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Proteostasis regulates the functional properties of the  
proteome to minimize the damage of misfolded and aggre­
gated proteins through a network of pathways for protein 

synthesis, folding, trafficking and degradation1,2. Loss of proteo­
static control has been implicated in aging and in multiple dis­
orders of protein misfolding, including metabolic diseases, cancer 
and neurodegenerative diseases1–3. Eukaryotic cells have developed 
compartment-specific quality-control mechanisms for proteome 
maintenance, to guide protein folding and transport and to direct 
faulty proteins for refolding or clearance. Likewise, each compart­
ment induces a cell stress response to detect and restore balance: 
the heat shock response (HSR) for cytoplasmic folding and misfold­
ing and the unfolded protein responses (UPRs) in the endoplasmic 
reticulum4 and mitochondria5. Across these compartments are 
other stress responses that detect specific classes of protein damage  
caused by metal stress and antioxidants (antioxidant response  
element signaling pathway, ARE)3,6,7.

The cytosolic HSR is governed by a family of heat shock factors, 
of which HSF-1 is essential for proteotoxic stress and the regulation 
of heat shock proteins (Hsps)8. Many Hsps are molecular chaper­
ones that guide the conformation of proteins during biogenesis and 
prevent the misfolding and aggregation that interfere with cellular 
function9. Induction of the HSR not only prevents protein damage 
from persisting but also restores the cell to the pre-stress condition. 
Despite these essential cellular stress pathways, the chronic expres­
sion and accumulation of misfolded, oxidized and aggregated pro­
teins, as occurs in aging and disease, leads to cellular dysfunction 
when the quality-control machineries become compromised10,11. 
There is increasing evidence that misfolded proteins expressed in 
diseases of protein conformation are not efficiently counterbalanced 
by a compensatory induction of cellular stress responses such as 
the HSR11. Enhancing the activity of HSF-1 and the concentrations  

of molecular chaperones by genetic techniques or pharmacological  
manipulation has been shown to restore proteostasis in several 
models of disease12–20.

Given the prominent roles of HSF-1 in maintaining cellular  
proteostasis by upregulation of chaperone expression, there has 
been substantial effort by researchers in the field to identify new 
small-molecule proteostasis regulators that modulate HSF-1 activity. 
Several small-molecule activators of HSF-1 are known8,21, including 
proteasome inhibitors and compounds that selectively bind to the 
chaperone Hsp90, including radicicol, geldanamycin and 17-AAG. 
A plant-derived compound, the triterpenoid celastrol, identified 
from a consortium screen for molecules with protective effects in 
models of Huntington’s disease and amyotrophic lateral sclerosis  
(ALS), was shown to potently activate the HSR in mammalian 
cells. Most recently, a yeast-based high-throughput screen (HTS) 
identified new small-molecule activators of HSF-1 without any  
associated proteotoxicity20.

Despite the potential benefits of the small-molecule activa­
tors of HSF-1, as shown in multiple cellular and animal models of  
diseases of protein conformation, further development of these 
small molecules will be necessary before they can be used as thera­
peutic agents22,23. For example, although geldanamycin and other 
derivatives that inhibit Hsp90 are currently in pre-clinical and  
clinical development for the treatment of a number of different  
cancers24, their use in diseases associated with protein misfold­
ing may have limited therapeutic potential. Given the imminent  
challenges facing the care of individuals afflicted with protein 
conformational diseases and the lack of effective therapeutics for  
these diseases, we propose that further investigation into small-
molecule proteostasis regulators that activate HSF-1 is an urgent need. 
Here we describe the discovery and characterization of new small- 
molecule proteostasis regulators that, by enhancing HSF-1 activity, 
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Protein homeostasis (proteostasis) is essential for cellular and organismal health. Stress, aging and the chronic expression of 
misfolded proteins, however, challenge the proteostasis machinery and the vitality of the cell. Enhanced expression of molecu-
lar chaperones, regulated by heat shock transcription factor-1 (HSF-1), has been shown to restore proteostasis in a variety of 
conformational disease models, suggesting this mechanism as a promising therapeutic approach. We describe the results of 
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that are distinct from current known small-molecule activators of the heat shock response. We suggest that modulation of the 
proteostasis network by proteostasis regulators may be a promising therapeutic approach for the treatment of a variety of 
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restore proteostasis in multiple diseases of protein conformation. 
We propose that modulation of the proteostasis network by HSF-1 
proteostasis regulators may be a new therapeutic approach for the 
treatment of both cytosolic and compartment-specific conforma­
tion disorders.

RESULTS
Cell-based HTS for small-molecule activators of the HSR
We developed an HTS that measures the activation of the HSR in 
HeLa cells stably transfected with a heat-shock–inducible reporter 
containing the proximal human Hsp70.1 promoter sequence 
upstream of a luciferase (luc) reporter gene (Fig. 1a)25,26. To assess 
the sensitivity and robustness of the cell-based assay before under­
taking the HTS campaigns, we established dose-response profiles 
using three positive controls: celastrol, cadmium chloride (CdCl2) 
and MG132 (Fig. 1b). The derived half-maximal effective con­
centration (EC50) values for celastrol and MG132 were ~3 μM and  
5 μM, respectively, which is in agreement with previous reports21. 
Optimization and miniaturization of the HTS formats were carried  
out independently at the Scripps Research Institute Molecular 
Screening Center (SRIMSC) and the Southern Research Institute 
(SRI) (Supplementary Table 1). MG132, because of its sigmoidal  
profile, and CdCl2, because of its ability to strongly induce the 
reporter (Fig. 1b), were subsequently used as positive controls at 
the SRIMSC and the SRI, respectively (Supplementary Table 2). 
Assessment of the key variables in the assay was carried out during  
the miniaturization and optimization steps to achieve 384- and 
1,536-well plate formats (Supplementary Table 1). The Z′ values  
for the miniaturized cell-based assays were all ≥0.6, which is  

indicative of consistency and reproducibility across the assays. 
The HeLa-luc assay was validated by prescreening two different 
libraries: the 1,280-molecule Library of Pharmacologically Active 
Compounds from Sigma at the SRIMSC and a 2,000-compound 
set of known biologically active compounds from MicroSource 
Discovery Systems at the SRI.

Identification of new small-molecule proteostasis regulators
Two primary screens of 803,587 and 100,000 compounds were 
performed independently at the SRIMSC and at SRI, respectively. 
The small-molecule libraries consisted of: (i) 607,408 compounds 
from the Scripps Drug Discovery library and 196,179 compounds 
from the Molecular Libraries Probe Production Center Network 
(MLPCN) library, both run at the SRIMSC; and (ii) 100,000 com­
pounds from the National Institute of Neurological Disorders and 
Stroke (NINDS) library, run at the SRI. The performance of the assays 
was consistent across all plates, with robust Z′ factors and signal-
to-background ratios (Supplementary Fig. 1 and Supplementary 
Table 2). The data obtained from the primary screens were  
normalized to each positive control set as 100% activation. The 
screen performed at the SRIMSC identified 759 primary hits, 
whereas 37 primary hits were identified by the screen performed at 
the SRI (Supplementary Table 2).

We excluded false-positive hits by performing a triplicate run on  
the primary hits that yielded 263 confirmed compounds (Supple­
mentary Table 2). Although the more stringent conditions elicited by 
CdCl2 led to a lower number of primary hits, these conditions also 
identified a smaller fraction of false positives, as shown in the con­
firmatory secondary assays (Supplementary Table 2). We reordered 
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Figure 1 | Identification of small-molecule proteostasis regulators by HTS. (a) HeLa-luc cells were used to screen compound libraries to identify small-
molecule proteostasis regulators. The Hsp70.1 promoter (Hsp70.1pr)-luc construct is diagrammed. The sequences of the upstream region of the human 
Hsp70.1 promoter from +1 to −188 are represented by a line. The locations of transcription factor binding sites are depicted as boxes or circles, and their 
corresponding genetic elements are indicated. The transcription factors that bind to these regions are indicated above the boxes or circles. The nucleotide 
sequence of the HSE is shown, and the inverted nGAAn repeats, to which HSF-1 binds, are labeled with arrows and marked as 1–5. (b) HeLa-luc cells were 
treated with celastrol, cadmium chloride and MG132 at the indicated concentrations, and luciferase activity was measured after 24 h. Each experiment 
was performed in triplicate. Error bars, s.d. RLU, relative light unit. (c) Confirmed hits (n = 263) were clustered according to their chemical substructure, 
and a total of seven clusters were identified. The number of hits per cluster is shown.
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confirmed hit compounds as dry powders from commercial vendors 
(ChemDiv, Enamine, ChemBridge and Asinex) or resynthesized 
them for retesting in a full-dose response. We clustered the active 
compounds by structure with a 0.8 Tanimoto27 cutoff, which we fol­
lowed with a manual inspection to merge clusters sharing a common 

scaffold. This analysis resulted in 233 hits grouped into seven clusters 
(clusters A through G; Fig. 1c) that did not show structural similari­
ties to the remaining 30 hits. Many compounds contained reactive 
moieties known to activate the HSR, such as reactive α,β-unsaturated 
carbonyls28,29, but other series had no clear reactive groups.

Table 1 | Chemical structures of the selected small-molecule proteostasis regulators
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The two primary screens performed with different positive con­
trols, chemical libraries and compound concentrations indepen­
dently identified three common scaffolds (C, E and F; Fig. 1c and 
Table 1), providing cross-validation of the cell-based screen. We 
subsequently tested these active compounds in the HeLa-luc cells to 
establish dose-response curves and compound toxicity. We deter­
mined the EC50 and half-maximal cytotoxicity concentration (CC50) 
values; most of the hits had a sharp activation profile, with only a 
few compounds showing sigmoidal dose-response curves. We per­
formed subsequent studies with 14 representative compounds (A1, 
A2, A3, B1, B2, B3, C1, C2, D1, E1, F1, F2, G1 and G2; Table 1) 
belonging to the largest clusters in A–G (Fig. 1c). The dose-response 
activity and toxicity profiles for the selected compounds are shown 
in Supplementary Figure 2. We refer to these compounds as ‘small-
molecule proteostasis regulators’.

Induction of Hsps and HSF-1 by proteostasis regulators
We further validated the results of the HTS screen by directly show­
ing that the expression of endogenous Hsp mRNAs and proteins 
was induced by representative proteostasis regulators. Exposure 
of HeLa cells to the proteostasis regulators induced Hsp70 mRNA 
levels among the different compounds from two-fold to five-fold 

(Fig. 2a and Supplementary Fig. 3a). Likewise, a western blot ana­
lysis (Fig. 2b) showed that the protein concentrations of multiple 
chaperones (Hsp70, Hsp40 and Hsp27) were induced from two-fold 
to six-fold, which was similar to the induction seen in the positive 
controls (Fig. 2b and Supplementary Fig. 3b).

The elevated expression of multiple genes encoding Hsps by the 
proteostasis regulators can be most directly explained by induction 
of the HSR and the activation of HSF-1. To address whether this is 
the case, we used electrophoretic gel mobility shift assays (EMSA). 
Of the 14 proteostasis regulators previously tested for chaperone 
induction (Fig. 2a,b), we selected for this study 7 compounds that 
were representative of each chemical cluster (A1, A3, B1, C1, D1, 
E1 and F1). Incubation of HeLa cells with the proteostasis regula­
tors strongly induced the HSF-1 DNA-binding activity (Fig. 2c). 
We showed the specificity of HSF-1 induction using competition 
with excess unlabeled heat shock element (HSE) oligonucleotide 
and HSF-1 antibody supershift experiments. We further confirmed 
the results from the EMSA analysis using chromatin immuno­
precipitation (ChIP) experiments. We selected the proteostasis  
regulators that most strongly induced HSF-1 activation in the gel 
mobility shift assay (A1, A3, C1, D1 and F1; Fig. 2c) for the ChIP 
analysis, and the results from this analysis showed occupancy of 
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Figure 2 | The small-molecule proteostasis regulators induce Hsp expression by activating HSF-1. (a) HeLa cells were treated with DMSO (D), celastrol 
(Cel, 3 μM), MG132 (MG, 10 μM), CdCl2 (Cd, 50 μM) and the indicated proteostasis regulators for 4 h. Similar results were obtained in two independent 
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using ImageJ software. (b) Western blot analysis of HeLa cells treated with DMSO, celastrol (3 μM), MG132 (10 μM) and the indicated proteostasis 
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HSF-1 to the endogenous Hsp70.1 (Fig. 2d and Supplementary 
Fig. 3c), Hsp40 and Hsp27 promoters (Supplementary Fig. 4) but 
not to the negative control promoter.

From a chemical mechanism perspective, many previously 
identified small-molecule inducers of the HSR have been sug­
gested to activate HSF-1 by causing direct protein thiol oxidation. 
Compounds A1, A3, C1, D1 and F1 contain cysteine-reactive moi­
eties such as unsaturated carbonyls (Supplementary Table 3). No 
close analogs of these five compounds that lacked these reactive 
groups were present in the HTS libraries, and, therefore, we did not 
test them. To determine whether the proteostasis regulators A1, A3, 
C1, D1 and F1 caused protein thiol oxidation, we tested the effect 
of the treatment with reducing agents such as N-acetyl cysteine 
(NAC) or dithiothreitol (DTT). Induction of the HSR by celastrol  
was inhibited by treatment with either NAC (2 mM) or DTT  
(250 μM) (Supplementary Fig. 5f,l). Only the activity of the proteo­
stasis regulator F1 was completely inhibited by treatment with NAC 
and DTT, indicating that F1 may cause oxidative damage by modi­
fying protein cysteine residues (Supplementary Fig. 5e,k). In con­
trast, the activities of the proteostasis regulators C1 and D1 were 
only slightly less affected by treatment with NAC and DTT than 
with F1 (Supplementary Fig. 5c,d,i,j), and activation of the HSR 
by A1 and A3 was unaffected by this treatment (Supplementary  
Fig. 5a,b,g,h), indicating that these four proteostasis regulators do 
not act through protein thiol oxidation.

Proteostasis regulator activity on Hsp genes require HSF-1
Activation of HSF-1 by the proteostasis regulators correlates with 
the enhanced expression of chaperone genes but does not formally 
show a requirement for a wild-type HSE sequence or a dependence 

on HSF-1. To investigate this, we tested the five proteostasis regula­
tors for their ability to induce luciferase expression in HeLa cells 
transfected with a mutated HSE sequence fused to a luciferase gene. 
Cells lacking wild-type HSE did not induce luciferase expression 
(Supplementary Fig. 6), indicating that an intact HSE is necessary 
for activation of the HSR by the proteostasis regulators. We then 
treated wild-type and Hsf1 null (Hsf1–/–) mouse embryonic fibro­
blasts (MEFs) with the proteostasis regulators and showed that 
induction of Hsp70 mRNA by proteostasis regulators was present 
in wild-type cells but not Hsf1–/– cells (Fig. 3a and Supplementary 
Fig. 7a). These results provide conclusive evidence that induction 
of chaperone expression by proteostasis regulators is dependent on 
the activation of HSF-1.

Proteostasis regulators activate multiple stress pathways 
We next examined the gene signature of the proteostasis regulators 
using a multiplex gene expression analysis to identify additional 
proteostasis mechanisms regulated by the proteostasis regulators. 
We asked whether the proteostasis regulators could activate other 
stress-responsive proteostasis network pathways in addition to the 
HSR, for example, the UPR and the antioxidant stress response. 
Therefore, we monitored the expression of the UPR-inducible gene 
BiP (also known as GRP78 or HSPA5), as well as the expression of 
HO1 (encoding the antioxidant responsive genes heme oxygenase 1),  
GCLM (encoding the regulatory subunit of glutamate-cysteine 
ligase) and GADD153 (also known as CHOP or DDIT3, the 
proapoptotic growth-arrest–inducible and DNA-damage–inducible 
gene 153). We treated wild-type and Hsf1–/– MEF cells with proteo­
stasis regulators and the positive controls MG132 and geldanamycin 
(which induce the HSR, oxidative stress and the UPR), tunicamycin  
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vehicle, celastrol (3 μM) or the indicated proteostasis regulators (10 μM). RNA was extracted and reverse transcribed. PCR reactions were performed 
on complementary DNA for the indicated transcripts. GAPDH RNA levels were assayed to determine equal loading. (b–k) Wild-type (b,d–g) and Hsf1–/– 
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(which induces the UPR) and sulforaphane (which activates the 
antioxidant response) (Fig. 3b,c). Untreated and DMSO-treated 
cells served as the negative controls (Fig. 3b,c).

We established the proteostasis regulator stress response  
signatures in wild-type and Hsf1–/– MEF cells (Fig. 3d–k). At 
a range of concentrations of the proteostasis regulators A3,  
C1, D1 and F1, Hsp70 mRNA levels were induced from 9- to 
30-fold in wild-type MEF cells (Fig. 3d–g). Compound D1 (Fig. 3f)  
was selective and only induced the expression of Hsp70, whereas 
A3 and C1 strongly upregulated Hsp70 in addition to inducing 
a three-fold increase in the expression of BiP (A3 and C1) and 
HO1 (A3) (Fig. 3d,e). Likewise, compound F1 induced multiple 
responses; F1 strongly induced Hsp70 and the oxidative stress 
response (HO1 and GCLM) genes and, to a lesser extent, the BiP 
gene (2.5-fold) (Fig. 3g).

In performing parallel experiments on Hsf1–/– cells (Fig. 3h–k), 
we noticed that the induction of HO1 was dramatically enhanced 
from 12- to 130-fold, whereas the expression of GCLM and BiP was 
comparable to that seen in wild-type MEF cells (Fig. 3h–k). These 
results suggest that upregulation of an antioxidant stress response 
compensates for HSF-1 deficiency. At the highest concentrations 
of proteostasis regulators, we observed induction of the cell-death 
pathway GADD153 gene. Our previous experiments using DTT 
treatment indicated that the proteostasis regulators A1, A3, C1 and 
D1 did not activate the HSR by causing oxidative stress; however, 
we observed a potent induction of the antioxidant-responsive gene 
HO1 in the absence of HSF-1 (Fig. 3h–k). There are at least two 
possible explanations for this apparent discrepancy. First, if the 
induction of HO1 by the proteostasis regulators was a result of the 
generation of oxidative stress, then we would expect a concerted 

upregulation of the antioxidant-responsive GCLM gene, as occurs 
with the compound F1. However, we did not observe this induction 
in wild-type cells. In addition, transcriptional regulation the HO1 
gene indicates that its expression is regulated by multiple stimuli 
and is not only dependent on oxidative stress30.

Proteostasis regulators protect against stress and apoptosis
Activation of the HSR and the induction of molecular chaperones 
have been shown to protect cells from the deleterious consequences 
of protein damage and apoptosis. Therefore, we tested whether 
the proteostasis regulators A1, A3, C1, D1 and F1 had cytoprotec­
tive properties. Pretreatment with either 42 °C heat shock or the 
proteostasis regulators A3, D1 and F1 significantly (A3 and D1:  
P value <0.01; F1: P value <0.001) protected cells from the cell death 
induced by a 35-min severe heat shock (45 °C) (Supplementary 
Fig. 8a). In contrast, the proteostasis regulators A1 and C1 did 
not have any cytoprotective properties and instead increased the  
fraction of cell death after the 45 °C treatment compared to the 
DMSO-treated controls.

We next determined whether the proteostasis regulators pro­
tected against the apoptotic cell death induced by oxidative stress. 
We assessed cellular apoptosis and necrosis after treatment with 
the proteostasis regulators by staining HeLa cells with annexin V 
and propidium iodide. In agreement with the cytoprotection data, 
treatment with the proteostasis regulators A3, D1 and F1 led to a 
two-fold protection from H2O2-induced apoptosis, as indicated by 
the lower number of annexin V–stained cells compared to untreated 
cells (Supplementary Fig. 8b). However, cells pretreated with 
the proteostasis regulators A1 and C1 showed both an apoptotic  
(A1 and C1) and a necrotic (C1) pattern (Supplementary Fig. 8b).
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Figure 4 | The proteostasis regulators restore proteostasis in cell-based models of cytoplasmic and compartment-specific conformational diseases. 
(a) PC12 cells expressing httQ74-GFP were treated either with DMSO, geldanamycin (200 nM) or with the indicated proteostasis regulators (A1 and F1, 
10 μM or D1, 4 μM). The representative fluorescence pattern of httQ74-GFP after 72 h of induction is shown. Scale bars, 10 μm. (b) Quantification of the 
results shown in a. Cells containing aggregates were counted and are shown as a percentage of the total cells counted. The data shown were derived from 
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quenching is indicative of restored ΔF508-CFTR trafficking (data represent the mean ± s.e.m.; n = 3). Color-coded asterisks indicate statistically  
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Fifteen micrograms of protein were loaded, and equal loading was confirmed by staining the membrane with Ponceau S. *, statistically significant 
differences (P < 0.05, as determined by two-tailed Student’s t-test) from the DMSO-treated control.
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Proteostasis restoration in models of conformational disease
In addition to its well-established role in maintaining cytoplasmic 
proteostasis, HSF-1 has also been recently shown to amelio­
rate endoplasmic reticulum stress31. We therefore asked whether 
the proteostasis regulators, by enhancing chaperone expression, 
would reduce protein misfolding in diseases in which expression 
of mutant proteins accumulates in either the cytoplasm or the  
endoplasmic reticulum.

As a representative cytosolic model, we examined the effects 
of the proteostasis regulators on huntingtin protein (HTT) 
aggregation in PC12 cells conditionally expressing human 
HTT exon 1 containing an expansion of 74 glutamines fused 
to GFP (referred to here as ‘httQ74-GFP’)32. In this PC12 cell 
line, httQ74-GFP aggregates are detected after 48 h of induc­
tion. We treated the PC12 cells with the proteostasis regulators 
and visually monitored them for httQ74-GFP aggregate forma­
tion. Incubation with A1, D1 and F1 separately caused an aver­
age reduction across experiments from two-fold to three-fold of 
httQ74-GFP protein aggregates without altering the amounts of 
httQ74-GFP protein (Fig. 4a,b and Supplementary Fig. 9a–f), 
whereas the proteostasis regulators A3 and C1 had no effect on 
httQ74-GFP aggregation, although Hsp70 was induced by A3 
and C1 (Fig. 3d,e).

We next investigated the proteostasis regulators in a cellular  
model of cystic fibrosis. This model corresponds to a human  
bronchial epithelial cell line (CFBE41o-) stably co-expressing the 
ΔF508 alteration of the cystic fibrosis transmembrane conductance 
regulator (ΔF508-CFTR) and a halide-sensing mutant of yellow  
fluorescent protein (YFPH148Q I152L). ΔF508-CFTR is defective both 
in trafficking from the endoplasmic reticulum to the plasma  
membrane and in channel gating33. Correction of the defective  
trafficking of ΔF508-CFTR with the proteostasis regulators would 
lead to an increased amount of active protein at the cell surface, 
allowing an increased flow of extracellular halides into the cell, 
which would result in a reduction of YFP fluorescence intensity.

We tested the same proteostasis regulators that we used in the 
Huntington’s disease cell model in cells expressing ΔF508-CFTR, 
and we obtained results showing that the proteostasis regulators 
A3, C1 and F1 restored the CFTR-mediated iodide conductance  
(Fig. 4c and Supplementary Fig. 10a). The extent of YFP quench­
ing that we detected was comparable to that seen with corrector 
4a, a commonly used positive control for this assay (Fig. 4c). It is 
notable that compound F1 is the first characterized small molecule 
capable of enhancing the correct folding of proteins expressed in 
two different cellular compartments.

To further confirm that the proteostasis regulators A3, C1 and 
F1 rescued ΔF508-CFTR trafficking, we monitored the process­
ing of ΔF508-CFTR. Treatment with the proteostasis regulators of 
CFBE41o- cells expressing ΔF508-CFTR generated higher molecu­
lar mass forms of ΔF508-CFTR protein, consistent with full glycosy­
lation (Fig. 4d–f and Supplementary Figs. 10b and 11), indicating 
that the proteostasis regulators partially rescued the cell-surface 
expression and maturation of ΔF508-CFTR. In addition, we found 
that rescue of ΔF508-CFTR trafficking by the proteostasis regula­
tors coincides with Hsp70 upregulation (Supplementary Fig. 11), 
suggesting that the action of the proteostasis regulators depends on 
both HSF-1 and the induction of molecular chaperones.

Suppression of aggregation and toxicity in C. elegans
We asked whether the efficacy of the proteostasis regulators to 
reduce httQ74-GFP and ΔF508-CFTR aggregation could also be 
observed in a C. elegans model for the expression of expanded poly­
glutamines (35 glutamines fused to YFP, referred to as polyQ35-YFP)  
in body wall muscles, which shows age-dependent aggregation in 
the muscle cells and organismal toxicity34. This model has many of 
the characteristics of polyglutamine diseases, such as Huntington’s 

disease, and has been a valuable tool in the identification of genetic 
and chemical modifiers of aggregation and toxicity35,36.

We treated age-synchronized animals expressing polyQ35 with 
the proteostasis regulators and scored their effects on aggregation 
and toxicity when the animals were 6 days old. We used 17-AAG as a 
positive control inducer of the HSR that induces chaperone expression 
and reduces polyglutamine aggregation16,18. Treatment of C. elegans 
with 17-AAG resulted in a marked reduction in protein aggregates 
and toxicity (Fig. 5a–c) by inducing the HSR (Fig. 5d). Treatment 
with the proteostasis regulators A1, D1 and F1 suppressed polyQ35 
aggregation (Fig. 5a,b) without affecting overall amounts of polyQ35 
protein (Supplementary Fig. 9g,h). Suppression of polyQ35 aggre­
gation also ameliorated aggregation-associated toxicity. Expression 
of polyQ35 in the body wall muscles reduced the animal’s motility by 
50% relative to wild-type animals, and treatment of animals express­
ing polyQ35 with proteostasis regulators restored motility to near 
that of wild-type animals (80–100% restoration) (Fig. 5c). These 
results reveal that the proteostasis regulator–induced suppression of 
polyQ35 aggregation also prevented polyQ35-mediated toxicity.

We then confirmed that the effect of the proteostasis regula­
tors on polyQ35 aggregation and toxicity was associated with  
expression of molecular chaperones and the induction of the HSR 
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(Fig. 5d). Chaperone expression was HSF-1 dependent (Fig. 6a–c), 
and, additionally, downregulation of HSF-1 by RNA interference 
(RNAi) abrogated the proteostasis regulator–induced protection 
against the aggregation of polyQ35 (Fig. 6d).

Proteostasis regulators restore metastable protein folding 
To examine the basis for induction of the HSR by proteostasis  
regulators, we asked whether these small molecules caused  
protein damage and therefore activated a HSR, or, alternatively, 
whether the proteostasis regulators activated specific homeostasis 
regulators to induce chaperone expression. To investigate this, we 
used C. elegans strains harboring temperature-sensitive altera­
tions in specific endogenous muscle proteins, including the base­
ment membrane protein perlecan UNC-52 and a myosin-assembly  

protein, UNC-45. These conditional alterations do not interfere 
with protein folding and function at the permissive temperature  
(15 °C), but they cause a complete loss of protein function at the 
restrictive temperature (25 °C), resulting in distinctive muscle dys­
function (Fig. 6e, the columns labeled ‘DMSO 15 °C′ and ‘DMSO 
25 °C′). These metastable proteins therefore serve as folding sen­
sors that monitor changes in cellular proteostasis10. To determine 
whether the proteostasis regulators induce protein misfolding, we 
incubated both unc-52(e669su250) and unc-45(e286) animals with 
the proteostasis regulator A1, D1 or F1 (10 μM) at 15 °C. We reasoned  
that enhancing the misfolding would unmask the temperature-
sensitive phenotypes at the permissive temperature; however, we 
did not observe this effect. Alternatively, to determine whether the 
proteostasis regulators enhanced the folding environment, we incu­
bated C. elegans with proteostasis regulators, transferred them to  
25 °C and scored them for temperature-sensitive phenotypes 2 d 
later (Fig. 6e). Although the proteostasis regulator A1 caused an 
intermediate (35%) suppression of the unc-45(e286) temperature-
sensitive phenotype, we observed the most potent effect with 
F1, which suppressed both the unc-52(e669su250) and unc-45 
(e286) temperature-sensitive phenotypes by 80% and 90%, 
respectively (Fig. 6e). These results suggest that the proteostasis  
regulators do not activate the HSR by interfering with cellular  
protein folding in general, but, rather, they promote the folding of  
metastable proteins.

Proteostasis regulators require the quality-control machinery
The notable improvement in protein homeostasis after treatment 
with the proteostasis regulators prompted us to investigate the 
requirements for other regulatory components of the proteostasis 
network, such as DAF-16 (a FOXO ortholog, the insulin/IGF-1-
mediated signaling transcription factor) and SKN-1 (the oxidative 
stress response transcription factor). We simultaneously treated 
polyQ35 animals with the proteostasis regulators and with RNAi 
to knock down the stress regulators DAF-16 and SKN-1. We exam­
ined the effects on induction of hsp-70 (also known as C12C8.1 or 
F44E5.4) and the small HSP encoded by hsp-16.1 and found that 
A1- and D1-mediated chaperone expression requires both HSF-1 
and DAF-16 (Fig. 6a,b), whereas F1 activity is dependent on HSF-1 
and SKN-1 (Fig. 6c).

We explored the role of these stress responses on protein fold­
ing regulated by the proteostasis regulators by monitoring the gene 
expression of the downstream targets of SKN-1 and DAF-16 as well as 
other protein-folding components, including HSP-90, co-chaperone  
genes, ubiquitin and components of the endoplasmic reticulum 
HSP-70 protein (UPR). Compounds D1 and F1 elicited the induc­
tion of the following genes: sod-1 (the SKN-1 target), hsp-4 (UPR 
in the endoplasmic reticulum) and hsp-90 and its co-chaperone 
(ZC395.1) (Fig. 6f). A1 induced the hsp-70 mRNA in the endo­
plasmic reticulum and the ubq-2 gene (Fig. 6f and Supplementary 
Fig. 12). We examined the gene expression of a number of oxidative 
stress, UPR, mitochondrial UPR and lifespan and aging regulators 
(Supplementary Fig. 12) and observed that only genes encoding 
folding and chaperone components were affected by treatment with 
proteostasis regulators (Fig. 6f). These results indicate that the path­
ways that are activated to enhance the folding environment depend 
on HSF-1, DAF-16 and SKN-1 as well as the chaperone and quality-
control machinery.

Hsp90 and proteasome are not proteostasis regulator targets
Having shown that the proteostasis regulators themselves do not cause 
protein misfolding, we examined whether the proteostasis regulators 
activated the HSR through inhibition of the proteasome or Hsp90 
function. For these experiments, we selected the proteostasis regula­
tors A1, A3 and F1 because A1 and F1 suppressed protein aggrega­
tion in cellular and C. elegans models of conformational diseases and 
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regulators (shown as a percentage of the total fluorescent foci) was HSF-1 
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stabilized folding of temperature-sensitive mutant proteins, and A3 
and F1 improved the folding stability of mutant CFTR.

Exposure of HeLa cells to MG132 and lactacystin for 3 h and 6 h  
(Fig. 7a and Supplementary Fig. 13a) reduced the proteasome 
activity to 20% relative to DMSO-treated cells (Fig. 7a) leading 
to increased amounts of polyubiquitinated substrates (Fig. 7b). 
By comparison, treatment of the HeLa cells with the proteostasis 
regulators A1, A3 and F1 neither inhibited proteasome activity nor 
increased the amount of polyubiquitinated proteins (Fig. 7a,b).

We next monitored the effects of the proteostasis regulators on 
Hsp90 by assessing Hsp90 client protein degradation37. We quanti­
fied the amounts of three well characterized Hsp90 client proteins, 
Cdk4, Raf-1 and Akt, using a western blot analysis of proteostasis 
regulator–treated HeLa cells. Relative to the DMSO-treated control 
cells, we observed a reduction in the amounts of the Hsp90 client 
kinases after 6 h of treatment with the proteostasis regulator A1 
(10 μM) (Supplementary Fig. 13b), whereas treatment with the 
other two proteostasis regulators (A3 and F1) had no effect. The 
clearance of these Hsp90 clients was even more notable after 16 h 
(Supplementary Fig. 13c) and 24 h (Fig. 7c and Supplementary 
Fig. 7b) of proteostasis regulator treatment, and this effect was com­
parable to the inhibitory effects of 17-AAG on Hsp90 function.

Because classical Hsp90 inhibitors such as geldanamycin, 
17-AAG and radicicol bind competitively to the ATP site of 
Hsp90, we investigated whether the proteostasis regulators A1, A3  
and F1 had a similar mode of action. We therefore tested whether 
the proteostasis regulators could compete in vitro with geldana­
mycin for binding to the ATP-binding pocket of Hsp90. Whereas 
the positive control 17-AAG competed effectively with geldana­
mycin, none of the three proteostasis regulators disrupted the  
interaction between geldanamycin and Hsp90, even at concentra­
tions in excess of 100-fold relative to the geldanamycin concentra­
tion (Supplementary Fig. 13d).

Although the competition assay may suggest that the proteo­
stasis regulator A1 is not an inhibitor of Hsp90 activity, it is also 
possible that this compound acts through a different mechanism 
as compared to the known Hsp90 inhibitors. To further confirm 
that the previous results were not a result of a direct inhibition of 
Hsp90, we performed a chaperone-dependent protein refolding 
assay. We monitored the refolding of denatured luciferase in rabbit 
reticulocyte lysates (RRLs) by measuring the luciferase activity. In 
the presence of DMSO, luciferase recovered 40–45% of its activity, 
whereas the presence of 17-AAG (2 μM) caused only about a 25% 
recovery in luciferase activity (Fig. 7d). Incubation of RRLs with the 
proteostasis regulator A1 (10 μM) did not inhibit luciferase refold­
ing (Fig. 7d). These results indicate that A1 is not a direct inhibitor  
of Hsp90 activity. Although the proteostasis regulator A1 did not 
directly inhibit Hsp90 activity, there are possible explanations for 
the increase in client protein degradation by A1. A1 could disrupt 
the interaction between Hsp90 and its co-chaperone Cdc37, which 
is implicated in shuttling kinase clients to Hsp90, or A1 could 
inhibit Hsp90 activity by binding to a site that is different than the 
ATP-binding pocket.

DISCUSSION
In this study we describe the results of a large-scale small-molecule 
screen in human cells for HSF-1–dependent activators of chaperone 
expression. We identified 263 proteostasis regulators that chemically  
induce the HSR and result in the activation of HSF-1 and the ele­
vated expression of multiple chaperone gene families. The proteo­
stasis regulators described here are previously unidentified chemical 
series and, compared to previously identified small-molecule acti­
vators of the HSR, do not cause protein misfolding, proteasome 
inhibition or Hsp90 inhibition. A more in-depth understanding of 
these proteostasis regulators and their ability to activate the HSR 
and restore protein folding in multiple disease models offers new 

opportunities and strategies for small-molecule chaperone thera­
peutics for protein conformational diseases with new specificities 
and reduced toxicity.

A notable observation is that the proteostasis regulators have 
complex stress response signatures. In addition to inducing both 
HSF-1 and the expression of multiple cytoplasmic chaperones, we 
observed the induction of other major components of the proteo­
stasis network, including the UPR and the antioxidant response 
genes. Our proteostasis regulator strategy is based on the idea 
that small molecules can mimic the molecular signals recog­
nized by the cell that are associated with a proteostatic imbalance 
(Supplementary Scheme 1). This activation of stress-signaling 
pathways in turn restores the stability and functionality of the pro­
teome. The ability of these proteostasis regulators to activate one or 
more stress-response pathways suggests a therapeutic approach that 
uses the cell’s biological response to damaged proteins to protect 
cells against chronic disease. Through this approach, we applied our 
growing understanding of stress biology to promote the health of the 
cell. In doing so, we used compounds to enhance the properties of 
biological pathways that are already employed by the cell to manage  
proteostasis, even when challenged by stress and disease. We suggest 
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Figure 7 | The proteostasis regulators are not inhibitors of the 
proteasome or Hsp90. (a) HeLa cells were incubated with either DMSO, 
MG132 (10 μM), lactacystin (lactacys., 6 μM) or the proteostasis regulator 
A1, A3 or F1 (10 μM) for 6 h. Proteasome-associated chymotrypsin 
activity was assessed using the fluorogenic substrate Suc-Leu-Leu-Val-
Tyr-7-amido-4-methylcoumarin. (b) HeLa cells were either left untreated 
(untreat.) or were treated with DMSO, the proteasome inhibitor MG132 
(10 μM) or the proteostasis regulator A1, A3 or F1 (10 μM) for 16 h.  
Whole-cell extracts of HeLa cells were separated by SDS-PAGE, transferred 
to membranes, stained with Ponceau S to visualize total protein and 
probed using a rabbit polyclonal antibody to detect ubiquitin. (c) HeLa 
cells were treated with either DMSO, 17-AAG (2 μM), MG132 (10 μM), 
lactacystin (6 μM) or the proteostasis regulator A1, A3 or F1 (10 μM) for 
24 h. Concentrations of various Hsp90 client proteins (Cdk-4, Raf-1 and 
Akt) in equal amounts of whole-cell lysates were assessed using a western 
blot analysis. GAPDH was used as a loading control. Densitometric 
measurements of Hsp90 client protein concentrations normalized to 
GAPDH in relation to control DMSO-treated cells were performed using 
ImageJ software. (d) Refolding of chemically denatured firefly luciferase 
was assessed in RRL containing 2 mM ATP in the presence of either DMSO, 
17-AAG (2 μM) or the proteostasis regulator A1 (10 μM). Luciferase 
activities are expressed as a percentage of the native enzyme control.  
The result shown is representative of three experiments.
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that this systems and network approach could be an alternative 
method for drug discovery as we harness the protective abilities of 
cellular stress responses to protect the cell against the multitude of 
deficiencies that occur during chronic proteotoxicity and stress.

The central role for HSF-1 in maintaining and restoring proteo­
stasis makes this transcription factor and the HSR attractive targets 
for therapeutic intervention in conformational diseases. The obser­
vation that diverse chemical types have in common the ability to 
induce the HSR, despite their broad range of activities, supports our 
proposal that HSF-1 is a stress network hub that integrates multiple  
stress signaling pathways to coordinate regulatory responses to 
maintain proteostasis in health, aging and disease. Of the 263 hits 
identified in this study that activate HSF-1, we focused our atten­
tion on the seven major clusters represented by the chemical series: 
β-aryl-α,β-unsaturated-carbonyls (cluster A), β–nitrostyrenes 
(cluster B), β-Cl−α,β-unsaturated-carbonyls (cluster C), nitroben­
zofurazans (cluster D), nitrofuranylamides (cluster E), unsaturated 
barbituric acids (cluster F) and 2-cyanopentadienamide (cluster G).  
These chemical series have a broad range of pharmacological indi­
cations and diverse mechanisms of action and, to our knowledge, 
have not been previously linked to proteostasis and the HSR. For 
example, compounds in cluster A are chalcone and curcumin 
analogs and have antibacterial, antioxidant and cancer chemopre­
ventive activities38,39. These compounds are known to inhibit NF-κB 
and modulate the Keap1-Nfr2 complex40,41. Nitrobenzofurans (clus­
ter E) have antitubercular activity, and nitrofuran antibiotics (nitro­
furantoin) are currently used as second-line agents for urinary tract 
infections. The nitroimidazole antibiotics are structurally related; 
for example, metronidazole is a widely used antibiotic for the treat­
ment of anaerobic bacterial and protozoan infections42. Compounds 
belonging to cluster F are barbiturate analogs associated with anti­
inflammatory side effects; in particular, thiobarbiturates reduce 
the activation of NF-κB. Thiopental, but not the oxy-analog pento­
barbital, is the only barbiturate that has been suggested to activate 
the HSR, and this property has been attributed to the reactivity of 
thiopental with protein thiols43. Notably, barbiturate analogs have 
been previously reported as potentiators of defective ΔF508-CFTR 
channel gating44. Our results reveal unexplored mechanisms by 
which these chemical classes exert their beneficial effects and sug­
gest new pathways that are involved in the activation of HSF-1. 
We propose that the ability of barbiturate analogs to rescue defec­
tive mutant ΔF508-CFTR channel gating can now be linked to the 
activation of the HSR, the UPR or both. Likewise, the neuropro­
tective effects attributed to curcumin45, a chalcone analog, may be 
caused by the induction of chaperone expression46. Taken together 
with the data presented here, we propose that compounds of the 
same chemical classes identified in our HTS can be reclassified as  
proteostasis regulators.

We describe a first-generation series of tool compounds that, by 
activating HSF-1 and other cell-protective stress responses, show 
efficacy in cellular and animal models of protein conformational 
diseases. Although we have shown that the proteostasis regulators 
are effective in multiple misfolding disorders, for example, cystic  
fibrosis and Huntington’s disease, these molecules may have a 
broader efficacy. For example, proteostasis regulators that restore 
proteostasis by simultaneously inducing the HSR and the UPR 
should be able to enhance the folding, trafficking and activity of 
mutant enzymes in a variety of diseases, including lysosomal stor­
age diseases (Tay-Sachs, Gaucher and Pombe’s disease) and retinitis 
pigmentosa, which require both endoplasmic reticulum and cyto­
plasmic proteostasis47–50. Likewise, proteostasis regulators selective 
to the HSR may be beneficial for the treatment of diseases in which 
the expression of the affected protein is primarily cytoplasmic 
and nuclear, as in ALS and the multiple forms of spinal cerebellar 
ataxia. Considering that the pathogenesis of many diseases, such 
as Alzheimer’s disease, Parkinson’s disease, ALS and cystic fibrosis 

disorders, is also associated with oxidative stress, the activation of 
the ARE pathway in conjunction with the HSR may be highly ben­
eficial in the treatment of these disorders. In support of this concept, 
we here show that the small-molecule proteostasis regulator F1, 
which simultaneously induced both stress-protective pathways, was 
the only proteostasis regulator that restored proteostasis in distinct  
cellular compartments.

In conclusion, we propose that the adjustment of the proteo­
stasis network by small-molecule proteostasis regulators of the HSR  
provides a previously unexploited and potentially powerful approach 
to obtaining proteome balance in both loss-of-function and gain-
of-function diseases by providing a corrective environment based 
on the principle of proteome balance that is superior to that found 
in the upregulation of one single pathway. In addition to their use­
fulness in potential therapeutic development, small-molecule HSR 
inducers can be used as pharmacological tools for further dissecting 
the multistep activation pathway of HSF-1. We believe that a better  
understanding of the regulation of the HSF-1 activation path­
way and its signaling mechanisms could lead to the discovery of  
compounds with stress signatures that are HSF-1 selective or could 
activate multiple stress pathways that may be effective in the control 
of diseases of protein conformation.

METHODS
Cell-based high-throughput assays. HeLa-luc cells were used to screen three  
compound libraries consisting of 903,663 structurally diverse small molecules.  
A library of 100,000 compounds (NINDS library, http://www.ninds.nih.gov/
funding/areas/technology_development/HTS_Facility.htm) was screened at  
the SRI, and two libraries of 607,408 and 196,179 compounds (Scripps Drug 
Discovery library and MLPCN library, http://mli.nih.gov/mli/mlpcn/) were 
screened at the SRIMSC. Detailed protocol and analyses are described in the 
Supplementary Methods.

RT-PCR. RNA was purified using the RNeasy Mini kit (QIAGEN) according  
to the manufacturer’s instructions. After the reverse transcription reaction, 
PCR was performed using PCR primers specific for Hsp70 and GAPDH. The 
human Hsp70 primers were: 5′-AGAGCCGAGCCGACAGAG-3′ (forward) and 
5′-CACCTTGCCGTGTTGGAA-3′ (reverse); the mouse Hsp70 primers were: 
5′-CACCAGCACGTTCCCCA-3′ (forward) and 5′-CGCCCTGCGCCTTTAAG-3′ 
(reverse); the human GAPDH primers were: 5′-GTCGGAGTCAACGGATT-3′ 
(forward) and 5′-AAGCTTCCCGTTCTCAG-3′ (reverse); and the mouse  
Gapdh primers were: 5′-TGCACCACCAACTGCTTAG-3′ (forward) and  
5′-GGATGCAGGGATGATGTTC-3′ (reverse). The PCR products were amplified 
with Taq polymerase (Promega) using standard cycling conditions.

Western blot analysis. An analysis of chaperone expression was carried out using HeLa 
cells that were treated with selected proteostasis regulators for 8 h. Cells were lysed in 
a buffer containing 20 mM HEPES (N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic 
acid; pH 7.9), 25% (vol/vol) glycerol, 0.42 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA,  
0.5 mM phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol and 2 mg ml–1 of 
complete protease inhibitor cocktail (Roche) for 30 min on ice. Fifteen micrograms 
of whole-cell extracts were run on 7.5% SDS-PAGE gels and transferred to nitrocel­
lulose. Primary antibody incubations were for 12 h at 4 °C in 10% BSA. The following 
primary antibodies were used: rabbit polyclonal HSF-1 #47 (ref. 25) antibody, mouse 
monoclonal Hsp70 antibody (4g4, Affinity BioReagents), mouse monoclonal Hsp40 
antibody (αHdj-1 clone 25)25 and mouse monoclonal Hsp27 (MA3-0015, Affinity 
BioReagents). All primary antibodies were used at a dilution of 1:10,000, except for the 
Hsp27 antibody, which was diluted 1:500. The β-tubulin antibody (Sigma) was diluted 
1:5,000 and used to verify equal protein loading. The secondary antibody was an Alexa 
Fluor 680 goat mouse IgG antibody diluted 1:5,000 (Invitrogen). The western analysis 
was performed using the Odyssey system (LI-COR).

EMSA. Detailed protocol is described in the Supplementary Methods.

ChIP assays. ChIP was performed essentially as described previously25.  
Detailed protocol is described in the Supplementary Methods.

Effect of NAC and DTT on the proteostasis regulator activity. HeLa-luc cells were 
seeded in a white 96-well plate at a density of 10,000 cells per well. Cells were pre­
treated with either 2 mM NAC or 250 μM DTT for 1 h before the addition of the 
positive control celastrol (2.5 μM or 5 μM of each) or the selected small-molecule 
proteostasis regulators (A1, A3, C1, D1 and F1; 2.5 μM, 5 μM or 10 μM of each). 
Cells were incubated with the compounds for 24 h before acquisition of the  
luminescence signals. DMSO-treated cells were used as the negative control.

http://www.nature.com/doifinder/10.1038/nchembio.763
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Multiplex gene expression analysis. Wild-type and Hsf1–/– MEFs were treated with 
serially diluted compounds in a seven-point dose-dependent manner. Cell lysates 
were pooled with mouse eight-gene multiplex probe sets and with eight different 
sets of magnetic capture beads (Luminex Technology) in a volume of 100 μl per 
well. Fold changes in gene expression were obtained for each gene per well by  
normalizing the raw data first to the DMSO control and then to the TATA-
box binding protein housekeeping gene. Detailed protocol is described in the 
Supplementary Methods.

Protein aggregation analysis in PC12 cells. PC12 cells expressing httQ74-GFP 
were seeded in tissue-culture–treated 96-well plates at 7,500 cells per well and 
induced with doxycyclin (1 μg ml–1). Compounds A1, A3, C1, D1 and F1 were used 
at concentrations ranging from 0.75–25 μM. Geldanamycin (200 nM) was used as 
the positive control. The final DMSO concentration was 0.5%. Fluorescence images 
were taken with a Zeiss Axiovert 200 fluorescence microscope (Carl Zeiss) at ×20 
magnification, and images were deconvoluted using Axiovision software. For the 
quantification of the fluorescence microscopy analysis, approximately 500 cells 
were counted for each treatment.

ΔF508-CFTR YFP quenching assay. Human bronchial epithelial cells (CFBE41o-) 
stably expressing ΔF508-CFTR as well as H148Q/I152L-YFP (CFBE41o- YFP) 
were treated with selected proteostasis regulators in complete growth media and 
incubated at 37 °C, 5% CO2 for 24 h. Cells were subsequently stimulated with a 
final concentration of 10 μM forskolin and 50 μM genistein for 15 min before the 
addition of PBS and NaI (NaCl was replaced with 137 mM NaI). Fluorescence was 
monitored once a second for a total of 30 s (beginning 3 s before the addition of 
NaI and ending 27 s after the addition of NaI). Detailed protocol and analyses are 
described in the Supplementary Methods.

ΔF508-CFTR transport assay. CFBE41o- cells stably expressing ΔF508-CFTR were 
treated with selected compounds (either at 2.5 μM, 5 μM or 10 μM) in complete 
growth media and maintained at 37 °C, 5% CO2 for 24 h. Cells were lysed on ice, 
and the supernatant was collected for analysis. An equal amount of total protein 
(15 μg) was separated by SDS-PAGE (8% gel) and transferred to nitrocellulose. 
The blot was probed overnight at 4 °C for CFTR (3G11 rat monoclonal antibody 
at 1:500 dilution) and the indicated chaperone proteins. Detailed protocol is 
described in the Supplementary Methods.

C. elegans assays for aggregation and motility defects. The treatment with the 
chemical compounds was performed in a 96-well plate format in liquid culture. 
The animals were scored for changes in aggregation (number of fluorescent foci) 
using the stereomicroscope Leica MZ16 FA microscope equipped for epifluores­
cence (Leica Microsystems). For the motility assay, the animals’ movement was 
digitally recorded using a Leica M205 FA microscope with a Hamamatsu digital 
camera C10600-10B (Orca-R2, Leica Microsystems) and Hamamatsu Simple PCI 
Imaging software. Detailed protocol is described in the Supplementary Methods. 
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