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Recessively inherited diseases are most frequently caused by 
point mutations that result in either attenuation or loss of  
gene function. In such diseases, unstable gene products are  

dramatically downregulated and are often prone to proteasome- 
mediated degradation. An example is USH3 characterized by  
progressive loss of vision and hearing, with variable difficulty in 
maintaining balance1–3. This is caused by loss-of-function mutations  
in the clarin-1 (CLRN1) gene, which encodes a putative four- 
transmembrane protein CLRN1 closely related to tetraspanins4,5.

The CLRN1N48K missense mutation is the most common USH3-
causative mutation both in the North American population and 
among those of Ashkenazi Jewish descent2. Replacement of the con-
served N-glycosylation site Asn at position 48 with Lys is thought 
to affect proper folding and stability of the CLRN1N48K mutant 
protein6. Clrn1N48K knock-in (Clrn1N48K/N48K) mice develop hear-
ing but rapidly become profoundly deaf, which is associated with 
the degeneration of mechanosensory hair cells by postnatal day 24 
(P24)7, suggesting that CLRN1-mediated function is not sustained 
in the Clrn1N48K/N48K background. Moreover, studies with HEK293 
cells indicate that N-linked glycosylation is required for the stabil-
ity and plasma membrane localization of human CLRN1 (refs. 6,7), 
and studies with mouse and zebrafish hair cells expressing human 
CLRN1N48K confirmed mislocalization of the mutant protein in 
vivo7,8. These observations demonstrate that the function of the 
pathogenic variant, CLRN1N48K, is compromised by reduced protein 
levels and localization defects.

No treatment is available to stop or slow the progression of USH3 
disease. Thus, a generally applicable strategy is needed to develop 
therapeutic agents for treating USH3 and other diseases caused 
by protein-destabilizing point mutations. We hypothesized that 

increasing the stability of CLRN1N48K would help the mutant protein 
reach the proper site at the plasma membrane and restore CLRN1-
mediated function, mitigating the CLRN1N48K-associated hearing 
loss. Here we describe a strategy to identify and optimize small mol-
ecules that specifically stabilize CLRN1N48K. Moreover, attenuation 
of hearing loss in our new USH3 mouse model provides proof of 
concept that such an approach is effective in identifying preclini-
cal candidates for treatment of the USH3 sensory deficit associated 
with the CLRN1N48K mutation.

RESULTS
A high-throughput screen identifies a CLRN1N48K stabilizer
To identify molecules that stabilize CLRN1N48K, we conducted 
high-throughput screening (HTS) of ~50,000 small molecules with 
HEK293 cells stably expressing human CLRN1N48K fused to the 
influenza hemagglutinin (HA) and FLAG epitope tags (D6 cell line)  
(Fig. 1a,b). As CLRN1N48K is effectively degraded by proteasomes, 
addition of the proteasome inhibitor bortezomib (25 nM) resulted 
in an increased amount of CLRN1N48K in the D6 cell line (Fig. 1a). 
Based on assessments of the cell responses to 25 nM bortezomib and 
DMSO, the z′ value (a measure of assay robustness9) was 0.43, which 
is suitable for HTS9. Out of ~50,000 molecules, 644 of them at 16.8 μM  
showed activities of ≥30% relative to that of 25 nM bortezomib  
(Fig. 1c). From those 644 molecules, we selected the top 320 com-
pounds with high activities (Fig. 1c) and retested them six times at 
24.8 μM. Then we ranked the molecules on the basis of their aver-
age activities relative to that of 25 nM bortezomib (percent activities 
of the top 90 molecules are shown in Fig. 1d and Supplementary 
Data Set). We eliminated molecules (Fig. 1d) owing to undesir-
able chemical attributes10,11 including but not limited to high sulfur  
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content, the presence of a planar polycyclic structure, a dye-like 
structure or a structure similar to those already represented by other 
high-ranked compounds. In total, we selected 48 molecules for fur-
ther characterization (Fig. 1d and Supplementary Data Set).

A dual-reporter assay for monitoring proteasome activity
We used DsRed-Express-DR as a reporter for proteasome-mediated 
protein degradation, as this is a fusion of DsRed-Express with a 
portion of ornithine decarboxylase that is prone to proteasome-
mediated degradation12 (Fig. 2a). As a second reporter, we used 
human CLRN1N48K-Venus fluorescent protein, which also is prone 
to proteasome-mediated degradation (Fig. 2a). General inhibition 
of proteasomes caused increased fluorescence of both DsRed and 
Venus (Fig. 2a,b), whereas the specific stabilization of CLRN1N48K 
would be expected to result in increased fluorescence of Venus but 
not of DsRed (Fig. 2a).

We investigated the 48 compounds selected from the initial 
screen (Fig. 1d) in this secondary screen with the dual-reporter cell 
line (Fig. 2b,c and Supplementary Results, Supplementary Fig. 1).  
To quanitfy fluorescence, we used the average relative fluorescence 
intensities of Venus and DsRed after treatment with 50 nM bort-
ezomib to standardize the fluorescence changes caused by each  
small molecule (Fig. 2b,c). Three potential hits—B03, M01 and O03 
(Fig. 2c)—did not show significant increases of DsRed fluorescence 
(P > 0.1 by t-test, versus no treatment) but showed an increase of  

fluorescence consistent with Venus (P < 0.003 by 
t-test, versus no treatment). We excluded M01 
because this compound was fluorescent when 
bound to control HEK293 cells not expressing 
CLRN1N48K-Venus and DsRed-Express-DR. 
We validated B03 and O03 by immunoblot-
ting with the D6 cell line: O03 demonstrated 
a specific increase of CLRN1N48K, whereas B03 
did not show an appreciable increase (Fig. 2d). 
Thus B03 was a false positive possibly caused 
by an increased Venus level in the secondary 
screen (Fig. 2c). O03 was similarly effective 
in enhancing levels of mouse CLRN1N48K in 
NIH/3T3 cells (Fig. 3a). On the basis of these 
results, we chose to use O03 as the lead com-
pound for further characterization.

o03 acts through a post-translational 
mechanism
To understand the mechanism of action of 
O03, we examined three different processes 
that can increase cellular levels of CLRN1N48K: 
(i) increased transcription, (ii) increased 
translation and (iii) greater stabilization of 
CLRN1N48K. We found that increased cellular 
levels of CLRN1N48K were not due to altered 
transcription, as treatment with O03 did not 
increase the level of the CLRN1N48K mRNA 
(Fig. 3b). To investigate whether protein 
translation is required for the effect of O03, 
we introduced cycloheximide, which has been 
confirmed to inhibit the synthesis of CLRN1N48K 
(Supplementary Fig. 2). We allowed cells to 
synthesize and accumulate CLRN1N48K for 
6 h (Fig. 3c), and then we incubated them 
with cycloheximide for an additional 6 h in 
the presence of O03 (Fig. 3c). We confirmed 
that in the absence of protein translation, O03 
increased the stability of CLRN1N48K.

In subsequent experiments, we compared 
the effects of O03 and proteasome inhibi-

tors, MG132 and bortezomib. After 6 h of incubating the cells with 
O03, a condition known to increase the stability of CLRN1N48K, we 
washed the cells and incubated them in the absence of O03 and in 
the presence of cycloheximide for 6 h. CLRN1N48K remained stable 
even after this procedure (Fig. 3c). MG132, a reversible inhibitor of 
proteasomes, did not stabilize CLRN1N48K after a similar washout 
protocol (Fig. 3c). Thus, the experiment with MG132 confirmed 
that CLRN1N48K is prone to degradation in the absence of stabilizing 
reagents. Similar to O03 but unlike MG132, bortezomib was effec-
tive in stabilizing and protecting CLRN1N48K from degradation for  
6 h after the washout (Fig. 3c). Bortezomib binds tightly to its tar-
gets and is known for its extremely slow ‘off-rate’ kinetics13. A long-
lasting effect similar to that noted with bortezomib suggests that 
O03 is also tightly bound to its respective target protein.

Medicinal chemistry of o03 and its analogs
O03 was a low-potency compound (compound 1, half-maximal 
effective concentration (EC50) of 2 μM, Supplementary Table 1), 
and therefore we optimized the potency and physicochemical prop-
erties of O03 (Supplementary Note). We monitored the potencies 
of O03 derivatives by the same cell-based assay used for the HTS. 
Initially, we explored different substitutions on position 4 of the 
pyrazolo[3,4-c]pyridazine core (Fig. 4a). The chloro substituent 
yielded the highest efficacy, and therefore we maintained it during 
subsequent optimizations of substituents on C3 and N1. These initial 
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Figure 1 | HTS identifies compounds that stabilize human CLRN1N48K. (a) immunofluorescence 
microscopy analysis of clRn1n48K tagged with an HA epitope in a d6 cell line stably expressing 
CLRN1n48K mRnA, treated as indicated. bortezomib was used at 25 nM. (b) Segmentation of cell-
containing areas to measure relative concentrations of clRn1n48K. cells are outlined in the top image 
and colored in the bottom image. (c) Measured efficacies of ~50,000 compounds tested by HtS 
for stabilization of clRn1n48K, normalized to 25 nM bortezomib assayed on the same plate. the top 
320 compounds (blue) were selected for further analysis. (d) Analysis of the top 320 compounds 
using the same assay six times. of those, 90 compounds with highest average percentage activities 
are shown. Among them, 48 compounds were selected for secondary screening but 42 compounds 
were eliminated owing to unfavorable properties such as autofluorescence, the formation of dye-like 
structures or chemical structures unsuitable for further pharmaceutical development10,11. data are 
presented as mean ± s.e.m. (n = 6). Scale bars, 50 μm.
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Figure 2 | A dual-reporter assay eliminates pan-proteasome inhibitors. (a) Schematic of cells 
engineered to co-express human clRn1n48K fused to venus (green) and dsRed-express-dR 
(magenta). clRn1n48K-venus and dsRed-express-dR are both degraded by proteasome 
(top). thus, a proteasome inhibitor will cause both increased venus fluorescence and dsRed 
fluorescence (middle). A molecule that specifically stabilizes clRn1n48K will cause increased 
venus fluorescence but will minimally affect dsRed fluorescence (bottom). (b) Fluorescence 
micrographs for dual reporter assays conducted with 0 nM bortezomib (no treatment),  
50 nM bortezomib, 16.8 μM K01 and 16.8 μM o03. Scale bar, 50 μm. (c) Fluorescence  
intensities from venus and dsRed normalized to intensity values obtained with 50 nM 
bortezomib. ***P = 1.22 × 10−5, **P = 3.70 × 10−4, *P = 2.27 × 10−3, compared to no treatment;  
two-sided t-test. Results are expressed as mean ± s.d. (all images were taken in triplicate, and  
15 different areas from each replicate were picked for quantification). (d) immunoblotting analysis 
of HA-tagged human clRn1n48K in cells that were treated with dMSo, bortezomib (50 nM),  
b03 or o03. tubulin loading controls are indicated. See also Supplementary Figure 13.

results suggested that the electrophilic character of these compounds 
is essential for efficacy. Replacement of the methyl moiety at C3 with 
a phenyl group and replacement of the methyl moiety at N1 with a 
hydroxyethyl group resulted in compound 2 (BF981) with improved 
solubility and potency (EC50 = 0.31 μM, Supplementary Table 1).  
BF981 was metabolically unstable (Supplementary Table 1),  
and consistently a metabolite identification study in mouse hepa-
tocytes indicated that BF981 underwent both oxidation and 
glucuronidation of the primary alcohol (Supplementary Table 2). 
To improve the metabolic stability of BF981, we introduced steric 
hindrance in the proximity of the primary hydroxyl group, leading 
to compound 3 (BF844) (Fig. 4a). BF844 retained the improved sol-
ubility and potency observed for BF981 (Supplementary Table 1).  
Further, BF844 had a higher area under the curve (AUC; repre-
sented by concentration × hours (μM h) derived from plasma con-
centration data) than BF981 in P20 mice, suggesting a lower in vivo 
clearance owing to a decrease in oxidation, glucuronidation or both 
(Supplementary Table 3). AUC was higher in mice at P6 than at 
P20 (Supplementary Table 3), indicating that an escalating dosage 
regimen would be needed to achieve constant exposure in young 
mice as they age.

Prediction of effective dosages for systemic administration
For systemic administration, candidate drugs for the treatment of 
USH3 need to cross blood–cochlear and blood–retina barriers to 

reach affected cells. To predict the ability of 
our compounds to cross these barriers, we 
used an MDR1-MDCK cell assay14 as a surro-
gate to assess passive permeability and efflux 
mediated by P-glycoprotein. This transporter 
is important in physiological barriers15. BF981 
demonstrated a good apical-to-basolateral 
apparent permeability and a low effective 
efflux ratio (Supplementary Table 3), indica-
tive of low in vivo efflux. We confirmed this 
by measurements of brain and retinal concen-
trations of BF981, relative to those in plasma, 
following in vivo compound administration 
(Supplementary Table 3). Likewise, BF844 
showed similarly good in vitro permeabil-
ity and low efflux potential (Supplementary 
Table 3), predictive of good penetration into 
the retina and cochlea in vivo.

To estimate the in vivo exposure required to 
achieve CLRN1N48K stabilization, we incubated 
D6 cells with BF981 or BF844 for 0.5–2 h. Then 
we washed the cells and incubated them with 
fresh compound-free medium for 22–23.5 h 
before the analysis of CLRN1N48K expression. 
After such treatment, BF981 and BF844 dis-
played reasonable potency (~5 μM) after the 
cells were exposed to each compound for 0.5 h  
(Supplementary Table 3). Because exposure 
at 15 μM for 0.5 h, corresponding to an AUC 
of 7.5 μM h, was sufficient for near maximal 
(~90%) rescue of CLRN1N48K in vitro (EC90 = 
15 μM), we estimated that an in vivo AUC of 
7.5 μM h for either compound might be suf-
ficient to rescue the majority of CLRN1N48K  
in vivo. After intraperitoneal (i.p.) administra-
tion of BF844 into P6 and P20 mice (3 mg/kg 
and 10 mg/kg doses, respectively), we deter-
mined in vivo AUC values to be 1.76 μM h and  
1.98 μM h, respectively. Assuming that AUC and 
dose are linearly correlated, we estimated that 
BF844 would achieve an AUC close to 7.5 μM h  

with doses of 10 mg/kg and 30 mg/kg at P6 and P20, respectively, 
whereas higher doses of BF981 would be needed to achieve a similar 
exposure (100 mg/kg at P20). Thus we selected BF844 for further  
in vivo studies.

The BF844 core structure interacts with HSP60/90
To identify targets of our newly developed compounds, we con-
ducted an affinity purification of proteins using the core structure 
of BF844 linked with a biotin moiety (Fig. 4a). The biotinylated 
molecule, BF071 (4), demonstrated reasonable potency (~1.6 μM, 
Supplementary Table 1) and efficacy (~1.1 times higher than that 
of 25 nM bortezomib) in the cell-based assay described above. 
Affinity purification failed to yield CLRN1N48K (Fig. 4b), suggesting 
that there is no direct interaction between BF071 and CLRN1N48K. 
Upon further analysis we found that two particular protein bands 
were enriched by binding to the core structure of BF844 (Fig. 4c). 
Through quantitative mass spectrometry analyses, we identified the 
major constituents of these bands as heat-shock proteins HSP90 and 
HSP60 (Fig. 4c). Further evidence supporting these interactions 
came from the finding that ~2% of the HSP60 and HSP90 peptides 
was covalently conjugated with BF071 (Supplementary Fig. 3), 
wherein the Cys residues responsible for the activity of HSP90 and 
HSP60 constituted the binding sites.

To test whether these interactions are biologically relevant, we 
measured the chaperone activities of HSP60 and HSP90 toward a 
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model substrate, thermally denatured citrate synthase (CS), in the 
presence and absence of BF844 (Supplementary Fig. 4). At sub-
micromolar concentration, BF844 effectively inhibited HSP60 
activity (87.07 ± 27.70% inhibition, mean ± s.d., n = 3). When 
applied at 20-fold molar excess, BF844 only moderately inhibited 
HSP90 (40.06 ± 19.10% inhibition, n = 3), suggesting that attenu-
ation of HSP90 chaperone activity is not the primary mechanism 
for BF844-associated stabilization of CLRN1N48K. To further test the 
involvement of HSP90, we applied 17-N-allylamino-17-demethox-
ygeldanamycin (17-AAG), a potent inhibitor of HSP90 (ref. 16), to 
D6 cells (Supplementary Fig. 5). When applied alone, 17-AAG did 
not alter the amount of CLRN1N48K. When applied in combination 
with BF844, however, 17-AAG caused an about fivefold enhance-
ment of the BF844-mediated stabilization (Supplementary Fig. 5), 
providing evidence that the HSP90 pathway is indirectly involved in 
the stabilization of CLRN1N48K.

If HSP60 and HSP90 are the targets of BF844, changes in the 
potency of O03 analogs by medicinal chemistry efforts should cor-
relate with changes in the interactions between the analogs and 
the two HSPs. To study the correlation between cell-based and 
HSP activity readouts, we introduced two analogs, BF066 (5) and 
BF136 (6), which are inactive according to the cell-based assay 
(Supplementary Fig. 4 and Supplementary Table 1). At submi-
cromolar concentration (0.846 μM), BF066 and BF136 had no 
substantial effect on HSP60 chaperone activity. At the same concen-
tration, BF844 inhibited HSP60 almost completely. Both BF066 and 
BF136 demonstrated either little or no substantial effect on HSP90 

activities. Therefore, we directed our medicinal chemistry efforts to 
improving functional interaction with HSPs, especially HSP60.

Effects of BF844 on non-glycosylated CLRN1
CLRN1 is present in the plasma membrane when expressed in 
HEK293 cells, whereas CLRN1N48K is not effectively trafficked to 
this location6. We tested whether BF844 can enhance the plasma 
membrane representation of CLRN1N48K in HEK293 cells. For this 
assay, we conjugated plasma membrane proteins by EZ-Link Sulfo-
NHS-SS-Biotin and fractionated them to compare the amounts of 
plasma membrane and intracellularly localized proteins. BF844 
treatment induced about 6% of total CLRN1N48K to be transported 
to the plasma membrane, compared to 49–60% of wild-type CLRN1 
(P < 0.0006 by two-tailed t-test, Supplementary Fig. 6). Thus in  
the presence of BF844, CLRN1N48K is delivered to the plasma  
membrane eightfold to tenfold less efficiently than CLRN1. We con-
firmed successful fractionation of plasma membrane proteins by  
the presence of Na+/K+ ATPase and the absence of cytoplasmic 
Golgi-associated protein GRASP55 in the plasma membrane frac-
tion. The increase in the plasma membrane level of CLRN1N48K 
indicates that BF844 can partially ameliorate the localization  
defects observed for CLRN1N48K.

Glycosylation is part of the ER protein quality control system. To 
clarify the quality control step at which BF844 is involved, we tested 
the effect of BF844 on CLRN1 using two stable cell lines with high 
and low expression levels of CLRN1, C1 and D1 cell lines, respec-
tively. In both cell lines, BF844 effectively increased the amount 
of non-glycosylated CLRN1 (Supplementary Fig. 7). Although 
the amount of non-glycosylated CLRN1 observed in the presence 
of BF844 was small relative to that of the glycosylated form of the 
protein (Supplementary Fig. 7), this finding is consistent with the 
proposal that BF844 can stabilize a fraction of the CLRN1 poly-
peptide, which otherwise is degraded because of improper folding. 
Protein glycosylation is initiated in the ER, and thus stabilization of 
non-glycosylated CLRN1 suggests that BF844 acts on the ER where 

a

c

D
M

SO

C
LR

N
1N

48
K

MW
(kDa)

26

T0 T1
– – – – + + + + + +CX:

50
 n

M
 B

or
te

zo
m

ib

50
 n

M
 B

or
te

zo
m

ib

0 
nM

 B
or

te
zo

m
ib

50
 µ

M
 M

G
13

2

16
.8

 µ
M

 O
03

50
 µ

M
 M

G
13

2

16
.8

 µ
M

 O
03

0 
µM

 M
G

13
2

0 
µM

 O
03

b

D
M

SO MW
(kDa)

25

20

2.
2 

nM
 B

or
te

zo
m

ib

8.
7 

nM
 B

or
te

zo
m

ib

35
 n

M
 B

or
te

zo
m

ib

3 
µM

 O
03

12
 µ

M
 O

03

24
 µ

M
 O

03

12

8

4

0

∆C
t

D
M

SO

Bo
rt

ez
om

ib

O
03

Figure 3 | The lead compound o03 stabilizes CLRN1N48K by a post-
translational mechanism. (a) An immunoblot showing mouse clRn1n48K 
expressed in niH/3t3 cells treated as indicated. (b) Quantitative Rt-pcR 
of HeK293 cells stably expressing human CLRN1n48K (o03 versus dMSo, 
P = 0.9995, two-sided t-test, n = 4, mean ± s.d.). (c) immunoblot analysis 
of clRn1n48K amounts in lysates of d6 cells. (left) d6 cells were treated 
as indicated and allowed to synthesize and accumulate clRn1n48K for 6 h 
(t0). (Middle) d6 cells were treated as for t0 and then were treated with 
the indicated compounds for an additional 6 h (t1) in the presence of  
100 μM cycloheximide (cX). (Right) After treatment of d6 cells with 
respective compound as in t0, compounds were washed out, and cells 
were incubated for an additional 6 h (t1) in the presence of cX. note  
that multiple immunopositive bands were detected by the HA antibody, 
which recognizes the c-terminal tail of clRn1n48K (a,c). Analysis of the 
primary structure39 suggests that clRn1 contains a few signal peptide 
cleavage sites; incomplete cleavage leads to a few differently sized bands. 
See also Supplementary Figure 13.

MW
(kDa)

1 (O03) R1 = CH3; R2 = CH3
2 (BF981) R1 = Ph; R2 = CH2CH2OH
3 (BF844) R1 = Ph; R2 = CH2C(Me)2OH

4 (BF071) R1 = Ph; R2 =

Control AP

25

L E L E

20

a
MW

(kDa) M
arke

r

Contro
l

AP

250
150

100

75

50

37

2 (Hsp90)

1 (Hsp60)

25

c

b

C
LR

N
1N

48
K

N
N N

N

R1
Cl

R2

4 3

2

1

*
H
N

O

H
N

O

S

HN

NH

O
H

H

Figure 4 | Design of BF844; identification of proteins bound to its 
pharmacophore. (a) chemical structures of the lead compound (1, o03), 
the optimized compounds (2, bF981; 3, bF844) and biotinylated compound 
(4, bF071). bF844, bF981 and bF071 share the same core structure,  
and bF071’s biotin moiety was used for avidin affinity purification.  
(b) immunoblot for clRn1n48K after affinity purification (Ap) of binding 
proteins from cell homogenates with bF071. As a negative control, target 
proteins in cell homogenates were blocked with bF981 before incubation 
and affinity purification with bF071. l, whole cell lysates before purification; 
e, the fraction eluted from avidin agarose. (c) SdS–pAGe analysis of bF071 
binding proteins; protein bands (arrows) at the sizes of ~60 and 90 kda 
were enriched by bF071 (Ap) as compared to the negative control for  
which samples were blocked with bF981 before affinity purification.  
based on quantitative mass spectroscopy, HSp60 was enriched 28 times in 
position 1 and HSp90 was enriched 10 times in position 2 compared  
to the control. See also Supplementary Figure 13.
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nascent CLRN1 polypeptides are synthe-
sized. Similar to CLRN1N48K, non-glycosylated  
CLRN1 was effectively transported to the 
plasma membrane after treatment with BF844. 
We observed similar stabilization effects for 
BF981 (Supplementary Figs. 6 and 7). Taken 
together, non-glycosylated CLRN1 polypep-
tides, both the wild-type and the N48K mutant, 
can pass through the ER protein quality  
control mechanism. We hypothesize that 
BF844-mediated prevention of endoplasmic-
reticulum-associated degradation (ERAD) 
allowed the protein more time to acquire 
proper folding so that a fraction was able to 
exit the ER for plasma-membrane-directed 
transport. Such findings are consistent with 
the modulation of HSPs by BF844.

Selectivity of BF844-mediated protein 
stabilization
We tested the effect of BF844 on two inher-
ently unstable membrane proteins of rod  
photoreceptors, the P23H rhodopsin mutant  
in which Pro at position 23 is substituted with His 
(RHOP23H)17 (Supplementary Fig. 8a) and the 
rod cGMP-gated channel β-subunit (CNGB1)18 
(Supplementary Fig. 8b). We tested effect of 
BF844 with an NIH3T3 cell line stably express-
ing RHOP23H. RHOP23H is improperly folded 
and actively degraded through ERAD19–21.  
However, BF844 did not stabilize RHOP23H 
(Supplementary Fig. 8a). We also tested the 
effect of BF844 on CNGB1 fused to a fluo-
rescent protein Dendra2 (Dend2-CNGB1)22 
expressed in telomerase-immortalized human 
retinal pigmented epithelium (hTERT-RPE1) 
cells. Under normal conditions, CNGB1 forms 
a stable oligomer with CNGA1 in rod photore-
ceptors. However, CNGB1 is prone to protea-
some-mediated degradation when expressed 
alone in hTERT-RPE1cells (Supplementary 
Fig. 8b). Under the latter condition, BF844 
did not stabilize CNGB1 (Supplementary 
Fig. 8b). The lack of an effect on CNGB1 sup-
ports the concept that BF844 does not act as 
a general inhibitor of proteasomes. Taken 
together, our data indicate that BF844 is a pro-
tein stabilizer with selectivity for CLRN1N48K 
(Supplementary Fig. 8c) and does not have  
an effect on the photoreceptor-specific GPCR 
or channel.

A new mouse model of USH3
Clrn1N48K/N48K (KI/KI) mice develop early onset, 
profound hearing loss7. A model that shows pro-
gressive hearing loss in the KI/KI background 
would parallel more closely the progression of 
hearing loss in CLRN1N48K/N48K subjects2. Such a model would be use-
ful for testing compounds like BF844, as it would permit the treatment 
of animals after complete maturation of their hair cells but before the 
onset of degenerative events. We hypothesized that conditional and 
transient expression of Clrn1 in hair cells in the KI/KI background 
during prenatal to perinatal periods would delay the onset of hear-
ing loss, and the ensuing decrease in hearing sensitivity would be 
more gradual relative to the phenotype evidenced by KI/KI mice. 
To test this hypothesis, we generated a transgenic line expressing  

Clrn1 under control of the Atoh1 gene enhancer (Supplementary 
Fig. 9), which is known to drive hair-cell-specific expression from  
the embryonic to perinatal stage and then downregulate around P5 
(ref. 23). We designated mice carrying a transgene consisting of a 
regulatory element of the Atoh1 enhancer−β globin basal promoter 
fused to mouse Clrn1 as TgAC1, and those with TgAC1 and homozy-
gous N48K knock-in mutation in Clrn1 as Tg;KI/KI.

We monitored hearing in Tg;KI/KI mice (n = 10) along with 
KI/KI mice (n = 10) and wild-type mice (n = 5) from P22 to P70 
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Figure 5 | BF844 preserves hearing in Tg;KI/KI mice. We obtained the AbR threshold  
(‘threshold’) for each stimulus by reducing the sound pressure level (Spl) at 10 decibel (db)  
steps or by a factor of 10 (log10) (y-axis). each color symbol represents the average threshold 
from both ears of an individual mouse. boxes represent the interquartile range. Horizontal lines 
in each box indicate the median values, and outermost bars present the extremes of the data. 
in each group, thresholds were recorded from the same mice at p46 and p55. Hearing at p46 
(left): the median threshold was 27.5 db Spl for control mice and 60−62.5 db Spl for tg;Ki/Ki 
mice. For regimen i, the median thresholds at 8, 16 and 32 kHz were 57.5, 45 and 50 db Spl, 
respectively. For regimen ii, the median thresholds at 8, 16 and 32 kHz were 35, 37.5 and 45 db 
Spl, respectively. AbR data at p55 (right): the median threshold was 31.25 db Spl for control  
mice and 92.5−95 db Spl for tg;Ki/Ki mice. For regimen i, the median thresholds at 8, 16 and  
32 kHz were 67.5, 57.5 and 60 db Spl, respectively. For regimen ii, the median thresholds at 8, 16 
and 32 kHz were 40, 50 and 55 db Spl, respectively. At p55, tg;Ki/Ki mice treated under regimen 
i or ii showed a 30−40 db Spl lower threshold compared to that of untreated tg;Ki/Ki mice, 
indicating 1,000-fold to 10,000-fold more sensitive hearing across frequencies at p55 in  
bF844-treated mice. ns (not significant) = P > 0.05; *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001.

http://dx.doi.org/10.1038/nchembio.2069


©
20

16
N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

6  nature CHeMICaL BIOLOGY | AdvAnce online publicAtion | www.nature.com/naturechemicalbiology

article NATURE CHEMICAL BIoLogy dOI: 10.1038/nCHeMBIO.2069

(Supplementary Fig. 10) using auditory-evoked brainstem responses 
(ABRs)24,25. The median ABR threshold (‘threshold’) in control mice 
was 30 ± 5 dB SPL (decibel sound pressure level) (Supplementary 
Fig. 10). Compared to controls, KI/KI mice evidenced early onset 
(P22), profound hearing loss (threshold ≥90 dB SPL). In contrast, 
at P22 most Tg;KI/KI mice had thresholds closer to those of con-
trol mice at all frequencies tested. Tg;KI/KI mice were predicted to 
display hearing loss associated with elevated (above normal) thresh-
olds by P30 and continue to experience gradual hearing loss over the  
next 40 d. Around P70, two of ten Tg;KI/KI mice showed a 70−80 dB 
SPL threshold (severe hearing loss), whereas eight of ten displayed 
a ≥90 dB SPL threshold (profound hearing loss) at all frequencies 
tested (Supplementary Fig. 10). One-way analysis of variance 
(ANOVA) confirmed the significance of these results (P ≤ 0.0001). 
However, in the KI/KI model reported previously, mutants showed 
moderate to severe hearing loss (60−70 dB SPL) as early as P18, and 
profound hearing loss by P24 (ref. 7). In summary, we generated  
a new model for USH3 that displays delayed-onset, progressive 
hearing loss. Tg;KI/KI mice closely mimic the hearing loss profile 
manifested by USH3 patients with the CLRN1N48K/N48K mutation.

BF844 mitigates hearing loss linked to CLRN1N48K

To test the efficacy of BF844 in mitigating hearing loss, we tested 
two dosage regimens. We designed regimen I to test the efficacy of 
BF844 in Tg;KI/KI mice soon after they are predicted to display ele-
vated thresholds (P30) (Supplementary Fig. 11). We designed regi-
men II to intervene at a point (P10) before the onset of hearing loss 
in Tg;KI/KI mice to prevent earlier changes that culminate in hair 
cell degeneration. As P10 mice are less likely to tolerate the same 
dose as P30 mice, we implemented an i.p. dose escalation starting 
at 10 mg/kg (Supplementary Fig. 11). Weights of the injected mice 
were similar to those of controls (Supplementary Fig. 12), suggest-
ing that BF844 did not negatively affect the growth of mice.

For regimen I, at P46, the median threshold of treated mice was 
lower than that of their untreated counterparts at all frequencies 
tested, but the difference was greater at 16 kHz and 32 kHz than at 8 
kHz (Fig. 5 and Table 1). A 10–20 dB SPL lower threshold translates 
into 10–100 times more sensitive hearing in treated as compared to 
untreated mice. At P55, the effect of BF844 on halting the progres-
sion of hearing loss in Tg;KI/KI mice was significant across all tested 
frequencies (P < 0.05, one-way ANOVA). The median threshold was 
92.5–95 dB SPL for untreated Tg;KI/KI mice, whereas the median 
threshold for BF844-treated mice was 57.5–67.5 dB SPL (Table 1). 
This is 27.5–35.0 dB SPL lower, signifying about 1,000 times more 
sensitive hearing compared to untreated controls at P55.

For regimen II, at P46, the median thresholds for treated Tg;KI/KI 
mice across stimulus frequencies were 17–25 dB SPL lower than 
those of untreated controls (Table 1), achieving significance at 8 and 
16 kHz (Fig. 5). Moreover, at P46 the median thresholds of mice in 
regimen II were 7.5–22.5 dB SPL lower than the median thresholds 
of mice in regimen I (Table 1). At P55, not only was the effect of 
BF844 in halting the progression of hearing loss in Tg;KI/KI mice 
significant across all frequencies tested (P <0.05, one-way ANOVA), 

but the difference for regimen II was more dramatic than that for 
regimen I. The median thresholds for Tg;KI/KI mice at P55 in the 
treated group were 55.0, 42.5 and 37.5 dB SPL lower at 8, 16 and  
32 kHz, respectively, compared to untreated mice (Table 1); these 
data correspond to an average of 45 dB SPL lower across the three 
frequencies, signifying about 10,000 times more sensitive hearing 
than untreated controls at P55. This means that untreated Tg;KI/KI 
mice progressed to ‘severe-to-profound’ he aring loss, although 
most of their treated counterparts were protected from rapid dete-
rioration of hearing.

DISCUSSIoN
Here we developed BF844, which mitigates progressive hearing 
loss in a USH3 mouse model. HTS enabled us to identify O03, a 
lead molecule that increased the stability of CLRN1N48K. Then we 
tested different synthetic modifications of O03 to identify a com-
pound with improved potency and pharmacokinetic properties. 
The product of these studies, BF844, not only stabilized CLRN1N48K 
and increased its plasma membrane localization in HEK293 cells, 
but also improved hearing by more than three orders of magnitude 
in a CLRN1N48K USH3 mouse model. BF844 did not act as a general 
inhibitor of proteasome activity. Although general proteasome inhi-
bition can increase the cellular levels of CLRN1N48K, that approach 
cannot be recommended for treating USH3 disorder because pro-
tein homeostasis is especially critical for the maintenance and sur-
vival of auditory hair cells and photoreceptor neurons26,27. To our 
knowledge, BF844 constitutes the first lead compound for targeted 
therapy of Usher syndrome, successfully delaying hearing loss.

To evaluate investigational new drugs including BF844, we made 
improvements to the KI/KI mouse model. The new model allowed 
us to observe the hair cell deficiencies caused by CLRN1 defects 
only in mature hair cells, a condition more closely resembling USH3 
in humans. In this model, BF844 effectively mitigated hearing loss 
when applied before the onset of hearing loss (regimen II) and dur-
ing the early stages in the progression of hearing loss (regimen I). 
Our data demonstrate that BF844 effectively crosses the blood– 
labyrinth barrier and protects hearing in the low-frequency, mid-
frequency and high-frequency ranges. CLRN1N48K/N48K USH3 
patients display postlingual progressive hearing loss, which indi-
cates that they acquire hair cell function but fail to maintain it2,3. 
The onset of hearing loss varies from 3−6 years of age to more than 
35 years2. Thus, BF844 can provide treatment options at different 
stages of USH3, as genetic testing28 can identify CLRN1N48K/N48K indi-
viduals before the onset of hearing loss.

We believe that the phenotype observed in humans and mice  
with the N48K mutation in CLRN1 is due to diminished surface 
expression of CLRN1N48K, resulting in the loss of hair cell function 
over time. Human CLRN1N48K expressed in HEK293 cells accumu-
lated in the endoplasmic reticulum (ER)7. Though accumulation 
of misfolded protein in the ER triggers ERAD and ER stress sig-
nals29, several cell types can activate a compensatory mechanism 
that delivers a fraction of the accumulated proteins to the cellular 
surface or other normal destinations29–31. Such a mechanism is well 

Table 1 | Median ABR thresholds in BF844 treated versus untreated Tg;KI/KI mice
8 kHz 16 kHz 32 kHz

thresholda at p46 thresholda at p55 thresholda at p46 thresholda at p55 thresholda at p46 thresholda at p55

control (b6 wild type) 30.00 31.25 25.00 31.25 30.00 31.25
Ki/Ki 100.00 100.00 100.00 100.00 100.00 100.00
tg;Ki/Ki 60.00 95.00 62.50 92.50 62.50 92.50
tg;Ki/Ki, regimen i 57.50 67.50 45.00 57.50 50.00 60.00
tg;Ki/Ki, regimen ii 35.00 40.00 37.50 50.00 45.00 55.00
aAbR threshold in db Spl (sound intensity in a log scale).
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documented for RHOP23H and the cystic fibrosis transmembrane 
regulator mutant CFTRΔF508, both of which are prone to misfolding 
and accumulation in the ER32–34. RHOP23H is dramatically downreg-
ulated owing to ERAD, but some of the mutated protein can escape 
degradation and reach the photoreceptive disk membranes, where 
it can trigger the phototransduction cascade17,20. CFTRΔF508 can be 
translocated to the surface of airway epithelial cells and conduct 
chloride ions to a certain extent, but patients with the CFTRΔF508 
mutant eventually succumb to disease33,34. For its cell-surface 
expression, CFTRΔF508 escapes ERAD through an unconventional 
secretory pathway33,34. We hypothesize that a nominal amount of 
ER-retained CLRN1N48K in developing hair cells can escape ERAD 
and reach the plasma membrane to mediate its function at early 
stages of life. However, the amount of CLRN1N48K reaching the 
plasma membrane diminishes over time, resulting in progressive 
loss of CLRN1-mediated function and hair bundle integrity. On the 
basis of our in vitro and in vivo studies, we propose that BF844 stabi-
lizes CLRN1N48K in hair cells, enhancing its chances to escape ERAD 
and to reach the plasma membrane. Consistent with this hypothesis, 
BF844 was effective in mitigating hearing loss in our USH3 mouse 
model. CLRN1N48K/N48K mice do not develop visual impairments35–37. 
Therefore, we could not test the efficacy of BF844 in attenuating 
vision loss linked to the CLRN1 N48K mutation. However, because 
the same mutation causes both vision and hearing loss in humans, 
BF844-based therapy could preserve both hearing and vision in 
those with USH3.

In summary, we identified the lead molecule O03 and designed 
an improved small-molecule derivative, BF844, a compound that 
mitigates hearing loss associated with CLRN1N48K. BF844 stabilized 
CLRN1N48K without directly interacting with the mutated protein; 
rather, the compound associated with HSP90 and HSP60. As dem-
onstrated in other studies, interference of HSP-co-chaperone inter-
action can stabilize proteins by preventing ERAD38. Consistent with 
this concept, BF844 effectively prevented ERAD of CLRN1N48K and 
the non-glycosylated form of CLRN1. BF844 appears to preferen-
tially bind to and inhibit HSP60. However, the observed inhibition 
of HSP60 chaperone activity (Supplementary Fig. 4) may not be 
attributable to the stabilization of CLRN1N48K. Because molecular 
components involved in HSP-assisted ERAD have not been fully 
characterized, it is not clear how the HSP60 co-chaperone network 
affects the ER-mediated protein quality control mechanism. Thus, 
a future direction of this work will be to address more specifically 
how BF844 affects the HSP60 and HSP90 co-chaperone network  
in vivo to stabilize CLRN1. The stabilization effect of BF844 thus far 
appears selective toward CLRN1. In this regard, it would be benefi-
cial to assess BF844’s selectivity and therapeutic potential for other 
genetic disorders35,36 caused by misfolded membrane proteins. 
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oNLINE METHoDS
Preparation of expression constructs and stable cell lines. A stable cell line 
(D6), expressing human CLRN1N48K fused to HA and FLAG epitopes was 
cloned from HEK293 stable cells established previously6. The D6 cell line was 
tested for mycoplasma contamination using MycoAlert Mycoplasma Detection 
Kit according to the manufacturer’s instructions (Lonza), and found to be nega-
tive. A second stable cell line co-expressing CLRN1N48K-Venus-1D4 and DsRed-
Express-DR was originated by the following procedure. The coding region of 
Ds-Red-Express-DR (Clontech, #632423) was cloned into the pMSCV-puro vec-
tor (Clontech). To express human CLRN1N48K-Venus-1D4, the C terminus of the 
coding region of human CLRN1N48K was fused to the coding sequence of Venus40, 
followed by the addition of a 1D4 epitope41. The entire sequence (CLRN1N48K-
Venus-1D4) then was cloned into the pMSCV-hygro vector (Clontech). The 
two vectors were used to establish a stable HEK293 cell line co-expressing 
CLRN1N48K-Venus-1D4 and Ds-Red-Express-DR. Mouse NIH/3T3 cells sta-
bly expressing mouse CLRN1N48K fused to the 1D4 epitope (CLRN1N48K-1D4)  
were established employing the following procedure. cDNA encoding 
CLRN1N48K-1D4 was cloned into the pMSCV-puro vector, and the expression 
construct for mouse CLRN1N48K was generated by introducing a point mutation 
into mouse Clrn1 via QuikChange site-directed mutagenesis (Qiagen). Stable 
NIH/3T3 cells were established in the manner described above.

Automated high-throughput screening. Approximately 50,000 compounds 
representing the chemical diversity space of pharmacologically relevant  
compounds contained in the University of Cincinnati Drug Discovery Center 
chemical library were screened with a D6-cell-based immunofluorescence  
assay. Ten thousand cells were plated together with culture medium (Dulbecco’s 
modified Eagle medium (DMEM) with L-glutamine, 14.5 g/L D-glucose 
(Invitrogen, #11965092), 10% FBS (Sigma-Aldrich, #F4135, lot #116K8402) and 
1% penicillin/streptomycin (Fisher Scientific, #30002CI, lot #3002123)) into 
each well of a 384 microwell plate (PerkinElmer, #6007430) using a Multidrop 
reagent dispenser (Thermo Scientific) and then incubated overnight at 37 °C,  
in 5% CO2 and 95% humidity. On day 2, cells were treated for 24 h with either 
16.8 μM of test compound, 25 nM of bortezomib (LC Laboratories) or DMSO 
(vehicle control). The concentration of 16.8 μM was selected to cover low- 
potency lead compounds. The DMSO concentration was 0.2% (v/v). These 
compounds were transferred with a CybiWell pipettor (Analytik Jena AG). On 
day 3, cells were fixed in 4% formaldehyde (EMS, #19208) for 20 min. Cells 
were washed three times with PBST (0.01 M PO4

3−, 0.138 M NaCl, 2.7 mM  
KCl, pH 7.4, 1% (v/v) Triton X-100) and incubated at room temperature 
with anti-HA primary antibody (HA.11 clone 16B12 monoclonal antibody, 
Covance, #MMS-101P) for 90 min. Cells then were washed three times with 
PBST, and incubated for 45 min in secondary anti-mouse IgG conjugated 
with Cy3 (goat anti-mouse IgG- Cy3 (1.5 mg/ml), Jackson ImmunoResearch, 
#115165003). After incubation, cells were washed again and imaged with 
the Opera High Content screening system (PerkinElmer). Six independent 
images from each well were obtained for each compound tested. With Acapella 
software (PerkinElmer), cells were outlined and segmented, after which the 
fluorescence intensity per area of the cells was obtained. Average fluorescence 
intensities per area of cells were loaded into a HTS database, and the analysis 
software Genedata was used to normalize the results based on control samples 
(bortezomib and no treatment) for each microtiter plate, and yield a percent 
activity for each compound. To obtain data for 50,071 compounds, 157 plates 
were assayed in 15 separate runs. The 320 compounds exhibiting the highest 
percentage activities were tested six times at 24.8 μM with a final DMSO con-
centration of 0.5% (v/v) to determine reproducibility. Additional information 
about the HTS is described in Supplementary Table 4.

Dual-color assay to identify compounds with activity specific to CLRN1N48K. 
A cell line stably expressing CLRN1N48K-Venus-1D4 and DsRed–Express-DR 
was grown to 70% confluency and treated with 16.8 μM of each test compound 
in triplicate. Cells treated with 50 nM bortezomib or vehicle (DMSO) served as 
positive and negative controls, respectively. After treatment for 24 h, cells were 
fixed with 4% formaldehyde, washed with PBS (1.05 mM KH2PO4, 155 mM 
NaCl, and 2.97 mM Na2HPO4, pH 7.4), and imaged with a Leica DMI6000B 
inverted fluorescence microscope. Brightfield illumination was used to verify 

the presence of cells before capturing images. Venus and DsRed fluorescence 
intensities were quantified by ImageJ software to draw a series of regions  
of interest (ROIs) with identical sizes encompassing cell-containing areas  
(15 ROIs per well, three wells per treatment). Average integrated pixel densities 
were obtained for each cell replicate. The background signal measured from an 
area without cells was subtracted from each measurement. Finally, the average 
pixel intensities for each treatment were normalized both to DMSO and bort-
ezomib to yield the percentage activity for each treatment.

Measurements of protein stability in HEK293 cells. The stabilities of human 
CLRN1N48K-Venus, DsRed-Express-DR and human CLRN1-Venus were tested 
in HEK293 cell lines. To stabilize CLRN1N48K-Venus and DsRed-Express-DR, 
a cell line (1C4) co-expressing CLRN1N48K-Venus and DsRed-Express-DR 
was treated with MG132 (5 μM) in DMEM containing 10% FBS. After 14 h, 
cells were allowed to degrade protein by replacing MG132-DMEM with fresh 
DMEM containing 10% FBS. Cells were fixed with 4% paraformaldehyde at 
different time points (0 h, 4 h and 8 h), and Venus and DS-Red were imaged 
and quantified by fluorescence microscopy following the methods described 
above. Half-lives of CLRN1N48K-Venus and DsRed-Express-DR were estimated 
by nonlinear regression analysis using SigmaPlot v12.0 software. To test the 
stability of CLRN1-Venus, a cell line expressing CLRN1-Venus (C3 cell line) 
was treated with MG132. As control, 1C4 and C3 cells were treated with 0.1% 
DMSO for 14 h, and Venus and DsRed were imaged as described above.

Accommodation of HTS assay to support medicinal chemistry optimization 
of O03. D6 cells were cultured in DMEM containing 10% FBS in a humidified 
incubator at 37 °C and 5% CO2. Cells were seeded on collagen-coated 96-well 
plates at a density of 20,000 cells per well in DMEM containing 10% FBS in a 
humidified incubator at 37 °C and 5% CO2. Following an overnight incubation, 
compounds were added for 24 h and tested in triplicate. DMSO was used as a 
negative control at 0.25% final concentration. Cells were fixed by the addition 
of 10% buffered formaldehyde to each well to achieve a final concentration of 
4%. After 20 min, wells were washed three times with PBS (Gibco) containing 
Triton X-100 (0.1%). HA-tagged CLRN1N48K was detected with anti-HA pri-
mary antibody at a dilution of 1:1,000 in PBS containing Triton X-100 (0.1%, 
v/v). After a 90-min incubation, wells were washed three times with PBS con-
taining Triton X-100 (0.1%, v/v), and a secondary antibody (goat anti-mouse 
IgG- Cy3) was added at a dilution of 1:250 in PBS containing Triton X-100 
(0.1%, v/v) for 45 min. Wells were subsequently washed three times with PBS 
containing Triton X-100 (0.1%, v/v), and nuclear staining was accomplished 
by the addition of Hoechst 33342 (Life Technologies) at a dilution of 1:10,000. 
Imaging of the stained cells was performed with an InCell 2000 High Content 
Imager (GE Healthcare), reading the Cy3 channel for CLRN1N48K and the 
Hoechst channel for nuclei. Images were analyzed and quantitated using an 
algorithm that measured the CLRN1N48K staining for each cell, which was iden-
tified through the nuclear segmentation derived from the Hoechst signal. The 
algorithm measured the intensity of staining per cell, and thus was not sensitive 
to variations in cell number. Approximately 2,000 cells per well were analyzed 
to achieve an average density per cell measurement.

Immunoblotting. Cells were suspended and then sonicated in radio-immu-
noprecipitation assay (RIPA) buffer (150 mM NaCl, 50 mM Tris (pH 8.0), 1% 
Igepal-630 (Sigma-Aldrich), 0.5% sodium deoxycholate, 1 tablet Complete Mini 
protease inhibitor cocktail (Roche)) and mixed end-over-end for 1 h at 4 °C.  
Lysates were cleared by centrifugation, and the total protein was quantified with 
a Bradford assay kit according to the manufacturer’s instructions (Bio-Rad).  
Equal amounts of protein were mixed with Laemmli buffer, loaded onto 12% 
gels and separated by SDS-PAGE. Proteins then were transferred to polyvi-
nylidene fluoride (PVDF) membranes using a semidry method. Membranes 
were blocked with PBSTween (PBS with 0.1% Tween-20 (v/v)) containing 5% dry 
milk (w/v), incubated in primary antibody (either 1:2,000 mouse HA.11 clone 
16B12 (BioLegend, #MMS-101R) or 1:6,000 mouse anti-β tubulin (Hybridoma 
Bank, #E7)), washed with PBSTween, incubated in secondary antibody (1:6,000 
anti-mouse IgG AP-linked (Promega) or anti-mouse IgG HRP-linked (Cell 
Signaling Technology)), and washed again with PBSTween. Antibody binding 
was detected using either BCIP/NBT substrate (Promega) or ECL substrate 
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(HyBlot, Denville Scientific). For ECL detection, membranes were exposed to 
photosensitive film (Denville Scientific). All antibodies were diluted in PBSTween 
containing 5% dry milk.

Characterizing the effect of B03 and O03 on human CLRN1N48K stabilization. 
D6 cells were grown to 70% confluency and treated with either bortezomib 
(50 nM), O03 (16.8 μM, University of Cincinnati) or B03 (1.68 or 16.8 μM, 
Enamine Ltd.). Compounds were diluted with DMSO to a final concentration 
of 0.25% (v/v). After 24 h, cells were collected and subjected to immunoblot-
ting as described above.

Reverse transcription and quantitative PCR. D6 cells were grown to 70% 
confluency and then treated in triplicate with either 50 nM bortezomib,  
16.8 μM O03 or 0.25% DMSO for 24 h. Total RNA was isolated using TRIzol 
(Invitrogen) according to the manufacturer’s instructions. RNA (5 μg) was 
treated with DNase I, and first-strand cDNA was synthesized using M-MLV 
reverse transcriptase (Life Technologies, #28025-013) with an oligo (dT) 
primer mixture containing 10 μM each of dT12, dT15 and dT18. cDNA was 
subjected to real-time PCR using the TaqMan Fast Universal Mix system (Life 
Technologies #4352042) and a probe for human CLRN1 (Life Technologies, 
Hs00602425_m1). A probe for 18S rRNA (Life Technologies #4319413E) 
served as an internal control.

Examining the effect of O03 on mouse CLRN1N48K stabilization. An NIH/3T3 
cell line was established by methods described above to stably express mouse 
CLRN1N48K fused to the 1D4 antibody epitope41. Cells were grown to 70% con-
fluency and treated with either bortezomib (2.2, 8.7 or 35 nM), O03 (3, 12 or  
24 μM), or vehicle (0.25% (v/v) DMSO). After 24 h, cells were washed  
and processed for SDS-PAGE and immunoblotting with 1D4 monoclonal  
antibody41 (0.8 μg/ml) (see above).

Combined treatment of cells with cycloheximide and other test reagents.  
D6 cells were grown to 70% confluency and treated for 6 h with either 50 nM  
bortezomib, 50 μM MG132 or 16.8 μM O03. Untreated cells served as a nega-
tive control. Cells then were collected for immunoblot analyses or cultured 
further for additional treatment. To inhibit protein translation, cells were  
cultured with 100 μM cycloheximide. These cells were cultured in the pres-
ence or absence of bortezomib (50 nM), MG132 (50 μM) or O03 (16.8 μM). 
After an additional 6 h of culture, cells were collected for immunoblotting as 
described above.

Proteomics analysis of proteins affinity purified with a biotinylated com-
pound. D6 cells were collected in lysis buffer (150 mM NaCl, 50 mM Tris, 
pH 8.0, and Complete protease inhibitor (Roche) containing 1% (v/v) Triton 
X-100), sonicated, incubated at 4 °C for 1 h, and finally subjected to centrif-
ugation at 22,000g for 15 min at 4 °C. The supernatant was incubated with 
biotinylated compound, BF071 (10 μM). A control group was incubated with 
non-biotinylated compound, BF981 (500 μM) for 4 h before incubation with 
biotinylated BF071 (10 μM) at 4 °C for 4 h. Mixtures then were incubated with 
Monomeric Avidin Agarose (Thermo Scientific) at 4 °C overnight. Samples 
were subjected to centrifugation, washed four times with lysis buffer containing 
Triton X-100, and then washed with lysis buffer without Triton X-100. Bound 
proteins were eluted using biotin (2 mM) in lysis buffer without Triton X-100. 
Eluted fractions were combined and concentrated with an Amicon ultra filter 
unit (3 kDa cut-off). Affinity-purified proteins and proteins nonspecifically 
bound to the resin (control) were separated by SDS-PAGE, and then polyacry-
lamide gels were stained either with Bio-Safe Coomassie G-250 Stain (Bio-Rad) 
(preparative gel) or silver stain (Bio-Rad) (analytical gel). Enriched protein 
bands from the preparative gel were excised and subjected to in-gel protein 
digestion with porcine trypsin (sequencing grade, Promega). Peptides derived 
from samples incubated with BF071 were then labeled with 18O, whereas pep-
tides from the control group were labeled with 16O as previously described42. 
18O- and 16O-labeled peptides were mixed at a 1:1 ratio, and desalted using a C18 
column (2−100 μl loading, 3−30 μg capacity, The Nest Group, Inc.) according to 
the manufacturer’s instructions. Mixed peptides were dissolved in 0.1% formic 
acid and analyzed by liquid chromatography and tandem mass spectrometry  

with an Orbitrap Elite hybrid mass spectrometer (Thermo Scientific). Acquired 
data were subjected to Mascot search 2.4 (Matrix Science) against a Swiss-Prot 
v56 human database to identify specific proteins. Oxidation of Cys residues (to 
cysteic acid) and of Met residues (to methionine sulfone) were set as fixed mod-
ifications with one or two C-terminal 18O labels set as variable modifications. 
Mass tolerance was set at 8 p.p.m. for the precursor ion and 0.5 Da for product 
ions. Up to three incomplete cleavages of trypsin were allowed. Peptides with 
at least six amino acid residues and a minimum mascot score of 20 were con-
sidered significant. Proteomics Tools 3.4.3 developed by Quanhu Sheng43 were 
used to calculate the quantitative ratios of 18O/16O-labeled peptides.

To determine whether CLRN1N48K is a potential target for BF844, D6 cells 
before affinity purification were treated overnight with bortezomib (50 nM) 
and then subjected to the purification procedures just described. Eluted frac-
tions were concentrated, and CLRN1N48K was identified by immunoblotting 
with anti-HA antibody (see above).

Citrate synthase aggregation assay. The chaperone activity of HSP60 and 
HSP90 was evaluated by monitoring thermal-induced aggregation of citrate 
synthase (CS) from porcine heart (Sigma-Aldrich) as previously described44. 
Briefly, CS was dialyzed overnight against 40 mM HEPES buffer (pH 7.4) and 
incubated at 0.16 mg/ml with or without HSP90β (StressMarq Biosciences;  
42 μg/ml) or HSP60 and its co-chaperone HSP10 (R&D Systems; 28 μg/ml and 
5 μg/ml, respectively) in a buffer containing 1 mM ATP at 43 °C. To test the 
effect of the compounds, HSP60/HSP10 and HSP90β mixtures were pretreated 
either with BF844 (at 2 and 20 times molar ratio), BF066 or BF136 (each 
at 2 times and 20 times molar ratio). The total reaction volume was 250 μl.  
CS aggregation was monitored by measuring light scattering at 360 nm in 
96-microwell plates (96-Well UV Microplate, Thermo Scientific) using a micro-
plate reader FlexStation 3 (Molecular Devices). Control conditions included 
assays conducted without the addition of either HSP or HSPs without the addi-
tion of compounds, and all measurements were conducted in triplicate.

Effect of HSP90 inhibiton on CLRN1N48K expression. D6 cells were treated with 
either 2.90 μM BF844, 50 nM bortezomib, 20 μM 17-AAG (LC Laboratories) 
or vehicle (DMSO) for 24 h. In one condition cells were preincubated with 
17-AAG for 6 h followed by the addition of BF844 for 24 h. Cells were then 
harvested, and immunoblotting analyses were performed (see above).

Effect of BF844 on CLRN1. Two HEK293 cell lines, C1 and D1, stably express-
ing HA tagged wild-type (WT) human CLRN16 were treated with bortezomib 
(50 nM), BF844 (2.9 μM), BF981 (2.2 μM) or vehicle (DMSO) for 24 h. Protein 
samples were prepared from C1 and D1 cells following the methods described 
above, and then treated with PNGase F (New England BioLabs) according to 
the manufacturer’s procedures. Briefly, 7 μl of protein sample were mixed with 
1 μl of 10 × G7 reaction buffer, 1 μl of 10 × glycoprotein denaturing buffer,  
1 μl of 10% Nonidet P-40 and 1 μl of PNGase F enzyme, and the resulting  
mixture was incubated at 37 °C for 1 h. As a control, 1 μM RIPA buffer was 
added instead of PNGase F. After incubation, samples were analyzed by immu-
noblotting as described above.

Cell surface protein labeling by biotin. C1 and D1 cell lines expressing 
HA-tagged CLRN1 or D6 cells expressing HA-tagged CLRN1N48K were treated 
with either 2.90 μM BF844 or vehicle (DMSO) for 24 h. Labeling of proteins 
at the plasma membrane was performed as previously described6 with the fol-
lowing modifications. First, cells washed with PBS were incubated in a PBS 
solution containing 1 mg/ml Sulfo-NHS-SS- Biotin (ProteoChem) with gentle 
mixing at room temperature for 30 min. The biotin solution was aspirated and 
excess biotin was quenched with 100 mM glycine dissolved in PBS at room 
temperature for 30 min. Cells were collected by centrifugation. Pellets were 
lysed in RIPA buffer, and the amount of total protein was determined using 
the Bradford assay. Lysates containing equal amounts of protein were added 
to NeutrAvidin agarose beads (Thermo Scientific), equilibrated in RIPA buffer 
and incubated overnight at 4 °C with end-over-end mixing. Samples were 
subjected to centrifugation, supernatants were isolated, and beads were then 
washed 4 times with RIPA buffer. Avidin-bound proteins were eluted with 
Laemmli buffer and separated by SDS-PAGE on a 12% polyacrylamide gel, 
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and 80% sterile distilled H2O. Further descriptions of regimens I and II  
can be found in Supplementary Figure 11. Summaries of the procedures are 
presented here.

Regimen I. BF844 was delivered i.p. at 30 mg/kg of body weight (bw) daily 
from P30 to P45. Hearing was tested at P22 (before drug administration) to 
make sure the Tg;KI/KI mice displayed ABR thresholds in the expected range 
(Supplementary Fig. 10). After BF844 treatment was completed on P45, hear-
ing was tested at P46 and P55.

Regimen II. This regimen was designed to determine whether earlier inter-
vention with BF844 (starting at P10) was more effective in preserving hearing 
in the Tg;KI/KI mouse model. Because P10 mice did not tolerate 30 mg/kg of 
BF844 (data not shown), we started at 10 mg/kg every other day and gradu-
ally escalated the dose up to 20 mg/kg at P28. From P30 to P45, mice received  
30 mg/kg daily (Supplementary Fig. 11). Hearing tests were performed  
at P46 and P55.

ABR recording. ABR recording was performed as described previously7,35. 
Auditory function in mice reaches adult levels of sensitivity about 3 weeks after 
birth. Briefly, P22 and older mice were anesthetized with an i.p. injection of 
diluted ketamine, xylazine and acepromazine at doses of 40, 5 and 1 mg/kg, 
respectively. Mouse body temperatures were maintained at 37–38 °C by placing 
mice on a homeothermic heating pad (Harvard Apparatus). Mice then were 
placed in a sound-proof chamber during recording. ABRs were recorded with 
a SmartEP system from Intelligent Hearing Systems. Platinum subdermal elec-
trodes were inserted at the vertex and ventrolaterally into the right and left ears. 
To test hearing function, mutant mice were presented with 8, 16 and 32 kHz 
pure tone stimuli at a stimulus intensity starting at a 100 dB SPL that decreased 
in 10-dB steps; this sequence was repeated in 5-dB steps until the lowest inten-
sity that evoked a reproducible ABR waveform (peaks I–IV) was detected.  
A plastic tube connected to the transducer at one end and the opening of the 
tube at the other end was placed into the external ear to enable closed-field 
measurements. One hundred millisecond stimuli were presented for at least  
500 sweeps to the ear through high-frequency transducers. To obtain more 
robust data, the left and right ears were tested separately, and ABRs were 
recorded from both ears of a mouse in all cases. ABR thresholds from the left 
and right were averaged and used for statistical analyses and graphic presenta-
tion. Thus, n = 10 indicates that data from 20 ears were averaged.

Statistical methods used to analyze ABR data from Tg; KI/KI mice. ABR 
threshold values of left and right ears were averaged (Excel, Microsoft) for 
each mouse belonging to Clrn1+/+ (control), KI/KI, or Tg; KI/KI mice at five 
time points (P22, P35, P46, P55 and P70). The ABR threshold value from each 
mouse was displayed as a single data point (color dot/symbol) on a scatter plot. 
The ABR threshold data are presented in a box and whisker plot format super-
imposed on the scatter plot. Boxes in the plot represent values from the 25th to 
75th percentile in each group, and the middle line in each box is the median ABR 
threshold. A line extends from the box to the minimum and maximum values. 
One-way ANOVA analyses were used to determine whether the differences 
in ABR thresholds observed between the groups were significant (P < 0.05).  
The same statistical approach was used to analyze ABR threshold data from 
Tg:KI/KI mice after treatment (regimens I and II). The hearing threshold is 
represented in log scale. A 20 dB SPL lower or reduction in ABR threshold 
in treated mice would imply that hearing sensitivity in the treated mice is 100 
times greater than in untreated mice. Therefore, a 20 dB SPL mean difference in 
ABR threshold following treatment was considered significant (efficacious).

Measurements of kinetic solubility. Using a 10 mM stock solution of each test 
compound in 100% DMSO, sample dilutions were prepared to a theoretical 
concentration of 200 μM both in PBS (pH 7.4, containing 2% DMSO) and 
in 100% DMSO. An aliquot of the 200 μM DMSO solution was then further 
diluted to 10 μM (n = 2 for each compound) and equilibrated at room tempera-
ture on an orbital shaker for 2 h. PBS dilutions were filtered using a Multiscreen 
HTS solubility filter plate (Millipore), and the filtrates were analyzed by LC 
(1100 binary LC system, Agilent Technologies Ltd.) with a variable wavelength 
UV detector (Agilent Technologies Ltd.) and a MS detector (Quattro Micro 
MS, Waters Ltd.). The concentration of a test compound in the PBS filtrate was 

side-by-side with the cytosolic protein fraction. Immunoblotting analyses were 
performed as described above.

Testing BF844 and BF981 on unstable opsin mutant RHOP23H and CNGB1. 
The NIH/3T3 cell line stably expressing RHOP23H was a gift from Y. Chen (Case 
Western Reserve University)19. CNGB1 fused to a fluorescent protein Dendra2 
(ref. 22) (Dend2-CNGB1) was cloned into the pcDNA3.3-TOPO vector (Life 
Technologies). hTERT-RPE1 cells (ATCC), grown in DMEM/F12 with 10% FBS, 
0.01 mg/ml hygromycin B (Sigma-Aldrich), and 1% penicillin/streptomycin 
at 37 °C with 5% CO2, were first transfected with pCDNA3.3 Dend2-CNGB1 
using the FuGENE reagent (Promega) according to the manufacturer’s instruc-
tions. Twenty-four hours after transfection, cells were treated with G418 
(500 μg/ml, Life Technologies). After 2 weeks of selection, the hTERT-RPE1 
Dend-2-CNGB1 cell line was obtained. Stable cells (NIH/3T3 cells express-
ing RHOP23H or CLRNN48K and hTERT-RPE1 cells expressing Dend2-CNGB1)  
were treated with either DMSO, bortezomib (50 nM), BF844 (2.9 μM) or 
BF981 (2.5 μM) for 24 h. Cells were then harvested, and immunoblotting  
analyses were performed as described previously. 1D4 monoclonal antibody, 
rabbit Dendra2 antiserum45 and HA monoclonal antibody were used for 
immuno-detection of RHOP23H, Dend2-CNGB1 and CLRNN48K, respectively.

Mice. All animal procedures described in this report were approved by the 
Institutional Animal Care and Use Committee (IACUC) at Case Western 
Reserve University. Founder transgenic mice (TgAC1) were generated with the 
assistance of the Case Transgenic and Targeting Facility under IACUC protocol 
number 2011-0094. The testing of drug efficacy in mice was conducted under 
IACUC protocol number 2012-0068. Mice were maintained under standard 
care and housing conditions provided by the Animal Resource Center of Case 
Western Reserve University.

Mice with appropriate genotypes were set up for breeding, and all mice 
from a litter were used without any bias or preselection. A litter consisted of 
age-matched male and female mice of various genotypes. All mice used in 
this study were maintained in the C57BL/6J genetic background. Genotypes 
and gender were documented after the experiments were completed. Results 
from mice with wild-type (Clrn1+/+), KI/KI and Tg;KI/KI genotype were used 
to generate the graphs shown in the results and supplementary information 
section. For all studies reported here, a sample size of 5 (minimum) to 10 
(maximum) mice per group was chosen, based on hearing evaluation in USH3 
mouse models reported previously7,35.

Generation of transgenic line Tg;KI/KI. To obtain a mouse USH3 model 
with slow progressive hearing loss, we first generated a construct in which the 
‘Atoh1 enhancer-β globin basal promoter’ was fused to cDNA representing a 
full-length transcript of mouse Clrn1 (Supplementary Fig. 9). Mice carrying 
transgene Atoh1-enhacer-Clrn1 (TgAC1) were produced by pronuclear micro-
injection of TgAC1 into the male pronucleus of fertilized eggs from wild-type 
mice of a desired genetic background (C57BL/6J mice). Details regarding 
the generation, identification and propagation of mice are available at http://
ko.cwru.edu/services/transgenics.shtml. Injected transgenes integrate into 
the host genome by non-homologous recombination or random, non-tar-
geted insertion. The endogenous Clrn1 was intact in the founder generation. 
These ‘TgAC1’ founders (Tg;Clrn1+/+) were crossed with Clrn1N48K/N48K (KI/KI) 
mice7 (also in the C57BL/6J genetic background) to generate Tg;KI/KI mice. 
A PCR-based approach was used to identify mice carrying TgAC1. Genomic 
DNA was isolated as described previously35. The primers used for genotyp-
ing were 5′-CCCTCTCTCACACCCCATTA-3′ (KA1109) and 5′-TGAGAA 
CCGGAAAGGCCTTGC-3′ (KA1085). The expected size of the PCR prod-
uct was 1,938 base pairs (bp). A PCR-based approach was used to identify 
mice carrying Clrn1 or Clrn1N48K alleles as described previously7,35. TgAC1; 
Clrn1N48K/N48K mice are denoted as Tg;KI/KI mice in this report. Mice carrying 
the wild-type allele Clrn1+/+ were used as controls, unless otherwise stated.

BF844 administration to mice. To test the efficacy of BF844 in preserving 
hearing of Tg;KI/KI mice, two regimens were implemented. Two stock concen-
trations of BF844 were prepared at 1 mg/ml and 3 mg/ml. The solvent solution 
consisted of the following: 10% DMSO, 10% Cremaphor EL (Sigma-Aldrich) 

http://ko.cwru.edu/services/transgenics.shtml
http://ko.cwru.edu/services/transgenics.shtml
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determined by comparing its UV absorbance peak (λ = 254 nm) with that of 
the two DMSO dilutions. Mass spectrometry was used to confirm the presence 
of the expected molecular ion in the measured UV peak. The effective concen-
tration range of the assays was 5−200 μM.

Measurements of mouse hepatic microsome stability (half-life). Incubations 
of test compounds (1 μM initial concentration, n = 2) were carried out with 
microsomes (0.25 mg protein/mL) derived from CD-1 mice. Assays were per-
formed at 37 °C with 100 μL samples removed from the incubation mixtures 
at 0, 5, 10, 20 and 40 min. Reactions were terminated by the addition of 100 μL 
of acetonitrile containing carbamazepine as an internal standard. Samples were 
subjected to centrifugation, and supernatants were analyzed by liquid chro-
matography and tandem mass spectrometry (LC-MS/MS; TQD, Waters Ltd.). 
Parameters used for electrospray mass spectrometry were as follows: capillary 
voltage, 3.5 kV; extractor voltage, 3.0 V; source temp., 150 °C; desolvation gas 
temp, 500 °C; desolvation gas flow, 900 L/h; cone gas flow, 50 L/h; collision gas 
flow, 0.20 mL/min. Parameters used for multiple reaction monitoring (MRM) 
were as follows for each compound.

 1 (O03): ionization mode ES+; transition (parent ion > fragment ion (m/z)) 
260.12 > 149.96; cone voltage 55 V; collision energy 28 eV. 2 (BF981): ioniza-
tion mode ES+; transition (parent ion > fragment ion (m/z)) 351.17 > 77.10; 
cone voltage 70 V; collision energy 64 eV. 3 (BF844): ionization mode ES+; 
transition (parent ion > fragment ion (m/z)) 379.23 > 307.15; cone voltage 
46 V; collision energy 28 eV. Carbamazepine (internal standard): ionization 
mode ES+; transition (parent ion > fragment ion (m/z)) 237.11 > 194.18; cone 
voltage 46 V; collision energy 19 eV.

Chromatographic conditions were as follows: column Kinetex XB-C18 100A 
50 × 2.1 mm, 2.6 μm (Phenomenex). Column temperature, 40 °C; flow rate,  
0.8 mL/min; injection volume, 2 μL; mobile phase A, 0.01% formic acid in water; 
mobile phase B, 0.01% formic acid in acetonitrile. The gradient used ran from 
5% mobile phase B at T = 0 min to 95% at T = 0.5 min. This percentage was held 
until T = 0.85 min. The gradient then ran to 5% mobile phase B at T = 0.90 min  
and this percentage was held until T = 1.1 min. The instrument responses (i.e., 
chromatographic peak heights) were referenced to the zero time-point samples 
(as 100%) to determine the percentage of test compound remaining. Natural 
logarithm (ln) plots of the % remaining vs. time, for each compound, were used 
to determine the half-lives for the microsomal incubations. Half-life values 
were calculated from the relationship: T1/2 (min) = −0.693/λ, where λ was the 
exponential decay constant calculated from the slope of the ln concentration 
vs. time curve. The in vitro intrinsic clearance, Clint (μL/min/mg microsomal 
protein), was calculated by the following formula: Clint = 0.693 × 1/T½ (min)  
× incubation volume (μL)/mg of microsomal protein.

Metabolite identification. To generate metabolites, a test compound (10 μM 
initial concentration) was incubated with mouse (CD-1 strain) cryopreserved 
hepatocytes (0.25 million cells/mL) for 90 min at 37 °C. Samples were then 
prepared from the incubation mixture by solvent precipitation (1:1 addition of 
acetonitrile). Extracted samples were mixed by vortexing and subjected to cen-
trifugation; the supernatant was removed and placed in a clean polypropylene 
plate for analysis. A Waters Xevo-ToF G2 mass spectrometer (S/N: YCA258, 
Waters Ltd.) was used for metabolite identification. Settings of the electrospray 
ion source were selected for compatibility with a wide range of compounds 
and metabolites, whereas the MSE collision energy settings were fixed at 4 eV 
for low energy scans and ramped up to 20−30 eV for high-energy scans. To 
ensure accurate mass measurements of ions, calibration of the instrument was 
verified with a sodium formate calibration standard (500 μM sodium formate 
in 80:20 acetonitrile:water containing 1% formic acid) immediately before use. 
An internal accurate mass reference (lockmass) was used to further stabilize 
mass accuracy over the course of an analysis. A solution of leucine-enkephalin 
(Sigma-Aldrich, L9133) at 2 ng/mL in a 1:1 mixture of water and acetonitrile 
containing 0.1% formic acid was run in parallel with all analytical samples, 
using Waters’ LockSpray independent ion source. All spectra gathered were 
adjusted to maintain the lockmass at mass charge ratios (m/z) of 556.27 and 
278.11 Da in a positive ion mode.

Samples were loaded onto a cooled Waters Acquity UPLC autosampler 
(Waters Ltd.), held at 10 °C (±1 °C). A 5-μL aliquot of each sample was loaded 

onto an UPLC BEH C18 column (2.1 × 100 mm with a 1.7 μm particle size) 
(Acquity, Waters Ltd.) under starting conditions of 5% acetonitrile in water 
containing 0.1% formic acid at a flow rate of 0.2 mL/min; the injection trig-
gered a gradient rise in acetonitrile from 5% at 0.2 min to 95% at 4.2 min, 
holding until 4.7 min before falling to 5% and equilibrating until 5.0 min. 
Mass to charge ratio (m/z) chromatograms were generated for study sample 
extracts over a 50−1,200 Da range. Two collision energy levels were used for 
mass spectrometry in the electrospray mode to generate fragment ions for 
additional structural elucidation. When substantial chromatographic peaks 
were observed in the samples derived from the compound mixtures but were 
absent in vehicle control samples, both high- and low-energy mass spectra 
were extracted, and the elemental composition of the underlying metabolites 
and fragments was determined from the accurate monoisotopic mass.

Cellular EC50 measurements. The D6 cells were cultured in DMEM containing 
10% FBS in a humidified incubator at 37 °C and 5% CO2. For the CLRN1N48K 
expression assay, cells were seeded on collagen-coated 96-well plates at a den-
sity of 20,000 cells per well in DMEM containing 10% FBS in a humidified 
incubator at 37 °C and 5% CO2. After incubation overnight, test compounds 
were added to triplicate wells for a 24 h incubation. DMSO (0.25%) was used 
as a negative control. The standard protocol involved continued exposure to 
compounds for 24 h. Alternatively, cells were exposed to a test compound for  
30 min or 2 h before the medium was replenished, and the incubation con-
tinued without the compound for 23.5 or 22 h, respectively. Cells were fixed 
with 10% buffered formaldehyde introduced into the wells to achieve a final 
concentration of 4%. Cells were processed and imaged as described above for 
the accommodation of HTS assay to support medicinal chemistry optimiza-
tion of O03.

MDR1-MDCK effective efflux assay. The MDR1-MDCK cell line, which was 
engineered to overexpress the efflux transporter MDR1 (P-glycoprotein), was 
obtained from Solvo Biotechnology. Both MDCK and MDR1-MDCK cells 
were seeded onto 24-well Transwell plates at 2.35 × 105 cells per well and used 
in confluent monolayers after a 3-d culture at 37 °C under 5% CO2. For both the 
cell lines, test and control (propranolol, vinblastine) compounds were added 
(10 μM, 0.1% DMSO final concentration, n = 2) to donor compartments of the 
Transwell plate assembly in assay buffer (Hanks balanced salt solution supple-
mented with 25 mM HEPES, adjusted to pH 7.4) for apical to basolateral (A>B) 
and basolateral to apical (B>A) measurements. Incubations were performed 
at 37 °C, with samples removed from both donor and acceptor chambers at  
T = 0 and 1 h. Samples containing an internal standard then were analyzed 
by LC-MS/MS. Results were calculated as follows: Apparent permeability  
Papp = (compoundacceptor T = end) × Vacceptor / ((compounddonor T = 0) × Vdonor) / incu-
bation time × Vdonor / area × 60 × 10−6 cm/s, where V is the volume of each 
Transwell compartment (apical 125 μL, basolateral 600 μL), and concentra-
tions are the relative MS responses for the test compound (normalized to 
internal standard) in the donor chamber before incubation and in the acceptor 
chamber at the end of the incubation. Area = area of cells exposed for drug 
transfer (0.33 cm2). Efflux ratios (Papp B>A / Papp A>B) were calculated for each 
compound from the mean Papp values in each direction for both MDCK and 
MDR1-MDCK cells. The finding of a good basolateral to apical permeability  
(B>A) but a poor apical to basolateral permeability (A>B), suggests that a 
test compound is a substrate for the efflux transporter MDR1. To confirm the 
involvement of MDR1 in any observed efflux, an effective efflux ratio (EER) 
was calculated by comparing compound efflux ratios (ER) in the two cell types, 
i.e., EER = ER (MDR1-MDCK)/ ER (MDCK). This ratio illustrates the effect of 
the overexpressed MDR1 normalized for the background movement of com-
pound through wild-type cells. Lucifer Yellow (LY) was added to the apical 
buffer in all wells to assess viability of the cell layer. As LY cannot freely perme-
ate lipophilic barriers, a high degree of LY transport indicates poor integrity of 
the cell layer. Therefore wells with a LY Papp > 10 × 10−6 cm/s were rejected.

Measurements of brain to plasma ratios. Plasma proteins were precipitated 
from plasma samples, and test compounds were extracted by the addition 
of three volumes of acetonitrile containing analytical internal standard (car-
bamazepine). Samples were subjected to centrifugation for 10 min at 14,462g in 

http://www.nature.com/nchembio/journal/vaop/ncurrent/compound/nchembio.2069_comp 1.html
http://www.nature.com/nchembio/journal/vaop/ncurrent/compound/nchembio.2069_comp2.html
http://www.nature.com/nchembio/journal/vaop/ncurrent/compound/nchembio.2069_comp3.html
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external calibration standard curve generated in control retina tissue from the 
same species and strain used in the study (final concentrations of 0.5, 1.0, 2.0, 
5.0, 10, 50, 100, 500, 1,000 and 2,000 ng eq/mL). QC samples were prepared 
at 8, 80 and 800 ng eq/mL in rat plasma, sheep retina and rat brain and at  
80 ng eq/mL in rat retina.

Concentrations of BF981 in plasma and retina samples from Sprague Dawley 
rats given single i.p. doses of 10 mg/kg were measured at T = 15 and 30 min 
(n = 3). Retina to plasma compound concentration ratios were calculated for 
each animal, and an overall average retina to plasma ratio (R/P) was calculated 
from both time points combined.

Reaction temperature. Unless otherwise noted, all the procedures were carried 
out at room temperature.

Statistical analysis. Procedures used for statistical analyses are described 
throughout the manuscript.

a benchtop centrifuge, and the supernatant fractions removed for MS analysis. 
Brain tissue was homogenized in 2:1 (w/v) volumes of 0.1 M PBS, pH 7.4, using 
a Precellys homogenizer (Bertin Corp.) (5,000 r.p.m. for 15 s). Compound 
BF981 was extracted from brain homogenates by the addition of three vol-
umes of acetonitrile containing analytical internal standard (carbamazepine). 
Samples were centrifuged for 30 min at 2,773g in a benchtop centrifuge, and 
the supernatant fractions removed for MS analysis. Samples of brain homoge-
nates were quantified against an external calibration curve generated in control 
brain homogenates (final concentrations of 0.5, 1.0, 2.0, 5.0, 10, 50, 100, 500, 
1,000 and 2,000 ng eq/mL), alongside QC samples prepared at 8, 80 and 800 ng 
eq/mL in control Sprague Dawley rat brain.

At a minimum, 75% of all the calibration standards and at least one cali-
bration standard per concentration met the accuracy and precision criteria  
of ± 20%. There was no bias in the accuracy or precision of the calibra-
tion standards. The coefficient of variation (CV%) of the internal standard 
signal/area response for the entire run was within the criteria of ± 20%, and 
there was no bias or trend in the internal standard signal/area response.

Concentrations of BF981 in plasma and brain samples from CD-1 mice 
given single i.p. doses of 30 mg/kg were measured at T = 15, 30 and 60 min  
(n = 3). Brain to plasma compound concentration ratios were calculated for 
each animal, and an overall average brain to plasma ratio (B/P) was calculated 
from all time points combined.

Measurements of retina to plasma ratios. Retinas were dissected from Sprague 
Dawley rat eyes and weighed. Plasma proteins were precipitated from plasma 
samples of Sprague Dawley rats and test compounds extracted by the addi-
tion of three volumes of acetonitrile containing analytical internal standard  
(carbamazepine) and processed for MS analysis as described above.

Plasma samples were quantified against an external calibration curve gen-
erated in control plasma (final concentrations of 0.5, 1.0, 2.0, 5.0, 10, 50, 100, 
500, 1,000 and 2,000 ng eq/mL). Retina samples were quantified against an 
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