization of Hsp90 (Fig. 3G) and Hsp70 (Fig. 3H) in ATPR1 MEFs (passage 4) was not altered when
compared to wild-type MEFs and there was no significant change in STI1 co-localization with these
chaperones. Additionally, immunofluorescence confirmed that ATPR1 levels in MEFs were reduced.

We also investigated the levels of different regulators of the heat shock response and co-chaperones
known to interact with Hsp70 and Hsp90 in aged mice (Fig. 4). Levels of the transcription factor HSF1, a major
regulator of the heat shock response that is modulated by Hsp90 (Dai et al., 2003), were not affectedin ATPR1
brain tissue (Fig. 4A, B, p=0.30). Likewise, levels of Hsp40 (Fig. 4A, C), a DnaJ protein that is a co-chaperone
for Hsp70 and is present in the Hsp70-STI1 complex (Cyr, Lu, & Douglas, 1992; Frydman, Nimmesgern,
Ohtsuka, & Hartl, 1994; Morgner et al., 2015; Tsai & Douglas, 1996) was not significantly changed (p=0.61).
Levels of the peptidyl-prolyl isomerase (PPlase) FKBP51, an Hsp90 co-chaperone that is involved in the
maturation of steroid hormone receptors and stabilization of Tau species (Barent et al., 1998; Dickey et al.,
2007; Jinwal et al., 2010; Nair et al., 1997) was also normal (Fig. 4D and E, p=0.548). Additionally, levels of
the co-chaperones Ahal (p=0.28), p23 (p=0.311) and Cdc37 (p=0.15) were not affected in STI1 hypomorphic
mouse tissue (Fig. 4F-1). These results indicate that important players in the Hsp70/Hsp90 chaperone network
were not affected in ATPR1 mice.

We extended our investigation to a number of proteins involved in Hsp70-Hsp90 network function or
protein folding. The co-chaperone C-terminal Hsp70 Binding protein (CHIP), a ubiquitin E3 ligase that targets
clients for degradation, showed 40% reduction in heterozygous and ATPR1 mouse brain compared to littermate

controls (Fig. 4J and K, p=0.0014). We also investigated Pinl, a peptidyl-prolyl cis/trans isomerase (PPlase)
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that works with the Hsp90 complex and is important for regulating tau phosphorylation (Dickey et al., 2007). In
ATPR1 mice, Pinl showed 50% reduction in both heterozygous and ATPRI1 brains compared to littermate
controls (Fig. 4J, L, p<0.0001). Cyclophilin A (CypA), another PPlase, presented 75% reduction in protein
levels in heterozygous and ATPRI1 brains (Fig. 4M, N, p=0.0004). We found no significant changes in mMRNA
expression for any of these genes in the brain of ATPR1 mice (Mean £ SEM for Fkbp5: WT 1.1 £ 0.24 and
ATPR10.71£0.12, p=0.26; CHIP:WT 1.0+ 0.10 and ATPR10.77+0.07, p=0.08; Pin1: WT 1.0 £ 0.16 and
ATPR10.77+0.06, p=0.19; CypA: WT 1.0 £ 0.08 and ATPR1 0.78 +0.08, p=0.11), suggesting the possibility
of disturbed proteostasis. Unexpectedly, these results indicate that ST 11 is an important regulator of the stability
of a group of Hsp90 regulators and co-chaperones involved in the Hsp70-Hsp90 chaperone network. Strikingly,
the effect observed was as pronounced in heterozygous mice, that express approximately 50% of WT-STI1 plus
10% ATPR1-STI1 (compared to controls), as it was in ATPR1 mice that express only 20% of ATPR1-STI1.

As abnormal STI1 activity could alter gene expression (Gangaraju et al., 2011; Karam et al., 2017;
Sawarkar, Sievers, & Paro, 2012), we performed unbiased RNA-sequencing analysis, to test whether general
transcriptome changes in mutant mice could contribute to brain phenotypes. Long RNA-sequencing was
performed on 5 cortical samples from STI1 homozygous ATPR1mice and 5 wild-type littermate controls. RIN
values for these samples ranged between 8.2 and 8.7. lllumina sequencing yielded an average of 797,963 reads
per sample, with 93.69% reads mapping rate to the mouse genome. We confirmed the complete absence of STI1
exons 2 and 3 on ATPRI1 samples compared to wild-type control tissues (data not shown). Principal component
analysis and sample distance matrix analyses did not segregate between the two groups, indicating only minimal
differences between the two genotypes at the transcriptome level (Supplementary Fig. 1A, B). Furthermore,
RNA sequencing analysis did not reveal any significant changes in transcripts passing FDR correction (p<0.05).
Hence, it is unlikely that large general transcriptome changes contributed to phenotypes in ATPR1 mice.

ATPR1-STI1 affects the levels of Hsp70/Hsp90 client proteins

To test whether the function of the Hsp70/Hsp90 chaperone network was intact in ATPR1 mice we

investigated the levels of Hsp90 clients in 15-18-month-old brain tissue from ATPR1 mice. We tested for
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glucocorticoid receptor (GR), Tau protein and G protein-coupled receptor kinase 2 (GRK2), all of which are
classical Hsp90 client proteins. Although gPCR analysis showed that mRNA levels for these three classical
Hsp90 clients were not altered in the cortex of ATPR1 mice (unpaired t-tests, Mean £ SEM for GR: WT 1.0 +
0.09 and ATPR10.91 £0.08, p=0.41; for Tau: WT 1.0+ 0.19 and ATPR1 0.86 £ 0.06, p=0.55, for GRK2: WT
1.0 £ 0.16 and ATPR1 0.83 + 0.05, p=0.28), immunoblot analyses showed that protein levels of all of these
Hsp90 client proteins were very sensitive to reduced STIL1 activity. GR was greatly decreased even in
heterozygous ATPRI1 tissue (Fig. 5A and B, p<0.0001). Immunofluorescence experiments further confirmed
that GR levels were decreased in neurons, without changes in GR localization (Fig. 5C). Total Tau was also
reduced by immunoblotting analysis (Fig. 5D, E, p<0.005). Likewise, GRK2 was reduced in heterozygous and
homozygous ATPR1 mice (Fig. 5D, F, p<0.01). As observed for the Hsp70-Hsp90 network modulators, the
deficit on the stability of the different client proteins was as pronounced in heterozygous mice as it was in
ATPR1 mice.

We also tested whether changes in the Hsp70/Hsp90 chaperone network observed in the cortex were
observed in other brain tissues by examining hippocampal samples for the level of GR (a client representative)
and Pinl (a co-chaperone representative). As observed in the cortex, immunoblot analysis of the hippocampus
showed reduction in GR levels in both heterozygous and homozygous ATPR1 mutants (Fig. 5 G-H, p<0.005;
WT vs HET adjp=0.016, and adjp=0.002 for WT vs ATPR1 comparison). Likewise, Pinl1 was also significantly
reduced (Fig. 5 G and K, WT vs HET adjp=0.013, and WT vs ATPR1 adjp=0.036). Immunofluorescence
analysis also showed reduction of GR in CA3 (Fig. 5J) and CAL hippocampal neurons (Fig. 5K) and confirmed
that GR localization was not affected. These results suggest that the role of STI1 on the modulation of the
Hsp70/Hsp90 chaperone network is likely identical in different neurons and brain regions.

Hsp70-Hsp90 chaperone network dysfunction observed in ATPR 1 mice mimics loss of STI1 function.

To test whether the changes we observed in ATPR1 mice are reminiscent of loss of STI1 function, we
generated a neuronal cell line lacking ST11, as STI11-KO embryos and STI11-KO MEFs are not viable (Beraldo
et al., 2013). We used CRISPR-Cas9 technology to generate SN56-ST11-KO cells (Fig. 6) and tested them for

the levels of different members of the Hsp70-Hsp90 chaperone network. Similar to what we observed for the
10
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ATPRI1 mice, levels of Hsp90 and Hsp70 did not differ between SN56-ST11-KO and control cells (Fig. 6 A-D,
panHsp90, p=0.70; for Hsp70, p=0.70). Likewise, levels of the client proteins GR and GRK2 were significantly
decreased in SN56-STI11-KO cells when compared to control cells (Fig. 6E, F, I, GR, p=0.0023; for GRK2,
p=0.0006). The co-chaperones CHIP (Fig. 6E, G, p=0.0034), and CypA (Fig. 6H, K, p=0.0017) were also
significantly decreased in SN56-ST11-KO cells. Furthermore, levels of the co-chaperone FKBP51 were not
altered (Fig. 6H, J, p=0.29). Noteworthy, transfection of SN56-STI11-KO cells with ST11-HArescued the levels
of GR (Fig. 6L-M, one way ANOVA, KO-HA vs KO-ST11-HAadjp=0.0006), Pin1 (Fig. 6L and 6N, KO-HA
vs KO-STI1-HA adjp=0.0042) and CypA (Fig. 6L and 6P KO-HA vs KO-STI1-HA adjp=0.018), further
supporting the notion that the Hsp70/Hsp90 chaperone network dysfunction observed in these STI11-KO cells is
dependent on STI. Interestingly, levels of CHIP were not altered by ST11-HA transfection (Fig. 6L and 60,
KO-HA vs KO-STI1-HA adjp=0.72). These results indicate that the Hsp70-Hsp90 chaperone network
dysfunction we observed in ATPRI1 mice strongly mimics the loss of STI1, suggesting that Hsp90/Hsp70
chaperone network is highly dependent on STI1 functional levels.

STIP1 and co-chaperone loss of function in humans

Our experiments demonstrate that perturbation of STI1 function in mice decreases client protein levels
and also impacts a number of Hsp90 regulatory proteins, some of which have not been directly linked to STI1
modulation. T o determine whether similar constraint is found in humans for STIP1 and members of the Hsp90
machinery, we determined the frequency of variation in STIP1 in healthy individuals using public databases,
combining genetic information from thousands of exomes and genomes such as EXAC (60,706 individuals) and
gnomAD (138,632 individuals) (Lek etal., 2016). We observed 1 and 4 heterozygous STIP1 protein truncating
variants (PTVs) carriers in EXAC and gnomAD, respectively, at a frequency of <<0.001% (Supplementary
Table 1). In comparison, HSP90AA1 presented 8 and 22 PTVs in EXAC and gnomAD, respectively, i.e. ata 10-
fold higher frequency of <0.01% than STIP1 (Supplementary Table 1). The STIP1 pLI score, which reflects the
probability that a given gene does not tolerate loss-of-function variation was 1, suggesting that STIP1 loss-of-
function is most likely not tolerated in humans or may result in a disease phenotype (Lek et al., 2016). In

comparison, the pLI score of HSP90AAL, the stress inducible Hsp90 allele (o isoform), was 0.68, suggesting
11
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that PTVs may be tolerated in HSP90AAL. This is likely due to compensation by the highly redundant
HSP90ABL1, the constitutive Hsp90 (B) isoform. Interestingly, the HSP90AB1 pLI score is 1. These analyses
mirrored the survival of STI1, Hsp90a and Hsp90p knockout mice (Beraldo et al., 2013; Grad et al., 2010;
Voss, Thomas, & Gruss, 2000). Whereas Hsp90a knockout mice survive to adulthood (Grad et al., 2010), both
STI1 and Hsp90p gene ablation causes embryonic lethality (Beraldo et al., 2013; Voss et al., 2000).

We extended our analysis to other Hsp90 co-chaperones that are affected by changes in STI1 levels to
determine whether they may be redundant in mammals. We did so by comparing human genetic data with
viability of published knockout mice. This analysis is summarized in Table 2. Supplementary Table 1 tabulates
the observed PTVs, SNVs, indels, CNVs, and associations, providing a comprehensive summary of the human
genes investigated using publicly available datasets of healthy controls and disease-ascertained individuals.
Taken together, our analysis suggests that constitutive Hsp90, STI1, CDC37, Ahal and p23 are essential in
mammals, indicating that some co-chaperones (suchas STI1, Ahaland p23), which are otherwise not essential
in yeast (Sahasrabudhe, Rohrberg, Biebl, Rutz, & Buchner, 2017), may provide more sophisticated regulation in
mammals.

Decreased STI1 activity compromisesviability of cultured cells

Given that disturbed STI1 activity in mammalian cells interferes with different aspects of the
Hsp70/Hsp90 chaperone machinery, we tested whether ST 11 protects neuronal cells from environmental stress.
In normal conditions, SN56-ST11 KO cells examined using the Live/Dead staining assay showed decreased
survival when compared to WT controls (Fig. 7A, p<0.0001). Moreover, SN56-STI11 KO cells presented
increased sensitivity to thapsigargin, which induces ER stress (Fig. 7B, two-way ANOVA significant effect of
genotype, p<.0001; significant effect of treatment, p<.0001). Similarly, ATPR1MEF cultures showed decreased
survival when compared to WT MEFs (Fig.7 C&D, p=0.018). In addition, ATPR1 MEFs presented decreased
cell proliferation when comparedto WT MEFs (Fig. 7 E&F, p<0.0005).

Impaired STI1 activity leads to age dependent decrease in the number of hippocampal neurons

Because our results showed that decreased STI1 activity compromises cellular resilience and

proliferation in cultured cells, we tested whether STI1 activity is required to maintain healthy hippocampal
12
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neurons in vivo. We choose to study hippocampal neurons because they show increased vulnerability to a
number of protein misfolding diseases (Adamowicz et al., 2017; Beyer et al., 2013; Kalaitzakis et al., 2009) and
aging (Gemmell et al., 2012; Kuhn, Dickinson-Anson, & Gage, 1996; J. S. Li & Chao, 2008; Padurariu,
Ciobica, Mavroudis, Fotiou, & Baloyannis, 2012). To evaluate neuronal resilience in old ATPR1 mice (15-18-
month-old) we initially used silver staining. Silver is increasingly taken up by degenerating neurons, axons or
terminals (Chen et al., 2008; Kolisnyk et al., 2016; Zhou et al., 2010). There was no difference between
genotypes in silver staining in the dentate gyrus of 15-18-month-old mice (Fig. 8A and B, p=0.12). However,
we detected a significant increase in silver staining in the CAL region of ATPR1 mice (Fig. 8C and D, p=0.01).
In the CA3 region of ATPRI1 mice, silver staining showed a tendency to be increased but changes did not reach
significance (Fig. 8E-H, CA3, p=0.07). Nonetheless, CA3 sub-regions images suggested that neuronal layers
(arrows) were altered in older ATPR1 mice, suggesting the possibility that at this age the CA3 region was
already severely affected by neuronal loss.

To further investigate neuronal survival/viability in the CA3 region of ATPR1 mice, we stained the
hippocampus of control and ATPR1 mice with NeuN, a marker of mature neurons, and counted neurons in
different sub-regions. Young (3-5 month) ATPR1 mice showed no difference in the number of CA3 neurons
across all subfields when compared to WT controls (Fig. 9A-D, CA3a p=0.22; for CA3b p=0.22, CA3c
p=0.15). Likewise, no differences were found in CAL region at young age (data not shown). In contrast, at 15-
18 months of age, thinning of the CA3 region was obvious. Across the whole CA3, there were significantly less
neurons in ATPR1 mutants compared to controls (Fig. 9E-H, CA3a p=0.01; for CA3b p=0.005; for p=0.002).
Interestingly, we compared STI1 levels in the hippocampus of 4 and 15-month-old control WT mice and
observed a significant decrease with age (Fig. 9 I-J, p=0.025). Likewise, the CAl region had significant
reduction in neuron count (data not shown, p=0.002). As levels of the hypomorphic ATPR1-STI1 protein are
already low in ATPR1 mice at young age, a further decrease may augment the stress to the chaperone system in
hippocampal neurons, promoting degeneration.

Spatial memory recall deficitsin ATPR1 mice

13
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Numerous studies implicate the CA3 region in spatial memory (Farovik, Dupont, & Eichenbaum, 2010;
I. Lee, Jerman, & Kesner, 2005; J. S. Li & Chao, 2008; Steffenach, Sloviter, Moser, & Moser, 2002). To
determine the functional consequence of the age dependent degeneration of hippocampal neurons, we measured
performance of old ATPR1 mice in the spatial version of the Morris water maze (MWM). No difference
between genotypes was observed in the learning phase of the task over the four days of training: on each day of
training animals took less time to reach the platform (Fig. 10A, p<0.001). On the other hand, animals from both
genotypes took similar time to reach the target each day (p=0.30). Also, on each day of training, mice swam a
shorter distance to reach the platform (Fig. 10B, p<0.001), and both genotypes swam a similar distance each
day to reach the platform (p=0.88). Interestingly, the speed of ATPR1 mice was slightly but significantly lower
than that of WT controls (Fig. 10C, p=0.02). These results indicate that both genotypes were able to learn the
MWM task. However, on the probe trial day (fifth day), ATPR1 mice showed no preference for the target
quadrant of the pool (Fig.10D), while control mice spent significantly more time in the target quadrant than in
the other quadrants. These results indicate that while control mice clearly remembered where the platform
should be, ATPRI mice did not seem to retrieve this information. In summary, we observed significant
degeneration of CAl and profound loss of CA3 neurons in ATPR1 mice that was accompanied by a selective
deficit in spatial memory.

Discussion

STI1 is a highly conserved co-chaperone that plays a critical role in mediating interactions
between Hsp70 and Hsp90 in the chaperone network. By taking advantage of a new hypomorphic STI1 allele in
mice to understand the consequences of decreased ST 11 activity/expression in the mammalian brain invivo, we
reveal that STI1 is a master controller of the chaperone network required to maintain stability of Hsp90 client
proteins and several Hsp90 auxiliary co-chaperones in the mammalian brain. In depth RNA-Seq data and
analysis of client proteins support the notion that ST 11 activity regulates client levels by proteostasis, rather than
by transcriptome modulation. Although the interpretation of these data needs to account for both, reduced levels

of STI1 and the deletion of the TPR1 domain, the similarities between changes in clients, co-chaperones and
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decreased resilience between the ST11-KO SN56 cells and the ATPRI mouse line, suggest that the results from
this mouse line are likely due to overall decreased ST 11 function.

Our analyses indicate that, in the mouse brain, proper function of the Hsp70/Hsp90 chaperone network
is highly dependent on STI1 expression levels and that there is an interaction between STI11 levels and aging.
The requirement for high levels of functional ST11 may be linked to the high levels of Hsp90, which accounts
for 1-2% of total cellular protein in unstressed mammalian cells. Interestingly, during stress conditions, when
Hsp90 levels can rise up to 4% of total cellular protein, STI1 is one of the few co-chaperones noticeably
induced (Nicolet & Craig, 1989). In addition, increased levels of STI1in a BAC transgenic mouse line is linked
to augmented Hsp90 levels (Beraldo et al., 2013).

Deletion of STI1in yeast has been shown to affect Hsp90 clients, including GR activity (but not levels)
and conformation of v-Src kinase (Sahasrabudhe et al., 2017). On the other hand, other Hsp90 clients were not
affected by elimination of STI1 in yeast (Sahasrabudhe et al., 2017). In contrast, in the mouse brain we found
that the levels of a number of known Hsp90 client proteins, such as GR, Tau, and GRK2 were all dependent on
STI1. These differences in client specificity between mammalian and yeast STI1 highlights the increased
dependence of mammalian cells on regulation by co-chaperones. Our results also revealed that stability of
accessory proteins with PPlase activity as well as stability of the E3 ligase CHIP are significantly reduced in
ATPR1 mouse brain and in SN56-STI11 KO cells. Additionally, our human dataset analyses revealed that indeed
co-chaperones such as p23 and ST 11, which are not required for yeast survival, are essential in humans. Thus,
our analysis provides, to the best of our knowledge, one of the first in depth surveys of tolerability for loss of
function for different co-chaperones in mammals.

Chaperone networks have been shown to be dysregulated with age, and changes in chaperone levels in
C. elegans can affect phenotypes due to protein misfolding (Brehme et al., 2014; H. O. Song et al., 2009; Y.
Song & Masison, 2005). In C. elegans, KO of STI1 reduces lifespan (H. O. Song et al., 2009) and increases
toxicity of Alzheimer’s related proteins (Brehme et al., 2014). Additionally, sequestration of chaperones has
been observed in neurodegenerative diseases in which a-synuclein accumulates (Ebrahimi-Fakhari, Saidi, &

Wahlster, 2013) and a recent transcriptome analysis revealed ST 11 as one of many genes dysregulated in some
15
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rapidly progressing Lewy body dementia patients (Santpere et al., 2018). This sequestration of chaperones and
co-chaperones could ultimately impair their ability to guide protein folding and maturation, thereby increasing
protein aggregation, toxicity and neurodegeneration.

The hippocampus is one brain region particularly vulnerable to environmental stress, protein
aggregation and neurodegeneration (Padurariu et al., 2012; Robitsek, Ratner, Stewart, Eichenbaum, & Farb,
2015; Steffenach et al., 2002). Hippocampal CA3 neurons support spatial memory (Gilbert & Brushfield, 2009)
due to their excitatory and modifiable connections with the dentate gyrus and CAL regions. Damage to the CA3
region has been shown to produce deficits in spatial memory (I. Lee et al., 2005; J. S. Li & Chao, 2008;
Steffenach et al., 2002). We found that hippocampal neurons in the CAL region show increased features related
to degeneration. Most remarkably, we found a pronounced age-dependent loss of CA3 neurons. In agreement
with loss of CA3 neurons we found that spatial memory recall in ATPR1 mice is severely compromised. The
profound and widespread alteration in Hsp90 client proteins, including GR and other critical proteins involved
in neuronal resilience/function, may be critical for the phenotypes observed in ATPR1 mice. However, whether
these effects of STI1 in neurons are cell autonomous or non-cell autonomous will need to be further
investigated (Lackie et al., 2017). Future experiments using conditional approaches to mutate STI1 in neurons
or glia are warranted to explore these mechanisms.

In complement with our findings of decreased resilience in aging cells with compromised
Hsp70/Hsp90/ST 11, recent experiments have shown that partial inhibition of the Hsp90 system can increase life
span in a mouse model of aging, by killing cells with a senescent phenotype that contribute to overall organism
inflammation and cellular stress (Fuhrmann-Stroissnigg et al., 2017). Our experiments demonstrated that ST11
might be exploited as a key inhibitor of the Hsp90 system to influence a host of client proteins in the
mammalian brain and could be used to modulate Hsp90 activity efficiently. Overall, it will be critical to find a
balance between chaperone network activity that allows neurons to cope with increased stress of aging and still
allow for proper disposal of damaged or senescent cells, which may be particularly reliant on Hsp90 activity to
maintain proteostasis for survival (Rodina et al., 2016).

CONCLUSIONS
16
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Our results illuminate a requirement for optimal STI1 activity to maintain healthy hippocampal aging in
mammals. Mechanistically, reduced STI1 levels can affect the efficient transfer of clients between
Hsp70/Hsp90, reducing their stability, but it can also affect signalling in neurons. Our results significantly
extend the knowledge about STI1 functions, centering this protein as a master regulator of chaperone activity,
having an essential role for proteostasis of Hsp70/Hsp90/STI1 client proteins and survival of selective neuronal
populations.

Material and Methods

Mouse line generation

We used Cre/loxP technology to generate mice expressing the hypomorphic Stipl allele lacking the
TPR1 domain (ATPR1). Genetically-modified mice were generated by Ozgene (Perth, Australia) on a
C57BL/6J ES genetic background using standard homologous recombination techniques. In short, an FRT -
flanked PGK-neomycin cassette was inserted upstream of exon 2. LoxP sites were inserted upstream of the
selection cassette and downstream of exon 3. The construct was electroporated into embryonic stem (ES) cells
from C57BL/6J mice and targeted ES cells were injected into C57BL/6J blastocysts. Chimeric mice obtained
were crossed to C57BL/6J mice to generate ST11-flox mice. To remove the selection cassette, ST11-flox mice
were crossed to OzFIpE, a knock-in line that contains the FIpE variant of the Saccharomyces cerevisiae FLP 1
recombinase at the Rosa26 locus. Mice that had the selection cassette deleted were backcrossed to C57BL/6J to
remove FIpE. The ATPR1 mice were obtained by crossing ST11-flox to OzCre mice (PGK-Cre at the Rosa26
locus), which allowed for germline deletion of exons 2 and 3. Backcrossing to C57BL/6J allowed the removal
of the Cre transgene. Male mice were used for all experiments.

Ethics Statement

Animals were housed and maintained at The University of Western Ontario by the Animal Care and
Veterinary Services. Animals were used as outlined in our Animal Use Protocols (2016-103; 2016-104), which
adhered to the Canadian Council of Animal Care (CCAC) guidelines. Animals were housed with 3-4
littermates/cage, and had ad libitum access to food (Harlan, Indianapolis, IN, USA) and water in standard

plexiglass cages in a room with light/dark cycle from 7am-7pm in temperature and humidity-controlled rooms
17
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(22-25°C, with 40-60% humidity). Animals were regularly monitored by Animal Care and Veterinary Services
Staff and by the researchers and technicians in the lab.

Mouse embryonic fibroblast (MEF) culture

MEF cultures were generated as previously described (Beraldo et al., 2013; Migliorini et al., 2002).
Heterozygous breeding pairs were used and E13.5 embryos were collected and isolated for culture, with 3-5
embryos/genotype being collected for each experiment. Embryos were dissected in Hanks Balanced Salt
Solution on ice. Head and liver were excluded, and all other tissues were used to generate MEF cultures.
Cultures were grown in 10% FBS (Gibco, Waltham, MA, USA), 1% L-Glutamine (Gibco, Waltham, MA,
USA), 1% penicillin-streptomycin (10,000 U/mL, Gibco, Waltham, MA, USA) in DMEM (Wisent, St. Bruno,
QC, CA). Media was changed every 3-4 days or as required. MEFs were grown for several passages and frozen
at passage 2 (P2), P3, P4 and P6. Western blotting and g-PCR were performed on P4 MEFs, to guarantee that
maternal STI1 was not affecting growth and patterns of protein expression (Beraldo et al., 2013). 2 x 106
cells/mL were frozen in 10% DMSO, 20% FBS in DMEM for 24 hours at -80°C, then transferred to liquid
nitrogen for long-term storage. Before their use for experiments, MEFs were thawed and plated in T25 flasks in
media with 20% FBS, allowed to reach 70-80% confluency, then split to smaller plates in normal medium, as
required.

Generation of SN56- STI1 KO cells using CRISPR/Cas9

The guide RNAs for the mouse Stipl gene (STI1 Top 1: S’>CACCGGTAGTCTCCTTTCTTGGCGT 3”
and STI1 Bottom 1 5’AAACACGCCAAGAAAGGAGACTACC 3’) were designed using Optimized CRISPR
Design (http://crispr.mit.edu/). They were phosphorylated, annealed and cloned at Bbsl enzyme restriction site
into the px330 modified vector (Addgene, Watertown, MA, USA) (Etoc et al., 2016), according to instructions
from Addgene. The construct was sequenced and used to transfect SN56 cells with Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). Clones were then isolated by serial dilution. Isolated clones were grown
separately. Immunoblot analysis was used to determine clones showing complete STI1 KO. Although several

clones were obtained with decreased levels of STI1, only one clone showed complete elimination of STI1
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protein expression and this clone was expanded and used to further investigate Hsp90 client proteins and co-
chaperones.

Quantitative RT-PCR

RNA was isolated using the Aurum Total RNA Fatty and Fibrous Tissue Pack (Cat# 732-6870) Bio-Rad
kit according to the manufacturer’s instructions. cDNA was synthesized using 2 ug RNA according to protocol
(Applied Biosystems, Foster City, CA, USA). DNA was diluted and gPCR performed using SYBR Green, on a
Bio-Rad CFX96 thermocycler.

Cortices from 14-16 months old perfused male mice or lysates collected from MEFs were stored in
TRIzol and then frozen on dry ice before transfer to -80°C. Samples were homogenized in TRIzol and RNA
was isolated using the Aurum Total RNA for fatty and fibrous tissue kit. cDNA was generated as described in
Beraldo et al. (2013). B-actin was used to normalize mRNA levels and negative controls were included (four to
five distinct tissue extracts per genotype on each plate). The following primers were used to assess mMRNA
levels. STI1-F: 5’- GCCAAGAAAGGAGACTACCAG-3’ and STII-R: 5’-
TCATAGGTTCGTTTGGCTTCC-3’for exons 2 and 3 and STI11-97F: ACCCCAGATGTGCTCAAGAA and
STI11-97R: TCTCCTCCAAAGCCAAGTCA for exons 8 and 9. Hsp90a-F.CCACCCTGCTCTGTACTACT;

Hsp900- R:CCAGGGCA TCTGAAGCATTA; Hsp90B-F: CTCGGCTTTCCCGTCAAGAT, Hsp90B-R:

GTCCAGGGCATCTGAAGCAT, Hsp70-R: ACCTTGACAGTAATCGGTGC, Hsp70-F:
CTCCCGGTGTGGTCTAGAAA, HSF1-F: GATGACACCGAGTTCCAGCA, HSF1-R:
CACTCTTCAGGGTGGACACG, CHIP-F: CTTCTACCCTCAATTCCGCCT, CHIP-R:

CATTGAGAAGTGGCCTTCCGA, Pinl-177F: AAGCAGACGCTCCATACCTG, Pinl-177R:
AGAGTCTGGACACGTGGGTA,  Fkbp5-83F: CTGCTGTGGTGGAAGGACAT,  Fkbp5-83R:
TCCCAATCGGAATGTCGTGG, Nr3cl-160F: TGTGAGTTCTCCTCCGTCCA, Nr3c1-160R:
GTAATTGTGCTGTCCTTCCACTG, Mapt-200F: AACCAGTATGGCTGACCCTC,

Mapt-200R: TCACGTCTTCAGCAGTTGGA, Grk2-119F: CTGCCAGAGCCCAGCATC,

Grk2-119R: AGGCAGAAGTCCCGGAAAAG, Actin-F: TGGAATCCTGTGGCATCCATGA, Actin-

R: AATGCCTGGGTACATGGTGGTA.
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Immunofluorescence

Immunofluorescent labelling of fixed cell cultures was conducted as previously described (Beraldo et
al., 2013). For MEFs, P4 cells were used. Cells were split from T25 flasks at a density of 6 x 104 cells to 24-
well dishes with poly-lysine coated coverslips. Once MEFs reached 80% confluence (~2-4 days), media was
removed, coverslips were washed three times with PBS and then fixed for 20 minutes with 4% cold
paraformaldehyde (PFA). After three PBS 0.5% Triton X-100 washes, cells were blocked in 0.5% Triton X-100
and 5% bovine serum albumin (BSA) in PBS for one hour at room temperature (RT) before overnight
incubation with primary antibodies in 0.1% Triton X-100 and 0.1% BSA in PBS at 4°C. Cells were incubated
with STI1 antibody (1:200 in-house antibody generated by Bethyl Laboratories Montgomery, USA using
recombinant STI1), anti-Hsp70 (1:100, Catalog# Ab2787, Mouse mADb, Abcam, Cambridge, UK), anti-Hsp90
(1:50, Catalog# 4877, Rabbit mAb, Cell Signalling, Danvers, MA, USA). Alexa Fluor-conjugated secondary
antibodies (Molecular probes) were used at 1:800 in 0.5% bovine serum albumin and 0.1% Triton X-100 in
PBS. Cells were counterstained with DAPI, mounted onto slides using Immu-Mount (Thermo Scientific,
Waltham, MA, USA) and imaged using Leica TCS SP8 (Leica Microsystems Inc., Ontario, Canada) confocal
system (63X objective, N.A. of 1.4 and 40X objective, N.A. of 1.3). Two-three coverslips per embryo were
imaged and 8 random fields of view were captured for each coverslip by a researcher blind to genotypes.

RNA-seq analysis

For RNA sequencing, 5 WT and 5 homozygous ATPR1 samples were used. Briefly, tissue was
homogenized in TRIzol before phase separation with chloroform. After cold centrifugation, top aqueous layer
containing RNA was isolated. RNA was precipitated with 100% ethanol and pellet was collected after
centrifugation. RNA pellet was washed with 85% ethanol before drying and resuspending in DEPC treated
water. RNA quality was determined with RNA 2100 Bioanalyzer (Agilent, Santa Clara, CA USA), and samples
with RIN values ranged between 8.2 and 8.7 were used. Sequencing-compatible poly(A)-terminated single-end
libraries were generated using an RNA Library prep kit (SENSE Total RNA-Seq Library Prep Kit, 009;
Lexogen, Vienna, Austria) following manufacturer’s instructions. Libraries were barcoded and sequenced on a

NextSeq Series Sequencing System (HUJI Center for Genomic Technologies) using Illlumina flow cell
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(HMlumina 500 NextSeq High Output v2 Kit, FC-404-2005; Illumina, San Diego, CA, USA). The sequencing
data were uploaded to the usegalaxy.org (Afgan et al., 2016) web platform for further analysis. All reads were
aligned to the mouse reference genome (GRCm38/mm10) with an average 93.7% mapping (TopHat2) (Kim et
al., 2013). Gene expression counts were generated using HTseq-count (Anders, Pyl, & Huber, 2015)
(GRCmM38/mm10) and expression analysis was performed using the Bioconductor DESeg2 (Love, Huber, &
Anders, 2014) software via R platform (Team, 2017). Libraries from all samples were overall similar in depth.

Cell death and viability assay

Cell death was assessed by the Live/Dead Viability/Cytotoxicity Kit assay for mammalian cells (Cat#
L3224, Thermo Fisher Scientific — Invitrogen, Waltham, CA, USA-) as previously described (Beraldo et al.,
2016; Beraldo et al., 2013; Soares et al., 2013). Briefly, SN56 cells and P4 MEFs were incubated with the
calcein-AM/ethidium homodimer mix according to the manufacturer’s instructions in the original medium for
45 min and then washed 3 times with Krebs-Ringer HEPES (KRH) buffer. Images were collected using the
LSM 510 META ConfoCor2 equipped with a 10x/0.3 objective. 488 nm laser was used to detect for calcein
(live cells) or ethidium homodimer (dead cells). Cell death levels were quantified as the percentage of dead cells
relative to the total number of cells. The numbers of live and dead cells were quantified, with 4-5 embryos per
genotype and each embryo in duplicate or triplicate. Eight randomized fields of view within the well were
analysed.

Viability of SN56-STI1 KO cells was also assessed using CellTiter-Glo® Luminescent Cell Viability
Assay (Catalog # G7570, Promega, Madison, WI, USA) which quantifies levels of ATP, which is an indirect
measure of number of cells. Experiments were conducted following manufacturer’s instructions. Briefly, cells
were plated in 96-well plates, serum starved then treated to lyse cells and release ATP. A recombinant
luciferase is added to the cells then relative luminescence is collected using a plate reader. For the Thapsigargin
(Catalog# 586005, Millipore, Burlington, MA, USA) treatment to induce ER stress, cells were treated at a
concentration of 10 uM for 24 h.

BrdU proliferation assay
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BrdU proliferation assay was performed as described previously (Beraldo et al., 2013). P4 MEFs were
serum starved for 24 h before 30 uM BrdU (dissolved in sterile water) was added to serum-free culture media
for 1.5 h. Media was removed and cells were fixed with cold 4% PFA for 20 minutes. Cells were washed with
PBS three times then treated with 2 M HCI for 30 minutes. Acid was quickly removed and 9.1 M Sodium
Borate was added to cells for 12 minutes. Cells were then washed with PBS three times, blocked for 1 hin PBS
+ 0.3% Triton X-100 and 5% normal goat serum, and then incubated overnight at 4°C with anti-BrdU biotin
conjugate (1:100, Catalog# MAB3262B, Millipore, Burlington, MA, USA), followed by incubation with
Streptavidin Alexa Fluor 488 conjugate (1:800, Catalog# S32354, Invitrogen, Waltham, MA, USA). Cells were
washed with PBS then treated for 20 minutes with Hoechst. The BrdU positive nuclei were quantified and
compared to total nuclei, with 4-5 embryos per genotype. Experiments were replicated three times.
Experimenter was blind during image capture.

Expression of STI1 recombinant domains in bacteria

Expression of recombinant STI1 and analysis of STI1 antibody interaction with STI11 domains was
performed as previously described (Maciejewski et al., 2016).

Western Blotting

Mice were decapitated and brains were rapidly excised. Cortex and hippocampus were dissected on ice
and flash frozen on dry ice before transferred to -80°C. Protein extraction and Western blot were carried out as
previously described (Beraldo et al., 2013; Guzman et al., 2011). Briefly, protein was extracted from whole cell
lysates or brain tissues using ice cold RIPAlysis buffer with protease and phosphatase inhibitors. Samples were
sonicated using sonic dismembrator 3 x 7 s, rocked for 20 minutes then centrifuged for 20 minutes at 10,000 g
at 4°C. Supernatantwas collected and used for quantifying protein concentration using the Bio-Rad DC Protein
assay. 5-30 pg of protein was loaded on Bolt 4-12% Bis-Tris gradient gels. The primary antibodies used in
immunoblotting were: anti-STI11 (1:5000, in-house antibody generated by Bethyl Laboratories Montgomery,
USA) (Beraldo et al., 2013), anti-Hsp90 (1:1000, Catalog# 4877, Cell Signalling, Danvers, MA, USA), anti-
Hsp70 (1:1000, Catalog# ab2787, Abcam, Cambridge, UK), anti-Hsp40 (1:1000, Catalog# 4868, Cell

Signalling, Danvers, MA, USA) anti-CHIP (1:1000, Catalog# 2080, Cell Signalling, Danvers, MA, USA), anti-
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Glucocorticoid Receptor (1:1000, Catalog# 3660, Cell Signalling, Danvers, MA, USA), anti-HSF1 (1:1000,
Catalog# 4356, Cell Signalling, Danvers, MA, USA), anti-Hsp90p (1:1000, Catalog# 5087, Cell Signalling,
Danvers, MA, USA), anti-GRK2 (1:1000, Catalog# 3982, Cell Signalling, Danvers, MA, USA) anti-FKBP51
(2:2000, ab2901, Abcam, Cambridge, UK), anti-CypA (1:2000, Catalog# ab126738, Abcam, Cambridge, UK),
anti-tau H150 (1:200, Catalog# sc-5587, Santa Cruz, Dalla, TX, USA), anti-Pinl1 (1:250, Catalog# sc-15340,
Santa Cruz, Dalla, TX, USA), anti-Ahsal (1:1000, Catalog# 12841, Cell Signalling, Danvers, MA, USA), anti-
Cdc37 (1:1000, Catalog# 4793, Cell Signalling, Danvers, MA, USA), anti-p23 (1:1000, Catalog#: NB300-576,
Novus Biologicals; Biotechne, Littleton, CO, USA). Protein expression was quantified using the Alpha
Innotech software for the FluoroChemQ chemiluminescent exposure system (Alpha Innotech; GE Healthcare,
London, ON, Canada) or ImageLab for ChemiDoc system (BioRad, Hercules, CA, USA). Expression data was
relative to B-actin (1:25000, Catalog # A3854, Sigma, St. Louis, MO, USA) and normalized to WT controls. At
least 2 independent blots were produced with no less than four animals analyzed for each protein (generally
n=4-9).

Silver Staining

Silver staining was performed as described previously (Kolisnyk et al., 2016). Briefly, after trans-cardial
perfusion, mouse brains were fixed in 4% PFA for 48 h before long-term storage in PBS + 0.02% sodium azide.
Brains were cut using Leica VT1000S Vibratome, at 30 um thickness and sections were stored free floating in
PBS + 0.02% sodium azide. Using 6-well plates and net-wells, free-floating sections were stained with the
NeuroSilver™ staining kit 11 (Catalog#: PK301, FD NeuroTechnologies, Inc., Baltimore, MD, USA) following
manufacturer’s instructions. This kit labels degenerating neuronal bodies, processes and terminals. Images were
taken using Zeiss Axioskop Optical Microscope at 20X magnification, with two images being taken along the
dentate gyrus, from the apex to the hilus/opening of the blades, three images of the CA3, respective to CA3
subfields (CA3a, CA3b, CA3c), and one image from the CAL region. At least 4 sections from 4
animals/genotype were stained and sections selected were at least 120 um apart. Using ImageJ (Fiji) Software

(NIH, Bethesda, MD, USA), images were converted to 8 bits and thresholded to make the silver particles black
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and background white (Circularity of 0-0.65). Particles were numbered and averaged for each animal. The same
parameters were used for each section, animal and both genotypes.

NeuN Staining and Hippocampal Neuron Density

NeuN staining was performed as described previously (Kolisnyk et al., 2016). Briefly, 30 um thick
sections were mounted onto charged microscope slides, boiled in 10 mM sodium citrate for 20 minutes and then
cooled for 40 minutes to room temperature for antigen retrieval. Sections were then washed three times in
water, then immersed in 3% hydrogen peroxide for 10 minutes, followed by two washes in 0.025% Triton-X
PBS. Tissue was blocked in 10% normal goat serum and 1% BSA in PBS for 2 h, at RT. Sections were
incubated with anti-NeuN (1:15000, Catalog# ab104224, Mouse mAb, Abcam, Cambridge, UK) overnight at
4°C, washed twice with 0.025% Triton-X in PBS, then incubated for 1 h in biotinylated goat anti-mouse
secondary antibody (1:200, Catalog# BA9200, Vector Laboratories, Burlingame, CA, USA). Following washes,
sections were incubated for 30 minutes in Vectastain Elite ABC Kit (Catalog# PK-6100, Vector Laboratories,
Burlingame, CA, USA) following manufacturer’s instructions. Next, sections were treated with DAB
Peroxidase Substrate Kit (Catalog# SK-4100, Vector Laboratories, Burlingame, CA, USA) following
manufacturer’s instructions. Sections were washed, then dehydrated and cleared using a series of ethanol and
xylene washes. Staining was performed in 3-5 months old and 14-16 months old mice. Four sections at least 60
pum apart were selected from each animal to allow for unbiased selection within similar coordinates for each
animal, starting around Lateral 2.356 mm (sagittal sections). Images were taken using Zeiss Axioskop Optical
Microscope at 20X magnification. For each section, one image of each subfield of the CA3 region of the
hippocampus was taken (CA3a, CA3b, CA3c) and one along the CAL. The number of NeuN cells in each
subfield of the CA3 was counted, in each section and averaged per animal. The number of NeuN positive cells
was then averaged across four to five animals, per genotype. By adding the number of cells across each CA3
subfield, the average sum of neurons in the CA3 was also quantified. The experimenter was blind to genotypes
during imaging and quantification.

Metabolic Cages

24


https://doi.org/10.1101/258673

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

bioRxiv preprint doi: https://doi.org/10.1101/258673; this version posted February 13, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Analysis of mouse activity, food and water intake, oxygen consumption, carbon dioxide production and
sleep cycles was analyzed using The Comprehensive Lab Animal Monitoring System as previously described
(Guzmanetal., 2013; Janickova et al., 2017; Roy et al., 2013).

Morris Water Maze (MWM)

The spatial version of the MWM was performed as described elsewhere (Beraldo et al., 2015; Kolisnyk
et al., 2016; Kolisnyk et al., 2013). Nine-ten animals/genotype were used in MWM based on previous estimates
using this protocol (Beraldo et al., 2015; Kolisnyk et al., 2016; Kolisnyk et al., 2013) and mice were tested at 9
months of age. Animals were allowed to acclimatize to the room for 30 minutes before the start of the
experiment. Experiments were performed in a 22-24°C room. Mice were placed in a 1.5 m diameter pool (water
temperature was 26°C) with a transparent plastic platform 1 cm below water surface. Two large lamps next to
the pool were lit all throughout the experiment and spatial cues were present on the walls. Mice were
counterbalanced and trained over four days to find a platform in one quadrant of the water maze. Animals had
four training sessions per day lasting 90 s each (with a 15 min inter-trial interval). If a mouse failed to reach the
platform it was positioned on it for 10 seconds before being removed from the pool. In analysis, a 60 s latency
to reach platform value was input for animals that exceeded 60 s before reaching the platform and ending the
trial. On the fifth day, mice were placed in the pool once (without the platform) for 60 s. Time spent in target
quadrant was compared to other quadrants. Activity and behaviour were recorded with ANY -Maze Software.
The researcher was not blind to genotypes during experiments, and animals were randomly allocated as for the
order they did the task. Target quadrant and analysis was blind.

Analysis of Hsp90 and co-chaperone variants in human datasets

We evaluated the frequency of loss-of-function variants (protein truncating variants, PTVs) in multiple
large datasets aggregating human genetic information. Specifically, we sought PTVs in the following genes:
STI1, HSP90AAL, HSP90AB1, PTGES3, AHSAL, FKBP5, PIN1, STUBL, CDC37, PPIA, PPP5C,and SGTA.
To assess the frequency of PTVs in these genes in a large and ethnically diverse cohort of relatively healthy
individuals, and to extract the probability of loss-of-function (pLI) score for each gene, we used the Exome

Aggregation Consortium (EXAC, n=60,706) and the Genome Aggregation Database (gnomAD, n=138,632),
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(Consortium, 2013; Lek et al., 2016). We also assessed the frequency of PTVs, missense variants, insertions,
deletions, and/or duplications in these genes of interest in a cohort of clinically-ascertained individuals. To this
end, we used the GWAS Catalog, ClinVar, and DatabasE of genomiC varlation and Phenotype in Humans
using Ensembl Resources (DECIPHER) (Firth et al., 2009; Landrum et al., 2016; MacArthur et al., 2017; Mick
et al., 2011; Miller et al., 2010; Stenson et al., 2017). We did not use the Human Gene Mutation Database
(HGMD) as this resource is no longer open-source, and currently only provides minimal information for
variants identified in patients. We applied the following criteria to ensure that PTVs observed are likely to be
true PTVs: 1) ensuring the PTV is present in the canonical transcript; 2) the PTV occurs prior to the last exon of
the gene; and 3) the site and the surrounding region of the PTV are sufficiently covered, 4) there is adequate
allele balance between the reference allele and the alternate allele for heterozygous PTVs, and 5) the variant
does not display strand bias. For variation reported by ClinVar and DECIPHER, we only included information
on cases with single nucleotide variants (SNVs), small insertions or deletions (indels), or copy number variation
(CNV, gain and loss) of large genomic regions, that were classified as either ‘pathogenic’ or ‘likely pathogenic’
by each database’s respective criteria. Due to the difficulty in sequencing regions of HSPA1A (Hsp70), an
accurate pLI score was not obtained for this gene.

Statistical Analyses

Data were compiled and analyzed using GraphPad Prism 6.0 Software and results are represented as
Mean + SEM. Comparison of two groups was analyzed using Student’s t-test (two sided). For groups larger
than two, One or Two-Way ANOVA or Repeated Measures Two-Way ANOVA was used when needed and
Post-hoc tests corrected for multiple comparisons was used when required. Mouse birth frequencies were

analysed by the Chi-Square test.
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Figure Legends:

Figure 1: Hsp70/Hsp90 chaperone machinery can support protein maturation or degradation with
the help of a number of co-chaperones. This simplified cartoon demonstrates how co-chaperones of Hsp70
and Hsp90 help coordinate the transfer of client proteins to become mature, functional proteins. CHIP and ST 11
compete for Hsp70 binding and STI1 helps to mature clients by physically linking Hsp70 and Hsp90, allowing
client transfer from Hsp70 to Hsp90. Depending on client, or if the client is being marked for degradation, a

variety of other co-chaperones other than ST 11 can be employed by this machinery.

Figure 2: Generation and characterization of ATPR1 mice. A. Simplified cartoon of the Stipl gene
locus with or without recombination to remove exons 2 and 3 and the major domains of the STI1 protein with or
without the TPR1 domain (143 amino acid deletion). B. Percent survival of male WT, ATPR1 heterozygous and
ATPR1 homozygous mice from birth to final age of collection, 18 months old. (Solid black line, WT; HET
smaller black dash with dots; ATPR1 small black dots). C. Analysis of adult (15-18 months old) cortical brain
tissue STIL transcripts using primers for exons 2 and 3 (see primer location on A), which amplify full length
STI1 mRNA but not ATPR1 mRNA. D. gPCR analysis for STI1 transcripts using primers for exons 8 and 9
(see primer location on A, N=8) which amplify both full length and ATPR1 mRNA. E. Representative Western
blots of STI1 expression in adult cortical brain extracts. Arrow full-length STI1, arrowhead ATPR1 protein. F.
Quantitative analysis of STI1 levels in WT (white bar), ATPR1 heterozygous (WT/ATPR1: HET) for full length
STI1 (66 kDa, light grey bar) and truncated protein (53 kDa, dark grey bar with stripes) and homozygous
ATPRI1 mice (black bar). Data are mean £+SEM (N=8). One-way ANOVA with corrections for multiple
comparisons with Dunnett’s test. G. Surface plasmon resonance analysis of affinity of ST 11 antibody for each
domain of STI1. H. Comparison of body weights of mice from 1-70 weeks of age (closed circle for WT and

dark triangle for ATPR1 mice). N=7-10 mice for each time point. Data analyzed using Two-Way ANOVA,
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multiple comparisons corrected with Sidak’s test. WT (WT/WT), HET (WT/ATPR1), ATPR1 (ATPRVATPRL1).

Data are mean +SEM (*p<0.05, **p<0.001, ***p<0.0001). J.

Figure 3. Hsp70 and Hsp90 is unaltered in ATPR1 brain tissue and MEFs.

A. Hsp90B mRNA expression in adult cortical brain tissue. B. Hsp70 mRNA expression in adult
cortical brain tissue. (N=4). C. Representative Western Blots for Hsp90 and Hsp70 expression in male adult
mice cortical tissue (N=4/genotype). D-F. Quantification of total Hsp90, Hsp90p or Hsp70 protein levels in
WT, HET and ATPRI1 cortical tissue. G. Immunofluorescence analysis of the localization of Hsp90 (red); H.
Hsp70 (red) and ST 11 (green) in MEFs. Scale bar= 50 pm.

Figure 4. HSF1 and Hsp90 co-chaperones in aged ATPR1 cortices.

A. Representative immunoblots for Heat Shock Factor 1 (HSF1) and Hsp40 in cortical extracts. B-C.
Densitometric quantification of HSF1 and Hsp40 protein levels respectively (N=4/genotype). D. Representative
immunoblot for FKBP51in WT and ATPRI1 male adult cortical extracts. E. Quantification of FKBP51 protein
levels (N=5/genotype). F. Representative immunoblots of Hsp90 co-chaperones Ahal, p23, and Cdc37. G-I
Densitometric quantification of Ahal, p23 and Cdc37 protein levels respectively (N=4/genotype). WT
(WT/WT),HET (WT/ATPR1), ATPR1(ATPR1/ATPR1). J. Immunoblotof STI1, CHIP and Pinl in cortical
lysates. K. & L. Densitometric quantification of CHIP and Pinl. M. & N. Cyclophilin A (CypA) protein
expression in cortical lysates and quantification. (N=4 for WT and ATPR1 and N=4 for HET for CHIP and N=8

for all genotypes for Pinl). All data are Mean £ S.E.M. *p<0.05, **p<0.01, *** p<0.0001.

Figure 5. Disturbed client protein levels in aged ATPR1 mouse brain.

A. Representative immunoblots for glucocorticoid receptor (GR) and STI1 in aged cortical lysates and
actin loading control in male cortical lysates. B. Quantification of glucocorticoid receptor levels
(N=8/genotype). C. Confocal image of Glucocorticoid receptor expression in cortex of 15-18-month-old mice
(63x). Zoom inset of 1.5. Scale bar 10 um. D-F. Tau and GRK2 protein expression in cortical lysates. F.

Quantification of total tau levels (N=4/genotype). F. Quantification of GRK2 levels in cortical brain
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homogenates (N=7/genotype). Dataare Mean + S.E.M. *p<0.05, **p<0.01, *** p<0.0001. G. Representative
immunoblots probing for the levels of GR and Pinl hippocampal lysates from 15-18-month-old mice. H. & I.
Quantification of GR and Pinl levels (N=4 for all blots). J. & K. Representative images of GR staining in CA3
and CA1l of 18-month-old WT and ATPRI male mice. WT (WT/WT), HET (WT/ATPR1), ATPR1

(ATPR1/ATPR1). All dataare Mean + S.E.M. *p<0.05, **p<0.01, *** p<0.0001.

Figure 6. CRISPR/Cas9 SN56-STI1 KO cells have similar disruption of client and co-chaperone
expression as ATPR1 mice.

A. Representative immunoblots for panHsp90, STI1 and Hsp70 expression in SN56 cells. B-D.
Densitometric quantification of Hsp90, STI1 and Hsp70 protein expression relative to WT cells. E.
Representative immunoblots for glucocorticoid receptor, STI1and CHIP in SN56-STI11 KO cells (images from
the same blot, just cropped due to spaces left between samples) F. Quantification of GR levels. G.
Quantification of CHIP levels. H. Representative immunoblots for GRK2, FKBP51 and CypA protein levels. 1-
K. Densitometric quantification of GRK2, FKBP51 and CypA protein levels respectively (images from the
same blot, just cropped due to spaces left between samples). L. Rescue experiments with HA-tagged STI11. M-
P. Quantification by densitometry for GR, Pinl, CHIP and CypA respectively. Data analyzed using Student’s t-
test (N=4 dishes)- for N-P, One-way ANOVA. STI1-KO in immunoblots represents the SN56-ST11 KO cells.

All data are Mean = S.E.M. *p<0.05, **p<0.01, *** p<0.0001.

Figure 7. Reduced viability of cells with dysfunctional STI1.

A. Live-Dead assay in WT and SN56-ST 11 KO cells and data calculated as the percentage of dead cells
(# of dead cells/#dead+#live cells). B. CellTiter-Glo Luminescent Cell Viability Assay in SN56-STI11 KO cells
treated with 10 uM Thapsigargin in complete media for 24 h. C. Live-Dead Assay in P4 MEFs from ATPR1
mice. Scale bars 100 um. D. Percentage of cell death. E. MEFs from ATPR1 mice were treated with 30 uM
BrdU for 1.5h, and then fixed and stained for BrdU. F. Quantification of percentage of BrdU positive

nuclei/total nuclei analysis to assess MEF proliferation (Scale bars 50 pm) (N=4-5 independent MEF
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cultures/genotype, Data analyzed with Student’s t-test). WT (WT/WT), ATPR1 (ATPRL/ATPR1). All data are

Mean + S.E.M. *p<0.05, **p<0.01, *** p<0.0001.

Figure 8. Neurodegeneration in aged ATPR1 mice.

A, C, E. Silver staining in 15-18-month-old male mice. A. Representative images of silver staining in
the dentate gyrus (at 20X magnification). Raw image and deconvoluted/thresholded image are shown to
visualize silver particles. B. Quantitative analysis of silver particles in dentate gyrus (N=4/genotype). C. Silver
staining in the CAL region. D. Quantification of silver staining in the CA1 region. E. Silver staining in CA3
subfields, CA3a, CA3b and CA3c. Arrows indicate noticeable thinning of CA3 neuronal layer in ATPR1 mice
compared to littermate controls. F-1. Quantitative analysis of silver particles in hippocampal CA3 region. WT

(WT/WT),ATPR1 (ATPR1/ATPR1). All data are Mean + S.E.M. *p<0.05 Student’s t-test. Scale bars 50 pm.

Figure 9. Age -dependent neuronal loss in CA3 region of the hippocampus. A. Representative
micrographs of NeuN staining in CA3 region of 3-5-month-old male mice (at 10X magnification). B-D.
Average NeuN positive neurons in all CA3 subfields per section. (N=4-5 animals/genotype). E. NeuN staining
in the CA3 region of 15-18-month-old mice (at 10X magnification). F-H. Average NeuN positive neurons per
section relative to WT. Data analyzed using Student’s t-test (N=4-5/genotype). I. STI1 expression in
hippocampal lysates from C57BL/6 male mice at 4 months and 15 months of age. J. Densitometric
quantification of STI1 protein levels, normalized to control and relative to actin. WT (WT/WT), ATPR1
(ATPR1/ATPR1). All dataare Mean + S.E.M. *p<0.05, **p<0.01, *** p<0.0001. Scale bars represent 50 um

for 20X images and 150 um for 10X images.

Figure 10. Spatial memory deficits in ATPR1 mice.
Spatial Morris Water Maze test in 9-month-old mice. A-C. Measures of learning during the acquisition
phase of the task. This is measured by latency to find the target platform A., average distance travelled to reach

platform B., and mean speed (m/s) travelled before reaching platform C.. D. Represents the probe trial in which
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the mouse is placed in pool without platform and percentage of time spent in each quadrant is recorded.
(T=target quadrant, O=opposite quadrant, L=left, R=right- with respect to target quadrant). Data analyzed using

Two-Way ANOVA Repeat Measures. (n=9-10/genotype).

Supplementary Table 1: Analysis of probability of loss-of-function (pLI) score for STIP1,
HSP90AAL, HSP90ABL1, and other Hsp90 co-chaperones from publicly available databases for healthy
and diseased patients: Genetic information of STI1, HSP90AA1, HSP90AB1, PTGES3, AHSAL, FKBP5, PIN1,
STUB1, CDC37, PPIA, PPP5C, and SGTA, aggregated using publically available databases and repositories of

healthy controls and disease-ascertained individuals.

Supplementary Figure 1. Unaltered Transcriptome in ATPR1 mice. Transcriptional changes
between RNA samples from the cortex of 5 STI1 WT and 5 STI1 ATPRI mice were analyzed by long RNA-
sequencing. Bioinformatic analysis showed minimal variance between the samples in both A) sample distance

matrix and B) principal component analysis.
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Table 1 Metabolic parameters of mutant mice and littermate controls

Light Dark
WT (N=) ATPR1 (N=8) WT (N=7) ATPRI1 (N=8)
Food intake () 1.137+0.24 1.42+0.22 1.64+0.25 2.10£0.29
Water (ml) 1.15+0.24 1.34+£0.22 2.15+0.24 2.45+0.16

Amb. act. (counts/h) 366.07 + 56.47 744.93 +149.93* 2197.63 +210.08 4666.06 + 1139.59
Total act. (counts/h) 1201.36+146.92  1809.30+ 257.74*  4445.30+413.56 7904.40+1617.05

VO2 (mL/kg/h) 1959.53 + 75.42 2544.97 +£ 979.28 2284.56 + 47.09 3183.77+95.91
VCO2 (mL/kg/h) 1679.03+ 113.34 2321.37+122.71 2047.50+71.89 3005.79+90.35
EE (kcal/h) 0.42+0.02 0.38+ 0.02 0.50+0.02 0.48+0.01
RER 0.85+0.03 0.91+0.03 0.90+0.02 0.95+0.03
Body weight 44.24+1.47 30.54 + 0.92****

Sleep time 432.14+16.74 400.63+21.71 250.00 + 16.22 165.25+ 23.81

Ambulatory activity (Amb. act.) and Totalactivity (Totalact.). EE, energy expenditure; RER, respiratory
exchange ratio.
*p <0.05 and ****p<0.0001 (WT vs. ATPR1).
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Table 2- pLi score generated from human genetic data of Hsp90 co-chaperones, known function and

comparison to published knock-out mouse models.

Human Gene(protein) Protein function pLi Score Mouse Model phenotypes
(Human)

STIP1 Co-chaperone that physically links 1 Embryonically lethal at

(STI1/STIP1/HOP) Hsp70 and Hsp90 (Rohl, Tippel, et day 10.5 (Beraldo et al.,
al., 2015; Rohl, Wengler, et al., 2013)

2015; Schmid et al., 2012b)

HSP90AAL Molecular chaperone responsible for 0.68 Mice viable, but males

(Hsp90 &) several clients that include or are have deficits in
involved in: spermatogenesis (Grad et
Steroid hormone receptors, cell al., 2010)
cycle regulation, signal transduction
Inducible isoform.

HSP90AB1 Molecular chaperone responsible for 1 Embryonically lethal

(Hsp90B) several clients that include or are (Voss et al., 2000)
involved in:

Steroid hormone receptors, cell
cycle regulation, signal transduction
Constitutive isoform.

PTGES3(p23) Co-chaperone that enters the Hsp90  >0.9 Postnatal mice die early
cycle late to reduce Hsp90 ATPase due to defective lung
activity development (Grad et al.,

2006)

AHSA1(Ahal) Activates Hsp90 AT Pase activity 0.94 N/A
regulating the chaperone cycle and it
can also displace STI1 (J. Li,

Soroka, & Buchner, 2012; Retzlaff
etal., 2010)

FKBP5(FKBP51) A proline-cis/trans isomerase thatis 0.5 Viable (Yong, Yang, et
part of the Hsp90 chaperone network al., 2007)

CDC37(Cdc37) Co-chaperone that is required for the 0.96 Mice data unavailable
recruitment and maturation of Loss of CDC37 is lethal
kinases (MacLean & Picard, 2003) in C. elegans and yeast

(Beers & Kemphues,
2006)

SGTA(SGTA) Hsp90 co-chaperone that handles 0.47 Viable (Philp etal., 2016)
clients
Ubiquitin ligase (Zhang et al., 2008)

PPP5c(PP5) Phosphatase (Connarnetal., 2014; 1 Knockout mice for

Wandinger, Suhre, Wegele, &
Buchner, 2006{Connarn, 2014

#763)

PPP5c are viable (Yong,
Bao, et al., 2007)
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Supplementary Table 1. Analysis of probability of loss-of-function (pLI) score for STIPI, HSP90AA1, HSP90ABI, and other
Hsp90 co-chaperones from publicly available databases for healthy and diseased patients.

Database

Reference

Type of database (sample size)

Genetic information

ExAC

Leketal., 2016

Controls (n=60,706)

STIPI

« pLI = 1.00, extremely intolerant of loss of function variants
« 10 heterozygous PTVs, 0 homozygous PTVs
« 1 variant likely to be a true PTV

Variant Frequency

p.Tyr269Ter 1 in 60,650 individuals, 0.000008245%

HSP90AAI
« pLI = 0.68, may tolerate loss of function variants
« 16 heterozygous PTVs, 0 homozygous PTVs
« 8 variants likely to be true PTVs

Variant Frequency
p.Trp82Ter 1 in 60,702 individuals, 0.00001647%
p.GIn101ArgfsTer22 1 in 60,702 individuals, 0.00001647%
p.GIn107Ter 7 in 60,699 individuals, 0.00005766%
p.Ser287Ter 1 in 60,525 individuals, 0.000008261%
p.Lys372ArgfsTer7 1 in 55,933 individuals, 0.000008939%
p.Arg477LysfsTer18 1 in 60,666 individuals, 0.000008242%
p.Lys479ArgfsTer20 1 in 60,674 individuals, 0.00000824 1%
p.Lys681SerfsTer16 1 in 60,241 individuals, 0.000008300%
HSP90ABI

« pLI = 1.00, extremely intolerant of loss of function variants
« 4 heterozygous PTVs, 0 homozygous PTVs
« 2 variants likely to be true PTVs

Variant Frequency
p.Lys481GlufsTer9 1 in 60,695 individuals, 0.000008238%
p.Ser497Ter 1 in 60,706 individuals, 0.000008236%

PTGES3

« pLI=0.87, may tolerate loss of function variants
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« 2 heterozygous PTVs, 0 homozygous PTVs
« 1 variant likely to be a true PTV

Variant Frequency

p.Glu92GlyfsTer34 1 in 60,233 individuals, 0.000008301%

AHSAL

« pLI=0.94, extremely intolerant of loss of function variants
« 7 heterozygous PTVs, 1 homozygous PTV
« 0 variants likely to be true PTVs

FKBPS

« pLI =0.50, may tolerate loss of function variants
« 8 heterozygous PTVs, 0 homozygous PTVs
« 4 variants likely to be true PTVs

Variant Frequency
p.Asn365LysfsTer16 1 in 60,537 individuals, 0.000008259%
p.Val295AspfsTer20 1 in 60,668 individuals, 0.000008242%
p.Arg39Ter 1 in 60,378 individuals, 0.000008281%
p.Arg31GlyfsTerl3 2 in 60,667 individuals, 0.00001648%

PINI

« pLI = 0.34, may tolerate loss of function variants
« 4 heterozygous PTVs, 0 homozygous PTVs
« 0 variants likely to be true PTVs

STUB1

« pLI =0.04, may tolerate loss of function variants
« 12 heterozygous PTVs, 1 homozygous PTV
« 5 variants likely to be true PTVs

Variant Frequency
p.GIn78Ter 1 in 42.473 individuals, 0.00001177%
p.Trp147Ter 1 in 58,268 individuals, 0.000008581%
p.Argl182Ter 1 in 57,185 individuals, 0.000008744%
p.11e200MetfsTer40 1 in 59,604 individuals, 0.000008389%

p.Tyr230CysfsTer9 1 in 60,065 individuals, 0.000008324%
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CcDC37
« pLI =0.96, extremely intolerant of loss of function variants
« 4 heterozygous PTVs, 0 homozygous PTVs
« 0 variants likely to be true PTVs

PPIA
« pLI =0.81, may tolerate loss of function variants
« 2 heterozygous PTVs, 0 homozygous PTVs
« 0 variants likely to be true PTVs

PPP5C

« pLI = 1.00, extremely intolerant of loss of function variants
« 2 heterozygous PTVs, 0 homozygous PTVs

« 0 variants likely to be true PTVs

SGTA
* pLI = 0.47, may tolerate loss of function variants
* 3 heterozygous PTVs, 0 homozygous PTVs
« 0 variants likely to be true PTVs

gnomAD

Leketal., 2016

Controls (n=138,632)

STII

« 25 heterozygous PTVs, 0 homozygous PTVs
« 4 variants likely to be true PTVs

Variant Frequency
p.GIn25Ter 1 in 123,136 individuals, 4.061e-6%
p.Glul38GlyfsTer3 1 in 123,133 individuals, 4.061e-6%
p.Glu230AlafsTer12 1 in 15,484 individuals, 3.229e-5%
p.Tyr269Ter 1in 123, 117 individuals, 4.061e-6%

HSP90AAI

« 43 heterozygous PTVs, 0 homozygous PTVs
« 22 variants likely to be true PTVs

Variant Frequency
p.Pro803SerfsTer6 1 in 15,485 individuals, 3.229e-5%
p.Ala772ArgfsTer9 1 in 122,978 individuals, 4.066e-6%
p.Lys681SerfsTer16 1 in 122,842 individuals, 4.07¢-6%

p.Ala625SerfsTer2

1 in 122,960 individuals, 4.066e-6%
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p.Glu502Ter

1 in 122,976 individuals, 4.066e-6%

p.Cys496Ter

1 in 15,493 individuals, 3.227e-5%

p.Lys479ArgftsTer20

1 in 123,113 individuals, 4.061e-6%

p.Argd77LysfsTerl8

2in 123,115 individuals, 8.122e-6%

p.Glu351Ter

1in 121,447 individuals, 4.117e-6%

p.I1e250TyrfsTer19

1 in 122,978 individuals, 4.066e-6%

p.Glu242Ter

1 in 122,971 individuals, 4.066e-6%

p.Phel66Ter

1 in 123,126 individuals, 4.061e-6%

p.GInl145SerfsTer40

1in 123,126 individuals, 4.061e-6%

p.Glul37AspfsTer17

1 in 123,133 individuals, 4.061e-6%

p.GIn128ProfsTerl3

1in 123,121 individuals, 4.061e-6%

p.GIn128Ter

1 in 15,486 individuals, 3.229¢-5%

p.GIn107Ter

11 in 123,128 individuals, 4.467e-5%

p.GIn107AsnfsTer16

1in 15,486 individuals, 3.229¢-5%

p.GIn101ArgfsTer22

7in 138,619 individuals, 2.525¢-5%

p.Trp82Ter

1in 123,122 individuals, 4.061e-6%

p.Gly39LeufsTer9

1 in 121,701 individuals, 4.108e-6%

p.Aspl9ValfsTer25

1in 15,426 individuals, 3.241e-5%

HSP90ABI

« 14 heterozygous PTVs, 0 homozygous PTVs

« 4 variants likely to be true PTVs

Variant Frequency
p.Asn100IlefsTer25 1 in 123,132 individuals, 4.061e-6%
p.Tyr457ArgfsTer2 1 in 123,115 individuals, 4.061e-6%
p.Lys481GlufsTer9 1in 123,117 individuals, 4.061e-6%

p.Serd497Ter

1in 123,135 individuals, 4.061e-6%

PTGES3

« 4 heterozygous PTVs, 0 homozygous PTVs

« 2 variants likely to be true PTVs

Variant

Frequency

p.Glu92GlyfsTer34

1in 105,367 individuals, 4.745¢-6%

p.Trp86Ter

1 in 15,490 individuals, 3.228e-5%

AHSAI
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« 11 heterozygous PTVs, 1 homozygous PTV
« 0 variants likely to be true PTVs

FKBPS

« 14 heterozygous PTVs, 0 homozygous PTVs
« 4 variants likely to be true PTVs

Variant Frequency
p.Val377CysfsTer4 1 in 123,103 individuals, 4.062e-6%
p.Asn365LysfsTerl6 1 in 123,062 individuals, 4.063e-6%
p.Val295AspfsTer20 1 in 123,004 individuals, 4.065¢e-6%
p.Arg39Ter 1in 118,791 individuals, 4.209e-6%
p.Arg31GlyfsTer13 2 in 123,012 individuals, 8.129¢-6%

PINI

« 11 heterozygous PTVs, 0 homozygous PTVs
« 1 variants likely to be a true PTV

Variant Frequency

p.Asn30LysfsTer75 1 in 116,440 individuals, 4.294¢-6%

STUB1

« 17 heterozygous PTVs, 1 homozygous PTV
« 4 variants likely to be true PTVs

Variant Frequency
p.Trp147Ter 1in 122,320 individuals, 4.088e-6%
p.I1e200MetfsTer40 1 in 122,657 individuals, 4.076e-6%
p.Arg225Ter 2 in 137,975 individuals, 7.248e-6%
p.Tyr230CysfsTer9 2 in 122,785 individuals, 8.144e-6%

CDC37

« 15 heterozygous PTVs, 0 homozygous PTVs
« 2 variants likely to be true PTVs

Variant Frequency

p.Leu292ProfsTer12 1in 121,779 individuals, 4.106e-6%

p.Ile10LeufsTer59 1in 122,782 individuals, 4.072¢-6%
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PPIA
« 16 heterozygous PTVs, 0 homozygous PTVs
« 1 variant likely to be a true PTVs

Variant Frequency

¢.101-1_101delGA 2 in 121,215 individuals, 8.25e-6%

PPP5C
« 7 heterozygous PTVs, 0 homozygous PTVs
« 1 variant likely to be a true PTVs

Variant Frequency

p.GIn53Ter 1 in 15,485 individuals, 3.229¢-5%

SGTA
« 8 heterozygous PTVs, 0 homozygous PTVs
« 0 variants likely to be true PTVs

GWAS Catalog MacArthur et al., 2017 Cases and controls STI1
Mick et al., 2011 Cases and controls « Intron variant, rs11607165-G trending towards association with ADHD (P-
(n=341 cases from 339 trios) value 4x10°6)
« Association not replicated
McGue et al., 2013 Cases and controls HSP90AAI

(n=7.188)

« Intron variant, rs1190596-A trending towards association with nicotine use
(P-value 4x1076)
« Association not replicated

Astle et al., 2016

Cases and controls
(n=172.,433)

HSP90ABI

« Downstream variant, rs62401155-A may be associated with mean
corpuscular volume (P-value 6 x10°11)
« Association not replicated

Gieger et al., 2011

Cases and controls (n=66,867
individuals from 36 studies)

PTGES3

« Downstream variant, rs2950390-C may be associated with mean platelet
volume (P-value 7.45x10°14)
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« Downstream variant, rs941207-G may be associated with platelet count (P-
value 2x10°10)
« Associations not replicated

AHSAI
« No association reported
Astle etal., 2016 Cases and controls FKBPS
(n=172,435)
« Intron variant, rs7760951-C may be associated with eosinophil percentage
of white cells (P-value 1x10711)
« Intron variant, rs7760951-C may be associated with white blood cell count
(P-value 1x10711)
« Intron variant, rs7760951-C may be associated with eosinophil percentage
of granulocytes (P-value 1x10710)
« Associations not replicated
Gottlieb et al., 2014 Cases and controls PINI
(n=47,180)
«3’UTR variant, rs2287838 may be associated with sleep duration (P-value
1x1077)
« Association not replicated
STUBI
« No association reported
CDC37
« No association reported
PPIA
« No association reported
Astle et al., 2016 Cases and controls PPP5C
(n=172,435)

« Synonymous variant, rs61747094-A may be associated with basophil
percentage of white cells (P-value 2x1079)
« Association not replicated

SGTA
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« No association reported

ClinVar

Landrum et al., 2016

Cases (n=519,321 submissions)

STII

Miller et al., 2010

Cases (n=21,698 patients from 33
studies)

« Copy number gain in 11p15.5-q25; and loss in 11q12.3-13.1 (>1000 genes
implicated in some cases) in patients with abnormal morphology and
developmental disabilities.

« Copy number gain and loss are classified as ‘pathogenic’ or ‘likely
pathogenic’.

« No variants in only S77/.

HSP90AAI

Miller et al., 2010

Cases (n=21,698 patients from 33
studies)

« Copy number gain in 14q11.2-32.33, 14q24.2-32.33, 14q23.2-32.33,
14q32.2-32.33, 14q32.12-32.33, 14q24.3-32.33, 14q31.3-32.33, 14q31.2-
32.33; and loss in 14q32.2-32.33, 14q32.31-32.33, 14q32.2-32.31,
14q32.13-32.33 (>1000 genes implicated in some cases) in patients with
abnormal developmental delay and/or other significant developmental or
morphological phenotypes.

« Copy number gain and loss are classified as ‘pathogenic’.

« No variants in only HSP90AAI.

HSP90ABI

Miller et al., 2010

Cases (n=21,698 patients from 33
studies)

« Copy number gain in 6p25.3-q27, 6p25.3-12.3; and loss in 6p21.1-12.3,
6p21.2-12.3 (>100 genes implicated in some cases) in patients with short
stature, abnormality of cardiovascular system morphology, abnormality of
the ear, polydactyly, developmental delay and/or other significant
developmental or morphological phenotypes.

« Copy number gain and loss are classified as “pathogenic’.

« No variants in only HSP90ABI.

PTGES3

Miller et al., 2010

Cases (n=21,698 patients from 33
studies)

« Copy number gain in 12p13.33-q24.33 (>1000 genes implicated in some
cases) in patients with short stature, abnormality of cardiovascular system
morphology, abnormality of the ear, and/or polydactyly.



https://doi.org/10.1101/258673

bioRxiv preprint doi: https://doi.org/10.1101/258673; this version posted February 13, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

« Copy number gain is classified as ‘pathogenic’.

« No variants in only PTGES3.

AHSAI

Miller et al., 2010

Cases (n=21,698 patients from 33
studies)

« Copy number gain in 14q11.2-32.33, 14q24.2-32.33, 14q23.2-32.33,
14q24.3-32.33; and loss in 14q24.2-24.3, 14q24.3-31.1, 14q24.1-31.1,
14924.3 (>1000 genes implicated in some cases) in patients with short
stature, abnormality of cardiovascular system morphology, abnormality of
the ear, polydactyly, laryngotracheomalacia, muscular hypotonia, and/or
other significant developmental or morphological phenotypes.

« Copy number gain and loss are classified as ‘pathogenic’ or ‘likely
pathogenic’.

« No variants in only 4HSA!.

FKBPS

Miller et al., 2010

Cases (n=21,698 patients from 33
studies)

« Copy number gain in 6p25.3-q27, 6p25.3-12.3 (>1000 genes implicated in
some cases) in patients with short stature, abnormality of cardiovascular
system morphology, abnormality of the ear, polydactyly, and/or other
significant developmental or morphological phenotypes.

« Copy number gain are classified as ‘pathogenic’.

« No variants in only FKBPS.

PINI

Miller et al., 2010

Cases (n=21,698 patients from 33
studies)

« Copy number gain in 19p13.3-q13.43, 19p13.2-13.12, 19p13.2; and loss in
19p13.2 (>1000 genes implicated in some cases) in patients with short
stature, abnormality of cardiovascular system morphology, abnormality of
the ear, polydactyly, and/or global developmental delay.

« Copy number gain are classified as ‘pathogenic’ or ‘likely pathogenic’.

« No variants in only PIN/.

STUBI

Miller et al., 2010

Cases (n=21,698 patients from 33
studies)

« Copy number gain in 16p13.3-13.2, 16p13.3, 16p13.3-12.2, 16p13.3-q24.3,
16p13.3-12.3, 16p13.3-13.2, 16p13.3-11.2, 16p13.3-13.11, 16p13.3-13.12,
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Heimdal et al., 2014
Synofzik et al., 2014
Shi et al., 2013
Shietal., 2014

2 families, 4 patients

300 patients

3 families, 6 patients
1 family, 2 patients

16p13.3-13.13; and loss in 16p13.3 (>200 genes implicated in some cases)
in patients with significant developmental or morphological phenotypes.

« Copy number gain and loss are classified as ‘pathogenic’ or ‘likely
pathogenic’.

« 12 variants in STUBI, classified as “pathogenic’ or ‘likely pathogenic’
associated with autosomal recessive spinocerebellar ataxia: p.Asn65Ser,
p.Ala79Thr, p.Ala79Asp, p.Leul23Val, p.Asn130lle, p.Trp147Cys,
p.Leul65Phe, p.Ser216Phefs, p.Cys232_Gly233del, p.Met240Thr,
p.Arg241Gly, and p. Thr246Met.

CDC37

Miller et al., 2010

Cases (n=21,698 patients from 33
studies)

« Copy number gain in 19p13.3-q13.43, 19p13.2-13.12, 19p13.2-13.13; and
loss in 19p13.2 (>30 genes implicated in some cases) in patients with short

stature, abnormality of cardiovascular system morphology, abnormality of

the ear, polydactyly, and/or global developmental delay.

« Copy number gain are classified as ‘pathogenic’ or ‘likely pathogenic’.

« No variants in only CDC37.

PPIA

Miller et al., 2010

Cases (n=21,698 patients from 33
studies)

« Copy number gain in 7p22.3-q36.3, 7p21.3-12.1, 7p14-q11.21 and loss in
7p22.3-q36.3, Tpl4.1-12.3, 7p14.1-13, 7p14.1-12.1, Tpl4.1-11.2, Tp13-12.1,
7Tp13-12.3 (>200 genes implicated in some cases) in patients with
micrognathia, ventricular septal defect, abnormal facial shape, syndactyly,
intrauterine growth retardation, intellectual disability, macrocephaly, and/or
global developmental delay.

« Copy number gain are classified as “pathogenic’.

« No variants in only PPIA.

PPP3C

Miller et al., 2010

Cases (n=21,698 patients from 33
studies)

« Copy number gain in 19p13.3-q13.43, 19q13.32; and loss in 19q13.32-
13.33, 19q13.2-13.32, 19q13.32 (>40 genes implicated in some cases) in
patients with short stature, abnormality of cardiovascular system
morphology, abnormality of the ear, polydactyly, dyslexia, anxiety, and/or
tremor.
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« Copy number gain are classified as ‘pathogenic’ or ‘likely pathogenic’.

« No variants in only PPP5C.

SGTA

Miller et al., 2010

Cases (n=21,698 patients from 33
studies)

« Copy number gain in 19p13.3-q13.43, 19p13.3, 19p13.3-13.2; and loss in
19p13.3 (>90 genes implicated in some cases) in patients with shortstature,
abnormality of cardiovascular system morphology, abnormality of the ear,
polydactyly, developmental delay and/or other significant developmental or
morphological phenotypes.

« Copy number gain are classified as ‘pathogenic’ or ‘likely pathogenic’.

« No variants in only SGTA.

DECIPHER

Firth et al., 2009

Cases
(n=24,999 patient records)

STI1

Cases (n= 6)

« Copy number gain in 11q12.2-13.1, 11p11.2-q25; and loss in 11q12.3-13.1,
11p15.5-q25 (>1500 genes implicated in some cases) in patients with
abnormal morphological phenotypes and/or developmental delay.

« Copy number gain and loss are classified as ‘pathogenic’ or ‘likely
pathogenic’.

« No variants in only S771.

HSP90AAI

Cases (n=17)

« Copy number gain in 14q32.11-32.33, 14q32.31-32.32, 14q32.13-32.33,
14932.12-32.33; and loss in 14q32.1-32.33, 14q32.2-32.33,14q32.31-32.33
(>400 genes implicated in some cases) in patients with abnormal
morphological phenotypes and/or global developmental delay.

« Copy number gain and loss are classified as ‘pathogenic’ or ‘likely
pathogenic’.

« No variants in only HSP90AAI.

HSP90ABI
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Cases (n=4) « Copy number gain in 6p25.3-q13; and loss in 6p21.2-21.1, 6p21.1-12.3
(>30 genes implicated in some cases) in patients with abnormal
morphological phenotypes and/or global developmental delay.

« Copy number gain and loss are classified as ‘likely pathogenic’.
« No variants in only HSP90ABI.
PTGES3

Cases (n=4) « Copy number gain in 12q13.13-14.3, and loss in 12p13.31-q24.33 (>180
genes implicated in some cases) in patients with abnormal facial shape and
global developmental delay.

« Copy number gain and loss are classified as ‘pathogenic’ or ‘likely
pathogenic’.
« No variants in only PTGES3.

AHSA1
« No association with classifications as ‘pathogenic’ or ‘likely pathogenic’
reported.

FKBPS

Cases (n=2) « Copy number gain in 6p25.3-q13 (>900 genes implicated in some cases).

Patient phenotype not reported.
« Copy number gain is classified as ‘likely pathogenic’.
« No variants in only FKBPS5.
PINI
Cases (n=1) « Copy number loss in 19p13.2 (>100 genes implicated) in patients with

abnormality of the nasolacrimal system, ankyloglossia, atria septal defect,
behavioral abnormality, brachydactyly syndrome, hypospadias, intellectual
disability, low hanging columella, microdontia, prominent nasal bridge,
sacral dimple, single transverse palmar crease, and sleep disturbance.

« Copy number loss is classified as ‘pathogenic’.

«No variants in only PINI.
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STUBI

Cases (n=14)

« Copy number gain in 16p13.3-13.2, 16p13.3-13.11, 16p13.3, and loss in
16p13.3 (>50 genes implicated in some cases) in patients with
morphological abnormalities, learning disability, obesity, autism, and/or
global developmental delay.

« Copy number gain and loss are classified as ‘pathogenic’ or ‘likely
pathogenic’.

« No variants in only STUBI.

CDC37

Cases (n=1)

« Copy number loss in 19p13.2 (>100 genes implicated in some cases) in
patients with abnormality of the nasolacrimal system, ankyloglossia, atria
septal defect, behavioral abnormality, brachydactyly syndrome,
hypospadias, intellectual disability, low hanging columella, microdontia,
prominent nasal bridge, sacral dimple, single transverse palmar crease,and
sleep disturbance.

« Copy number loss is classified as ‘pathogenic’.

« No variants in only CDC37.

PPIA

Cases (n=4)

« Copy number gain in 7p14.1-q11.22, loss in 7p15.3-11.2, 7p14.3-12.3,
7p14.1-11.2 (>90 genes implicated in some cases) in patients with
morphological abnormalities and/or intellectual disability. Phenotypes not
reported for 2 patients.

« Copy number gain and loss are classified as ‘pathogenic’ or ‘likely
pathogenic’.

« No variants in only PPIA.

PPP5C

Cases (n=1)

« Copy number loss in 19q13.31-13.32 (>60 genes implicated) in patients
with bipolar affective disorder, broad-based gait, cataract, intellectual
disability, mild, seizures, and short nose.
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« Copy number loss is classified as ‘pathogenic’.

« No variants in only PPP5C.

SGTA

Cases (n=8) « Copy number gain in 19p13.3-13.2, 19p13.3, and loss in 19p13.3 (>40
genes implicated in some cases) in patients with morphological
abnormalities and/or global developmental delay.

« Copy number gain and loss are classified as ‘pathogenic’ or ‘likely
pathogenic’.

« No variants in only SGTA.

Abbreviations are as follows: EXAC, Exome Aggregation Consortium; gnomAD, Genome Aggregation Database; GWAS, genome-wide association study;
DECIPHER, DatabasE of genomiC varlation and Phenotype in Humans using Ensembl Resources; PTV, protein truncating variant; these types ofgenetic
variants typically cause the gene to lose its intended function unless they are within the last exon of the gene, and are likely to escape non-sense mediated decay.
pLI, probability of loss of function intolerance score. A pLI score >0.9 indicates loss of function in a given gene is not tolerated. Controls are referredto
individuals who are part of public databases that are controls for the majority of studies; cases are referred to individuals who were ascertained for aspecific
disease. Importantly, not all controls are healthy; however, they do not have a Mendeliandisease.
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