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SUMMARY
Misfolded proteins in the endoplasmic reticulum (ER) are degraded by ER-associated degradation (ERAD).
Although ERAD components involved in degradation of luminal substrates are well characterized, much
less is known about quality control of membrane proteins. Here, we analyzed the degradation pathways of
two short-lived ER membrane model proteins in mammalian cells. Using a CRISPR-Cas9 genome-wide li-
brary screen, we identified an ERAD branch required for quality control of a subset of membrane proteins.
Using biochemical and mass spectrometry approaches, we showed that this ERAD branch is defined by
an ER membrane complex consisting of the ubiquitin ligase RNF185, the ubiquitin-like domain containing
proteins TMUB1/2 and TMEM259/Membralin, a poorly characterized protein. This complex cooperates
with cytosolic ubiquitin ligase UBE3C and p97 ATPase in degrading their membrane substrates. Our data
reveal that ERAD branches have remarkable specificity for their membrane substrates, suggesting that mul-
tiple, perhaps combinatorial, determinants are involved in substrate selection.
INTRODUCTION

Misfoldedproteins in the lumenandmembraneof theendoplasmic

reticulum (ER) are degraded by ER-associated degradation

(ERAD) (Christianson and Ye, 2014; Mehrtash and Hochstrasser,

2019; Wu and Rapoport, 2018). In a signal-dependent manner,

ERAD also degrades certain folded proteins, such as rate-limiting

enzymes for sterol biosynthesis, thereby controlling the metabolic

flux through this vital pathway (Ruggiano et al., 2014). These func-

tions of ERAD in protein and lipid homeostasis are conserved

throughout eukaryotes and are relevant to the etiology of several

diseases in humans (Guerriero and Brodsky, 2012).

Studies in yeast and mammalian cells showed that, upon

recognition, both luminal and membrane substrates are retro-

translocated across the ER bilayer to the cytosol and ubiquiti-

nated (Christianson and Ye, 2014; Ruggiano et al., 2014). These

sequential steps are coordinated by ER membrane ubiquitin

ligase complexes, each defining an ERAD branchwith specificity

to certain classes of substrates. The diverse ERAD branches

converge on the cytosolic p97 ATPase complex (Cdc48 in yeast),

which extracts ubiquitinated substrates from the ER membrane

and hands them to the proteasome for degradation (Wu and Ra-

poport, 2018).

Degradation of ER luminal substrates depends on a single

ERAD branch, with all substrates characterized so far being
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routed to the Hrd1 ubiquitin ligase complex (Carvalho et al.,

2006; Christianson et al., 2011; Denic et al., 2006; Gauss et al.,

2006). In contrast, all known ERAD branches are able to process

membrane substrates. For example, the three ERAD branches in

yeast, defined by the Hrd1, Doa10, and Asi complexes, target

distinct sets of membrane substrates. Earlier work, using a small

number of substrates, found some correlation between the posi-

tion of the misfolded domain in relation to the ERmembrane and

the ERAD branch selected (Carvalho et al., 2006; Huyer et al.,

2004; Vashist and Ng, 2004). However, it is becoming apparent

that such a simple criterium does not explain the selection of a

vast and diverse set of membrane substrates (Bernasconi

et al., 2010; Foresti et al., 2013; Habeck et al., 2015; Hampton

et al., 1996; Natarajan et al., 2020). Further complexity is

observed in mammalian cells, where close to ten ubiquitin li-

gases were shown to be involved in ERAD of membrane pro-

teins. However, as in yeast, it is not clear how substrate selection

is determined in each case (Leto et al., 2019; Stefanovic-Barrett

et al., 2018). Moreover, there are over a dozenmore ER-localized

uncharacterized ubiquitin ligases, and whether any of these is

involved in ERAD is unknown (Kaneko et al., 2016; Li et al.,

2008; Neutzner et al., 2011).

To start dissecting the mechanism of quality control in

mammalian cells, we developed and characterized the degrada-

tion of two model ERAD membrane substrates, CYP51A1TM
or(s). Published by Elsevier Inc.
commons.org/licenses/by/4.0/).

mailto:pedro.carvalho@path.ox.ac.uk
https://doi.org/10.1016/j.molcel.2020.07.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcel.2020.07.009&domain=pdf
http://creativecommons.org/licenses/by/4.0/


A

C

E

G

F

B

D

Figure 1. Erg11TM and CYP51A1TM Engage Distinct ERAD Branches

(A) Schematic representation of the Erg11TMandCYP51A1TMconstructs. Erg11TM andCYP51A1TMwere C-terminally taggedwith sfGFP and a 3xHA-tag. The

Erg11TM and CYP51A1TM amphipathic helix (AH) and transmembrane (TMD) domain are aligned and highlighted in red.

(B) Subcellular fractionation of Erg11TM- and CYP51A1TM-expressing cells. Postnuclear supernatants (W) were fractionated into a cytosolic soluble fraction (C)

and a crude membrane pellet (P1). Membranes in P1 were salt washed and carbonate treated (P2) to remove all peripherally associated proteins. Fractions were

subjected to SDS-PAGE andwestern blotting analysis. The partitioning of theHA-tagged substrateswas compared to endogenous soluble (p97 andGAPDH) and

integral membrane (BAP31) proteins.

(legend continued on next page)

ll
OPEN ACCESSArticle

Molecular Cell 79, 768–781, September 3, 2020 769



ll
OPEN ACCESS Article
and Erg11TM. We showed that, despite their seemingly similar

domain organization, the two substrates engage distinct ERAD

branches. Although Erg11TMwas degraded by the TEB4 ubiqui-

tin ligase ERAD complex, abrogation of the best characterized

ERAD branches failed to stabilize CYP51A1TM. A forward ge-

netic screen to identify the components involved in CYP51A1TM

degradation discovered a previously uncharacterized ERAD

branch. This is defined by a complex composed of the ubiquitin

ligase RNF185 and the poorly characterized multi-spanning ER

membrane proteins TMEM259/Membralin and ubiquitin-like

domain (UBL)-containing TMUB1/2. This complex cooperates

with UBE3C, a cytosolic ubiquitin ligase recently implicated in

ERAD (Leto et al., 2019). Finally, we showed that distinct features

are involved in substrate selection by the RNF185/Membralin

and TEB4 ERAD branches.
RESULTS

Membrane Domains of Erg11 and CYP51A1 Are ERAD
Substrates
In S. cerevisiae, the first 68 amino acids of the lanosterol deme-

thylase Erg11, encompassing the membrane domain (hereafter

called Erg11TM), are sufficient for its degradation by ERAD (Na-

tarajan et al., 2020). To gain insight on the quality control of mem-

brane proteins in mammalian cells, we tested whether Erg11TM

would be an ERAD substrate when expressed in human HEK293

cells. In parallel, we also expressed an analogous construct

derived from the human Erg11 homolog CYP51A1 (hereafter

called CYP51A1TM; Figure 1A). Like Erg11TM (Monk et al.,

2014), CYP51A1TM is predicted to have an N-terminal amphi-

pathic helix (AH) in the ER lumen followed by a single transmem-

brane alpha helix (TMD). Both Erg11TM and CYP51A1TM were

fused to the superfolder green fluorescent protein (sfGFP) and

the hemagglutinin (HA) tag for easy detection by flow cytometry,

microscopy, and immunoblotting (Figure 1A). Expression of

Erg11TM and CYP51A1TM in HEK293 cells showed that they

localize to the ER (Figure S1A) and were stably associated with

the membrane (Figure 1B). Thus, like their full-length counter-

parts, Erg11TM and CYP51A1TM are ER integral membrane

proteins.

Using the tetracycline-inducible Flp-In T-REx system in

HEK293 cells, we analyzed the expression levels of Erg11TM

and CYP51A1TM. Upon tetracycline induction, both Erg11TM
(C and D) Erg11TMand CYP51A1TM levels are stabilized upon inhibition of p97 an

Flow cytometry (C) and immunoblotting (D) analysis of tetracycline-induced exp

performed 24 h post-induction in cells left untreated, incubated 4 h with inhibitors

or incubated 24 hwith bafilomycin A (250 nM [Baf]) that inhibits lysosomal delivery.

(no substrate). In (D), Erg11TM and CYP51A1TM were detected with anti-HA anti

and was detected with an anti-LC3 antibody. Tubulin was used as a loading con

(E) Degradation of Erg11TM and CYP51A1TM was analyzed after inhibition of pro

inhibitor CB-5083 (4 h; 2.5 mM). Cell extracts were analyzed by SDS-PAGE and

bodies. GAPDH was used as a loading control and detected with an anti-GAPDH

(F) Erg11TM and CYP51A1TM follow distinct ERAD pathways. Cells expressing E

indicated genes were analyzed by flow cytometry (based on GFP fluorescence).

(G) Degradation of Erg11TMdepends on TEB4, UBE2G2, and UBE2J2. Erg11TM l

control cells and in clonal TEB4, UBE2G2, UBE2J2, and HRD1 KO cells expres

inactive (CI) mutant, or an empty vector (EV).

See also Figure S1.
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and CYP51A1TM were detected, and their protein levels were

strongly increased upon short treatments with CB-5083 or

bortezomib, inhibitors of the p97 ATPase and proteasome,

respectively (Figures 1C and 1D). In contrast, treatment with ba-

filomycin A, which blocks lysosomal degradation, did not affect

Erg11TM or CYP51A levels, although it stabilized the lysosomal

substrate LC3 (Figures 1C and 1D). Thus, the levels of Erg11TM

and CYP51A1TM are controlled by p97 and the proteasome,

suggesting that they are ERAD substrates.

To directly analyze Erg11TM andCYP51A1TM turnover, trans-

lation shutoff experiments were performed. We observed that

both Erg11TM and CYP51A1TM were short-lived proteins with

half-lives of approximately 30 and 60 min, respectively (Fig-

ure 1E). However, degradation of both proteins was abrogated

upon inhibition of p97 with CB-5083, indicating that the

ATPase is necessary for Erg11TM and CYP51A1TM extraction

from the ER membrane prior to proteasomal degradation.

Together, these data indicate that Erg11TM and CYP51A1TM

are genuine ERAD substrates.
Erg11TM and CYP51A1TM Follow Distinct ERAD Routes
To identify the ERAD branch(es) involved in Erg11TM and CY-

P51A1TM degradation, we used a panel of single-guide RNAs

(sgRNAs) targeting selected ERAD components, including well-

established E3 ubiquitin ligases and E2 ubiquitin-conjugating en-

zymes (Figures 1F and S1B–S1E). Degradation of Erg11TM was

specifically impaired by sgRNAs targeting the ubiquitin ligase

TEB4 (Figures 1F, 1G, andS1B) and the ubiquitin-conjugating en-

zymes UBE2G2 and UBE2J2 (Figures 1F, 1G, and S1D), previ-

ously shown to assist TEB4-dependent ubiquitination (Leto

et al., 2019; Stefanovic-Barrett et al., 2018). Simultaneous deple-

tion of UBE2G2 and UBE2J2 strongly increased Erg11TM levels

to that observed in TEB4-deficient cells, showing that these

conjugating enzymes are redundant (Figure S1F).

Curiously, degradation of CYP51A1TM was unaffected upon

depletion of canonical ERAD ubiquitin ligases but was impaired

by sgRNAs targeting the ubiquitin-conjugating enzymes UBE2K

and UBE2D3 (Figures 1F and 1G), whose role in ERAD is not fully

understood yet (Chen and Pickart, 1990; Flierman et al., 2006;

Leto et al., 2019; van deWeijer et al., 2014). Simultaneous deple-

tion of UBE2K and UBE2D3 strongly stabilized CYP51A1TM,

suggesting that these conjugating enzymes are partly redundant

(Figure S1G). Thus, although displaying similar domain
d the proteasome but are unaffected by blocking protein delivery to lysosomes.

ression of Erg11TM and CYP51A1TM in Flp-In T-REx 293 cells. Analysis was

to p97 (CB-5083; 2.5 mM [CB]) or to the proteasome (Bortezomib; 500 nM [Btz]),

Flp-In T-REx 293 cells without anyGFP-tagged substrate were used as control

bodies. LC3 was analyzed to confirm effectiveness of bafilomycin A treatment

trol and was detected with an anti-tubulin antibody.

tein synthesis by cycloheximide (CHX) in the absence or presence of the p97

immunoblotting. Erg11TM and CYP51A1TM were detected with anti-HA anti-

antibody.

rg11TM and CYP51A1TM as well as plasmids encoding sgRNAs targeting the

evels were analyzed by flow cytometry (based onGFP fluorescence) in parental

sing cDNAs encoding either the corresponding wild type (WT), a catalytically
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organization, CYP51A1TM and Erg11TM appear to follow

distinct ERAD routes.

Identification of the Components Involved in
CYP51A1TM ERAD
To define the machinery involved in CYP51A1TM ERAD, we per-

formed a genome-wide CRISPR-Cas9 screen. HEK293 Flp-In

T-REx cells expressing CYP51A1TM were infected with the Tor-

onto KnockOut CRISPR-Cas9 Library version 3 (TKOv3), which

contains a total of 70,948 sgRNAs targeting 18,053 human genes

(Hart et al., 2017). The TKOv3 library has an average of 4 sgRNAs

per gene, which minimizes the rate of false-negative results and

also includes several control sgRNAs (Hart et al., 2017). Mutant

cells with high levels of CYP51A1TM were isolated by flow cy-

tometry, and next-generation sequencing was used to sequence

and quantify sgRNAs in reference and sorted cell populations

(Figure 2A). Gene rankings generated using the MAGeCK algo-

rithm (Li et al., 2014) identified 16 genes that, when perturbed,

resulted in a highly significant increase in CYP51A1TM levels

(Figures 2B and 2C). Among these was the E2 ubiquitin-conju-

gating enzyme UBE2K, initially identified in the targeted screen,

supporting the specificity of the approach. Several genes encod-

ing for proteins with ER-related functions, such as protein trans-

location, glycosylation, and autophagosome formation, were

also identified, but their involvement in CYP51A1TMdegradation

is likely indirect and was not further investigated (Figure S2A).

The CRISPR screen pinpointed four additional genes, RNF185,

UBE3C, signal peptide peptidase (SPP) (also known as HM13),

and Membralin (MBRL), which encode proteins with links to

ERAD and/or quality control and are characterized below.

To validate the genome-wide CRISPR-Cas9 screen, three in-

dependent sgRNAs targeting RNF185, UBE3C, SPP, UBE2K,

and MBRL were tested. In all cases, depletion of these proteins

resulted in increased CYP51A1TM levels (Figures 2D and S2A).

Moreover, we generated HEK293 clonal knockout (KO) cell lines

for RNF185, MBRL, SPP, and UBE2K, all of which displayed

increased levels of CYP51A1TM, as expected (Figures 2E and

S2B). In each case, re-expression of the depleted protein

restored CYP51A1TM levels, confirming the specificity of the

phenotype. In contrast, re-expression of catalytically inactive

RNF185, UBE2K, and SPP had no effect, indicating that enzy-

matic activity of these proteins is necessary in controlling CY-

P51A1TM levels (Figures 2E and S2B). Thus, the degradation

of CYP51A1TM and Erg11TM involve distinct ER components,

as suggested by our earlier data (Figures 1F and S2C).

To directly analyze the effects of RNF185, MBRL, and UBE3C

on CYP51A1TM turnover, we performed cycloheximide chase

experiments. In control HEK293 Flp-In T-REx cells, CYP51A1TM
Figure 2. A Genome-wide CRISPR-Cas9 Screen Identifies Component

(A) Workflow of the CRISPR-Cas9 genome-wide screen.

(B) Significance score of the genes analyzed in the screen calculated by the MAGe

shows the �log(aRRA) significance value. The �log(aRRA) cutoff was arbitrarily

(C) Overview of the enriched genes identified and their proposed function.

(D) Validation of several screen hits using independent sgRNAs. Levels of CYP51

(E) Degradation of CYP51A1TM depends on RNF185, MBRL, SPP, and UBE2K

rescence) in parental control cells and clonal RNF185, MBRL, SPP, UBE2K, and

See also Figure S2.
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was a short-lived protein with a half-life of �60 min. In contrast,

CYP51A1TM was a long-lived protein in RNF185 and MBRL KO

clonal cell lines (Figure 3A). Consistent with the CRISPR screen

data, UBE3C KO cell clones show a milder defect in CY-

P51A1TM turnover (half-life �120 min; Figure 3B). Thus,

although RNF185 and MBRL are essential for the degradation

of CYP51A1TM, UBE3C appears to play a less critical role.

Importantly, the effect of RNF185 and MBRL was specific, as

deletion of these genes did not affect general ER homeostasis

(Figures S3A and S3B) or the degradation of other well-estab-

lished ERAD substrates (Figure S3C). Our analysis was extended

to the E2 ubiquitin-conjugating enzymes UBE2K and UBE2D3. In

agreement with our genetic data, we observed a strong delay in

CYP51A1TM degradation in UBE2K KO cells although depletion

of UBE2D3 had a smaller effect (Figure 3C). Thus, UBE2K is the

major E2 contributing to CYP51A1TM degradation.

To further characterize the CYP51A1TM ERAD, we analyzed

its ubiquitination state. In control cells, ubiquitinated high-mo-

lecular-weight CYP51A1TM species were readily detected (Fig-

ures 3D and S3D). Cells lacking the ubiquitin ligase RNF185

showed much reduced ubiquitinated CYP51A1TM, even if the

overall levels of the substrate were higher (Figures 3D and

S3D). Similar reduction in ubiquitinated CYP51A1TM was

observed in KO cells for MBRL, a multi-spanning ER membrane

protein of unknown function (Andersson and von Euler, 2002;

Chen et al., 2005; Yang et al., 2015). Interestingly, CYP51A1TM

was still efficiently ubiquitinated in KO cells for UBE3C, a solu-

ble ubiquitin ligase recently implicated in ERAD (Leto et al.,

2019), but the ubiquitin chains appeared shorter (Figure 3D).

Assembly of a large portion of these shorter ubiquitin chains

still required RNF185 and MBRL, as they were reduced in dou-

ble-KO cells (Figure 3D). Altogether, our data indicate that

RNF185 is the main ubiquitin ligase involved in CYP51A1TM

ERAD, a process that also requires MBRL. Although not essen-

tial, the soluble ubiquitin ligase UBE3C increases the efficiency

of the process by extending ubiquitin chains, perhaps through

branching (Leto et al., 2019).

Substrate ubiquitination was also analyzed in cells deficient in

the E2 enzymes UBE2K and UBE2D3. In the absence of UBE2K,

CYP51A1TM accumulated primarily as a monoubiquitinated

species although polyubiquitin conjugates were greatly reduced

(Figure 3E). In contrast, depletion of UBE2D3 had at best a negli-

gible effect on CYP51A1TM ubiquitination, suggesting that its

contribution to substrate degradation may be indirect. Thus, in

agreement with the genetic and turnover data, UBE2K is the

most prominent E2 enzyme in CYP51A1TM ERAD. Our data

show that UBE2K is critical in building polyubiquitin chains on

monoubiquitinated substrate.
s Required for CYP51A1TM Degradation

CK algorithm. The x axis represents the genes in alphabetical order. The y axis

set at 9 (dashed line). Significantly enriched genes are annotated.

A1TM were analyzed by flow cytometry (based on GFP fluorescence).

. CYP51A1TM levels were assessed by flow cytometry (based on GFP fluo-

HRD1 KO cells expressing cDNAs encoding either WT, a CI mutant, or an EV.
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Figure 3. CYP51A1TM Ubiquitination and Degradation Are Dependent on RNF185 and Membralin

(A) RNF185 and Membralin are essential for CYP51A1TM degradation. Degradation of CYP51A1TM was analyzed upon inhibition of protein synthesis with

cycloheximide (CHX) in parental, RNF185, MBRL, and HRD1 KO cells. Cell extracts were analyzed by SDS-PAGE and immunoblotting. The graph shows the

average of three experiments; error bars represent the standard deviation.

(B) UBE3C promotes efficient CYP51A1TM degradation. Degradation of CYP51A1TM in cells lacking the indicated genes was analyzed as in (A).

(C) The E2s UBE2K andUBE2D3 are involved in CYP51A1TMdegradation. Degradation of CYP51A1TM in cells depleted for the indicated genes was analyzed as

in (A).

(legend continued on next page)
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CYP51A1TM Degradation by the RNF185/MBRL
Ubiquitin Ligase Complex
RNF185 and MBRL had similar effects on CYP51A1TM ubiquiti-

nation and degradation. We observed that MBRL KO cells had

reduced RNF185 protein levels (Figure S2B) although RNF185

transcript levels were unchanged (Figure S3A). However, this is

unlikely to explain the defects in CYP51A1TM turnover. The

levels of CYP51A1TM in MBRL KO cells were unaffected by

restoration of RNF185 levels upon overexpression (Figures

S2D and S2E), suggesting that MBRL had a more direct effect

on CYP51A1TM ERAD. To explore the relationship between

RNF185 andMBRL, we searched for their potential binding part-

ners. HEK293 clonal KO cell lines for RNF185 or MBRL were

transduced with lentivirus encoding FLAG-tagged RNF185 and

MBRL, respectively. FLAG-tagged proteins were immunopre-

cipitated from detergent extracts, and the co-precipitated mate-

rial was analyzed by mass spectrometry. RNF185 and MBRL

co-precipitated regardless of which of the two proteins was

used as a bait. Moreover, FLAG-RNF185 and MBRL-FLAG

shared a similar set of interaction partners (Figures 4A, S4A,

and S4B). Importantly, this set of interactors was largely distinct

from the one of HRD1, another ERAD ubiquitin ligase (Fig-

ure S4A). Taken together, these data suggest that RNF185 and

MBRL are part of the same complex.

To ensure that these results were not an artifact of protein

overexpression, we analyzed the interaction between endoge-

nous MBRL and RNF185. Using CRISPR-Cas12-mediated

genome editing (Fueller et al., 2020), we tagged endogenous

MBRL with the mNeonGreen (mNG) fluorescent protein

(MBRL-mNG). Western blotting, flow cytometry, and depletion

experiments demonstrate that at least one, but not all, MBRL al-

leles was successfully taggedwithmNeonGreen (Figures 4C and

S4C). Endogenously tagged MBRL-mNG was immunoprecipi-

tated from cell lysates and interacting proteins analyzed by

mass spectrometry (Figure 4B) and western blot (Figure 4C).

MBRL-mNG co-precipitated with untagged endogenous

MBRL, suggesting that it oligomerizes. Importantly, in compari-

son with overexpressed MBRL, endogenous MBRL-mNG dis-

played a more defined set of interacting proteins, consisting of

almost exclusively ER membrane proteins (Figure 4B). Again,

RNF185 was identified as the main interacting E3 ubiquitin ligase

of MBRL. Curiously, the E3 ubiquitin ligase RNF5, which is more

than 70% identical to RNF185 (El Khouri et al., 2013), did not

precipitate with endogenousMBRL-mNG, highlighting the spec-

ificity of the interaction (Figure 4C).

Some ER membrane proteins with previous links to ERAD

were present in the precipitates of overexpressed MBRL and

RNF185 as well as of endogenous MBRL (Figures 4A and 4B).

These included Erlin1, Erlin2, and TMUB1, previously shown to

interact with gp78 (Christianson et al., 2011; Jo et al., 2011;

Wang et al., 2009), as well as TMUB2, a poorly characterized

TMUB1 paralog. These mass spectrometry results were
(D) Ubiquitination of CYP51A1TM is dependent on RNF185 and MBRL. CYP51A1

genes and analyzed by SDS-PAGE followed by immunoblotting with anti-HA and

used as a negative control.

(E) UBE2K facilitates polyubiquitination of CYP51A1TM. CYP51A1TM ubiquitinat

See also Figure S3.
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confirmed in parallel immunoprecipitation experiments followed

by immunoblotting (Figure 4C). Close inspection of the genome-

wide screen dataset showed that TMUB1 and TMUB2 were

identified as weak hits (ranked 32th and 35th, respectively). This

suggested that TMUB1 and TMUB2 either had a small contribu-

tion in CYP51A1TM degradation or that there was redundancy

between these homologous proteins. To distinguish between

these possibilities, we re-evaluated the role of TMUB1/2 in CY-

P51A1TM degradation upon their individual or simultaneous

depletion. TMUB1 or TMUB2 single deletion resulted in only

marginal increase of CYP51A1TM levels, in agreement with our

genetic screen. In contrast, double TMUB1/2 KO cells displayed

considerably higher levels of CYP51A1TM (Figures 4D and S4D),

indicating that TMUB1/2 have redundant but essential roles in

CYP51A1TM degradation. Similar experiments showed that

simultaneous depletion of Erlin1/2 did not affect CYP51A1TM

levels, suggesting that their interaction with RNF185 and

MBRL is not essential for the ERAD of at least some substrates

(Figures S4E and S4F).

Sequential immunoprecipitation experiments in RNF185/

MBRL double-KO cells virally co-transduced with FLAG-

RNF185 and MBRL tagged with streptavidin binding peptide

(MBRL-SBP) supported that these proteins form a complex

that also contains TMUB1/2 (Figure S4G). Importantly, a similar

complex was observed with the endogenous proteins. Size

exclusion chromatography of detergent extracts from cells ex-

pressing endogenously tagged MBRL-mNG showed that

MBRL and RNF185 eluted in a single peak (Figure 4E). This

peak was distinct from the ones containing the previously char-

acterized HRD1 and gp78 complexes (Christianson et al., 2011;

Hwang et al., 2017) and contained a substantial fraction of

TMUB1 and TMUB2. Immunoprecipitation of MBRL-mNG from

the size exclusion peak fraction (fraction 9) resulted in the co-

precipitation of RNF185, TMUB1, and TMUB2 (Figure 4F).

Importantly, other proteins present in small amounts in fraction

9, such as RNF5 and HRD1, did not co-precipitate with MBRL.

Thus, endogenous RNF185, MBRL, and TMUBs assemble into

a defined biochemical complex, which we called the RNF185/

MBRL complex. To get insight into the organization of this com-

plex, we analyzed how its composition was affected by deletion

of individual subunits. The interaction of MBRL with RNF185 and

TMUBs was unaffected in cells lacking TMUBs and RNF185,

respectively (Figure S4H). In contrast, the interaction between

RNF185 and TMUBs was strongly reduced in MBRL KO cells

(Figure 4G). These data suggest that MBRL bridges the interac-

tion between RNF185 and TMUBs and is the core component of

the complex.

Levels of Endogenous CYP51A1 and TMUB2 Are
Controlled by the RNF185/MBRL Complex
Although the RNF185/MBRL complex is essential for the degra-

dation of CYP51A1TM model substrate, we wondered whether
TM was immunoprecipitated from parental cells or cells lacking the indicated

anti-ubiquitin antibodies. Parental cells lacking CYP51A1TM substrate were

ion in cells depleted for the indicated E2 enzymes was analyzed as in (D).
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(legend on next page)
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this ERAD branch could also degrade endogenous proteins. To

start addressing this issue, we analyzed whether the levels of

endogenous, full-length CYP51A1 were affected in cells lacking

RNF185 and MBRL. Although endogenous CYP51A1 is a long-

lived protein (Figure S5), its levels were increased in both

HEK293 and HeLa cells lacking RNF185 or MBRL (Figures 5A

and 5B). CYP51A1 transcript levels were comparable in control

and KO cells, suggesting that the stabilization resulted from

defective protein degradation (Figure S3A). Consistent with this

possibility, re-expression of RNF185 largely restored normal

CYP51A1 levels, although a catalytically inactive RNF185 RING

finger mutant had no effect (Figures 5A and 5B). Next, we

analyzed whether endogenous CYP51A1 interacted with com-

ponents of the RNF185/MBRL complex. In general, interactions

between ERAD complexes and their substrates are difficult to

capture. A commonly used strategy to capture these transient in-

teractions is by curbing substrate processing, for example, with

p97 inhibitors (Huang et al., 2018). Alternatively, mutations that

render E3 ligases catalytically inactive allow them to bind more

stably to substrates, often functioning as substrate ‘‘traps.’’

Indeed, we observe that both wild-type RNF185 in the presence

of p97 inhibitors and, in particular, a catalytically inactive

RNF185 associate with endogenous CYP51A1, as detected by

mass spectrometry (Figure 5C). A substantial enrichment of

CYP51A1 was also detected in MBRL precipitates (Figure 5C).

Interestingly, a similar pattern was observed for the interaction

of RNF185 and MBRL with their bona fide substrate CY-

P51A1TM (Figure S4B). In both cases, we could not detect asso-

ciation with the ERAD ubiquitin ligase HRD1, indicating that the

interactions were specific (Figures 5C and S4B). Altogether,

these data strongly suggest that endogenous CYP51A1 is a sub-

strate of the RNF185/MBRL complex.

We found that the levels of TMUB2, an integral member of the

complex, were also controlled by RNF185 and MBRL. As in the

case of CYP51A1, regulation of TMUB2 levels also depended

on catalytic activity of RNF185, consistent with the possibility

of it being a direct substrate of this ubiquitin ligase (Figures 5A

and 5B). Interestingly, the TMUB2 homolog TMUB1 was mostly

refractory to RNF185/MBRL regulation (Figures 5A and 5B).

There is well-established precedent for subunits of ERAD ubiqui-

tin ligase complexes being substrates of the same complex (Car-
Figure 4. RNF185 and Membralin Form a Novel ERAD Complex

(A) Proteins co-precipitating with MBRL-3xFLAG (x axis) and 3xFLAG-RNF185 (y a

to FLAG-tagged baits over an untagged control was used to calculate the log2 fo

RNF185 IPs are annotated (in orange).

(B) Proteins co-precipitating with endogenousMembralin-mNG as detected bym

untagged control cell line; the y axis shows the�log10 p value estimated by the S

(fold change) of 4 with a �log10 (p) of 5. Significantly enriched proteins are anno

(C) Western blotting validation of the interactions identified in (B) by mNG-Trap pu

HRD1-mNG was used as specificity control.

(D) Analysis of CYP51A1TM levels in cells depleted for TMUB1, TMUB2, or both

(E) Size exclusion chromatography of detergent-solubilized membranes of He

membraneswere solubilized in 1%DDM+0.1%CHS, and solubilizedmaterial wa

SDS-PAGE and western blotting with the indicated antibodies.

(F) Fraction 9 from (E) was subjected to immunoprecipitation using mNG-Trap bea

(G) Membralin mediates the interaction between RNF185 and TMUBs. Immuno

shown. Eluted proteins were analyzed by SDS-PAGE and immunoblotting for the

See also Figure S4.
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valho et al., 2006; Claessen et al., 2010; Swanson et al., 2001;

Walter et al., 2001), perhaps as part of a feedback regulation

mechanism.

RNF185/MBRL and TEB4 ERAD Complexes Recognize
Distinct Features on Their Membrane Substrates
Finally, we exploited the similarities in domain organization be-

tween CYP51A1TM and Erg11TM to investigate the determi-

nants involved in substrate recognition by the RNF185/MBRL

complex. To this end, we generated chimeric proteins in which

the main structural elements within CYP51A1TM, the AH and

TMD, were swapped with the corresponding elements from

Erg11TM (Figure 6A). The chimeras were integrated in HEK293

cells using the Flp-In T-REx system, and their stability was as-

sessed by flow cytometry in the absence and presence of the

p97 inhibitor CB-5083. The CYP51A1TM chimera containing

Erg11 AH (CYP51A1TMErg11AH) was a stable protein and no

more a substrate for ERAD. In contrast, the CYP51A1TM

chimera containing Erg11 TMD (CYP51A1TMErg11TMD) was still

unstable and stabilized in presence of the p97 inhibitor (Figures

6B and S6A).

Like CYP51A1TM, the chimera CYP51A1TMErg11TMD was tar-

geted to the ER, and it stably associated with membranes, as as-

sayed through fractionation experiments (Figure S6B). There-

fore, to further characterize the degradation of the

CYP51A1TMErg11TMD chimera, we analyzed its turnover in cells

deficient for several ERAD branches (Figure S6C). Surprisingly,

the levels of CYP51A1TMErg11TMD were not affected in RNF185

KO cells (Figure 6C). Depletion of MBRL or UBE2K also did not

stabilize CYP51A1TMErg11TMD, indicating that the presence of

Erg11TMD was sufficient to switch ERAD branch (Figure S6C).

Indeed, the degradation of CYP51A1TMErg11TMD chimera was

reduced in cells lacking either TEB4 or UBE3C (Figures 6C and

6D). Simultaneous ablation of TEB4 and UBE3C resulted in a

further increase of CYP51A1TMErg11TMD steady-state levels (Fig-

ure 6C), even if the turnover rate in the double-KO cells was not

further reduced (Figure 6D). Together, these data indicate that

TEB4 primarily recognizes its substrates through their trans-

membrane segment. In contrast, multiple features in the mem-

brane and ER lumen appear important for substrate recognition

by RNF185/MBRL.
xis) as analyzed bymass spectrometry. The enrichment of proteins associated

ld changes. Proteins enriched above an arbitrary cutoff of 4 in both MBRL and

ass spectrometry. The x axis shows the log2 fold change of MBRL-mNG versus

ignificanceB analysis (Cox and Mann, 2008). Cutoff was arbitrarily set to a log2

tated (in orange).

ll-down (PD) of endogenously tagged Membralin-mNG. Endogenously tagged

. CYP51A1TM was analyzed by flow cytometry (based on GFP fluorescence).

La cells containing endogenously tagged MBRL-mNG (MBRL-mNG). Crude

s applied to a Superose 6 10/300GL column. Elution fractionswere analyzed by

ds. Eluted material was analyzed by western blotting for the proteins indicated.

precipitation of 3xFLAG-RNF185 in cells with the indicated gene deletions is

proteins indicated. The asterisk (*) indicates a truncated MBRL product.
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Figure 5. Levels of Endogenous CYP51A1

and TMUB2 Are Regulated by the RNF185-

MBRL Complex

(A and B) Protein extracts from RNF185, MBRL,

and HRD1 KO (A) HEK293 and (B) HeLa cells ex-

pressing either an EV or cDNAs encoding the WT

or CI version of the indicated protein were analyzed

by SDS-PAGE and immunoblotting. Extracts from

parental cells left untreated or treated with the p97

inhibitor CB-5083 (CB) (4 h; 2.5 mM) were also

analyzed. Relative CYP51A1 and TMUB2 levels

are displayed below the respective blot, normal-

ized to the GAPDH loading control.

(C) Endogenous CYP51A1 co-precipitates specif-

ically with RNF185/MBRL complex. The indicated

FLAG-tagged proteins (x axis) were precipitated

from untreated or CB-5083-treated cells, and

eluted proteins were analyzed by mass spec-

trometry. The y axis shows the log2 fold enrich-

ment of endogenous CYP51A1 in the FLAG pre-

cipitates versus untagged control.

See also Figure S5.
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DISCUSSION

Using unbiased genetic and proteomic approaches, we discov-

ered a new ERAD branch involved in the quality control of a sub-

set of ER integral membrane proteins. This branch is defined by

the RING-type ubiquitin ligase RNF185, the UBL-containing pro-

teins TMUB1/2, and MBRL, a conserved protein of unknown

function. These proteins assemble into a complex that we

named the RNF185/MBRL complex (Figure 7).

We showed that this complex promotes the degradation of the

model substrateCYP51A1TMaswell as theendogenousERmem-

braneproteinsCYP51A1andTMUB2.Previousproteomicsstudies

identified RNF185 as a partner of the universal ERAD factor p97

(H€ulsmann et al., 2018), which we also observed (Figure S4B).

This interaction is particularly prominent in a p97 substrate-trap-

ping mutant, suggesting that RNF185-p97 association is transient

and regulatedbysubstrates (H€ulsmannetal., 2018). Thus, although

thecomplete rangeof substratesprocessedby theRNF185/MBRL

complex is currently unknown, it will likely be much larger.

Scattered observations previously linked the individual compo-

nents of theRNF185/MBRLcomplex to ERAD.RNF185was impli-

cated in the degradation of the membrane proteins ARL6IP5 (also
Molecula
known as JWA; Qiu et al., 2018) and the

cystic fibrosis transmembrane conduc-

tance regulator (CFTR) (El Khouri et al.,

2013). Although RNF5 appears to be the

major ubiquitin ligase in CFTR quality con-

trol (Younger et al., 2006), CFTR folding is

inefficient and several ubiquitin ligases

were implicated in its quality control (Mor-

ito et al., 2008; Ramachandran et al.,

2016), including RNF185. RNF185-medi-

ated CFTR turnover appears to involve

the conjugating enzymes UBE2J1 and

UBCH5 (El Khouri et al., 2013). Although

our analysis identified UBE2K and
UBE2D3 as the conjugating enzymes assisting RNF185/MBRL-

mediated ubiquitination, it is possible that RNF185 engages

distinct conjugating enzymes to process its various substrates,

a possibility that should be directly tested in the future. It will

also be interesting to assesswhether RNF185-mediated degrada-

tion of CFTR and ARL6IP5 requires its binding partners MBRL

and TMUBs.

TMUBs contain two (or three) transmembrane domains prox-

imal to the N and C termini separated by an extended cytosolic

region containing a UBL domain of unknown function (Jo et al.,

2011; Yang et al., 2008). Proteomics studies identified TMUB1

as a binding partner of gp78 (Christianson et al., 2011; Jo

et al., 2011), a well-characterized ERAD ubiquitin ligase (Fang

et al., 2001). Consistently, TMUB1 depletion inhibited the ste-

rol-regulated degradation of high-mobility group (HMG)-coen-

zyme A (CoA) reductase, a gp78 substrate. Whether other

gp78 substrates also require TMUB1 is unknown. These obser-

vations, together with our results, suggest that TMUB1, and

perhaps TMUB2, are part of various ERAD complexes.

Among the RNF185/MBRL complex components, MBRL is the

one with the highest number of transmembrane segments (6–8

predicted). Although its function is unknown, ablation of MBRL
r Cell 79, 768–781, September 3, 2020 777
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Figure 6. RNF185-MBRL and TEB4 Recognize Distinct Features on Their Membrane Substrates

(A) Schematic overview of the CYP51A1TM chimeras. The AH and the TMD from the Erg11TM ERAD substrate are indicated in purple.

(B) The levels of CYP51A1TM chimeras were analyzed by flow cytometry (based on GFP fluorescence) in the absence or presence of the p97 inhibitor CB-5083 (4

h; 2.5 mM).

(C) The levels of CYP51A1TM and the chimera CYP51A1TMErg11TMD were analyzed by flow cytometry (based on GFP fluorescence) in cells depleted for the

indicated genes.

(D) Degradation of CYP51A1TMErg11TMD analyzed upon inhibition of protein synthesis with CHX in cells depleted for the indicated genes. Cell extracts were

analyzed by SDS-PAGE and immunoblotting. The graph shows the average of three experiments; error bars represent the standard deviation.

See also Figure S6.
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in mice is perinatally lethal (Jiang et al., 2019; Yang et al., 2015).

Curiously, re-expression of MBRL specifically in astrocytes is suf-

ficient to rescue the lethality in the KO animals, highlighting the

essential function of MBRL in the central nervous system. Amyo-

trophic lateral sclerosis mouse models and patient spinal cord

samples showed decreased MBRL expression, suggesting that

its function may be related to the etiology of this neurodegenera-

tive disease (Jiang et al., 2019). Understanding how loss of MBRL

in the ER gives rise to these phenotypes is of paramount impor-

tance. It will also be interesting to investigate how MBRL-binding

partners described here contribute to its key functions in the brain.
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Studies in cultured cells suggested that MBRL associates with

the HRD1 and gp78 ERAD complexes to facilitate the degradation

of various proteins, such as NHK, CD3d, and nicastrin (Zhu et al.,

2017). However, we were unable to reproduce those observa-

tions. The origin of the discrepancies is unclear, but the conver-

gence of our unbiased genetic and proteomic approaches

together with the biochemical experiments in two cell lines unam-

biguously show that the main functional partners of MBRL are

RNF185 and the TMUBs. Our data further suggest that MBRL

scaffolds the interaction betweenRNF185and TMUBs.Moreover,

it interacts robustly with its substrates and, when overexpressed,



Figure 7. Erg11TM and CYP51A1TM Degradation by the TEB4 and RNF185-MBRL Ubiquitin Ligase Complex

Schematic overview of Erg11TM and CYP51A1TM degradation by the TEB4 and RNF185-MBRL ubiquitin ligase complex, respectively.
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inhibits their degradation, possibly by titrating them away from

functional complexes. These observations suggest that MBRL

plays a role in membrane substrate recognition.

Efficient degradation of the model substrate CYP51A1TM by

the RNF185/MBRL complex also requires UBE3C, a cytosolic

HECT ubiquitin ligase. Similarly, efficient degradation of the

Erg11TM, mainly a TEB4 substrate, also requires UBE3C (Fig-

ure 7). These findings are consistent with a recent report impli-

cating UBE3C in the ERAD of some, but not all, substrates

(Leto et al., 2019). It was proposed that UBE3C’s ability to

assemble K29-linked chains (Michel et al., 2015) on substrates

previously modified with K48-linked ubiquitin results in hetero-

typic chains, which may be preferentially processed by the pro-

teasome (Yau et al., 2017). Curiously, our genetic data suggest

that UBE3C may have distinct cooperation modes with the

RNF185/MBRL and TEB4 ERAD branches. Although TEB4 and

UBE3C appear to have independent and additive effects on sub-

strate degradation, this is not the case for the RNF185/MBRL

branch. Here, UBE3C appears to work downstream of the

RNF185/MBRL complex. However, we were unable to detect

any biochemical interaction between the two ubiquitin ligases.

Our analysis of two simple, topologically similar model sub-

strates reveals the complex nature of substrate recognition dur-

ing membrane protein quality control. The results from the

chimeric substrates show that recognition by TEB4 involves

the substrate’s transmembrane segment. This is in line with

recent data implicating TEB4 in ERAD of tail-anchored mem-

brane proteins, a process shared with another ERAD branch

mediated by the TRC8 ligase (Stefanovic-Barrett et al., 2018).

Curiously, we found no role for TRC8 in Erg11TM degradation,

suggesting that the redundancy with TEB4 is limited to some

substrates (Figure S1B). Perhaps specific features in the trans-

membrane segment of Erg11TM, such as the helical destabiliz-

ing proline, are preferentially recognized by TEB4. In the case

of the RNF185/MBRL complex, neither the transmembrane nor

the luminal amphipathic helix of CYP51A1TM was, in isolation,

sufficient for substrate recognition, suggesting that it involves

multiple determinants. Such a mechanism has been shown to

occur during recognition of luminal ERAD substrates, and it

was proposed that monitoring of multiple determinants in-

creases the fidelity of protein quality control (Denic et al., 2006;
Xie et al., 2009). However, a more detailed analysis including a

larger number of substrates will be required to clarify the mech-

anism of membrane protein recognition during ERAD.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit Monoclonal anti-VCP clone

EPR3307(2)

Abcam Cat# ab109240, RRID:AB_10862588

Rabbit Polyclonal anti-SPP C-term Abcam ab190253

Rabbit Monoclonal anti-Calnexin N-term

clone EPR3632

Abcam Cat# ab92573, RRID:AB_10563673

Rabbit Monoclonal anti-RNF185 clone

EPR14070-94

Abcam ab181999

Rabbit Monoclonal anti-Erlin2 clone

EPR8089

Abcam Cat# ab128924, RRID:AB_11150974

Rabbit Polyclonal anti-UBE3C Abcam ab226173

Rabbit Monoclonal anti-TMUB1 clone

EPR14066

Abcam ab180586

Rabbit Polyclonal anti-SEL1L Abcam Cat# ab78298, RRID:AB_2285813

Rabbit Monoclonal anti-BiP clone

EPR4040(2)

Abcam Cat# ab108613, RRID:AB_10859806

Rabbit Polyclonal anti-Membralin/

TMEM259

Atlas Antibodies Cat# HPA042669, RRID:AB_10794916

Rabbit Polyclonal anti-TMEM41B Atlas Antibodies Cat# HPA014946, RRID:AB_2205037

Mouse Monoclonal anti-VCP/p97 clone

Clone18/VCP

BD Biosciences Cat# 612183, RRID:AB_399554

Rabbit Monoclonal anti-HRD1

clone D3O2A

Cell Signaling Technology Cat# 14773, RRID:AB_2798607

Rabbit Monoclonal anti-HIP2/UBE2K

clone D27C4

Cell Signaling Technology Cat# 8226, RRID:AB_10827650

Rabbit Polyclonal anti-Ub Cell Signaling Technology Cat# 3933, RRID:AB_2180538

Rabbit Monoclonal anti-VMP1

clone D6N4G

Cell Signaling Technology Cat# 12978, RRID:AB_2798077

Rabbit Polyclonal anti-mNeonGreen Cell Signaling Technology Cat# 53061, RRID:AB_2799426

Rabbit Polyclonal anti-LC3B Cell Signaling Technology Cat# 2775, RRID:AB_915950

Rabbit Monoclonal anti-PDI clone C81H6 Cell Signaling Technology Cat# 3501, RRID:AB_2156433

Mouse Monoclonal anti-CHOP clone L63F7 Cell Signaling Technology Cat# 2895, RRID:AB_2089254

Rabbit Polyclonal anti-AMFR/gp78 Cell Signaling Technology Cat# 9590, RRID:AB_10860080

Mouse Monoclonal anti-BAP31 clone

A1/182

Enzo Life Sciences Cat# ALX-804-601-C100,

RRID:AB_2050797

Rabbit Polyclonal anti-TMUB2 ProteinTech 28044-1-AP

Rabbit Polyclonal anti-CYP51A1 ProteinTech Cat# 13431-1-AP, RRID:AB_2088571

Mouse Monoclonal anti-GAPDH

clone 1E6D9

ProteinTech Cat# 60004-1-Ig, RRID:AB_2107436

Rabbit Polyclonal anti-CKAP4 (Climp63) ProteinTech Cat# 16686-1-AP, RRID:AB_2276275

Rabbit Polyclonal anti-Erlin1 ProteinTech Cat# 17311-1-AP, RRID:AB_2098590

Rat Monoclonal anti-HA clone 3F10 Roche Cat# 11867423001, RRID:AB_390918

Rabbit Monoclonal anti-RNF5 clone 22B3 Santa Cruz Biotechnology Cat# sc-81716, RRID:AB_2238618

RatMonoclonal anti-Tubulin clone YOL1/34 Santa Cruz Biotechnology Cat# sc-53030, RRID:AB_2272440

Mouse Monoclonal anti-FLAG-HRP

clone M2

Sigma-Aldrich Cat# A8592, RRID:AB_439702

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Peroxidase AffiniPure F(ab’)2 Fragment

Donkey Anti-Rabbit IgG (H+L)

Jackson ImmunoResearch Labs Cat# 711-036-152,

RRID:AB_2340590

Peroxidase AffiniPure Donkey Anti-Rat

IgG (H+L)

Jackson ImmunoResearch Cat# 712-035-150, RRID:AB_2340638

Peroxidase AffiniPure Donkey Anti-Mouse

IgG (H+L)

Jackson ImmunoResearch Cat# 715-035-150, RRID:AB_2340770

Peroxidase IgG Fraction Monoclonal

Mouse Anti-Rabbit IgG, light chain specific

Jackson ImmunoResearch Cat# 211-032-171, RRID:AB_2339149

Peroxidase AffiniPure Goat Anti-Rat IgG,

light chain specific

Jackson ImmunoResearch Cat# 112-035-175, RRID:AB_2338140

Peroxidase AffiniPure Goat Anti-Mouse

IgG, light chain specific

Jackson ImmunoResearch Cat# 115-035-174, RRID:AB_2338512

Alexa Fluor 568 goat anti-mouse IgG (H+L)

secondary antibody

Thermo Fisher Scientific Cat# A-11004, RRID:AB_2534072

Chemicals, Peptides, and Recombinant Proteins

DMEM medium Sigma-Aldrich Cat# D6429

L-Glutamine (200 mM) GIBCO (Thermo Fisher Scientific) Cat# 25030024

Penicillin-Streptomycin (10,000 U/mL) GIBCO (Thermo Fisher Scientific) Cat# 15140122

10% FBS GIBCO (Thermo Fisher Scientific) Cat# 26140079

Zeocin Invitrogen (Thermo Fisher Scientific) Cat# R25001

Puromycin GIBCO (Thermo Fisher Scientific) Cat# A1113803

Tetracycline Sigma-Aldrich Cat# T7660

Cycloheximide Sigma-Aldrich Cat# C7698

TransIT LT1 Mirus Bio LLC Cat# MIR 2305

OptiMEM GIBCO (Thermo Fisher Scientific) Cat# 31985062

3xFLAG peptide Sigma-Aldrich Cat# F4799

cOmplete EDTA-free protease inhibitor

cocktail

Roche Cat# 5056489001

Benzonase Sigma-Aldrich Cat# E1014

N-Ethylmaleimide (NEM) Sigma-Aldrich Cat# E3876

1,4-Dithiothreitol (DTT) Sigma-Aldrich Cat# D9779

PMSF Roche Cat# 11359061001

Pepstatin A Sigma-Aldrich Cat# P5318

DNase I Roche Cat# 11284932001

DMNG Anatrace Cat# NG322

DDM Anatrace Cat# D310

CHS Anatrace Cat# CH210

Tunicamycin Cell Signaling Technology Cat# 12819S

Thapsigargin Cell Signaling Technology Cat# 12758S

CB-5083 Selleckchem Cat# S8101

dNTP mixture Takara Cat# 4030

First Strand buffer Invitrogen (Thermo Fisher Scientific) Cat# 18080093

RNaseOUT Invitrogen (Thermo Fisher Scientific) Cat# 10777019

Fluoromount-G (with DAPI) Invitrogen (Thermo Fisher Scientific) Cat# 00-4959-52

Critical Commercial Assays

FLAG-M2 Magnetic Beads Sigma-Aldrich Cat# M8823, RRID:AB_2637089

Pierce Anti-HA Magnetic Beads Thermo Fisher Scientific Cat# 88837

Pierce Streptavidin Magnetic Beads Thermo Fisher Scientific Cat# 88817

mNeonGreen-Trap Magnetic Agarose Chromotek Cat# ntma-20

(Continued on next page)

ll
OPEN ACCESSArticle

Molecular Cell 79, 768–781.e1–e7, September 3, 2020 e2



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

QIAGEN BloodMaxi kit QIAGEN Cat# 51194

QIAGEN BloodMini kit QIAGEN Cat# 51106

NEBNext� Ultra II Q5� Master Mix New England Biolabs Cat# M0544L

SuperScriptIII Invitrogen (Thermo Fisher Scientific) Cat# 18080093

SensiFAST SYBR� No-ROX kit Bioline Cat# BIO-98020

Monarch� Total RNA Miniprep Kit New England Biolabs Cat# T2010S

Western Lightning ECL Pro Perkin Elmer Cat# NEL121001EA

Deposited Data

Genome-wide CRISPR-Cas9 screen This study; ENA Data Set Data S2; PRJEB37897

Proteomics This study; PRIDE Data Set Data S3, S4, and S5; PXD018517

Original western blot images This study; Mendeley Data Set https://doi.org/10.17632/ftrm9sc5m9.1

Experimental Models: Cell Lines

Flp-In T-REx 293 Cell Line Invitrogen (Thermo Fisher Scientific) Cat# R78007

Lenti-X 293T Cell Line Clontech (Takara Bio) Cat# 632180

HeLa Cell Line ATCC ATCC� CCL-2

Oligonucleotides

Focused sgRNA library targeting E2s

and E3s

This study; (van de Weijer et al., 2017) Data S1

Z07 MBRL-mNeonGreen PCR tagging M1:

GCTTCTGACACAACTCCCCTGGGGGC

TGCGGTAGGCGGGCCTAGCCCGGCC

TCCATGGCCCCAACGGAGGCGCCC

TCGGAGGTGGGGTCCTCAGGTGGAG

GAGGTAGTG

Integrated DNA Technologies (IDT) N/A

Z07 MBRL-mNeonGreen PCR tagging

M2: GGCAGTCCCAGAGGAAGGA

GGTGGCTGGCCTCCCCCACCCC

CACGGGCTCGGGAAAAAAAACAG

GCCCAGCCAGCAGGGGTATCTAC

ACTTAGTAGAAATTAGCTAGCTG

CATCGGTACC

Integrated DNA Technologies (IDT) N/A

Z07 HRD1-mNeonGreen PCR tagging

M1: GGCACAGAGGAGATGCCTGA

GGATGGAGAGCCCGATGCAGCAG

AGCTCCGCCGGCGCCGCCTGCAG

AAGCTGGAGTCTCCTGTTGCCC

ACTCAGGTGGAGGAGGTAGTG

Integrated DNA Technologies (IDT) N/A

Z07 HRD1-mNeonGreen PCR tagging

M2: TGTTCCAGCGAGGGCTGCTCAA

AAGAGCAGAGGCTGGGGCTGGGCTG

GGGCAGTGAAAAAAGCAGTGTCAGT

GGGCAACAGATCTACACTTAGTAGA

AATTAGCTAGCTGCATCGGTACC

Integrated DNA Technologies (IDT) N/A

OligodT-18-mer Integrated DNA Technologies (IDT) Cat# 51-01-15-07

qPCR Human BiP primer pair: 50-
GGATCATCAACGAGCCTACG-30

(forward); 50-CACCCAGGTCAAAC

ACCAG-30 (reverse)

Integrated DNA Technologies (IDT); N/A

qPCR Human RNF185 primer pair: 50-
CTGTCACGCCTCTTCCTATTTGT-30

(forward); 50-GCCCAGCATTAG

GCAATCAG-30(reverse)

Integrated DNA Technologies (IDT);

(El Khouri et al., 2013)

N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

qPCR Human MBRL primer pair: 50-
TCACTACCGCTTCAATGGGCAG-30

(forward); 50-CTGAAGCAGCA

TCTCCTGGATG-30(reverse)

Integrated DNA Technologies (IDT);

OriGene pre-design primers

N/A

qPCR Human CYP51A1 primer pair: 50-
CTACAGTCGCCTGACAACAC-30

(forward); 50-CCACTTTCTCC
CCAACTCTC-30 (reverse)

Integrated DNA Technologies (IDT); (Sato et

al., 2011)

N/A

qPCR Human GAPDH primer pair: 50-
AACCTGCCAAATATGATGAC-30

(forward); 50-AGGAAATGAGCT

TGACAAAG-30(reverse)

Integrated DNA Technologies (IDT) N/A

Recombinant DNA

pcDNA5-FRT-TO plasmid Thermo Fisher Scientific V652020

Lentiviral cDNA expression vectors (van de Weijer et al., 2014) N/A

PCR-tagging plasmid Z07-mNeongreen (Fueller et al., 2020) Addgene Plasmid #124790

Toronto KnockOut (TKO) CRISPR Library -

Version 3

(Hart et al., 2017) Addgene #90294

Software and Algorithms

MaxQuant, version 1.6.3.4 MaxQuant https://www.maxquant.org/

Perseus software, version 1.5.5.3 MaxQuant https://maxquant.net/perseus/

SlideBook 6 3i - Intelligent Imaging Innovations https://www.intelligent-imaging.com/

slidebook

Image studio software Li-Cor Li-Cor https://www.licor.com/bio/image-

studio-lite/

FlowJo 10.4 FlowJo, LLC https://www.flowjo.com/

GraphPad Prism GraphPad https://www.graphpad.com/scientific-

software/prism/

MAGeCK (Li et al., 2014)

(Li et al., 2015)

N/A
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Pedro Carvalho (pedro.

carvalho@path.ox.ac.uk).

Materials Availability
All unique reagents generated in this study are available from the Lead Contact without restriction.

Data and Code Availability
The raw reads dataset generated during this study is available at ENA (https://www.ebi.ac.uk/ena/data/view/PRJEB37897).

The raw proteomics dataset generated during this study is available at PRIDE (https://www.ebi.ac.uk/pride/archive/projects/

PXD018517).

The raw fluorescence microscopy and western blotting data generated during this study are available at Mendeley Data (https://

doi.org/10.17632/ftrm9sc5m9.1).

The published article includes all processed data generated or analyzed during this study as Supplemental Information.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Flp-In T-REx HEK293 cells were obtained from Invitrogen (Thermo Fischer Scientific). Flp-In T-REx HEK293 clones were established

using manufacturer’s guidelines. HeLa cells were obtained from ATCC (American Type Culture Collection). 293T Lenti-X virus
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packaging cells were obtained from Takara Clontech. Cells were grown at 37�C 5% CO2 in DMEMmedium (Sigma-Aldrich) supple-

mented with L-Glutamine (2 mM; GIBCO), Penicillin-Streptomycin (10 Units/mL; GIBCO) and 10% FCS (GIBCO).

METHOD DETAILS

Lentivirus production
For individual gene infections using lentiviruses, virus was produced in 24-well plates using TransIT LT1 (Mirus Bio LLC) and second-

generation packaging vectors according to standard lentiviral production protocols.

Plasmids
The pcDNA5-FRT-TO plasmid was obtained from Invitrogen. cDNAs or sgRNAs, respectively for protein overexpression and gene

deletions, were cloned in a dual promoter lentiviral vector, as described previously (van de Weijer et al., 2014).

Genome-wide CRISPR/Cas9 screen
The TKOv3 CRISPR/Cas9 library was a gift from Jason Moffat (Addgene #90294). The sgRNA library and 2nd generation lentiviral

packaging plasmids were transfected into 293T cells. After 72 h, lentivirus was harvested and infected into 125x106 Flp-In T-REx

293 CYP51A1TM-sfGFP-3xHA cells at an MOI of 0.3 to achieve a 250-fold coverage of the library after selection. Cells were grown

for 48 h and then selected with 2 mg/mL puromycin (GIBCO) for 72 h. Cells were then split into two technical replicates. 24 h prior to

sorting, 100 ng/mL tetracycline (Sigma-Aldrich) was added to the cell medium to induce the expression of the ERAD reporter. 2% of

the brightest GFP (GFPhigh) cells from 25x106 cells was collected using a BD FACSAria3 and a Beckman Coulter MoFlo Astrios.

Genomic DNA was extracted from each cell population using a QIAGEN BloodMaxi kit (for reference samples) or BloodMini kit

(for sorted GFPhigh samples) according to themanufacturer’s protocol. SgRNAswere PCR amplified from the entire isolated genomic

DNA using NEBNext� Ultra II Q5� Master Mix (NEB) and the primers v2.1-F1 and v2.1-R1, according to the TKOv3 protocol. PCR

reactions were pooled again, after which a second PCRwas performed to attach indices and sequencing adapters using the primers

i5 and i7. The PCR reaction was loaded onto a 2% agarose gel, the 200bp band excised and purified using a GeneJet PCR Purifi-

cation kit (Thermo Fischer Scientific). Libraries were analyzed by deep sequencing on an Illumina HiSeq4000. Gene rankings were

generated using the MAGeCK algorithm (Li et al., 2014, 2015).

Generation of CRISPR/Cas9-mediated knockout cells
For CRISPR/Cas9-mediated knockouts, cell lines were transfected usingMirus LT-1 usingmanufacturer’s protocol. On the next day,

cells were selected using Puromycin (2 mg/mL; GIBCO). After 48 hours of selection, mediumwas replaced with standard medium. To

generate KO clones, cells were single-cell sorted using a BD FACSAria3 or a Beckman Coulter MoFlo Astrios. Knockout status of the

clones was confirmed via flow cytometry and/or western blotting.

Endogenous tagging
MBRL and HRD1 were endogenously tagged with mNeonGreen at their C terminus in HeLa cells using the PCR-tagging technique

(Fueller et al., 2020). Cells were selected using Zeocin (100 mg/mL; Invitrogen) for 7 days, after whichmNeonGreen-positive cells were

single-cell sorted using a BD FACSAria3 or a Beckman Coulter MoFlo Astrios. Correct tagging of the genes was assessed by a gene-

specific sgRNA, which abrogated all fluorescence, and by western blotting with a gene product-specific antibody.

Co-immunoprecipitations
Cells were lysed in 1%DMNG (Anatrace) lysis buffer (50 mM Tris–HCl pH 7.5, 150 mMNaCl) containing cOmplete protease inhibitor

cocktail (Roche). Lysates were rotated for 60 min at 4�C. Cell debris and nuclei were pelleted at 13,000 g for 20 min at 4�C. Post-
nuclear supernatants were incubated for 2 h with mNeonGreen-Trap magnetic beads (Chromotek) or FLAG-M2 magnetic beads

(Sigma-Aldrich). After four washes in 0.1%DMNGwashing buffer, proteins were eluted in 1x sample buffer for 30min at 37�Cor using

3xFLAG peptide (500 ng/uL; Sigma-Aldrich) for 30 min on ice, respectively. In the case of elution using FLAG-peptide, the eluate was

transferred to a new tube and subsequently denatured by adding Laemmli sample buffer containing DTT. Immunoblotting was per-

formed as described below.

Substrate ubiquitination experiments
Cells at around 80% confluency in a 10 cm dish were lysed in RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton X-100,

0.5% Sodium Deoxycholate, 0.1% SDS) containing NEM (20 mM) and cOmplete protease inhibitor cocktail (Roche). Lysates were

rotated for 60 min at 4�C. Cell debris and nuclei were pelleted at 13,000 g for 20 min at 4�C. Post-nuclear supernatants were incu-

bated for 2 h with anti-HA magnetic beads (Thermo Fischer Scientific). After four washes in RIPA buffer, proteins were eluted in sam-

ple buffer. The eluate was transferred to a new tube and subsequently reduced using DTT. Immunoblotting was performed as

described below.
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Translation shut-off experiments
Cells were incubated with cycloheximide (50 mg/mL) for the indicated time points, after which cells were lysed in 1x sample buffer

containing Benzonase (Sigma-Aldrich), cOmplete protease inhibitor cocktail (Roche), and DTT. Lysates were incubated for 30 min

at 37�C, after which proteins were separated by SDS-PAGE. Immunoblotting was performed as described below.

Immunoblotting
Samples were incubated at 37�C for 15 min, separated by SDS–PAGE (Bio-Rad) and proteins were transferred to PVDFmembranes

(Bio-Rad). Membranes were probed with indicated antibodies. Reactive bands were detected by ECL (Western Lightning ECL Pro,

Perkin Elmer), and visualized using an Amersham Imager 600 (GE Healthcare Life Sciences).

Data quantification was performed using Image Studio software (Li-Cor) and graphs were plotted in GraphPad Prism. Represen-

tative images of three independent experiment are shown.

Size-exclusion
Endogenously taggedMBRL-mNGHeLa cells were expanded to 3x 15 cmdishes. Cells were harvested and resuspended in 60mL of

chilled PBS (Sigma-Aldrich) supplemented with a cOmplete protease inhibitor cocktail table (Roche), 1 mM EDTA, 1 mM PMSF

(Roche), 1.5 mM pepstatin A (Sigma-Aldrich) and 20 mg/mL of DNase I (Roche). Lysis was performed by passing the cells 5 times

through an Avestin EmulsiFlex-C5 at 12,000 PSI of backpressure. The lysate was centrifuged at 12,000 g for 20 min at 4�C and

the supernatant collected. Membranes were pelleted by centrifugation at 100,000 g for 60 min at 4�C. Pelleted membranes were

resuspended in 2 mL of resuspension buffer containing 100 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% DDM (Anatrace), 0.1% CHS

(Anatrace), 1 mM EDTA, 1 mM PMSF and 1.5 mM pepstatin A. Membranes were solubilised for 2 h on a rotator at 4�C and insoluble

material pelleted by centrifugation at 100,000 g for 45 min at 4�C. Solubilised material was applied to a 24 mL Superose 6 10/300 GL

column (GEHealthcare Life Sciences) equilibratedwith 2 column volumes of 50mMTris-HCl (pH 7.4), 150mMNaCl, 0.03%DDMand

0.003% CHS. Elutions were fractioned by 1.0 mL and aliquots run by SDS-PAGE for western blotting.

Mass Spectrometry
Protein samples were digested as described (Wi�sniewski et al., 2009). Peptide samples from 3xFLAG- and mNG-tagged immuno-

precipitates were separated by nano-flow reversed-phase liquid chromatography coupled to Q Exactive and Q Exactive HF Hybrid

Quadrupole-Orbitrap instrument (Thermo Fisher Scientific), respectively. The mass spectrometers were operated in a data-depen-

dentmode; the 10 or 12most intense precursor ionswere submitted to fragmentation in themNGand 3xFLAG samples, respectively.

MS/MS spectra were searched against the Uniprot human reference proteome database (UP000005640, retrieved 2019-07-02) us-

ing MaxQuant, version 1.6.3.4 (Cox and Mann, 2008; Tyanova et al., 2016a). False discovery rate for both protein and peptide

matches was set at 1%. Data analysis was performed using Perseus software, version 1.5.5.3 (Tyanova et al., 2016b).

Fluorescence microscopy
Flp-In T-REx 293 cells stably expressing Tetracycline-inducible sfGFP-fusion constructs were seeded onto an 8-well Lab-Tek� II

CC2 Chamber Slide system (Thermo Fisher Scientific, 154941) at a density of 15,000 cells/well. On the next day, sfGFP-fusion

constructs were induced with 100 ng/ml Tetracycline for 20 hours. In the last 4 h, cells were incubated with 2.5 mM CB-5083. Cells

were then fixed in 4% Paraformaldehyde in PBS for 10 min, followed by three washes with PBS. Next, cells were incubated with

10 mM Glycine (in PBS) for 5 min followed by three washes with PBS. Prior to immunostaining, cells were incubated in blocking

buffer (BB; 1% BSA and 0.1% Saponin in PBS) for 30 min. Cells were then incubated with mouse anti-human Bap31 monoclonal

antibody (Enzo Life Sciences) at 1:300 dilution in BB for 1 h, followed by three washes with BB. Next, cells were incubated with

Alexa Fluor 568 goat anti-mouse IgG (H+L) secondary antibody (Thermo Fisher Scientific) at 1:400 dilution in BB for 1 h, followed

by three washes with BB and three washes with PBS. After removing the PBS, Fluoromount-G (with DAPI; Invitrogen) was added

to each well. Next, the chamber was carefully peeled off the slide and covered with a coverslip. The mounting media was allowed

to solidify for at least 2 h and sealed with nail polish. Slides were kept at 4�C until imaging on a Zeiss Axio Observer Z1 with a

CMOS camera (Hamamatsu ORCA-Flash4.0) controlled by 3i Slidebook6.0 software. A 100 3 1.4 NA Plan Apochromat oil immer-

sion objective was used.

Membrane isolation
Cells were grown in a 15 cm dish to 80%–90%confluency. Cells were washed once with PBS and once with hypotonic buffer (10mM

HEPES-KOH pH 7.4, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 10 mg/mL PMSF, cOmplete EDTA-free protease inhibitor cocktail),

after which cells were detached in 4 mL hypotonic buffer using a cell scraper. Cells were incubated for 15 min on ice and afterward

mechanically lysed using a douncer. Unlysed cells and debris were pelleted at 1,000 g for 5 min at 4�C twice. The resulting crude

membranes were pelleted at 100,000 g for 30 min at 4�C. The membrane pellet was resuspended in 1 mL RM buffer (250 mM su-

crose, 50 mM HEPES-KOH pH 7.4, 50 mM KOAc, 2 mM Mg(OAc)2, 1 mM DTT), after which 0.5 mL of a 1.5 M KOAc 150 mM

EDTA solution was slowly added. Membranes were incubated for 15 minutes on ice. The membranes were loaded onto a 1.5 mL

high-salt sucrose cushion (500 mM sucrose, 50 mM HEPES-KOH pH 7.4, 500 mM KOAc, 5 mM Mg(OAc)2) and pelleted at

100,000 g for 60min at 4�C. The resulting membrane pellet was resuspended in freshly prepared ice-cold sodium carbonate solution
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(125 mM sucrose, 100 mM Na2CO3). Membranes were pelleted at 100,000 g for 60 min at 4�C. The membrane pellet was then sol-

ubilized in 1% SDS-TBS buffer.

Quantitative PCR analysis
For analysis of RNF185, TMEM259 (Membralin), CYP51A1 andGRP78 (BiP) gene expression upon unfolded protein response (UPR)

induction, HEK293 T-REx Flp-In parental, RNF185 KO andMembralin KO cells were grown overnight in 6-well plates to achieve con-

fluency of about 80%. Next, cells were treated with either DMSO or 2 mg/mL Tunicamycin (Cell Signaling) for 12 hours. Treated cells

were harvested by trypsinisation and cell pellets were collected by centrifugation (5 min, 500 g) and washed once with PBS. Cell pel-

lets were subjected to RNA extraction using the Monarch� Total RNA Miniprep Kit (NEB) according to the manufacturer’s instruc-

tions. RNA purity and concentration was determined using a NanoPhotometer� (Implen) and 500 ng of RNA was subsequently used

for cDNA synthesis reaction. For each sample, 5 ml of RNA (100 ng/mL) was mixed with 1 mL of 50 mM OligodT-18-mer (IDT), 4 mL of

2.5 mM dNTPmixture (Takara) and 3 mL of Diethyl Pyrocarbonate (DEPC)-treated water and subjected to denaturation/oligodT bind-

ing using a thermal cycler (Step 1, 65�C for 5 min; and Step 2, 4�C for 10min). 7 mL of reverse transcriptase mastermix (4 mL of 5x First

Strand buffer (Invitrogen), 1 mL of 0.1 MDTT, 1 mL of RNaseOUT (Invitrogen) and 1 mL of SuperScriptIII (Invitrogen) was added to each

RNA/OligodT mixture and mixed by gentle pipetting. cDNA synthesis was performed in a thermal cycler (Step 1, 25�C for 5 min; Step

2, 50�C for 60 min; and Step 3, 70�C for 15 min). The resulting cDNA products were diluted with 130 mL DEPC-treated water to

achieve a final concentration of 3.3 ng/mL. Quantitative PCR reaction was prepared using SensiFAST SYBR� No-ROX kit (Bioline),

cDNA product (3 mL of 3.3 ng/mL) and transcript-specific forward and reverse oligos (0.8 mL of 10 mM oligo per reaction). The house-

keeping gene GAPDH was used as reference.

Quantitative PCR was then performed using an Applied Biosystems QuantStudio 5 Real-Time PCR system. All quantitative PCR

reactions were performed in triplicates and repeated three times. Quantitative PCR data were first analyzed by correcting all the cy-

cles threshold (Ct) values to that of Ct values of GAPDH of the parental_DMSO condition. The corrected Ct values for each gene in

each condition were then compared to the Ct values of the respective gene in the parental_DMSO condition.

Flow cytometry
Cells were trypsinized and resuspended in FACS buffer (2% FBS, 1 mM EDTA in PBS). Cells were analyzed using a BD FACSCalibur

or a BD LSRFortessa X-20 flow cytometer.

QUANTIFICATION AND STATISTICAL ANALYSIS

Western blot data was quantified using Image Studio software (Li-Cor) or ImageJ and graphs were plotted using Prism (GraphPad).

Representative images of at least three independent experiments are shown. Error bars represent the standard deviation.
e7 Molecular Cell 79, 768–781.e1–e7, September 3, 2020
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Figure S1. Focused CRISPR-Cas9 E3 and E2 library screens identify factors involved in the 

degradation of Erg11TM and CYP51A1TM, related to Figure 1. 

(A) Erg11TM and CYP51A1TM localize to the ER. Flp-In T-REx 293 cells expressing Erg11TM or 

CYP51A1TM were incubated with either the p97 inhibitor CB-5083 (4 h; 2.5 µM) or the proteasome 

inhibitor bortezomib (4 h; 500 nM). Erg11TM and CYP51A1TM were detected by GFP fluorescence. BAP31 

was used as an ER-marker and nuclei were stained with DAPI. Bars, 10 µm. 

(B-E) CRISPR-Cas9 targeted screens of selected E3 and E2 libraries to identify factors involved in the 

degradation of Erg11TM and CYP51A1TM. Flp-In T-REx 293 cells expressing Erg11TM or CYP51A1TM 

were transfected with sgRNAs against indicated genes. Levels of Erg11TM and CYP51A1TM were analyzed 

by flow cytometry (based on GFP fluorescence). 

(F-G) Redundancy between the E2 ubiquitin conjugating enzymes involved in the degradation of Erg11TM 

and CYP51A1TM. Flp-In T-REx 293 cells expressing (F) Erg11TM or (G) CYP51A1TM and deficient for a 

single E2 were additionally depleted for the indicated E2 enzyme. As a reference control, a cell line deficient 

for the E3 essential for the degradation of either Erg11TM or CYP51A1TM was included. Levels of Erg11TM 

and CYP51A1TM were analyzed by flow cytometry (based on GFP fluorescence). 
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Figure S2: Additional validation of the hits identified in the CRISPR-Cas9 screen, related to Figure 2. 

(A) Lysates of cells transfected with indicated sgRNAs were subjected to SDS-PAGE followed by 

immunoblotting. CB indicates cells treated with the p97 inhibitor CB-5083. Relative CYP51A1TM levels are 

displayed below the anti-HA blot, normalized to the GAPDH loading control. 

(B) Lysates of clonal RNF185, MBRL, SPP, UBE2K, and HRD1 KO cells expressing cDNAs encoding either 

wildtype (WT), a catalytically inactive (CI) mutant, or an empty vector (EV) were subjected to SDS-PAGE 

followed by immunoblotting. Parental CYP51A1TM-expresing cells, either untreated or treated with the 

p97 inhibitor CB-5083 (CB), were used as control. Relative CYP51A1TM levels are displayed below the anti-

HA blot, normalized to the GAPDH loading control. 

(C) ERAD factor dependencies of CYP51A1TM and Erg11TM substrates. Flp-In T-REx 293 cells expressing 

CYP51A1TM or Erg11TM were transfected with sgRNAs targeting the indicated genes, or a control sgRNA 

(sgCtrl). Levels of Erg11TM and CYP51A1TM were analyzed by flow cytometry (based on GFP 

fluorescence). 

(D,E) RNF185 and MBRL have unique, non-redundant roles in ERAD. CYP51A1TM levels were analyzed by 

(D) flow cytometry or immunoblotting (E) in clonal RNF185 and MBRL KO cells expressing cDNAs encoding 

either wild type RNF185 (RNF185 WT), a catalytically inactive RNF185 mutant (RNF185 CI), MBRL, TEB4 

WT, TEB4 CI, or an empty vector (EV). In (E) Tubulin was used as a loading control and detected with an 

anti-Tubulin antibody. 
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Figure S3: Loss of RNF185 and MBRL does not have a general effect on ER stress and ERAD, related 

to Figure 3. 

(A) RNF185 and MBRL KO cells do not have significant UPR activation and are still capable of mounting an 

UPR response. T-Rex Flp-In HEK293 parental, RNF185 KO and Membralin KO cells were treated with either 

DMSO or 2 µg/mL Tunicamycin for 12 hours. Quantitative PCR was performed on RNF185, TMEM259 

(Membralin), CYP51A1 and GRP78 (BiP). The house-keeping gene GAPDH was used as a reference. Reactions 

were performed with three independent biological samples, each analyzed in three technical replicates. 

Error bars represent the standard deviation.  

(B) RNF185 and MBRL protein levels are not increased upon pharmacological UPR activation. HEK293 and 

HeLa cells were treated with either DMSO, 2 µg/mL Tunicamycin, or 1 mM Thapsigargin for 6 or 12 hours. 

Cell extracts were analyzed by SDS–PAGE and immunoblotted for the indicated proteins. Tubulin was used 

as a loading control and detected with an anti-Tubulin antibody. 

(C) Degradation of the indicated canonical ERAD substrates was analyzed upon inhibition of protein 

synthesis with cycloheximide (CHX) in parental, RNF185, MBRL and HRD1 KO cells. Cell extracts were 

analyzed by SDS–PAGE and immunoblotting.  

(D) Ubiquitination of CYP51A1TM is dependent on RNF185 and MBRL. Ubiquitin conjugates from parental, 

RNF185 KO and MBRL KO cells were isolated using GST-4xUBA. Eluted proteins were analyzed by SDS-

PAGE followed by immunoblotting with anti-HA (top) and anti-Ubiquitin (bottom) antibodies. Parental 

cells not expressing CYP51A1TM were used as control.  
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Figure S4: Analysis of the RNF185-Membralin complex, related to Figure 4. 

(A) Proteins co-precipitating with MBRL-3xFLAG (x-axis; left graph) or 3xFLAG-RNF185 (x-axis; right 

graph) versus HRD1-3xFLAG/ctrl (y-axis; both graphs) as analyzed by mass spectrometry. The enrichment 

of the proteins associated to FLAG-tagged baits over an untagged control was used to calculate the log2 fold 

changes. The cutoff enrichment was arbitrarily set to 4 (dashed lines). Proteins enriched above the cutoff 

in both MBRL and RNF185 immunoprecipitates from Figure 4A are annotated and orange colored. 

(B) Analysis of proteins co-precipitating with FLAG-tagged RNF185, MBRL and HRD1 by immunoblotting. 

Parental control cells and the indicated KO cells expressing the corresponding FLAG-tagged proteins 

treated with the p97 inhibitor CB-5083 (4 h) were lysed and detergent extracts (1% DMNG) subjected to 

immunoprecipitation with anti-FLAG resin. Eluted proteins were analyzed by SDS-PAGE and 

immunoblotting. WT, wildtype; CI, catalytically inactive. 

(C) Flow cytometric validation of endogenously mNG-tagged MBRL and HRD1. Cells were transfected with 

sgRNA targeting MBRL or HRD1, after which mNG fluorescence was assessed using flow cytometry. 

mNeonGreen-negative cells (parental) were included as a baseline control. 

(D) Western blot validation of sgRNA-mediated depletion of TMUB1 and TMUB2. Relative CYP51A1TM 

levels are displayed below the anti-HA blot, normalized to the Tubulin loading control. 

(E) Erlin-1 and Erlin-2 are not functionally involved in the degradation of Erg11TM and CYP51A1TM. Cells 

were depleted for either Erlin-1, Erlin-2, or both using sgRNAs. Levels of CYP51A1TM-sfGFP-3xHA were 

analyzed by flow cytometry (based on GFP fluorescence). 

(F) Western blot validation of sgRNA-mediated depletion of Erlin-1 and Erlin-2. 

(G) RNF185, MBRL and TMUB1/2 assemble in a defined biochemical complex, as assessed by sequential 

immunoprecipitation. Extracts from cells expressing 3xFLAG-RNF185 and MBRL-HA-SBP were 

immunoprecipitated with anti-FLAG resin followed by native FLAG-peptide elution. Eluates were re-

immunoprecipitated with Streptavidin beads. Final elutions were analyzed by SDS-PAGE and 

immunoblotting with the antibodies directed to the indicated proteins. The asterisk (*) indicates a 

truncated MBRL product. 

(H) RNF185-MBRL complex composition. Endogenous MBRL tagged with mNG on the C-terminus was 

immunoprecipitated from 1% DMNG lysates of the indicated cell lines. Eluted proteins were analyzed by 

immunoblotting.  

  



Supplemental Figure S5
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Figure S5: Turnover of CYP51A1 and TMUB2 in RNF185 and MBRL KO cells, related to Figure 5. 

The turnover of endogenous CYP51A1 and TMUB2 was assessed by inhibition of protein synthesis using 

cycloheximide (CHX) for indicated time points in parental, RNF185, MBRL and HRD1 KO cells. Lysates were 

subjected to SDS-PAGE followed by immunoblotting for the indicated proteins. CB, CB-5083-treated. 
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Figure S6: Analysis of CYP51A1TM chimeric constructs, related to Figure 6. 

(A) CYP51A1TM and chimeric constructs were expressed in Flp-In T-REx HEK293 cells, after which cells 

were cultured in the absence or presence of the p97 inhibitor CB-5083 (4 h). Protein levels were assessed 

by immunoblotting. Tubulin was used as loading control.  

(B) CYP51A1TM and its chimeric derivatives are stably associated with membranes, as determined by 

subcellular fractionation. Postnuclear supernatants (W) were fractionated into a cytosolic soluble fraction 

(C) and a crude membrane pellet (P1). Membranes in P1 were salt washed and carbonate-treated (P2) to 

remove all peripherally associated proteins. Fractions were subjected to SDS-PAGE and western blotting 

analysis. The partitioning of the HA-tagged substrates was compared to endogenous soluble (Tubulin) and 

integral membrane (BAP31) proteins.  

 (C) Flp-In T-REx 293 cells expressing CYP51A1TMErg11TMD-sfGFP-3xHA were transfected with sgRNAs 

against indicated targets. Levels of CYP51A1TMErg11TMD-sfGFP-3xHA were analyzed by flow cytometry 

(based on GFP fluorescence). 
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