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ABSTRACT RNF5 E3 ubiquitin ligase has multiple biological roles and has been linked to the
development of severe diseases such as cystic fibrosis, acute myeloid leukemia, and certain
viral infections, emphasizing the importance of discovering small-molecule RNF5 modulators
for research and drug development. The present study describes the synthesis of a new
benzo[b]thiophene derivative, FX12, that acts as a selective small-molecule inhibitor and de-
grader of RNF5. We initially identified the previously reported STAT3 inhibitor, Stattic, as an
inhibitor of dislocation of misfolded proteins from the endoplasmic reticulum (ER) lumen to
the cytosol in ER-associated degradation. A concise structure-activity relationship campaign
(SAR) around the Stattic chemotype led to the synthesis of FX12, which has diminished activ-
ity in inhibition of STAT3 activation and retains dislocation inhibitory activity. FX12 binds to
RNF5 and inhibits its E3 activity in vitro as well as promoting proteasomal degradation of
RNFS5 in cells. RNF5 as a molecular target for FX12 was supported by the facts that FX12
requires RNFS5 to inhibit dislocation and negatively regulates RNF5 function. Thus, this study
developed a small-molecule inhibitor and degrader of the RNF5 ubiquitin ligase, providing a
chemical biology tool for RNF5 research and therapeutic development.
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INTRODUCTION

RNFS5 is a RING finger ubiquitin ligase involved in endoplasmic re-
ticulum (ER)-associated degradation (ERAD) of misfolded proteins,
including the premature degradation of cystic fibrosis transmem-
brane conductance regulator (CFTR) and its most common mutant,
deletion of phenylalanine 508 (AF508 CFTR) (Younger et al., 2006).
AF508 CFTR degradation leads to a deficiency of CFTR function at
the cell surface, which is the primary cause of cystic fibrosis (CF)
(Ward and Kopito, 1994; Ward et al., 1995; Younger et al., 2006;
D’Antonio et al., 2019). Wild-type (wt) CFTR degradation has been
linked to the development of chronic obstructive pulmonary disease
(COPD) (Patel et al., 2020; Grand et al., 2021). The RNF5 gene is
among the high-priority genes associated with COPD (Wain et al.,
2017). Additionally, RNF5 is frequently hijacked by viruses to evade
the immune response and facilitate viral replication. Paramyxovi-
ruses, such as Newcastle disease virus, utilize their V protein as an
adaptor to bring the mitochondrial antiviral-signaling protein
(MAVS) to RNF5 for ubiquitination and degradation (Sun et al.,
2019). Loss of MAVS diminishes the innate immune response against
RNA viruses, as it is a signaling adaptor for the cytosolic RNA sen-
sors RIG-1 and MDA5-mediated, microbial RNA-induced, and TLR-
independent interferon response (Tan et al., 2018). RNF5 also regu-
lates the stimulator of interferon genes (STING) during various viral
infections. STING s a critical component of the cytosolic double-
stranded DNA (dsDNA)-sensing cGAS-cGAMP-STING pathway.
This pathway is activated in response to viral infection to induce the
expression of type | interferons and thus mediates host defense
against a range of DNA and RNA viruses (Ma and Damania, 2016; Li
and Chen, 2018). Viral infection enhances RNF5 interaction with
STING, leading to STING ubiquitination and proteasomal degrada-
tion, thus contributing to evasion of innate immune responses (Liu
and Gao, 2018; Sun et al., 2019). During RNA virus infection, the
JMJD6 protein recruits RNF5 to promote IRF3 ubiquitination and
degradation, thereby attenuating the type | interferon response
(Zhang et al., 2021). RNF5 has also been implicated in nonviral infec-
tions, including group A streptococcus infection, by regulating the
level of the ATG4B protein, which is essential for LC3 maturation
and autophagosome formation and thus controls the degree of in-
fection (Kuang et al., 2012).

RNF5 has also been associated with cancer progression. In can-
cer, cGAS-cGAMP-STING signaling is activated by the accumulation
of cytosolic dsDNA, a consequence of nuclear DNA damage, and
induces tumor suppressor functions, including immune surveillance,
cellular senescence, and cell death (Ma and Damania, 2016; Khoo
and Chen, 2018; Li and Chen, 2018; Tan et al., 2018). However,
some studies have reported that activation of the cGAS-cGAMP-
STING pathway by chromosomal instability can conversely drive
metastasis (Bakhoum and Cantley, 2018; Bakhoum et al., 2018). In
breast cancer, increased expression of RNF5 is correlated with de-
creased survival. Knockdown of RNF5, which is highly expressed in
several breast cancer cell lines such as MCF-7, produces increased
sensitivity to DNA damage-inducing chemotherapeutics (Bromberg
et al., 2007). In addition to inhibition of STING signaling, RNF5 has
been linked to other cancer-related events such as the regulation of
cell migration, an essential process in metastasis, through ubiquiti-
nation of the focal adhesion protein paxillin (Didier et al., 2003). An
increased abundance of RNF5 contributes to acute myeloid leuke-
mia development and survival (Khateb et al., 2021). RNF5 has also
been implicated in pancreatic cancer, where it targets the tumor
suppressor PTEN for degradation and accelerates tumor growth
(Pitarresi et al., 2018). A recent study reported that altered unfolded
protein response (UPR) signaling in RNF5 knockout (KO) mice coin-
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cided with altered gut microbiota composition and consequently
limited tumor expansion (Li et al., 2019). RNF5 also controls the sta-
bility of the glutamine carrier proteins SLC1AS5 and SLC38A2, which
limit glutamine uptake, and renders tumor cells more sensitive to ER
stress—inducing chemotherapy (Jeon et al., 2015).

The various roles exhibited by RNF5 in numerous disease pa-
thologies highlight the importance of identifying small-molecule
modulators of its E3 activity for research and assessment of RNF5 as
a potential drug target. In this study, we report the synthesis and
characterization of FX12, a selective small-molecule inhibitor and
degrader of RNF5, which directly binds to RNF5, inhibits RNF5 E3
activity, and targets RNF5 for degradation via ERAD.

RESULTS

Identification of Stattic as a dislocation inhibitor

Transport of misfolded proteins from the ER lumen to the cytosol,
known as retrotranslocation or dislocation, is crucial during ERAD.
Previously, we established a dislocation-induced reconstituted
green fluorescent protein (drGFP) reporter system to quantify the
dislocation of misfolded protein substrates in living cells (Zhong and
Fang, 2012). Using drGFP reporter screening of small-molecule li-
braries, we have previously identified two dislocation inhibitors that
possess anti-flavivirus (Dengue and Zika viruses) activity (Rothan
et al., 2019; Ruan et al., 2019). In this study, we identified Stattic, a
previously characterized small-molecule inhibitor of STAT3 activa-
tion (Schust et al., 2006), as a dislocation inhibitor from the Library of
Pharmacologically Active Compounds (LOPAC) (Figure 1A).

Synthesis and characterization of FX12 as a novel
dislocation inhibitor

A concise SAR campaign around the Stattic chemotype was per-
formed to diminish the STAT3 inhibitory activity while retaining ac-
tivity in dislocation. The previous study showed that the nitro group
in Stattic is important for STAT3 inhibitory activity (Schust et al.,
2006). Therefore, the SAR effort was focused on benzo[b]thiophene
1,1-dioxide-based analogues (Figure 1, B-D, and Table 1). Eleven
analogues exhibit excellent potencies in inhibiting the misfolded
null Hong Kong variant of o-1-antitrypsin (NHK) dislocation in the
drGFP assay, among which FX12 has the lowest cytotoxicity (Figure
1, B-D, and Table 1). FX12 inhibited NHK dislocation with an 1Csq
value of 2.7 uM, similar to that of Stattic (ICsq = 2.8 uM) (Figure 1, B
and D). FX12 inhibited HepG2 cell growth with an ICsq value of 32.2
pM, which was higher than that of Stattic (10.8 uM) (Figure 1, C and
D). Some other analogues showed better dislocation inhibition ac-
tivity than FX12, such as FX40 and FX41, but all of those compounds
had higher cytotoxicities (Figure 1D). On the basis of these results,
we chose to focus on FX12 for further characterization.

Time-lapse, live-cell imaging of drGFP confirmed that FX12 in-
hibited NHK dislocation (Figure 2A). ER-luminal substrates, such as
NHK, require dislocation to the cytosolic surface of the ER to be
ubiquitinated by an E3 ubiquitin ligase for subsequent proteasomal
degradation (Ye et al., 2001; Hebert et al., 2010; Olzmann et al.,
2013; Christianson and Ye, 2014; Sun and Brodsky, 2019). Therefore,
inhibition of dislocation is expected to inhibit the ubiquitination and
degradation of luminal ERAD substrates. We examined the effect of
FX12 on NHK ubiquitination in cells. Hela cells stably expressing
HA-tagged NHK were treated with the proteasome inhibitor bort-
ezomib (BTZ) alone or combined with FX12 to accumulate ubiquiti-
nated NHK. Anti-HA reimmunoprecipitation revealed that FX12 ef-
ficiently inhibited NHK ubiquitination (Figure 2B). Consistently,
cycloheximide (CHX) chase showed that NHK degradation was in-
hibited by FX12 (Figure 2C). In addition, FX12 did not affect the
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FIGURE 1: Synthesis and characterization of FX12 as a dislocation inhibitor. (A) Chemistry
optimization through SAR studies of Stattic. (B) drGFP assay. Hela cells stably expressing
NHK-drGFP reporter plasmids were treated with DMSO (background control), proteasome
inhibitor BTZ (50 nM) alone (positive control), or BTZ in combination with series concentrations
of the indicated compounds for 4 h before GFP intensities were measured in a microplate
reader. GFP intensities were normalized to the positive control (set as 100%) after background
subtraction. Error bars = SD for n = 3 biological replicates. (C) Cytotoxicity assay. HepG2 cells
were treated with increasing concentrations of FX12 or its analogues for 24 h followed by
measuring cell viability with WST-1. Cells treated with DMSO was used as control (set as 100%).

Error bars = SD for n =5 biological replicates. (D) ICsgs derived from C.

degradation of the cytosolic protein GFPu, whose degradation does
not require dislocation (Bence et al., 2001) (Figure 2D). These results
provide additional evidence that FX12 is a bona fide inhibitor of
NHK dislocation.

FX12 is a derivative of benzo[blthiophene 1,1-dioxide that does
not have the nitro group required for Stattic activity (Schust et al.,
2006). Therefore, we determined the effects of FX12 on IL6-stimu-
lated STAT3 activation. Immunoblotting showed that FX12 at con-
centrations up to 20 uM did not inhibit ILé6-induced phosphorylation
of endogenous STAT3, compared with ~75% inhibition by Stattic at
10 uM concentration (Figure 2E). Thus, FX12 is a dislocation inhibi-
tor with diminished effects on STAT3 activation.

Volume 33 November 1, 2022

tor of one of the two major protein degra-
dation pathways: proteasome or lysosome,
or in combination. RNF5 protein was stabi-
lized in cells treated by either the protea-
some inhibitor BTZ or the lysosome inhibi-
tor chloroquine (CQ) (Figure 3D, lane 1 vs.
lanes 3 and 5), suggesting that both path-
ways are normally involved in RNF5 degra-
dation. Interestingly, FX12-induced down-
regulation of RNF5 was inhibited only by
BTZ but not CQ, indicating that FX12 bind-
ing targets RNF5 to the proteasome for
degradation (Figure 3D, lane 2 vs. lanes 4 and 6). Moreover, FX12
treatment directed all RNF5 protein to proteasomes for degradation
(Figure 3D, lane 5 vs. lane 6). To determine whether the protea-
some-dependent ERAD pathway degrades RNF5, we examined
whether p97/VCP, a central regulator of ERAD, is involved in RNF5
degradation. The role of p97/VCP in ERAD is the extraction of ubig-
uitinated ERAD substrates from the ER for delivery to the protea-
some for degradation. As such, Hela cells were treated with FX12 in
combination with the p97/VCP inhibitor NMS-873 (Magnaghi et al.,
2013). As previously reported (Magnaghi et al., 2013; Walworth
et al., 2016; Xia et al., 2016), inhibition of p97/VCP accumulated
total ubiquitinated proteins (Figure 3E, lane 4) and FX12 treatment

An inhibitor and degrader of RNF5 | 3



Compound ID Structure Chemical formula Exact mass
Stattic C8H5NO4S 211.2
N\
S
O,N
2 é/\\o
FX12 A C10H804S 224.0143
CO,Me
FX25 m{o C16HT19NOS5S 337.0984
S=0HN
o} OMe
(¢}
FX26 \_A C20H19NOS5S 385.0984
S\‘=oHN
o} OEt
FX28 ©j>—‘/< COOtBu C19H23NO7S 409.1195
S~oHN—§F_/
FX33 m(o C15HT1NO3S 285.046
0o
FX34 @fwo C16H13NO3S 299.0616
S=OHN
s
FX40 o C16H1204S 300.0456
I«
$0 ©
o]
FX41 m{o : C17H1404S 314.0613
0 ©
(o}
FX50 N o] C17H13ClO4S 348.0223
a ©
FX52 Fm/g : C17H13FO4S 332.0519
0 ©
FX53 C18H1604S 328.0769
oAt
o 0
o}
FX36 C15H1002S 254.0402

4o

TABLE 1: Structures of Stattic analogues.

enhanced the accumulation (Figure 5E, lane 5), possibly by inducing
ER stress due to inhibition of ERAD (Figure 2). Increased RNF5 ubig-
uitination was observed with NMS-873 treatment alone (Figure 3E,
lane 9), consistent with a previous report that RNF5 autoubiquiti-
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nates and targets itself to ERAD (Huang et al., 2018). We did not see
increases in RNF5 ubiquitination in FX12-treated cells (Figure 3E,
lane 8), which is likely due to its rapid degradation. Importantly,
RNF5 ubiquitination was increased by NMS-873 and further
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FIGURE 2: FX12 inhibits dislocation and has diminished activity against STAT3 activation. A-C). If inhibition of RNF5 E3 activity by
(A) Time-lapse imaging of NHK dislocation by drGFP. Hela cells stably transfected with NHK- FX12 also occurs in cells, we would expect

drGFP reporter plasmids were treated with BTZ (50 nM) alone or BTZ in combination with FX12 that the E3-inactive RNF5 inhibits NHK deg-
(10 pM) and imaged every 2 h. (B) FX12 inhibits NHK ubiquitination in cells. Hela cells expressing radation. Therefore, we transiently ex-
NHK-HA were treated with BTZ (50 nM) or BTZ in combination with FX12 (10 uM). pressed an E3-inactive RING finger mutant
Reimmunoprecipitation of NHK-HA was performed to determine NHK ubiquitination. RNF5 (RNF5 RINGm) and determined its
Nontransfected Hela cells were used as negative control. (C) CHX chase. HEK-293T cells stably effects on NHK degradation. CHX chase

expressing HA-tagged NHK were treated with CHX in combination with DMSO or FX12 (10 uM)
for the time indicated. The graph (right) shows relative band intensities of NHK measured by
ImageJ and normalized to actin. The band intensities of NHK at time O were set as 100%. Error
bars = SEM for n = 3 experiments. The p value was calculated from a one-tailed Student’s t test.

showed that overexpression of RNF5
RINGm indeed inhibited NHK degradation
(Figure 4, H and I). These results suggest

*p < 0.05. (D) Effects of FX12 proteasomal degradation of cytosolic substrate GFPu. HEK-293T that FX12 inhibits NHK dislocation and deg-
cells stably expressing GFPu treated with BTZ or FX12 for 6 h followed by processing for radation by generating E3-inactive RNF5.
immunoblotting of GFPu and actin. (E) Immunoblotting for activated STAT3 (p-STAT3). HepG2

cells were treated with IL-6 in the presence of increasing amounts of FX12 or Stattic. DMSO was ~ FX12 enhances the thermal stability

used as vehicle control. NT, nontreated.

increased by simultaneous treatment with FX12 and NMS-873
(Figure 3E, lanes 9 and 10). In addition, NMS-873 also inhibited
FX12-induced RNF5 down-regulation (Figure 3F). These results sug-
gest that FX12 promoted RNF5 degradation by the p97/VCP-de-
pendent ERAD pathway.

FX12 binds to RNF5 and inhibits its E3 activity in vitro

FX12 is selectively targeting RNF5 for degradation, suggesting that
RNF5 may directly bind to FX12. Surface plasmon resonance (SPR)
was used to assess FX12 and RNF5 binding in vitro. RNF5 is pre-
dicted to have two transmembrane domains in its C-terminal region
and an N-terminal cytosolic domain (amino acid [aa]1-117, RNF5N)
harboring a RING finger (aa27-67) that confers its E3 activity (https://
www.uniprot.org/uniprot/Q99942). If FX12 targets RNF5, one would
expect that they directly bind in vitro, and thus we determined
whether FX12 binds to the cytosolic domain of RNF5 (RNF5N). Two
other benzolb]thiophene 1,1-dioxide derivatives (FX41 and FX36)
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of RNFS5 in cells

The cellular thermal shift assay (CETSA) was

used to determine the potential FX12-tar-
get engagement (Martinez Molina et al., 2013). CETSA is based on
the biophysical principle of ligand-induced thermal stabilization of
target proteins. A ligand-stabilized protein target can be detected
in the soluble cellular fraction by immunoblotting or mass spectrom-
etry (Martinez Molina et al., 2013; Jafari et al., 2014). Among major
dislocation regulators examined, only RNF5 and Derlin1 showed
increased thermal stabilities upon FX12 treatment (Figure 5, A-D).
This may not be surprising because previous studies have shown
that RNF5 and Derlin1 are interacting partners and stabilizing the
target protein can lead to changes in the thermal stability of target-
associated proteins (Younger et al., 2006; Morito et al., 2008). Next,
a CETSA was performed in Derlin1 KO HEK-293T cells to determine
whether FX12 could still stabilize RNF5 in cells lacking Derlin1. The
results showed that FX12 stabilized RNF5 independent of Derlin1
(Figure 5, E-G). Interestingly, coimmunoprecipitation revealed that
FX12 increased RNFS5 interaction with Derlin1 but decreased its in-
teraction with Derlin2 (Figure 5H). These results suggest that RNF5

An inhibitor and degrader of RNF5 | 5
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FIGURE 3: FX12 induces RNF5 degradation by ERAD in cells. (A, B) FX12 induces a time- and
dose-dependent down-regulation of RNF5 protein in cells. (A) Hela cells were treated with
DMSO (control), increasing amounts of FX12, or tunicamycin (5 ug/ml) for 16 h. Asterisk in A
indicates a nonspecific band. (B) HelLa cells were treated with FX12 (10 uM) for the indicated
time. The indicated proteins were examined by immunoblotting. (C) FX12 does not affect RNF5
mRNA expression. Hela cells were treated with DMSO or increasing amounts of FX12 for 16 h.
RNF5 mRNA expression was examined by RT-PCR. Actin mRNA was examined as control.

(D) FX12 induces proteasomal degradation of RNF5. Hela cells were treated with FX12 (10 pM),
BTZ (50 nM), and lysosome inhibitor CQ (50 uM) as indicated for 16 h. The indicated proteins
were examined by immunoblotting. (E) FX12 increases RNF5 ubiquitination. Hela cells
transfected with FLAG-RNF5 were further treated with FX12 (10 pM) and p97/VCP inhibitor
NMS-873 (NMS, 10 puM) as indicated for 4 h before reimmunoprecipitation with anti-FLAG
antibody and blot for ubiquitin and the indicated proteins. The numbers under or within the
blots in A, B, D, and E show the relative bind intensities. (F) NMS-873 inhibits FX12-induced
RNF5 down-regulation. Hela cells were treated as indicated, FX12 (10 pM) or in combination
with NMS-873 (NMS, 10 pM) for 24 h followed by processing for immunoblotting.

is a molecular target for FX12 in cells and the increased thermal
stability of Derlin1 is due to the FX12-enhanced RNF5-Derlin1
interaction.

of BHK cells.
FX12 improves the efficacy of VX809 and VX661 in the
rescue of misfolded CFTR trafficking to the cell surface
RNF5 is a well-established E3 involved in the degradation of both
misfolded wt-CFTR and AF508 CFTR (Younger et al., 2006). AF508
CFTR is a major cause of CF and exists in approximately 90% of CF
patients (Younger et al., 2006). Nearly 99% of newly synthesized
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AF508 CFTR cannot fold correctly and is
rapidly degraded by ERAD (Ward and Ko-
pito, 1994). Moreover, only ~25% of wt-
CFTR reaches its correct localization at the
cell surface, and the remaining protein is
degraded, analogous to mutant CFTR, by
ERAD (Ward and Kopito, 1994; Farinha and
Amaral, 2005). We hypothesized that inhibi-
tion and degradation of RNF5 by FX12
should have a stabilizing effect on AF508
CFTR. BHK cells stably expressing HA-
AF508 CFTR (Gentzsch et al., 2004) were
used to test this hypothesis. As predicted,
FX12 induced a dose-dependent degrada-
tion of RNF5 in BHK cells (Figure 6A), as
seen in Hela cells (Figure 3A). FX12 dose-
dependent increases in both the ER core-
glycosylated immature form (B form) and
the complex-glycosylated mature form (C
form) of AF508 CFTR were observed (Figure
6, A and C). The C form of CFTR represents
the mature form trafficked through Golgi,
suggesting that inhibition of RNF5 en-
hances the stability and improves cell sur-
face trafficking of AF508 CFTR.

The current U. S. Food and Drug Admin-
istration (FDA)-approved therapies for CF
rescue the function of CFTR using correc-
tors (e.g., VX809, VX661, and VX445) to im-
prove AF508 CFTR folding and a potentia-
tor (e.g., VX770) to increase CFTR channel
activity (Dekkers et al., 2016; Davies et al.,
2018; Keating et al., 2018). By slowing the
degradation of misfolded CFTR through in-
hibition and degradation of RNF5, FX12
may cooperate with VX809 or VX661 to fur-
ther improve cell surface trafficking of both
wt-CFTR and AF508 CFTR. This possibility
was tested by treating BHK cells stably ex-
pressing either HA-wt-CFTR or HA-AF508
CFTR (Gentzsch et al., 2004) with increasing
amounts of FX12 with or without the folding
correctors VX809 or VX661. Both VX809
and VX661 induced increases in the C form
of wt-CFTR and AF508 CFTR, which is con-
sistent with their activities in improving
CFTR folding (Figure 6, B and C). Impor-
tantly, cotreatment with FX12 further in-
creased the C form of both wt-CFTR and
AF508 CFTR in a dose-dependent manner
(Figure 6, B and C). As a negative control,
FX36 that had no activity in drGFP also did

not affect AF508 CFTR (Figures 4, C and D, and 6D). These results
suggest that inhibition of RNF5 provides more wt-CFTR and AF508
CFTR for folding correctors to increase their trafficking to the surface

To further investigate whether the effect of FX12 on CFTR is
correlated with its dislocation inhibitory activity, we tested the ef-
fects of FX12 analogues on AF508 CFTR. Among 10 FX12 ana-
logues showing inhibitory activities in NHK drGFP, seven increased
the B form of AF508 CFTR, which was improved by cotreatment
with VX809 (Figure 6E). The other three active analogues (FX33,
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FIGURE 4: FX12 directly interacts with RNF5 and inhibits its E3 activity in vitro. (A-C) SPR
analysis. Purified cytosolic tail of RNF5 (RNF5N) was immobilized on a sensor chip. The binding
sensorgrams were obtained when FX12 (A), FX41 (B), or FX36 (C) at the indicated concentrations
were flowed across the sensor chip. (D) Differential effects on NHK-drGFP by FX36 and FX41.
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RING finger mutant (RINGm) inhibits NHK degradation (H). The graph (right) shows relative band
intensities of NHK measured by ImageJ and normalized to actin. The band intensities of NHK at
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AF508. Cells were grown at an air-liquid in-
terface until differentiated. Then the well-
differentiated AF508/AF508 HBE cultures
were exposed for 24 h to basolaterally
added corrector VX809 (5 uM) and/or FX12
(5 pM) in the presence and absence of
potentiator VX770 (1 uM). CFTR function
was then evaluated in Ussing chambers
(Figure 7, A and B). Amiloride was added to
inhibit the epithelial sodium channel. Treat-
ment with VX809 significantly increased
maximal CFTR (stimulated by subsequent
addition of forskolin and acute addition of
VX770) (Figure 7B). As previously observed,
VX809+VX770-treated cells showed a
smaller CFTR response than VX809-treated
cells caused by destabilization of rescued
AF508 CFTR in the presence of chronic
treatments with VX770 (Cholon et al., 2014).
Unlike VX809, FX12 did not enhance CFTR
responses and did also not further enhance
responses of VX809- or VX809+VX770-res-
cued cells. Biochemical rescue of AF508
was assessed by immunoprecipitation of
CFTR followed by Western blotting (Figure
7C). Robust rescue of formation of mature
AF508 (Figure 7C, band C) was detected
when cells were treated with VX809,
whereas a minor amount of band C was ob-
served when cells were treated with FX12
(Figure 7C). Further studies are needed to
optimize FX12 effects on CFTR function in
AF508/AF508 HBE cells via adjusting drug
dosage and treatment times and/or simul-
taneous targeting of alternative degrada-
tion pathways.

RNF5 knockdown diminishes the
inhibitory activity of FX12 in
dislocation

If RNF5 is a target for FX12 to prevent dis-
location, knocking it down should reduce
FX12 activity. To test this possibility, the ef-
fects of RNF5 knockdown on dislocation
were determined in Hela cells that stably
express the NHK-drGFP reporter (Zhong
and Fang, 2012). RNF5 knockdown de-
creased FX12-mediated suppression of
NHK dislocation (Figure 8, A-C), indicat-
ing that RNF5 is a molecular target for
FX12 in cells. Next, the effects of FX12 on
HA-AF508 CFTR stability and trafficking in
RNF5 knockdown BHK cells were investi-
gated for more proof (Figure 9). DerlinT,
which forms a complex with RNF5 to re-

FX34, and FX50) did not increase AF508 FTR, possibly due to their  cruit CFTR, was knocked down as a control (Figure 5H). Interest-
higher cytotoxicity (Figure 1, C and D). FX12 inhibits RNF5 E3 ac-  ingly, knockdown of RNF5 stabilized AF508 CFTR more in the C

tivity in vitro (Figure 4E). Consistently, we demonstrated that it in-  form than in the B form, which was not seen in Derlin1 knockdown
hibited AF508 CFTR ubiquitination and degradation in BHK cells  cells (Figure 9, C-F, lane 1). These results suggest that RNF5 not
(Figure 6, F and G). only is an E3 of misfolded CFTR but, in this system, may also play

Next, we tested the effect of FX12 on AF508 CFTR function in  a role in its ER retention. Unlike in control and Derlin1 knockdown
primary HBE cells obtained from a CF patient homozygous for  cells where FX12 treatment caused dose-dependent increases of
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FIGURE 5: The effects of FX12 on thermal stability of ERAD regulators as revealed by CETSA.
(A-D) FX12 increases the thermal stability of Derlin1 and RNF5 but not Derlin2 in HEK-293T cells
as revealed by CETSA. CETSA was performed using Hela cells treated with DMSO or 20 uM
FX12 at 37°C for 1 h. The band densities in immunoblots for each protein at the lowest
temperature (27°C) were set as 100%. Error bars = SEM for n = 3 experiments. The p value for
DMSO vs. FX12 was calculated from a one-tailed Student’s t test. p < 0.05 for B and C and p >
0.05 for D. (E-G) FX12 stabilizes RNF5 independent of Derlin1 in CETSA. CETSA was performed
as in A-D except that HEK-293T cells with Derlin1 KO were used. Derlin1 KO is shown by
immunoblot (F). Graph in G was generated as described in B and C. p < 0.05 for DMSO vs. FX12.
(H) FX12 enhances RNF5 interaction with Derlin1. FLAG-tagged Derlin1 or Derlin2 was
transiently expressed in HEK-293T cells. Cells were then treated with FX12 for 2 h and subjected

to coimmunoprecipitation with anti-FLAG antibody.

both B and C forms of AF508 CFTR (Figures 9, C-F), FX12 treat-
ment of RNF5 knockdown cells did not further increase AF508
CFTR (Figure 9, C-F). An FX12 dose-dependent shift from the C
form to the B form of AF508 CFTR may be due to residual RNF5
protein in RNF5 knockdown cells (Figure 9, C and E). Next, we
determined the effects of FX12 on paxillin, another substrate of
RNF5. RNF5 ubiquitinates paxillin and inhibits paxillin localization
to focal adhesion (Didier et al., 2003). Consistent with the previous
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be a valuable tool for studying the roles of
RNF5 in physiology and disease and evalu-
ating RNF5 as a therapeutic target.

Previous studies supported the impor-
tance of ERAD E3 inhibitors. Hrd1 was the
first ERAD E3 with a reported small-mole-
cule modulator, LS-102, identified as a
selective inhibitor of its autoubiquitina-
tion activity with an in vitro ICsg of 35 pM
(Yagishita et al., 2012). LS-102 treatment
improves rheumatoid arthritis and allevi-
ates obesity in mouse models (Amano
et al., 2003; Yagishita et al., 2012; Fujita
et al., 2015), which agrees with the known
roles of Hrd1 in pathogenesis (Amano
et al., 2003; Bournat and Brown, 2010).
Recently, a small-molecule inhibitor of RNF5, inh-2, was identi-
fied by ligand docking and virtual screening of the RING finger of
the RNF5 structure obtained by homology modeling (Sondo
et al., 2018). Inh-2 modulates the known downstream pathways
of RNF5, including stabilization of AF508 CFTR and improves
AF508 CFTR activity. However, it is not known whether inh-2
exerts its activities by directly binding to RNF5 (Sondo et al.,
2018).
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FIGURE 6: FX12 enhances the effects of VX809 and VX661 on stabilization and trafficking of
HA-wt-CFTR and -AF508 CFTR. (A) FX12 down-regulates RNF5 accompanied by stabilization of
HA-AF508 CFTR in BHK cells. BHK cells stably expressing HA-AF508 CFTR were treated with
DMSO or increasing amounts of FX12 for 24 h followed by processing for immunoblotting.

B form: ER core-glycosylated CFTR, C form: fully glycosylated mature form of CFTR. (B, C) FX12
enhances the effects of VX809 and VX661 in stabilization and trafficking of HA-wt-CFTR and
AF508 CFTR. BHK cells stably expressing HA-wt-CFTR (B) or HA-AF508 CFTR (C) were treated
with FX12, VX809, VX661, or in combination as indicated for 24 h followed by processing for
immunoblotting. BiP was blotted as loading control. (D) FX36 does not affect HA-AF508 CFTR
levels. BHK cells stably expressing HA-AF508 CFTR were treated with FX36 or VX809 for 24 h
followed by processing for immunoblotting. (E) Effects of FX12 and its analogues on AF508 CFTR
stabilization and trafficking. HA-AF508 CFTR BHK cells were treated with FX12 or its analogue (5
pM) alone in the presence of VX809 (5 pM) for 24 h followed by processing for immunoblotting.
VCP was blotted as loading control. (F) AF508 CFTR ubiquitination. HEK-293T cells expressing
GFP-tagged AF508 CFTR were treated with BTZ (50 nM) or BTZ in combination with FX12 (5 or
10 pM). Reimmunoprecipitation with anti-GFP antibody was performed to determine AF508
CFTR ubiquitination. Nontransfected HEK-293T cells were used as negative control. (G) FX12
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We have provided evidence that FX12,
as a newly identified RNF5 E3 inhibitor and
degrader, binds directly to RNF5 and inhib-
its RNF5 E3 activity in vitro (Figure 4, A and
E). CETSA experiments support a direct
FX12-RNF5 engagement in a cellular envi-
ronment, as indicated by thermal stabiliza-
tion of RNF5 in HEK-293T cells (Figure 5,
A-G). Moreover, RNF5 knockdown tests
show that FX12 targets RNF5 to produce
its biological effects (Figures 8 and 9).
CETSA and in vitro ubiquitination assays
have also demonstrated a certain degree
of target selectivity of FX12 (Figures 4E and
5, A-G). Consistent with the role of RNF5
as an E3 for misfolded CFTR, FX12 stabi-
lizes AF508 CFTR and decreases its ubiqui-
tination as well as increasing paxillin local-
ization to focal adhesions (Figures 6, 7C,
8D, and 9). Moreover, FX12 enhances the
FDA-approved CF therapeutics VX809 and
VX661 in rescuing cell surface expression
of AF508 CFTR in BHK cells (Figures 6 and
8F). However, unlike with inh-2, to date we
could not demonstrate the improvement in
AF508 CFTR channel activity by FX12 in
patient-derived HBE cells (Figure 7). This
discrepancy warrants further investigation.
Inh-2 is a RNF5 inhibitor, but FX12is not
only an inhibitor but also a degrader of
RNF5. This differential activity may affect
the channel activity of stabilized AF508
CFTR. In addition, the potential differential
expression of RNF5 and/or its complexes
could also contribute to the different re-
sponses between BHK and HBE cells. As
multiple pathways have been shown to be
involved in AF508 CFTR degradation in pri-
mary cells, additional maneuvers may be
required to rescue the misfolded protein in
these cultures. Because wt-CFTR has a lon-
ger half-life than AF508 CFTR, it might be a
more suitable target in diseases such as
COPD than AF508 CFTR in CF for which
highly effective modulator combinations
have become available recently. In cancer,
inhibition of RNF5 has either beneficial or
detrimental effects depending on cancer
types (Bromberg et al., 2007; Jeon et al.,
2015; Pitarresi et al., 2018; Gao etal., 2019;

inhibits HA-AF508 CFTR degradation. BHK
cells stably expressing HA-AF508 CFTR
were treated with DMSO or FX12 for 24 h,
and the CHX chase was performed. The
graph (right) shows relative band intensities
of HA-AF508 CFTR measured by ImageJ
and normalized to VCP. The band intensities
of HA-AF508 CFTR at time O were set as
100%. Error bars = SEM for n=3
experiments. The p value was calculated
from a one-tailed Student’s t test. *p < 0.01.
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FIGURE 7: Effects of VX809 and FX12 treatments on CFTR responses in well-differentiated
AF508/AF508 HBE cultures. Well-differentiated HBE cultures were treated for 24 h with
VX809 and/or FX12 (5 uM each). (A) Representative short-circuit currents (Isc) recorded in
Ussing chambers. In the chambers, the following compounds were added: amiloride (Amil,
100 pM) to inhibit ENaC, forskolin (Fsk, 10 pM) to activate CFTR, VX770 (1 pM) to potentiate
CFTR, and CFTR-inhibitor (Inh-172, 10 pM) to inhibit CFTR. (B) CFTR responses (Fsk+VX770)
are expressed as mean + SEM (**p < 0.01; ***p < 0.001) (n = 4). Treatment with corrector
compound VX809 (red) resulted in CFTR responses that were significantly different from
those of vehicle control (black). Treatment with FX12 (dark blue) resulted in CFTR responses
that were not significantly different from those of vehicle control. FX12 did not further
increase CFTR responses of VX809-rescued CFTR (FX12+VX809 [turquoise] vs. VX809

[red]) or VX809+VX770-treated cultures (VX809+VX770+FX12 [orange] vs. VX809+VX770
[green]). (C) CFTR Western blot to analyze AF508 maturation. AF508/AF508 HBE cultures
were treated as above and CFTR was immunoprecipitated and subsequently analyzed by
Western blotting. C = fully glycosylated mature CFTR, B = ER core-glycosylated immature
CFTR.
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Li et al., 2019; Khateb et al., 2021). FX12
could be a useful chemical biology tool to
study the role of RNF5 in different types of
cancers and evaluate RNF5 as a therapeutic
target for certain types of cancer.

Studies using the drGFP reporter dem-
onstrated dislocation of NHK, a well-char-
acterized substrate for Hrd1. Surprisingly,
RNF5 was identified as an FX12 target be-
cause it has not been shown to regulate
NHK degradation. Our data suggest that
FX12 may inhibit NHK dislocation by an in-
direct mechanism. drGFP assays were per-
formed in cells treated with FX12 for up to
6 h (Figures 1B and 2A). During the 6 h
treatment, RNF5 protein was not down-
regulated (Figure 3B), but its E3 activity is
likely inhibited by FX12 based on an in vitro
assay (Figure 4E). We speculated that the
E3-inactive RNF5 might inhibit Hrd1-medi-
ated ERAD by its abnormal interactions
with Hrd1 complex proteins. In support of
this possibility, we did see that FX12 en-
hanced RNF5-Derlin1 interaction (Figure
5H). Moreover, overexpression of the RNF5
E3-inactive mutant markedly inhibited
NHK degradation (Figure 4, H and I). FX12
significantly down-regulated RNF5 protein
9 h after FX12 treatment (Figure 3B), but
the underlying mechanism is not fully un-
derstood. FX12 binding might alter the
normal structure of RNF5. Thus, FX12-
bound RNF5 may be recognized as a mis-
folded ER protein and degraded by ERAD
mediated by an E3 ubiquitin ligase that re-
mains to be identified.

RNFS5, like other ERAD E3s, forms pro-
tein complexes with membrane-spanning
proteins. Although we demonstrated a di-
rect interaction between FX12 and RNF5 in
vitro, we cannot rule out the possibility that
the FX12 binding site may be formed by
RNF5 and its interacting proteins in cells.
This binding model may explain why FX12
retains residual effects on AF508 CFTR sta-
bilization in RNF5 knockdown cells (Figure
9, C and E), although the residual activity
may also be explained by incomplete
knockdown of RNF5. FX12 hijacks ERAD to
initiate degradation of RNF5, rather than
only inhibiting RNF5 E3 activity, which has
important implications. In drug discovery
and development, small-molecule-induced
degradation of pathogenic proteins is ac-
tively being pursued, exemplified by prote-
olysis-targeting chimeric molecules (PROT-
ACs) and molecular glues (Gadd et al.,
2017; Gu et al., 2018; Smith et al., 2019;
Isobe et al., 2020; Lv et al., 2020; Slabicki
et al, 2020; Zeng and Han, 2020). A
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move disease proteins is that there is no
need to design bimodal PROTACs. Instead,
small-molecule monovalent degraders can
be identified by screening compound librar-
ies using cell lines that stably express the
disease protein reporters.
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The effects of FX12 on NHK dislocation and AF508CFTR stabilization in RNF5

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell culture

Cells from human cell lines including
Hela, HepG2, and HEK-293T were pur-
chased from the American Type Culture
Collection (ATCC; https//www.atcc.org).
Previously published cell lines used in this
study include a Hela cell line stably ex-
pressing a drGFP reporter for NHK dislo-
cation (NHK-drGFP) (Zhong and Fang,
2012) and BHK cells stably expressing ex-
tope HA-tagged wt-CFTR or AF508 CFTR
(Gentzsch et al., 2004). Primary HBE cells
were purchased from Scott H. Randell
(Marsico Lung Institute, The University of
North Carolina at Chapel Hill). The ob-
tained HBE cells were prepared from ex-
plant lungs from patients homozygous for
the AF508 mutation under protocols ap-
proved by the University of North Caro-
lina at Chapel Hill Biomedical Institutional
Review Board (Fulcher and Randell, 2013).
These cells were expanded in BEGM
(Lonza) and then cultured at air-liquid in-
terface on 12 mm Millicell inserts (Milli-
pore) in modified BEBM (Lonza) for 24 d
until differentiated.

knockdown cells and paxillin localization to focal adhesions. (A-C) RNF5 knockdown diminishes

the effects of FX12 on NHK dislocation. Hela cells stably expressing the NHK-drGFP reporter
were transfected with RNF5-targeting or control (NC) siRNA, and 24 h after siRNA transfection,
the cells were treated with BTZ (50 nM) alone or BTZ in combination with FX12 (10, 20 M)

for 23 h followed by measuring drGFP fluorescence intensity on a TECAN F200 Pro

multimode microplate reader. RNF5 knockdown is shown by immunoblotting in A. The graph is
* p<0.05 and p < 0.001 by Student’s t test. The
representative drGFP images are shown in C. Bar = 200 pm. (D) Hela cells cultured on coverslips
were treated with DMSO (control) or FX12 (10 uM) for 24 h and then processed for anti-paxillin
immunofluorescence staining. The green foci are focal adhesions. Bar = 10 pm.

mean + SD, n = 3 independent experiments (B).

PROTAC is a designed, bifunctional small molecule that links its tar-
get protein to a known E3, hijacking the E3 to degrade the target
protein. This study indicates that FX12 hijacks the protein quality
control mechanism to degrade RNF5. Theoretically, this approach
may be used to target other critical pathogenic proteins that access
the secretory pathway by directly targeting them to ERAD for degra-
dation without needing to design a bifunctional PROTAC molecule.
In support of this possibility, a previous study reported that metfor-
min hijacks ERAD to degrade PD-L1 (Cha et al., 2018). Because pro-
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Antibodies and reagents

Antibodies. The following antibodies were
purchased from MilliporeSigma: mouse
monoclonal antibodies, anti-HA (H3663,
Clone HA7), mouse monoclonal anti—f3-
actin—peroxidase (A3854, clone AC-15), rab-
bit polyclonal anti-Sel1L (S3699), rabbit
polyclonal anti-Derlin1 (D4443), rabbit poly-
clonal anti-PDI (P7372), mouse monoclonal
anti-FLAG (F3165, clone M2), and ANTI-
FLAG M2 Affinity Gel (A2220). Antibodies from Santa Cruz Biotech-
nology include mouse monoclonal anti-ubiquitin-HRP (sc-8017-HRP,
clone P4D1), mouse monoclonal anti-GRP94 (sc-393402, clone
H-10), mouse monoclonal anti-paxillin (sc-365379, clone B-2), mouse
monoclonal anti-RNF5 (sc-81716, clone 22B3), mouse monoclonal
anti-ATFé0. (sc-166659, clone F-7), and mouse monoclonal anti-
Ube2j1 (sc-377002, clone B-6). Other antibodies were from different
sources, including mouse monoclonal anti-HA.11 (clone 16B12)
(ENZ-ABS120; Enzo Lifesciences), rabbit polyclonal anti-RNF5
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siControl + - 7 ThermoFisher) and Lipofectamine
iDerlin Alone VX809 RNAIMAX Reagent (13778150; Thermo-
S er. int - + E Fisher); and small interfering RNA (siRNA)
Derlin1 - 57 1 DMSO targeting Derlin1 and RNF5 synthesized
Actin IE‘ -%’4_ mm FX12 (2.5 uM) based on previous reports (Lilley and
- B FX12 (5 uM) Ploegh, 2005; Delaunay et al., 2008).
O 34
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FIGURE 9: Knockdown of RNF5 but not Derlin1 diminishes the effects of FX12 on AF508CFTR
stabilization. (A—C), RNF5 knockdown diminishes the effects of FX12 on HA-AF508-CFTR
stabilization. BHK cells stably expressing HA-AF508-CFTR were transfected with siRNAs as

(aa235-617) of human Hrd1 was inserted
into the BamHI/Notl sites of pGEX-5X-1.
pGEX-prajal was previously published
(Lorick et al., 1999).

indicated for 48 h. Cells were then treated with increasing amounts of FX12 or along with VX809

(5 pM) as indicated for 24 h. Knockdown efficiencies of RNF5 (A) and Derlin1 (B) were
determined by immunoblotting. Control siRNA: siControl, RNF5 targeting siRNA: siRNF5,

F), The band densities of B and C forms of HA-AF508CFTR
were normalized to the C band densities in the controls (lane 1, FX12 0 pM, set as 1) for each

Derlin1 targeting siRNA: siDerlin1. (D-

group and plotted.

(PA5-71703; ThermoFisher), rabbit monoclonal anti-Hrd1 (clone
D302A) (14773, Cell Signaling Technology), mouse monoclonal anti-
BiP/GRP78 (clone 40/BiP) (610979; BD Biosciences), rabbit monoclo-
nal anti-OS9 (clone EPR4272(2)) (ab109510; Abcam), and anti-HA
Affinity Matrix (11815016001; Roche). Mouse monoclonal anti-gp78
(clone 2G5) was previously published (Ballar et al., 2006). CFTR anti-
bodies 596 and 217 were obtained from Tim Jensen through the
University of North Carolina CFTR antibody program.

Chemicals. MG132 (474787), bortezomib (5043140001), Stattic
(S7947), CHX (C7698), tunicamycin (T7765), hygromycin B (H3274),
and isopropyl B-p-1-thiogalactopyranoside (16758) were purchased
from MilliporeSigma; CFTR modulators VX809 (HY-13262; MedChe-
mExpress; S1565; Selleck), VX661 (HY-15448; MedChemExpress),
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Purification of recombinant proteins

Each of pGEX-RNF5N, pGEX-Hrd1C, and
pGEX-prajal  was  transformed into
BL21(DE3). Single clones of BL21(DE3)
transformed were cultured overnight in Ly-
sogeny Broth (LB) medium. Then the over-
night culture was inoculated (1:100) to fresh
LB medium and cultured at 37°C until the OD¢qg reached 0.4-0.6.
The expression of GST-tagged proteins was induced with 0.2 mM
isopropyl B-p-thiogalactoside (IPTG) at 37°C for 1 h. The bacteria
were lysed in lysis buffer (50 mM Tris-HCI, pH 8.0, 1 mM EDTA, 1%
Triton X-100, 5 mM dithiothreitol) containing 200 pg/ml lysozyme
with sonication. The lysates were cleared by centrifugation at
20,000 x g for 20 min. To purify the GST-tagged proteins, the cleared
lysates were bound to Glutathione Sepharose 4B (GE Healthcare) for
2 h at 4°C with rotation. The beads were washed with 20 column
volumes (CV) of lysis buffer and then with 5 CV of 50 mM Tris-HClI,
pH 8.0. The GST-tagged proteins were eluted from the beads with
10 mM reduced glutathione in 50 mM Tris-HCI, pH 8.0. The elution
fractions containing proteins were dialyzed against 1x phosphate-
buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 4.3 mM NayHPOy,
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1.47 mM KH,PO,). To prepare GST-cleaved RNF5N, GST-RNF5N
was bound to Glutathione Sepharose 4B and the beads were
washed with 20 CV of lysis buffer and then with 10 CV 1x PBS. Then
the beads were incubated with 10 U thrombin per milligram of GST-
RNF5N at 4°C overnight with gentle rotation. Thrombin was re-
moved from the supernatant by incubating the latter with p-amino-
benzamidine-agarose for 30 min.

Establishment of stable expression and KO cell lines
Hela cells stably expressing HA-tagged NHK were established as
previously reported (Zhong and Fang, 2012). Hela cells were
seeded at 5 x 10° in 100 mm dishes in complete DMEM supple-
mented with 10% fetal bovine serum (FBS) and cultured in 37°C, 5%
COy. The next day, 10 pg of pClneo-NHK-HA together with 0.5 pg
of pBABE-puro was transfected into the cells with Lipofectamine
2000 (Invitrogen). Twenty-four hours after transfection, cells were
selected with puromycin (1 pg/ml) for 14 d. Single stable clones
surviving in the selection were trypsinized and transferred to indi-
vidual wells in 24-well plates containing the culture medium for fur-
ther culture. The single clones were screened for expression of HA-
tagged NHK by immunoblotting with an anti-HA tag antibody.
Derlin1 KO cell lines were generated in HEK-293T cells using
CRISPR-Cas9. The CRISPR single-guide RNA expression plasmids
targeting Derlin1 (NM_001134671.2) were obtained commer-
cially (HCP255023-SG01-3; GeneCopia.com). Derlin1-targeting
plasmids were transfected into HEK-293T cells cultured in DMEM
supplemented with 10% FBS in a 100 mm dish. Twenty-four hours
after transfection, cells were selected with hygromycin B
(250 pg/ml) for 7 d. Derlin1 KO was determined by screening the
single clones for Derlin1 expression with an anti-Derlin1 antibody
in immunoblotting.

Identification of small-molecule inhibitors of ER protein
dislocation

We screened LOPAC small-molecule library (SigmaAldrich.com) for
dislocation inhibitors using the Hela cells stably expressing the
NHK-drGFP reporter (Zhong and Fang, 2012). NHK-drGFP reporter
cells were seeded at 2 x 10%well in a black wall, clear-bottom
96-well plate (3603; Costar.com) and cultured overnight. The next
day, culture medium containing the proteasome inhibitor BTZ (1 uM)
alone or together with each compound (10 pM) was added to the
cells for an additional 4 h. Wells containing medium alone served as
background control. After replaced the medium with 1x PBS, drGFP
fluorescence intensity was measured on a TECAN F200 Pro multi-
mode microplate reader using excitation = 488 nm and emission =
525 nm. Compounds that exhibited >70% inhibition compared with
BTZ-alone samples after the background extraction were subject to
measurement of auto green fluorescence, and fluorescent com-
pounds were eliminated. The remaining compounds were retested
in an NHK-drGFP assay and were denoted as dislocation inhibitors
when confirmed. All dislocation inhibitors were further verified inde-
pendently in the InCell Analyzer 2200 wide-field imaging system at
the National Center for Advancing Translational Sciences (NCATS)
using a different batch of compounds at 10 pM concentration.

Live-cell imaging and quantification of drGFP

NHK-drGFP reporter cells were seeded at 2 x 10%/well in 96-well
plates. After overnight culture, the cells were washed once with PBS
and then treated with BTZ (1 pM) alone or BTZ (1 uM) together with
increasing concentrations of Stattic or its analogue. Live-cell images
were acquired immediately after the addition of the inhibitors and
then every 30 min on the IncuCyte Live-Cell Analysis System under

Volume 33 November 1, 2022

a 20x objective lens (Sartorius.com), and the fluorescence intensities
were quantified in IncuCyte software or on a TECAN F200 Pro Mul-
timode microplate reader.

Synthesis of Stattic analogues

FX12 was synthesized using methyl benzo[blthiophene-2-carboxyl-
ate as the starting material. Briefly, a solution of methyl benzo[b]
thiophene-2-carboxylate (192 mg, 1 mmol) in dichloromethane
(10 ml) was added 3-chloroperbenzoic acid (m-CPBA, 2 mmol) in
portions over 20 min. The reaction was stirred at 50°C for 5 h and
then cooled to room temperature. To the reaction mixture was
added 0.5 M sodium hydroxide (20 ml). The solution was stirred for
another 15 min. The aqueous layer was removed. The organic phase
was washed using brine, dried over Na,SOy, and concentrated. The
crude material was purified by flash chromatography to give com-
pound FX12: 'TH NMR (Varian INOVA 400 MHz, CDCl3): §7.99 (d, J=
0.8 Hz, 1H), 7.78 (d, J=8.0 Hz, 1H), 7.71-7.63 (m, 2H), 7.53 (dd, J =
1.6 Hz, J = 7.2 Hz, 1H) and "3C NMR (Varian INOVA 100 MHz,
CDCly): 6 154.4, 140.3, 134.9, 134.1, 133.4, 127.4, 127.2, 122.2,
53.4; and HRMS (ESI, JEOL AccuTOF with ESI/APCI ion sources
coupled to an Agilent 1100 HPLC system): The exact mass calcu-
lated for C1gHeO4S [M+H]* 225.0222, found 225.0224.

FX36: Phenyl benzo[b]thiophene-2-carboxylate. To a solution of
the benzo[blthiophene-2-carboxylic acid (2 mmol), phenol (2 mmol),
and 4-dimethylaminopyridine (1.0 equiv.) in dichlormethane
(0.5 mmol/ml) was added N, N-dicyclohexylcarbodiimide (1 equiv.)
at 0°C. After the reaction mixture had been stirred at room tem-
perature overnight, it was filtered through a pad of silica gel and
purified by flash chromatography to afford FX36. TH NMR (400 MHz,
CDCl3): 68.31 (s, 1H), 7.98 (t, J = 7.6 Hz, 2H), 7.56-7.49 (m, 4H),
7.37-7.31 (m, 3H); 3C NMR (100 MHz, CDCl3): §161.3, 150.6, 142.6,
138.6,132.7,131.9,129.5,127.3,126.1,125.8, 125.1, 122.8, 121.6.

FX41: Phenethyl cinnamate 1, 1-dioxide. Step 1: To a solution of
the benzo[blthiophene-2-carboxylic acid (2 mmol), 2-phenylethan-
1-ol (2 mmol), and 4-dimethylaminopyridine (1.0 equiv.) in dichlor-
methane (0.5 mmol/ml) was added N, N-dicyclohexylcarbodiimide
(1 equiv.) at 0°C. After the reaction mixture had been stirred at room
temperature overnight, it was filtered through a pad of silica gel and
purified by flash chromatography to afford precursor phenethyl
benzo[blthiophene-2-carboxylate. '"H NMR (400 MHz, CDCl3): &
8.06 (s, 1H), 7.897.87 (m, 2H), 7.49-7.27 (m, 7H), 4.57 (t, J = 6.8 Hz,
2H), 3.11 (t, J = 7.2 Hz, 2H); "*C NMR (100 MHz, CDCl): § 162.7,
142.2,138.7,137.7,133.6, 130.6, 129.0, 128.6, 126.9, 126.7, 125.6,
124.9,122.8, 66.0, 35.2. Step 2: This step was carried out entirely in
accordance with general method A. 'TH NMR (400 MHz, CDCl3): &
7.92 (s, 1H), 7.75 (d, J= 6.8 Hz, TH), 7.68-7.60 (m, 2H), 7.51 (d, J =
7.2 Hz, 1H), 7.35-7.25 (m, 5H), 4.56 (t, J=7.2 Hz, 2H), 3.10 (t, J= 6.8
Hz, 2H); '3C NMR (100 MHz, CDCl3): § 158.5, 139.9, 138.1, 137.1,
134.7,133.9,133.2, 129.2, 128.6, 128.1, 127.4, 126.8, 121.9, 66.8,
34.9. HRMS (ESI): Exact mass calculated for Cq4H14NO4S [M+NH4]*
332.0957, found 332.0964.

CHX chase

The CHX chase was performed as previously reported (Fang et al.,
2001). Hela cells stably expressing HA-tagged NHK or -CD38 were
seeded (2 x 10° cells/well) in a 12-well plate and cultured overnight.
Cells were then incubated with CHX (50 pg/ml) alone or along with
FX12 for the indicated time (Figure 2C) and then were harvested
and processed for immunoblotting with anti-HA and anti-B-actin
antibodies.

An inhibitor and degrader of RNF5 | 13



Immunoprecipitation

HEK-293T cells were transfected with pFLAG-Derlin-1 or pFLAG-
Derlin-2 or vector as control. The cells were treated with FX12 for
2 h as indicated the next day. Cells were lysed in 0.2% NP-40 in cell
lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, T mM EDTA,
1 mM EGTA [ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N’-
tetraacetic acid)]. Proteins (total 700 pg) were incubated with 10 pl
of ANTI-FLAG M2 Affinity Gel for 2 h at 4°C with rotation. The beads
were washed three times with cell lysis buffer containing 0.2% NP-
40 before being processed for immunoblotting. Immunoprecipita-
tion and immunoblotting of CFTR from HBE cells were performed as
described previously (Cholon et al., 2014; Gentzsch et al., 2016,
2017; McCravy et al., 2020; He et al., 2021).

Reimmunoprecipitation

NHK ubiquitination was analyzed as previously reported (Zhong and
Fang, 2012). Briefly, Hela cells expressing NHK-HA were treated
with BTZ (1 pM) or BTZ + FX12 (10 uM) to prevent degradation of
ubiquitinated NHK. After the treatment, cells were lysed in cell lysis
buffer containing 0.2% NP-40 followed by immunoprecipitation
with the Anti-HA Affinity Matrix. To remove any protein that may
associate with NHK-HA, the immunoprecipitates were denatured
with 2% SDS, and the beads were removed by centrifugation. The
supernatants were then diluted 20 times in native lysis buffer from
which NHK-HA was reimmunoprecipitated, followed by immunob-
lotting for HA and ubiquitin.

To analyze RNF5 ubiquitination, Hela cells were transfected with
pFLAG-RNF5. The next day, transfected cells were treated with FX12
and NMS873 as indicated. After the treatment, cells were lysed in cell
lysis buffer containing 0.2% NP-40 followed by immunoprecipitation
with pl of ANTI-FLAG M2 Affinity Gel for 2 h at 4°C with rotation. The
immunoprecipitates were denatured with 2% SDS, and the beads
were removed by centrifugation. The supernatants were then diluted
20 times in native lysis buffer from which FLAG-RNF5 was reimmuno-
precipitated, followed by immunoblotting for HA and ubiquitin.

CETSA

The CETSA was performed following a previously reported protocol
(Martinez Molina et al., 2013; Reinhard et al., 2015). Hela cells were
treated with 10 pM FX12 or dimethyl sulfoxide (DMSO) control at
37°C for 2 h. After the treatment, cells were trypsinized and then
neutralized with culture medium. After brief centrifugation at 1000 x
g for 5 min, the cells were washed once and then resuspended with
1x PBS. Multiple aliquots of cell suspension were heated at increas-
ing temperatures for 3 min before cooling to room temperature
(25°C) for 3 min. An equal volume of 1x PBS containing 0.8% NP-40
was then added to the cells to lyse them. The samples were centri-
fuged at 20,000 x g for 20 min to separate soluble fractions from
precipitated proteins. The soluble fractions were incubated with a
4x SDS sample buffer for 30 min at 37°C before being processed for
immunoblotting. The following ERAD complex proteins were exam-
ined, including the major candidate target proteins in ERAD com-
plexes, including RNF5, gp78, Hrd1, SellL, Derlin1, Derlin2, VIMP,
Ube2j1, BiP, grp94, PDI, and OS9.

SPR

The binding of FX12 and another Stattic analogue, FX41, with the
purified recombinant cytosolic domain of RNF5N (aa1-117) was
measured using Biacore. Sensorgrams were obtained for 62.5, 125,
250, or 500 nM compounds against RNFSN immobilized on the
CMS5 sensor chip. Purified RNF5(aa1-117) was coupled to the sur-
face of Biacore CM5 sensor chips by direct immobilization. Ligands
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were performed at a flow rate of 30 pl/min in HBS running buffer.
The association was recorded by SPR with a Biacore T200 (Biacore,
USA).

In vitro ubiquitination and ubiquitin charging assays

In vitro ubiquitination was performed following our previously re-
ported protocol (Fang et al., 2001). Briefly, 500 ng of GST-RNF5,
GST-Hrd1c, or GST-Prajal was immobilized on glutathione beads.
Ubiquitination assays were carried out by adding 20 ng each of hu-
man E1 and E2 (Ube2j1) and ubiquitin (2 ug) in ubiquitination buffer
containing 50 mm Tris-HCI, pH 7.4, 2 mM ATP, and 5 mM MgCl,
with an increasing amount of FX12 (0, 5, 10 pM). Reactions were
carried out in 20 pl for 30 min at 30°C followed by processing for
immunoblotting. FX12 does not affect ubiquitin charging to E1 and
E2. E1 assay: 0.2 pyg of recombinant UBA1 (E1) was mixed with ubig-
uitin, reaction buffer with or without ATP, and DMSO or FX12 (10 uM
final) on ice as indicated. The reactions were incubated at 37°C for
30 min. E2 assay: 0.5 pg of recombinant UbcH5b (E2) was mixed
with ubiquitin, reaction buffer, and DMSO or FX12 (10 pM final) on
ice as indicated. Recombinant UBA1 (E1) (0.2 pg) was added to the
reactions as indicated. The reactions were incubated at 37°C for 30
min. UbcH5b was detected by Ponceau S staining.

Measurement of CFTR activity in Ussing chambers

lon transport was measured as short-circuit current (Isc) in a modi-
fied Ussing chamber system using Acquire and Analyze software
(Physiological Instruments) as previously described (Cholon et al.,
2014; Gentzsch et al., 2016, 2017; He et al., 2021) in a bilateral
Krebs bicarbonate-Ringers (KBR) solution. Bridges were equili-
brated in KBR bubbled with CO, and maintained at 37°C, and each
chamber was zeroed against a blank insert. Changes in Isc were
measured. Amiloride (100 uM; Sigma-Aldrich) was added to the api-
cal bath to inhibit the epithelial sodium channel ENaC. Bilateral ad-
dition of forskolin (10 pM; Sigma-Aldrich) was followed by apical
addition of potentiator compound VX770 (1 pM; Selleck Chemicals)
to stimulate CFTR channel activity. CFTR inhibitor-172 (10 puM;
Sigma-Aldrich) was then apically introduced to inhibit CFTR. Tran-
sepithelial resistance (in €-cm?) was monitored to assess monolayer
integrity. Traces were plotted using Origin Graphic software.
Changes in Isc were calculated using Microsoft Excel. Bar graphs
were plotted in Prism.
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