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ABSTRACT

HMG-CoA reductase (HMGCR), the rate-limiting enzyme of the cholesterol biosynthetic
pathway and the therapeutic target of statins, is post-transcriptionally regulated by sterol-
accelerated degradation. Under cholesterol-replete conditions, HMGCR is ubiquitinated and
degraded, but the identity of the E3 ubiquitin ligase(s) responsible for mammalian HMGCR
turnover remains controversial. Using systematic, unbiased CRISPR/Cas9 genome-wide
screens with a sterol-sensitive endogenous HMGCR reporter, we comprehensively map the
E3 ligase landscape required for sterol-accelerated HMGCR degradation. We find that
RNF145 and gp78, independently co-ordinate HMGCR ubiquitination and degradation.
RNF145, a sterol-responsive ER-resident E3 ligase, is unstable but accumulates following
sterol depletion. Sterol addition triggers RNF145 recruitment to HMGCR and Insig-1,
promoting HMGCR ubiquitination and proteasome-mediated degradation. In the absence of
both RNF145 and gp78, Hrd1, a third UBE2G2-dependent ligase partially regulates HMGCR
activity. Our findings reveal a critical role for the sterol-responsive RNF145 in HMGCR

regulation and elucidate the complexity of sterol-accelerated HMGCR degradation.
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INTRODUCTION

Cholesterol plays a critical role in cellular homeostasis. As an abundant lipid in the
eukaryotic plasma membrane, it modulates vital processes including membrane fluidity and
permeability (Hannich et al., 2011; Haines, 2001) and serves as a precursor for important
metabolites including steroid hormones and bile acids (Payne and Hales, 2004; Chiang,
2013). The cholesterol biosynthetic pathway in mammalian cells also provides intermediates
for essential non-steroid isoprenoids and therefore requires strict regulation (Goldstein and
Brown, 1990). The endoplasmic-reticulum (ER) resident, polytopic membrane glycoprotein
3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) is central to this pathway,
catalysing the formation of mevalonate, a crucial isoprenoid precursor. As the rate-limiting
enzyme in mevalonate metabolism, HMGCR levels need to be tightly regulated, as dictated
by intermediates and products of the mevalonate pathway (Johnson and DeBose-Boyd,
2017). The statin family of drugs, which acts as competitive inhibitors of HMGCR, represents
the single most successful approach to reducing plasma cholesterol levels and therefore
preventing atherosclerosis related diseases (Heart Protection Study Collaborative Group,
2002). Understanding how HMGCR is regulated is therefore of fundamental biological and

clinical importance.

Cholesterol, together with its biosynthetic intermediates and isoprenoid derivatives, regulates
HMGCR expression at both the transcriptional and posttranscriptional level (Johnson and
DeBose-Boyd, 2017). Low cholesterol induces transcriptional activation of HMGCR through
the sterol response element binding proteins (SREBPs) which bind SREs in their promoter
region (Osborne, 1991). In a cholesterol rich environment, SREBPs are inactive and held in
the ER in complex with their cognate chaperone SREBP cleavage-activating protein (SCAP)
in association with the ER-resident Insulin-induced genes 1/2 (Insig-1/2) anchor proteins
(Dong and Tang, 2010; Yabe et al.,, 2002). A decrease in membrane cholesterol triggers
dissociation of the SCAP-SREBP complex from Insigs and translocation to the Golgi
apparatus, where the SREBP transcription factor is proteolytically activated by Site-1 and
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Site-2 proteases, released into the cytosol and trafficked to the nucleus (reviewed in Horton,
Goldstein, & Brown, 2002). Low sterol levels therefore dramatically increase both HMGCR
MRNA and extend HMGCR protein half-life, ensuring the resultant elevated enzyme levels
stimulate the supply of mevalonate to re-balance cholesterol homeostasis (Goldstein and
Brown, 1990; Brown et al., 1973). Once cholesterol levels are restored, excess HMGCR is
rapidly degraded by the ubiquitin proteasome system (UPS) in a process termed sterol-
accelerated degradation (Hampton et al., 1996; Ravid et al., 2000; Sever et al., 2003a). This
joint transcriptional and translational regulation of HMGCR is therefore controlled by a host
of ER-resident polytopic membrane proteins and represents a finely balanced homeostatic
mechanism to rapidly regulate this critical enzyme in response to alterations in intracellular
cholesterol. While the ubiquitin-mediated, post-translational regulation of HMGCR is well-
established, the identity of the critical mammalian ER-associated degradation (ERAD) E3

ubiquitin ligase(s) responsible for sterol-accelerated HMGCR ERAD remains controversial.

In yeast, S cerevisiae encodes three ERAD E3 ligases, of which Hrdlp (HMG-CoA
degradation 1), is named for its ability to degrade yeast HMGCR (Hmg2p) in response to
non-sterol isoprenoids (Hampton et al., 1996; Bays et al., 2001). The marked expansion and
diversification of E3 ligases in mammals makes the situation more complex, as in human
cells there are 37 putative E3 ligases involved in ERAD, few of which are well-characterised
(Kaneko et al., 2016). Hrd1 and gp78 represent the two mammalian orthologues of yeast
Hrd1p. Hrd1l was not found to regulate HMGCR (Song et al., 2005; Nadav et al., 2003).
However, gp78 was reported to be responsible for the sterol-induced degradation of
HMGCR as (i) gp78 associates with Insig-1 in a sterol-independent manner, (ii) Insig-1
mediates a sterol-dependent interaction between HMGCR and gp78, (iii) overexpression of
the transmembrane domains of gp78 exerted a dominant-negative effect and inhibited
HMGCR degradation, and (iv), siRNA-mediated depletion of gp78 resulted in decreased
sterol-induced ubiquitination and degradation of HMGCR (Song et al., 2005). The same

laboratory subsequently suggested that the sterol-induced degradation of HMGCR was
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90 mediated by two ERAD E3 ligases, with TRCS8 involved in addition to gp78 (Jo et al., 2011).
91 However, these findings remain controversial as, despite confirming a for gp78 in the
92 regulation of Insig-1 (Lee et al., 2006; Tsai et al., 2012), an independent study found no role
93 for either gp78 or TRC8 in the sterol-induced degradation of HMGCR (Tsai et al., 2012).
94  Therefore, the E3 ligase(s) responsible for the sterol-accelerated degradation of HMGCR

95 remains disputed.

96 The introduction of systematic forward genetic screening approaches to mammalian systems
97 (Carette et al., 2009; Wang et al., 2014) has made the unbiased identification of ubiquitin E3
98 ligases more tractable, as demonstrated for the viral (Greenwood et al., 2016; Van den
99 Boomen and Lehner, 2015; van de Weijer et al., 2014; Stagg et al., 2009) and endogenous

100 regulation of MHC-1 (Burr et al., 2011; Cano et al., 2012).

101  To identify the E3 ligases governing HMGCR ERAD we applied a genome-wide forward
102  genetic screen to a dynamic, cholesterol-sensitive reporter cell line, engineered to express a
103  fluorescent protein fused to endogenous HMGCR. This approach identified cellular genes
104  required for sterol-induced HMGCR degradation, including UBE2G2 and the RNF145 ERAD
105 E3 ligase. The subtle phenotype observed upon RNF145 depletion alone, suggested
106 redundant ligase usage. A subsequent, targeted ubiquitome CRISPR/Cas9 screen in
107 RNF145-knockout cells showed RNF145 to be functionally redundant with gp78, the E3
108 ligase originally implicated in HMGCR degradation. We confirmed that loss of gp78 alone
109 showed no phenotype, while loss of both E3 ligases significantly inhibited the sterol-induced
110  ubiquitination and degradation of HMGCR. Complete stabilisation required additional
111 depletion of a third ligase - Hrd1. We find that endogenous RNF145 is an auto-regulated,
112 sterol-responsive E3 ligase which is recruited to Insig proteins under sterol-replete
113  conditions, thus promoting the regulated ubiquitination and sterol-accelerated degradation of
114 HMGCR. Our data resolve the controversy of the E3 ligases responsible for the post-
115 translational regulation of HMGCR and emphasise the complexity of the mammalian
116  ubiquitin system in fine-tuning sterol-induced HMGCR turnover and cholesterol homeostasis.
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117 RESULTS

118 Targeted knock-in at the endogenous HMMGCR locus creates a dynamic, cholesterol-

119  sensitive reporter

120 To identify genes involved in the post-translational regulation of HMGCR, we engineered a
121 cell line in which Clover, a bright fluorescent protein (Lam et al., 2012), was fused to the C-
122 terminus of endogenous HMGCR, generating an HMGCR-Clover fusion protein (Figure 1A).
123  The resulting HMGCR-Clover Hela single-cell clone expresses a dynamic, cholesterol-
124  sensitive fluorescent reporter that is highly responsive to fluctuations in intracellular
125 cholesterol. Basal HMGCR-Clover levels in sterol-replete tissue culture media were
126  undetectable by flow cytometry (Figure 1B) and phenocopy endogenous WT HMGCR
127  expression (Figure 1C, compare lanes 1 and 4). Following overnight sterol depletion, a ~
128  25-fold increase in HMGCR-Clover expression was detected (shaded grey to blue histogram
129 in Figure 1D, Figure 1C (lanes 2 and 5)), representing a combination of increased SREBP-
130 induced transcription and decreased sterol-induced HMGCR degradation. Reintroduction of
131  sterols induced the rapid degradation of HMGCR-Clover (~ 80% decrease within 2h),
132 confirming the sterol-dependent regulation of the reporter (blue to red histogram in Figure
133 1D). Residual, untagged HMGCR detected by immunoblot in the reporter cells under sterol-
134  depleted conditions suggested that at least one HMGCR allele remained untagged (Figure
135 1C, compare lanes 2 and 5). This unmodified allele allowed us to monitor both tagged and
136  untagged forms of HMGCR. Inhibiting the enzymatic activity of HMGCR with mevastatin also
137  stabilised HMGCR-Clover expression, as did inhibition of the proteasome (bortezomib) or
138  p97 (NMS-873) (Figure 1E), confirming the rapid, steady-state degradation of the HMGCR
139  reporter. Furthermore, we showed that CRISPR/Cas9-mediated ablation of both Insig-1 and
140 -2 together induced a dramatic increase in HMGCR-Clover expression, equivalent to levels
141  seen following sterol depletion (Figure 1F). Under these conditions, the SREBP-SCAP
142 complex is not retained in the ER, leading to constitutive SREBP-mediated transcription of

143  HMGCR-Clover, irrespective of the sterol environment. CRISPR-mediated gene disruption of
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144  either Insig-1 or -2 alone caused only a small, steady-state rescue of HMGCR-Clover
145  (Figure 1F), which was more pronounced with the loss of Insig-1 than Insig-2. While Insig-1-
146  deficient cells were unable to completely degrade HMGCR upon sterol addition, only a minor
147  defect in HMGCR degradation was seen in the absence of Insig-2 (Figure 1F), suggesting
148  that Insig-1 is dominant over Insig-2 under these conditions. Finally, we confirmed that
149 HMGCR-Clover was appropriately localised to the ER by confocal microscopy (Figure 1G).
150 Thus, HMGCR-Clover is a dynamic, cholesterol-sensitive reporter, which rapidly responds to

151 changes in intracellular cholesterol and is regulated in a proteasome-dependent manner.

152

153 A genome-wide CRISPR/Cas9 screen identifies RNF145 as an E3 ligase required for

154 HMGCR degradation

155  To identify genes required for the sterol-induced degradation of HMGCR, we performed a
156  genome-wide CRISPR/Cas9 knockout screen in HMGCR-Clover cells. We took advantage
157  of the rapid decrease in HMGCR-Clover expression following sterol addition to cells starved
158  overnight (16h) of sterols (Figure 1D), and enriched for rare genetic mutants with reduced
159  ability to degrade HMGCR-Clover in response to sterols. To this end, HMGCR-Clover cells
160  were transduced with a genome-wide CRISPR/Cas9 knockout library comprising 10 sgRNAs
161  per gene (Morgens et al., 2017). Mutagenised cells were first depleted of sterols overnight;
162  sterols were then reintroduced for 5h, at which point rare mutant cells with reduced ability to
163 degrade HMGCR-Clover upon sterol repletion were enriched by fluorescence-activated cell
164  sorting (FACS) (Figure 2A, gating shown in Figure 2 — figure supplement 1A). This
165  process was repeated again eight days later to further purify the selected cells. The enriched
166  population contained only a small percentage of cells (1.96% after sort 1, 24.49% after sort
167  2) with increased steady-state HMGCR-Clover expression (green filled histogram in Figure
168  2B). However, the majority of sterol-starved cells from this selected population showed
169 impaired degradation of HMGCR-Clover after addition of sterols (compare red versus orange
170  histogram (Figure 2B, compare lanes 6 and 9 in Figure 2 — figure supplement 1B)). The
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171  broad distribution of this histogram (Figure 2B red histogram) suggested that the enriched
172 cell population contains a variety of mutants which differ in their ability to degrade HMGCR-

173 Clover.

174  The sgRNAs in the selected cells, and an unselected control library, were sequenced on the
175  lllumina HiSeq platform (Figure 2A (viii)). Using the RSA algorithm, we identified a set of 11
176  genes (-logP > 5), which showed significant enrichment in the selected cells. Many of these
177  are known to be required for the sterol-induced degradation of HMGCR (Figure 2C) (Ko6nig
178 et al. 2007). The screen identified the E2 conjugating enzyme UBE2G2 and its accessory
179  factor AUP1, which recruits UBE2G2 to lipid droplets and membrane E3 ubiquitin ligases
180 (Klemm et al., 2011; Jo et al., 2013; Spandl et al., 2011; Christianson et al., 2012), as well as
181  both Insig-1 and -2 (Yabe et al., 2002; Yang et al., 2002; Sever et al., 2003a). The role of the
182  remaining hits is summarized (Figure 2 — figure supplement 2) and validation of selected
183 hits as shown (Insig-1/2, Figure 1D; UBE2G2, EHD1, GALNT11, LDLR and TECR, Figure 2

184 —figure supplement 1C/D).

185  Strikingly, the only ER-resident ubiquitin E3 ligase to emerge from the screen is RNF145, a
186  poorly characterised ER-resident ubiquitin E3 ligase. RNF145 shares 27% amino acid
187 identity with TRC8, which is one of the E3 ligases (together with gp78) previously suggested
188  to ubiquitinate HMGCR (Jo et al., 2011). Interestingly, RNF145 also harbours a YLYF motif
189  at its N-terminus, which is similar to the YIYF motif present in the sterol-sensing domain
190 (SSD) of SCAP and HMGCR required for their binding to the Insig proteins (Yang et al.,
191  2002; Sever et al.,, 2003a; Jiang et al., 2018; Cook et al., 2017; Zhang et al., 2017). The
192  presence of the YLYF motif suggested that RNF145 might itself interact with the Insig

193  proteins and therefore represented a promising candidate from our genetic screen.

194 To examine the role of RNF145 in HMGCR degradation, we designed four independent
195 sgRNAs, either targeting RNF145 individually or as a pool. Under cholesterol-replete
196  conditions, no accumulation of the HMGCR-reporter was observed in RNF145-depleted cells
197  (top and middle rows, Figure 2D), but a small and highly reproducible decrease in HMGCR-
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198 Clover degradation was seen following re-introduction of sterols (red histograms, bottom row
199 Figure 2D), emphasising the utility of the endogenous fluorescent reporter in identifying
200 subtle phenotypes. Since the identity of the E3 ligases regulating HMGCR turnover remains
201  controversial, the modest effect of RNF145 loss on HMGCR-Clover sterol-induced
202  degradation suggested the involvement of additional ligase(s). Our screen therefore

203 identified both known and novel components implicated in sterol-dependent HMGCR ERAD.

204

205 RNF145 together with gp78 are required for HMGCR degradation

206 If a second E3 ligase is partially redundant with RNF145, its effect should be unmasked in
207 RNF145-deficient cells. We therefore generated a focussed subgenomic sgRNA library
208 targeting 1119 genes of the ubiquitin-proteasome system as described in Materials and
209  Methods, including 830 predicted ubiquitin E3 ligases, and used this library to screen for
210 genes required for the degradation of HMGCR in RNF145-deficient HMGCR-Clover cells
211 (Figure 3 - figure supplement 4B, lane 2 for knockout validation). Due to the reduced
212 complexity of this focussed library, only a single FACS enrichment step was used (Figure

213 3A, red histogram).

214  Strikingly, this screen identified gp78 (gene name: AMFR) (Figure 3B, Figure 3 — figure
215 supplement 5), the E3 ligase previously implicated in HMGCR degradation (Jo et al., 2011,
216  Song et al.,, 2005; Fang et al., 2001). Taking a combined knockout strategy we asked
217  whether gp78 and RNF145 are together responsible for HMGCR degradation. As predicted
218 by the genetic approach (Figure 3C(ii)), there was no difference in sterol-induced HMGCR-
219  Clover degradation between control and gp78-depleted HMGCR-Clover cells. Gp78 was not,
220 therefore, a false-negative from our initial, genome-wide CRISPR/Cas9 screen (Figure 2C).
221  Individual knockout of RNF145 again showed that sterol-induced HMGCR-Clover
222  degradation was mildly impaired in RNF145-depleted cells (Figure 3C (iii)). However,

223  sgRNA-mediated targeting of gp78 together with RNF145 (Figure 3C (iv), see Figure 3 —
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224  figure supplement 4A and B lane 3 for knockout validation), resulted in a significant
225 increase in both steady-state HMGCR-Clover (Figure 3C (iv) grey to green filled
226  histograms) and an inability to degrade HMGCR-Clover upon addition of sterols to sterol-
227  starved cells (Figure 3C (iv) blue to red histogram), a phenotype comparable to UBE2G2
228  deletion (Figure 3C (v)). Our results therefore suggest a partial functional redundancy
229  between gp78 and RNF145 and imply that both ligases can independently regulate the

230  sterol-induced degradation of HMGCR.

231

232 RNF145 and gp78 regulate endogenous wild type HMGCR

233  To confirm that the phenotypes observed in RNF145- and gp78-deficient HMGCR-Clover
234 cells were representative of endogenous, wild type HMGCR regulation, we deleted RNF145
235 and/or gp78 from WT HelLa cells and monitored endogenous HMGCR by immunoblot
236  analysis. The sterol-induced degradation of HMGCR was assessed in four RNF145
237  knockout clones, derived from two different sgRNAs (validation in Figure 3 — figure
238 supplement 1A, B). No difference in the sterol-induced degradation of HMGCR was seen in
239  these RNF145 knockout clones (Figure 3 — figure supplement 2, compare lanes 6 and 7-
240  10). The subtle effect on HMGCR-Clover expression revealed by flow cytometry (Figures
241 2D and 3C) may not be detected by the less sensitive immunoblot analysis. Similarly, loss of
242  gp78 alone (Figure 3 - figure supplement 3A for sgRNA validation) did not affect HMGCR
243  degradation (Figure 3D, compare lanes 6 and 7-10), but loss of gp78 together with RNF145
244  resulted in a significant rescue of steady state HMGCR (Figure 3E, Figure 3 — figure
245  supplement 3C). Following sterol addition, gp78/RNF145 double-knockout clones showed a
246  marked (although still incomplete) reduction in sterol-induced HMGCR degradation (Figure
247  3F, compare lanes 7+8 with 9-12). These data validate the phenotypes exhibited by the
248  HMGCR-Clover reporter cell line and confirm a role for both gp78 and RNF145 in the sterol-

249  induced degradation of endogenous HMGCR.
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250

251  RNF145 E3 ligase activity is required for HMGCR degradation

252  To determine whether RNF145 E3 ligase activity is required for HMGCR degradation, we
253  complemented a mixed population of gp78/RNF145 double-knockout HMGCR-Clover cells
254  (Figure 3 - figure supplement 4B, lane 3 for knockout validation) with either epitope-
255  tagged wild type RNF145, or a catalytically-inactive RNF145 RING domain mutant (C552A,
256  H554A) (Figure 4A). The pronounced block in the sterol-induced degradation of HMGCR-
257  Clover was rescued by expression of wild-type, but not the RNF145 RING domain mutant
258  (Figure 4B, compare blue to red histogram). The E3 ligase activity of RNF145 is therefore

259 critical for HMGCR ERAD.

260

261 Endogenous RNF145 is an unstable E3 ligase, whose transcription is sterol-regulated

262  Endogenous RNF145 has a short half-life (~ 2h) and displayed rapid, proteasome-mediated
263  degradation (Figure 5A (i)), an observation confirmed in multiple cell lines (Figure 5 —
264  figure supplement 1A). This rapid turnover of endogenous RNF145 contrasts sharply with
265  the stability of endogenous gp78, which shows little degradation over the 10 hour chase
266  period (Figure 5A (i)). Although RNF145 and gp78 both target HMGCR for degradation, the
267  two ligases did not appear to be co-regulated as RNF145 stability was unaffected by gp78
268  and vice-versa (Figure 5A (i, ii), Figure 5 — figure supplement 1B). However, endogenous
269  RNF145 was stabilised by deletion of its cognate E2 enzyme UBE2G2 (Figure 5B), and,
270  furthermore, the catalytically-inactive RING domain mutant expressed in RNF145-deficient
271  cells (AR145#4 + R145-V5 (mut)) exhibited greater abundance at steady-state compared
272 with its wild type counterpart (Figure 3 — figure supplement 4C). Together these data show

273 that RNF145 is intrinsically unstable and rapidly turned over in an auto-regulatory manner.

274  Since RNF145 is rapidly turned over, we aimed to determine whether RNF145 gene

275  transcription was sterol-responsive. Sterol depletion induced RNF145 (~2.99+0.65 fold

11
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276  increase, p = 0.0009) mRNA expression as well as HMGCR (~12.26+3.16 fold increase, p =
277  0.0004) mRNA expression (Figure 5C). This accumulation of endogenous RNF145 was
278  suppressed following the addition of MBCD-complexed cholesterol (chol:MBCD) to the
279  starvation media (Figure 5D), whereas gp78 abundance remained unaltered (Figure 5 —
280 figure supplement 1D). RNF145 is therefore a unique, sterol-regulated E3 ligase whose

281  expression is dependent on the cellular sterol status.

282

283 Endogenous RNF145 shows a sterol-sensitive interaction with HMGCR and Insig-1

284  The Insig proteins provide an ER-resident platform for sterol-dependent interactions between
285 HMGCR and its regulatory components (Dong et al., 2012). RNF145 is sterol regulated and
286 degrades HMGCR, making it important to determine whether it interacts directly with
287 HMGCR, or via the Insig proteins. In sterol-replete but not sterol-deplete conditions,
288 endogenous HMGCR co-immunoprecipitates both epitope-tagged RNF145 (Figure 6A,
289  Figure 3 —figure supplement 4C lane 3 for relative RNF145-V5 levels upon reconstitution),

290 as well as endogenous RNF145 (Figure 6B).

291  The low expression levels of endogenous RNF145 made any interaction with endogenous
292 Insig-1 challenging to detect. We circumvented this problem by repeating the co-
293  immunoprecipitation in UBE2G2 knockout cells, which express increased levels of
294  endogenous RNF145 (Figure 5B). Under these conditions, RNF145 showed a sterol-
295 dependent interaction with Insig-1, correlating with RNF145’s association with HMGCR
296  (Figure 6C). Importantly, endogenous RNF145 is not, therefore, continually bound to Insig-

297 1, but, like HMGCR, associates with Insig-1 in a sterol-dependent manner.

298

299

300
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301 Inthe absence of RNF145 and gp78, Hrd1 targets HMGCR for degradation

302  Despite our two genetic screens identifying a requirement for RNF145 and gp78 in HMGCR
303 degradation (Figure 2C and 3B), the combined loss of these two ligases failed to completely
304 inhibit sterol-induced HMGCR degradation (Figure 3C (iv); Figure 7A (ii)). Furthermore,
305 ablation of UBE2G2 in RNF145/gp78 double-knockout cells further exacerbated the sterol-
306 dependent degradation defect (Figure 7A (iv)), predicting the role for an additional E3
307 ligase(s) utilising UBE2G2 in HMGCR degradation. We therefore assessed whether ablation
308 of either of the two remaining ER-resident E3 ligases that use UBE2G2, TRC8 (van de
309 Weijer et al., 2017) and Hrdl (Kikkert et al., 2004), exacerbated the HMGCR-degradation
310 defect in RNF145/gp78 double-knockout cells (Figure 7, Figure 7 — figure supplement 1B
311  and 2B for knockdown validation). While the loss of TRC8 had no effect on HMGCR-Clover
312  expression, the loss of Hrd1l in RNF145/gp78 double-knockout cells increased steady-state
313 HMGCR-Clover expression and caused a complete block in the sterol-accelerated
314  degradation of HMGCR-Clover (Figure 7B (ii), Figure 7 — figure supplement 1A for
315  validation with individual independent sgRNASs). The additive effect of Hrd1 depletion on the
316  sterol-induced turnover of endogenous HMGCR was independently confirmed by
317 immunoblot analysis (Figure 7C, compare lanes 2, 4 and 6) and was observed as early as
318 60 minutes after sterol addition (Figure 7 — figure supplement 1D, compare lanes 7 and 9).
319  Importantly, depletion of Hrd1, either alone or in combination with depletion of either gp78 or
320 RNF145, did not affect HMGCR-Clover degradation (Figure 7 — figure supplement 1C).
321  Moreover, TRC8 depletion affected neither steady-state HMGCR-Clover expression, nor
322  sterol-induced HMGCR-Clover degradation (Figure 7B (iii)). Indeed, despite a functional
323  TRCS8 depletion (Figure 7 — figure supplement 2B for validation) (Stagg et al., 2009), we
324  could detect no role for TRC8, depleted either alone or in combination with RNF145, in the

325  sterol-induced degradation of HMGCR (Figure 7 — figure supplement 2A).
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326  In summary, gp78 with RNF145 are the only combination of ligases whose loss inhibited
327 HMGCR degradation. Hrd1 depletion also delays sterol-induced HMGCR degradation, but

328 only in the absence of RNF145 and gp78.

329

330 RNF145, gp78 and Hrd1 are required for sterol-accelerated HMGCR ubiquitination

331 As a complete block of sterol-accelerated HMGCR degradation required the depletion of all
332 three UBE2G2-dependent ligases, we determined how the sequential depletion of these
333 ligases affected the ubiquitination status of HMGCR. The combined loss of RNF145 with
334 gp78 showed a dramatic reduction in HMGCR ubiquitination, but a complete loss of
335  ubiquitination required the depletion of all three ligases (Figure 7D). As predicted, depletion
336 of UBE2G2 also caused a marked decrease in HMGCR ubiquitination. Taken together,

337 these results demonstrate the remarkable plasticity of the HMGCR-degradation machinery.
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338 DISCUSSION

339  The generation of a dynamic, cholesterol-sensitive endogenous HMGCR reporter cell line
340 allowed an unbiased genetic approach to identify the cellular machinery required for sterol-
341 accelerated HMGCR degradation. This reporter cell line has the advantage of being able to
342 identify both complete and partial phenotypes and helps explain why the identity of the E3
343 ligases responsible for the sterol-accelerated degradation of HMGCR has remained
344  controversial. We find that three E3 ligases - RNF145, gp78 and Hrdl - are together
345 responsible for HMGCR degradation (Figure 8). The activity of the two primary ligases,
346 RNF145 and gp78 is partially redundant as the loss of gp78 alone did not affect HMGCR
347  degradation, while loss of RNF145 showed only a small reduction on HMGCR degradation.
348 In the absence of both RNF145 and gp78, a third ligase, Hrd1, can compensate and partially
349  regulate HGMCR degradation, but this effect of Hrd1 is only revealed in the absence of both

350 RNF145 and gp78, and in no other identified combination.

351

352 Initial reports of a role for gp78 in HMGCR degradation, either alone (Song, Sever, &
353  DeBose-Boyd, 2005) or in combination with TRC8 (Jo et al., 2011), were not reproduced in
354 an independent study (Tsai et al., 2012) and so this important issue has remained
355 unresolved. Our initial genome-wide screen successfully identified many of the components
356  known to be required for sterol-accelerated HMGCR degradation (e.g. Insig-1/2, and AUP1,
357 Figure 2C) (Sever et al.,, 2003b; Miao et al.,, 2010; Jo et al., 2013), thus validating the
358  suitability of this genetic approach. The screen also identified the E2 conjugating enzyme
359 UBE2GZ2 and the E3 ligase RNF145. Depletion of UBE2G2 prevented HMGCR degradation,
360 implying that all ligases involved in HMGCR degradation utilise this E2 enzyme. In contrast,
361 and despite being a high confidence hit in our screen, depletion of RNF145 caused a highly
362  reproducible but small inhibition of sterol-accelerated degradation, confirming the sensitivity
363  of the screen to detect partial phenotypes and predicting the requirement for at least one
364  additional UBE2G2-dependent ligase. A subsequent, targeted ubiquitome library screen in

15


https://doi.org/10.1101/391789
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/391789; this version posted August 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

365 an RNF145-knockout reporter cell line confirmed a role for gp78 in HMGCR degradation.
366 Gp78 has previously been shown to use UBE2G2 as its cognate E2 enzyme in the
367 degradation of ERAD substrates (Chen et al., 2006). During preparation of this manuscript,
368 the combined involvement of RNF145 and gp78 in HMGCR degradation in hamster (CHO)
369 cells was also reported (Jiang et al., 2018), confirming the role for these ligases in other cell

370 lines.

371

372 The availability of an RNF145-specific polyclonal antibody provides further insight into the
373  expression and activity of endogenous RNF145, without the concerns of overexpression
374  artefacts. RNF145 is an ER-resident E3 ligase with several unique features that make it well-
375 suited for HMGCR regulation. A challenge facing all proteins responsible for cholesterol
376  regulation is that the target they monitor, cholesterol, resides entirely within membranes. We
377 find that RNF145, like SCAP and HMGCR, two key proteins involved in cholesterol
378  regulation, is both sterol regulated and associates with its Insig binding partner in a sterol-
379  responsive manner. Under sterol deplete conditions, endogenous RNF145 is associated with
380 neither HMGCR nor Insigl, but the addition of sterols triggers RNF145 binding to the ER-
381 resident Insig-1 protein (Figure 5C). Like HMGCR and SCAP, RNF145 contains a sterol-
382  sensing domain in its transmembrane region (Cook et al., 2017), suggesting that sterols
383 facilitate its association with Insigs. Similarly, the association of HMGCR with Insigs and
384 gp78 is also sterol-dependent through its SSD (Lee et al., 2007). Therefore, sterols trigger
385 the recruitment of RNF145 to HMGCR, leading to Insig-dependent HMGCR ubiquitination
386 and degradation. This ability of RNF145 to rapidly bind Insigs following sterol availability is a
387 feature shared with the related sterol-responsive proteins including HMGCR and SCAP and

388  further supports a key role for this ligase in HMGCR regulation.

389
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390 A striking feature of RNF145 is its short half-life and rapid proteasome-mediated
391 degradation, which contrasts with the long-lived gp78 (Figure 6A, Figure 5 — figure
392 supplement 1B). RNF145 is an intrinsically unstable ligase whose half-life is regulated
393  through autoubiquitination and was not prolonged on binding to Insig proteins (data not
394  shown). Its stability and turnover is RING- and UBE2G2-dependent, but independent of
395 either the gp78 (Figure 6A-C) or Hrd1 ligase (Figure 5 — figure supplement 1C). As cells
396 become sterol-depleted, the transcriptional increase in RNF145 (Figure 6E) likely
397 anticipates the need to rapidly eliminate HMGCR, once normal cellular sterol levels are

398 restored.

399  While it is not unusual for more than one ligase to be required for substrate ERAD
400 degradation (Christianson and Ye, 2014; Morito et al., 2008; Stefanovic-Barrett et al., 2018),
401 the redundancy in HMGCR turnover is intriguing. This may simply reflect the central role of
402 HMGCR in the mevalonate pathway and the importance of a fail-safe mechanism of
403 HMGCR regulation to both maintain substrates for non-sterol isoprenoid synthesis and
404 prevent cholesterol overproduction. Alternative explanations can also be considered,
405  particularly as the properties of RNF145 and gp78 are so different. Under sterol-deplete
406  conditions gp78 also regulates the degradation of Insig-1, but following addition of sterols,
407  the association of Insigs with SCAP displaces its binding to gp78 (Yang et al., 2002; Lee et
408 al., 2006). Different Insig-associated complexes are therefore likely to co-exist within the ER
409 membrane, under both sterol-replete and -deplete conditions, and therefore reflect the sterol
410  microenvironment of the ER (Goldstein et al., 2006). Under these circumstances it might be
411 advantageous to have more than one ligase regulating HMGCR. Alternatively, gp78 may
412  provide basal control of the reductase, which can then be ‘fine-tuned’ by the sterol-
413  responsive RNF145, reflecting the sterol concentration of the local ER environment. It will
414  therefore be important to further understand the stoichiometry and nature of the different
415  Insig complexes within the ER membrane. While all cells need to regulate their intracellular

416  cholesterol, the contribution of each ligase to sterol regulation may also depend on their
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417  differential tissue expression. In this regard, liver-specific ablation of gp78 in mice has been
418  reported to lead to increased steady-state levels of hepatocyte HMGCR (Liu et al., 2012),
419  whereas, gp78 knockout MEFs show no apparent impairment in HMGCR degradation (Tsai
420 etal., 2012). Further delineation of the contribution of each ligase to HMGCR degradation in

421  different tissues and cell types will be important.

422  Arole for the Hrd1 E3 ligase in HMGCR regulation was unanticipated, and both orthologues
423  (gp78 and Hrdl) of yeast Hrdlp, which regulates yeast HMGCR (Hmg2p), are therefore
424  involved in mammalian HMGCR turnover. The best recognised function of Hrdl is the
425  ubiquitination of misfolded or unassembled ER-lumenal and membrane proteins targeted for
426 ERAD (Sato et al., 2009; Tyler et al., 2012; Christianson et al., 2008). Our finding that Hrd1
427 is only involved in HMGCR regulation when the other two ligases are absent, suggests that
428 under sterol-rich conditions, and in the absence of RNF145 or gp78, conformational changes
429 in the sterol sensing domains of HMGCR to a less ordered state are recognised and

430 targeted by the Hrd1 quality control pathway.

431  In summary, our unbiased approach to identify proteins involved in sterol-regulated HMGCR
432  degradation resolves the ambiguity of the E3 ligases responsible, and further unveils
433  additional control points in modulating the activity of this important enzyme in health and

434 disease.

435
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460 ABBREVIATIONS

461 AMFR - Autocrine Motility Factor Receptor

462 B2M - beta-2-microglobulin

463  Chol - cholesterol

464  CHX - cycloheximide

465 CRISPR - clustered regularly interspaced short palindromic repeats
466 CTR - control

467 ER - endoplasmic reticulum

468 ERAD - ER-associated degradation

469 FCS - fetal calf serum

470 Gp78 - glycoprotein 78

471 HMGCR - 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase

472  Hrdl - HMG-CoA Reductase Degradation 1

473  1AA - iodoacetamide

474  Insig-1/2 - Insulin-induced gene-1/2

475 LPDS - lipoprotein-deficient serum

476  MBCD - methyl-B-cyclodextrin

477 RNF145 - RING finger protein 145

478 SD - sterol-depleted

479  SREBP2 - Sterol Regulatory Element Binding transcription factor 2
480 TRCS8 - Translocation in renal carcinoma on chromosome 8
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481 UBE2G2 - Ubiquitin-conjugating enzyme E2 G2
482  UPS - ubiquitin proteasome system

483 VCP - Valosin-containing protein

484  WT - wild-type

21


https://doi.org/10.1101/391789
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/391789; this version posted August 14, 2018. The copyright holder for this preprint (which was

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

REFERENCES

Bays, N.W., R.G. Gardner, L.P. Seelig, C.A. Joazeiro, and R.Y. Hampton. 2001. Hrd1p/Der3pis a
membrane-anchored ubiquitin ligase required for ER-associated degradation. Nat. Cell Biol.

3:24-29. doi:10.1038/35050524.

Van den Boomen, D.J.H., and P.J. Lehner. 2015. Identifying the ERAD ubiquitin E3 ligases for viral and
cellular targeting of MHC class I. Mol. Immunol. 68:106—-111.

doi:10.1016/j.molimm.2015.07.005.

Brown, M.S., S.E. Dana, and J.L. Goldstein. 1973. Regulation of 3-hydroxy-3-methylglutaryl coenzyme
A reductase activity in human fibroblasts by lipoproteins. Proc. Natl. Acad. Sci. U. S. A. 70:2162—-

6. d0i:10.1080/10495398.2011.527567.

Burr, M.L,, F. Cano, S. Svobodova, L.H. Boyle, J.M. Boname, and P.J. Lehner. 2011. HRD1 and UBE2J1
target misfolded MHC class | heavy chains for endoplasmic reticulum-associated degradation.

Proc. Natl. Acad. Sci. U. S. A. 108:2034-9. doi:10.1073/pnas.1016229108.

Cano, F., H. Bye, L.M. Duncan, K. Buchet-Poyau, M. Billaud, M.R. Wills, and P.J. Lehner. 2012. The
RNA-binding E3 ubiquitin ligase MEX-3C links ubiquitination with MHC-I mRNA degradation.

EMBO J. 31:3596-3606. doi:10.1038/emboj.2012.218.

Carette, J.E., C.P. Guimaraes, M. Varadarajan, A.S. Park, I. Wuethrich, A. Godarova, M. Kotecki, B.H.
Cochran, E. Spooner, H.L. Ploegh, and T.R. Brummelkamp. 2009. Haploid genetic screens in
human cells identify host factors used by pathogens. Science. 326:1231-5.

doi:10.1126/science.1178955.

Chen, B., J. Mariano, Y.C. Tsai, A.H. Chan, M. Cohen, and A.M. Weissman. 2006. The activity of a
human endoplasmic reticulum-associated degradation E3, gp78, requires its Cue domain, RING
finger, and an E2-binding site. Proc. Natl. Acad. Sci. U. S. A. 103:341-6.

doi:10.1073/pnas.0506618103.

22


https://doi.org/10.1101/391789
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/391789; this version posted August 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

509 Chiang, J.Y.L. 2013. Bile acid metabolism and signaling. Compr. Physiol. 3:1191-212.

510 do0i:10.1002/cphy.c120023.

511 Christian, A.E., M.P. Haynes, M.C. Phillips, and G.H. Rothblat. 1997. Use of cyclodextrins for

512 manipulating cellular cholesterol content. J. Lipid Res. 38:2264-72.

513 Christianson, J.C., J.A. Olzmann, T.A. Shaler, M.E. Sowa, E.J. Bennett, C.M. Richter, R.E. Tyler, E.J.
514 Greenblatt, J.W. Harper, and R.R. Kopito. 2012. Defining human ERAD networks through an

515 integrative mapping strategy. Nat. Cell Biol. 14:93—-105. doi:10.1038/ncb2383.

516 Christianson, J.C., T.A. Shaler, R.E. Tyler, and R.R. Kopito. 2008. OS-9 and GRP94 deliver mutant
517 alphal-antitrypsin to the Hrd1-SEL1L ubiquitin ligase complex for ERAD. Nat. Cell Biol. 10:272—

518 282. d0i:10.1038/ncb1689.

519  Christianson, J.C., and Y. Ye. 2014. Cleaning up in the endoplasmic reticulum: ubiquitin in charge.

520 Nat. Struct. Mol. Biol. 21:325-35. doi:10.1038/nsmb.2793.

521 Cook, E.C.L., J.K. Nelson, V. Sorrentino, D. Koenis, M. Moeton, S. Scheij, R. Ottenhoff, B. Bleijlevens,
522 A. Loregger, and N. Zelcer. 2017. Identification of the ER-resident E3 ubiquitin ligase RNF145 as

523 a novel LXR-regulated gene. PLoS One. doi:10.1371/journal.pone.0172721.

524 Demaison, C., K. Parsley, G. Brouns, M. Scherr, K. Battmer, C. Kinnon, M. Grez, and A.J. Thrasher.

525 2002. High-Level Transduction and Gene Expression in Hematopoietic Repopulating Cells Using
526 a Human Imunodeficiency Virus Type 1-Based Lentiviral Vector Containing an Internal Spleen
527 Focus Forming Virus Promoter. Hum. Gene Ther. 13:803-813.

528 doi:10.1089/10430340252898984.

529 Doench, J.G., N. Fusi, M. Sullender, M. Hegde, E.W. Vaimberg, K.F. Donovan, I. Smith, Z. Tothova, C.

530 Wilen, R. Orchard, H.W. Virgin, J. Listgarten, and D.E. Root. 2016. Optimized sgRNA design to
531 maximize activity and minimize off-target effects of CRISPR-Cas9. Nat. Biotechnol. 34:184-191.
532 doi:10.1038/nbt.3437.

23


https://doi.org/10.1101/391789
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/391789; this version posted August 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

533 Dong, X.-Y., and S.-Q. Tang. 2010. Insulin-induced gene: A new regulator in lipid metabolism.

534 Peptides. 31:2145-2150. doi:10.1016/j.peptides.2010.07.020.

535 Dong, X.-Y., S.-Q. Tang, and J.-D. Chen. 2012. Dual functions of Insig proteins in cholesterol

536 homeostasis. Lipids Health Dis. 11:173. doi:10.1186/1476-511X-11-173.

537 Fang, S., M. Ferrone, C. Yang, J.P. Jensen, S. Tiwari, and A.M. Weissman. 2001. The tumor autocrine

538 motility factor receptor, gp78, is a ubiquitin protein ligase implicated in degradation from the
539 endoplasmic reticulum. Proc. Natl. Acad. Sci. U. S. A. 98:14422-7.
540 doi:10.1073/pnas.251401598.

541 Goldstein, J.L., and M.S. Brown. 1990. Regulation of the mevalonate pathway. Nature. 343:425-430.

542 doi:10.1038/343425a0.

543 Goldstein, J.L., R.A. DeBose-Boyd, and M.S. Brown. 2006. Protein sensors for membrane sterols. Cell.

544 124:35-46. doi:10.1016/j.cell.2005.12.022.

545 Greenwood, E.J., N.J. Matheson, K. Wals, D.J. van den Boomen, R. Antrobus, J.C. Williamson, and P.J.
546 Lehner. 2016. Temporal proteomic analysis of HIV infection reveals remodelling of the host

547 phosphoproteome by lentiviral Vif variants. Elife. 5:12112-12122. doi:10.7554/eLife.18296.

548 Haines, T.H. 2001. Do sterols reduce proton and sodium leaks through lipid bilayers? Prog. Lipid Res.

549 40:299-324. doi:10.1016/50163-7827(01)00009-1.

550 Hampton, R.Y., R.G. Gardner, and J. Rine. 1996. Role of 26S proteasome and HRD genes in the
551 degradation of 3-hydroxy-3-methylglutaryl-CoA reductase, an integral endoplasmic reticulum

552 membrane protein. Mol. Biol. Cell. 7:2029-2044. doi:10.1091/mbc.7.12.2029.

553 Hannich, J.T., K. Umebayashi, and H. Riezman. 2011. Distribution and functions of sterols. Cold

554 Spring Harb. Lab. Press. 3:47—62. doi:10.1101/cshperspect.a004762.

555 Heart Protection Study Collaborative Group. 2002. MRC/BHF Heart Protection Study of cholesterol

24


https://doi.org/10.1101/391789
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/391789; this version posted August 14, 2018. The copyright holder for this preprint (which was

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

lowering with simvastatin in 20,536 high-risk individuals: a randomised placebo-controlled trial.

Lancet. 360:7-22. d0i:10.1016/S0140-6736(02)09327-3.

Horton, J.D., J.L. Goldstein, and M.S. Brown. 2002. SREBPs: Activators of the complete program of
cholesterol and fatty acid synthesis in the liver. J. Clin. Invest. 109:1125-1131.

doi:10.1172/JC1200215593.Lipid.

Jiang, L.-Y., W. Jiang, N. Tian, Y.-N. Xiong, J. Liu, J. Wei, K.-Y. Wu, J. Luo, X.-J. Shi, and B.-L. Song. 2018.
Ring finger protein 145 (RNF145) is a ubiquitin ligase for sterol-induced degradation of HMG-

CoA reductase. J. Biol. Chem. 293:4047—-4055. doi:10.1074/jbc.RA117.001260.

Jo, Y., I.Z. Hartman, and R.A. DeBose-Boyd. 2013. Ancient ubiquitous protein-1 mediates sterol-
induced ubiquitination of 3-hydroxy-3-methylglutaryl CoA reductase in lipid droplet-associated

endoplasmic reticulum membranes. Mol. Biol. Cell. 24:169-183. doi:10.1091/mbc.E12-07-0564.

Jo, Y., P.C.W. Lee, P. V. Sguigna, and R.A. DeBose-Boyd. 2011. Sterol-induced degradation of HMG
CoA reductase depends on interplay of two Insigs and two ubiquitin ligases, gp78 and Trc8.

Proc. Natl. Acad. Sci. 108:20503—-20508. doi:10.1073/pnas.1112831108.

Johnson, B.M., and R.A. DeBose-Boyd. 2017. Underlying mechanisms for sterol-induced
ubiquitination and ER-associated degradation of HMG CoA reductase. Semin. Cell Dev. Biol.

$1084-9521. doi:10.1016/j.semcdb.2017.10.019.

Kaneko, M., I. lwase, Y. Yamasaki, T. Takai, Y. Wu, S. Kanemoto, K. Matsuhisa, R. Asada, Y. Okuma, T.
Watanabe, K. Imaizumi, and Y. Nomura. 2016. Genome-wide identification and gene expression
profiling of ubiquitin ligases for endoplasmic reticulum protein degradation. Sci. Rep. 6:30955.

doi:10.1038/srep30955.

Kikkert, M., R. Doolman, M. Dai, R. Avner, G. Hassink, S. van Voorden, S. Thanedar, J. Roitelman, V.
Chau, and E. Wiertz. 2004. Human HRD1 Is an E3 Ubiquitin Ligase Involved in Degradation of

Proteins from the Endoplasmic Reticulum. J. Biol. Chem. 279:3525-3534.

25


https://doi.org/10.1101/391789
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/391789; this version posted August 14, 2018. The copyright holder for this preprint (which was

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

doi:10.1074/jbc.M307453200.

Klemm, E.J., E. Spooner, and H.L. Ploegh. 2011. Dual Role of Ancient Ubiquitous Protein 1 (AUP1) in
Lipid Droplet Accumulation and Endoplasmic Reticulum (ER) Protein Quality Control. J. Biol.

Chem. 286:37602—37614. doi:10.1074/jbc.M111.284794.

Konig, R., C. Chiang, B.P. Tu, S.F. Yan, P.D. Delesus, A. Romero, T. Bergauer, A. Orth, U. Krueger, Y.
Zhou, and S.K. Chanda. 2007. A probability-based approach for the analysis of large-scale RNAi

screens. Nat. Methods. 4:847-9. doi:10.1038/nmeth1089.

Lam, A.J., F. St-Pierre, Y. Gong, J.D. Marshall, P.J. Cranfill, M.A. Baird, M.R. McKeown, J.
Wiedenmann, M.W. Davidson, M.J. Schnitzer, R.Y. Tsien, and M.Z. Lin. 2012. Improving FRET
dynamic range with bright green and red fluorescent proteins. Nat. Methods. 9:1005-1012.

doi:10.1038/nmeth.2171.

Lee, J.N., B. Song, R.A. DeBose-Boyd, and J. Ye. 2006. Sterol-regulated Degradation of Insig-1
Mediated by the Membrane-bound Ubiquitin Ligase gp78. J. Biol. Chem. 281:39308-39315.

doi:10.1074/jbc.M608999200.

Lee, P.C.W., A.D. Nguyen, and R.A. Debose-Boyd. 2007. Mutations within the membrane domain of
HMG-CoA reductase confer resistance to sterol-accelerated degradation. J. Lipid Res. 48:318—

27. d0i:10.1194/jlr.M600476-JLR200.

Liu, T.-F., J.-). Tang, P.-S. Li, Y. Shen, J.-G. Li, H.-H. Miao, B.-L. Li, and B.-L. Song. 2012. Ablation of
gp78 in Liver Improves Hyperlipidemia and Insulin Resistance by Inhibiting SREBP to Decrease

Lipid Biosynthesis. Cell Metab. 16:213-225. doi:10.1016/j.cmet.2012.06.014.

Miao, H., W. Jiang, L. Ge, B. Li, and B. Song. 2010. Tetra-glutamic acid residues adjacent to Lys248 in
HMG-CoA reductase are critical for the ubiquitination mediated by gp78 and UBE2G2. Acta

Biochim. Biophys. Sin. (Shanghai). 42:303-310. doi:10.1093/abbs/gmq022.0riginal.

Morgens, D.W., M. Wainberg, E.A. Boyle, O. Ursu, C.L. Araya, C. Kimberly Tsui, M.S. Haney, G.T. Hess,

26


https://doi.org/10.1101/391789
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/391789; this version posted August 14, 2018. The copyright holder for this preprint (which was

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

K. Han, E.E. Jeng, A. Li, M.P. Snyder, W.J. Greenleaf, A. Kundaje, and M.C. Bassik. 2017.
Genome-scale measurement of off-target activity using Cas9 toxicity in high-throughput

screens. Nat. Commun. 8:1-8. doi:10.1038/ncomms15178.

Morito, D., K. Hirao, Y. Oda, N. Hosokawa, F. Tokunaga, D.M. Cyr, K. Tanaka, K. Iwai, and K. Nagata.
2008. Gp78 Cooperates with RMA1 in Endoplasmic Reticulum-associated Degradation of

CFTRAF508. Mol. Biol. Cell. 19:1328-1336. d0i:10.1091/mbc.e07-06-0601.

Nadav, E., A. Shmueli, H. Barr, H. Gonen, A. Ciechanover, and Y. Reiss. 2003. A novel mammalian
endoplasmic reticulum ubiquitin ligase homologous to the yeast Hrd1. Biochem. Biophys. Res.

Commun. 303:91-97. doi:10.1016/S0006-291X(03)00279-1.

Osborne, T.F. 1991. Single nucleotide resolution of sterol regulatory region in promoter for 3-

hydroxy-3-methylglutaryl coenzyme A reductase. J. Biol. Chem. 266:13947-51.

Payne, A.H., and D.B. Hales. 2004. Overview of Steroidogenic Enzymes in the Pathway from

Cholesterol to Active Steroid Hormones. Endocr. Rev. 25:947-970. doi:10.1210/er.2003-0030.

Ran, F.A., P.D. Hsu, J. Wright, V. Agarwala, D.A. Scott, and F. Zhang. 2013. Genome engineering using

the CRISPR-Cas9 system. Nat. Protoc. 8:2281-2308. doi:10.1038/nprot.2013.143.

Ravid, T., R. Doolman, R. Avner, D. Harats, and J. Roitelman. 2000. The ubiquitin-proteasome
pathway mediates the regulated degradation of mammalian 3-hydroxy-3-methylglutaryl-

coenzyme A reductase. J. Biol. Chem. 275:35840-35847. d0i:10.1074/jbc.M004793200.

Sanjana, N.E., O. Shalem, and F. Zhang. 2014. Improved vectors and genome-wide libraries for

CRISPR screening. Nat. Methods. 11:783—784. doi:10.1038/nmeth.3047.

Sato, B.K., D. Schulz, P.H. Do, and R.Y. Hampton. 2009. Misfolded membrane proteins are specifically
recognized by the transmembrane domain of the Hrd1p ubiquitin ligase. Mol. Cell. 34:212-222.

doi:10.1016/j.molcel.2009.03.010.

27


https://doi.org/10.1101/391789
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/391789; this version posted August 14, 2018. The copyright holder for this preprint (which was

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Sever, N., B.-L. Song, D. Yabe, J.L. Goldstein, M.S. Brown, and R.A. DeBose-Boyd. 2003a. Insig-
dependent Ubiquitination and Degradation of Mammalian 3-Hydroxy-3-methylglutaryl-CoA
Reductase Stimulated by Sterols and Geranylgeraniol. J. Biol. Chem. 278:52479-52490.

doi:10.1074/jbc.M310053200.

Sever, N., T. Yang, M.S. Brown, J.L. Goldstein, and R.A. DeBose-Boyd. 2003b. Accelerated
degradation of HMG CoA reductase mediated by binding of insig-1 to its sterol-sensing domain.

Mol. Cell. 11:25-33. d0i:10.1016/5S1097-2765(02)00822-5.

Song, B.L., N. Sever, and R.A. DeBose-Boyd. 2005. Gp78, a membrane-anchored ubiquitin ligase,
associates with Insig-1 and couples sterol-regulated ubiquitination to degradation of HMG CoA

reductase. Mol. Cell. 19:829-840. doi:10.1016/j.molcel.2005.08.009.

Spandl|, J., D. Lohmann, L. Kuerschner, C. Moessinger, and C. Thiele. 2011. Ancient Ubiquitous
Protein 1 (AUP1) Localizes to Lipid Droplets and Binds the E2 Ubiquitin Conjugase G2 (Ube2g2)

via Its G2 Binding Region. J. Biol. Chem. 286:5599-5606. doi:10.1074/jbc.M110.190785.

Stagg, H.R., M. Thomas, D. Van Den Boomen, E.J.H.J. Wiertz, H.A. Drabkin, R.M. Gemmill, and P.J.
Lehner. 2009. The TRC8 E3 ligase ubiquitinates MHC class | molecules before dislocation from

the ER. J. Cell Biol. 186:685—692. d0i:10.1083/jcb.200906110.

Stefanovic-Barrett, S., A.S. Dickson, S.P. Burr, J.C. Williamson, I.T. Lobb, D.J. van den Boomen, P.J.
Lehner, and J.A. Nathan. 2018. MARCHG6 and TRCS8 facilitate the quality control of cytosolic and

tail-anchored proteins. EMBO Rep. e45603. d0i:10.15252/embr.201745603.

Timms, R.T., S.A. Menzies, I.A. Tchasovnikarova, L.C. Christensen, J.C. Williamson, R. Antrobus, G.
Dougan, L. Ellgaard, and P.J. Lehner. 2016. Genetic dissection of mammalian ERAD through
comparative haploid and CRISPR forward genetic screens. Nat. Commun. 7:11786.

doi:10.1038/ncomms11786.

Tsai, Y.C., G.S. Leichner, M.M.P. Pearce, G.L. Wilson, R.J.H. Wojcikiewicz, J. Roitelman, and A.M.

28


https://doi.org/10.1101/391789
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/391789; this version posted August 14, 2018. The copyright holder for this preprint (which was

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Weissman. 2012. Differential regulation of HMG-CoA reductase and Insig-1 by enzymes of the

ubiquitin-proteasome system. Mol. Biol. Cell. 23:4484—4494. doi:10.1091/mbc.e12-08-0631.

Tyler, R.E., M.M.P. Pearce, T.A. Shaler, J.A. Olzmann, E.J. Greenblatt, and R.R. Kopito. 2012.
Unassembled CD147 is an endogenous endoplasmic reticulum—associated degradation

substrate. Mol. Biol. Cell. 23:4668-4678. doi:10.1091/mbc.e12-06-0428.

Wang, T., J.J. Wei, D.M. Sabatini, and E.S. Lander. 2014. Genetic Screens in Human Cells Using the

CRISPR-Cas9 System. Science (80-. ). 343:80-84. doi:10.1126/science.1246981.

van de Weijer, M.L., M.C. Bassik, R.D. Luteijn, C.M. Voorburg, M.A.M. Lohuis, E. Kremmer, R.C.
Hoeben, E.M. LeProust, S. Chen, H. Hoelen, M.E. Ressing, W. Patena, J.S. Weissman, M.T.
McManus, E.J.H.J. Wiertz, and R.J. Lebbink. 2014. A high-coverage shRNA screen identifies
TMEM129 as an E3 ligase involved in ER-associated protein degradation. Nat. Commun. 5:3832.

doi:10.1038/ncomms4832.

van de Weijer, M.L., A.B.C. Schuren, D.J.H. van den Boomen, A. Mulder, F.H.J. Claas, P.J. Lehner, R.J.
Lebbink, and E.J.H.J. Wiertz. 2017. Multiple E2 ubiquitin-conjugating enzymes regulate human
cytomegalovirus US2-mediated immunoreceptor downregulation. J. Cell Sci. 130:2883-2892.

doi:10.1242/jcs.206839.

Yabe, D., M.S. Brown, and J.L. Goldstein. 2002. Insig-2, a second endoplasmic reticulum protein that
binds SCAP and blocks export of sterol regulatory element-binding proteins. Proc. Natl. Acad.

Sci. U. S. A. 99:12753-8. doi:10.1073/pnas.162488899.

Yang, T., P.J. Espenshade, M.E. Wright, D. Yabe, Y. Gong, R. Aebersold, J.L. Goldstein, and M.S.
Brown. 2002. Crucial step in cholesterol homeostasis: sterols promote binding of SCAP to
INSIG-1, a membrane protein that facilitates retention of SREBPs in ER. Cell. 110:489-500.

doi:10.1016/5S0092-8674(02)00872-3.

Zhang, L., P. Rajbhandari, C. Priest, J. Sandhu, X. Wu, R. Temel, A. Castrillo, T.Q. de Aguiar Vallim, T.

29


https://doi.org/10.1101/391789
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/391789; this version posted August 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

675 Sallam, and P. Tontonoz. 2017. Inhibition of cholesterol biosynthesis through RNF145-
676 dependent ubiquitination of SCAP. Elife. 6. doi:10.7554/eLife.28766.
677

30


https://doi.org/10.1101/391789
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/391789; this version posted August 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

678 FIGURES

679
680

31


https://doi.org/10.1101/391789
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/391789; this version posted August 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

681 Figure 1. Fluorescent protein tagging of endogenous HMGCR generates a cholesterol-

682  sensitive dynamic reporter.

683 (A) Schematic showing generation of the HMGCR-Clover reporter. (i) The endogenous
684 HMGCR locus of HelLa cells was modified by transfection of Cas9, gRNA and a donor
685 template. The 5’ and 3’ arm of the donor template were designed as homologous sequences
686  encoding the C-terminal region and 3' UTR of the HMGCR gene. The C-terminal Clover
687  (green) was appended in frame to the ORF of HMGCR (blue) including a myc-tag (grey) as
688  spacer and an antibiotic resistance cassette flanked by loxP sites. (ii) Cells having stably
689 integrated the recombination construct were enriched by antibiotic selection. (iii) The
690 resistance cassette was removed by transient transfection of Cre recombinase to yield
691 endogenous, C-terminally modified HMGCR (iv). ORF, open reading frame; UTR,

692  untranslated region.

693 (B - E) HMGCR-Clover reporter phenocopies untagged HMGCR.

694 (B) HMGCR-Clover expression (shaded histogram) as detected by flow cytometry under

695  sterol-replete conditions.

696 (C) Immunoblot of HMGCR in sterol-depleted (SD) HeLa WT vs. HMGCR-Clover cells -/+
697  sterols (S) for 2h. For sterol depletion (SD), cells were switched to SD medium for 16h.
698  Whole-cell lysates were separated by SDS-PAGE and HMGCR(-Clover) detected with an

699 HMGCR-specific antibody.

700 (D) Cytofluorometric analysis of HeLa HMGCR-Clover cells cultured in sterol-replete
701  (shaded histogram) vs. sterol-depleted medium (SD) (16h, blue line histogram). Sterols (S)
702 (2 pg/ml 25-hydroxycholesterol, 20 pg/ml cholesterol) were added back for 2h (red line
703  histogram). (E) Flow cytometric analysis of HMGCR-Clover cells treated overnight with

704  Bortezomib (25 nM), mevastatin (10 uM), or NMS-873 (10 uM) for 8h.

705 (F) CRISPR/Cas9-mediated depletion of Insig-1 and -2 together induce a dramatic increase

706 in HMGCR-Clover expression, equivalent to sterol depletion (SD). HMGCR-Clover cells
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707  transiently expressing the indicated Insig-1/2 specific gRNAs (4 sgRNAs per gene) were
708 treated as in (D) and, where indicated, sterols (S) added back for 4h (SD + S, bottom row).

709  Representative of = 3 independent experiments.

710 (G) Immunofluorescence analysis of HMGCR-Clover and KDEL (ER marker) expression,

711  showing co-localisation in sterol-depleted (SD, 16h) cells. Scale bar = 20 pm.
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714  Figure 2. Genome-wide CRISPR knockout screen identifies a role for RNF145 in the

715  sterol-dependent degradation of HMGCR.

716 (A - B) Schematic view of the CRISPR/Cas9 knockout screen workflow and FACS

717 enrichment.

718 (A) HMGCR-Clover cells transduced with a genome-wide gRNA library targeting 19930

719  genes (i) were subjected to sterol-starvation/repletion (ii, iii, v, vi). Mutants unable to degrade

high

720 HMGCR-Clover despite sterol repletion (Clover™") were enriched by two sequential rounds

721  of FACS (iv, vii) and candidate genes identified by deep sequencing (viii).

722  (B) Enrichment of HMGCR-Clover mutants after sort 1 and sort 2 (red line histograms,
723 corresponding to steps ‘iv’ and ‘vii’ in Figure 2A) as determined by flow cytometry. Cells were

724  treated as described in Figure 1D. SD, sterol-depleted; S, sterols.

725 (C) Candidate genes identified in the genome-wide knockout screen. Genes scoring above

726  the significance threshold of —logP = 5 (dotted line) and AUPL1 (- logP = 4.7) are highlighted.

727 (D) RNF145 depletion mildly impairs sterol-accelerated HMGCR-Clover degradation.
728 HMGCR-Clover cells transiently expressing 4 independent RNF145-specific sgRNAs
729  (gRNF145#1-4, red line histogram), individually or as a pool, vs. gB2M (gCTR) were sterol-
730 depleted overnight (middle row, SD) and re-examined by flow cytometry following 2h sterol

731  addition (bottom row, SD + S). Representative of = 3 independent experiments.
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733  Figure 3. RNF145 together with gp78 are required for HMGCR degradation

734 (A - B) FACS enrichment and scatter plot of candidate genes identified in the ubiquitome-
735  targeted knockout screen. (A) HeLa HMGCR-Clover ARNF145#5 cells were mutagenized
736 using a targeted ubiquitome-specific sgRNA library and mutant cells showing impaired
737  sterol-dependent degradation of HMGCR-Clover were enriched by FACS. Enrichment is

high

738  represented by a broad population of Clover™" cells in the presence of sterols (S, 2h) after

739  overnight sterol depletion (blue to red histogram).

740  (B) Genes scoring above the significance threshold of - logP = 5 (dotted line) are highlighted.

741  (C - F) sgRNA targeting of gp78 together with RNF145 increases steady-state HMGCR-
742  Clover and inhibits sterol-accelerated degradation of sterol-starved HMGCR-Clover. (C)
743  HMGCR-Clover cells transiently transfected with indicated sgRNAs were sterol-depleted
744  (SD) overnight (blue line histogram) and sterols (2 pg/ml 25-hydroxycholesterol, 20 pg/ml
745  cholesterol) added back (SD+S) for 2h (red line histogram or blue shaded histogram for

746  gCTR). Representative of 2 3 independent experiments.

747 (D) Four independent gp78 knockout clones (#1-4) or WT cells were sterol-depleted (16h) £

748 S (4h) and HMGCR levels monitored by immunoblotting. LE, long exposure.

749  (E) HMGCR steady-state levels in three RNF145/gp78 double knockout clones (ARAG #1-

750  3).

751  (F) Four RNF145/gp78 double-knockout clones (ARAG #4 - 7), RNF145 knockout, and WT
752  cells were sterol-depleted (SD) overnight and HMGCR expression assessed + sterols (4h)

753 by immunoblot analysis.
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754

755  Figure 4. RNF145 E3 ligase activity is required for HMGCR degradation.

756  (A) Exogenous expression of RNF145 and RING-mutant RNF145 in HMGCR-Clover cells.
757 RNF145/gp78 double-knockout HMGCR-Clover cells were transduced with lentivirus
758  expressing either RNF145-V5 or a catalytically inactive RING domain mutant
759 RNF145(C552A, H554A)-V5 cDNA and cell lysates separated by SDS-PAGE and

760  subsequent immunoblot analysis. IB, immunoblot.

761  (B) Wildtype (WT) but not RING mutant RNF145 complements the RNF145-deficient
762  phenotype. RNF145/gp78 double-knockout HMGCR-Clover cells (ARAG #11) were
763  transduced with lentivirus expressing either RNF145-V5 or a catalytically inactive RING
764  domain mutant RNF145(C552A, H554A)-V5 cDNA. Cells were sterol-depleted (16h) and

765  after sterol repletion (2h), HMGCR-Clover levels were assessed by flow cytometry.
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768  Figure 5. RNF145 is an intrinsically unstable, sterol-responsive E3 ligase.

769 (A and B) RNF145 has a short half-life and is auto-regulated by UBE2G2.

770  (A) Translational shutoff analysis of gp78 in WT versus ARNF145 #4 (i) or RNF145 in Agp78
771  #3 cells (ii) treated with cycloheximide (CHX, 1 pg/ml) + MG-132 (20 pg/ml) for the indicated
772 times. Non-specific bands are indicated by an asterisk (*).Representative of 2 2 independent

773  experiments.

774  (B) Immunoblot analysis of WT and AUBE2G2 cells treated with CHX (1 pg/ml) for the

775 indicated times. VCP serves as a loading control. LE, long exposure.

776  (C and D) Sterol depletion induces transcriptional activation and increased levels of RNF145
777  protein. (C) Relative RNF145 and HMGCR mRNA levels as measured by qRT-PCR in HeLa
778  cells grown in 10% FCS (FCS) or sterol-depleted (SD, 10% LPDS + 10 uM mevastatin + 50
779 UM mevalonate) for 48 h. Mean + S.D. (n = 4) and significance are shown, unpaired

780  Students t-test: ***p < 0.001.

781 (D) Hela cells were grown under sterol-rich or sterol-deplete conditions (as indicated) for 48
782  hin the presence of mevastatin (10 M) and mevalonate (50 uM) + complexed cholesterol
783  (chol:MBCD, 37.5 pM). Whole cell lysates were separated by SDS-PAGE and underwent
784  immunoblot analysis. Non-specific bands are indicated (*). Representative of = 2

785 independent experiments.
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788  Figure 6. Endogenous RNF145 shows sterol-sensitive binding to Insig-1 and HMGCR.
789  (A) Exogenous RNF145 shows sterol-sensitive binding to HMGCR. RNF145 knockout cells
790  stably reconstituted with RNF145-V5 (AR145 #4 + R145-V5, as shown in Figure 3 — figure
791  supplement 4 C, lane 3) were sterol-depleted (SD, 20h) and sterols (S) added back for 1h in
792  the presence of NMS-873 (10 puM, 1.5h). RNF145-V5 was affinity-purified (AP) and HMGCR

793  detected by immunoblotting. Representative of 2 3 independent experiments.

794 (B - C) Endogenous RNF145 shows sterol-sensitive binding to HMGCR and Insig-1. (B)
795 HelLa WT or ARNF145 #4 (AR) cells were treated as in (A) and endogenous RNF145 was
796  immunoprecipitated (IP), and RNF145 and HMGCR detected by immunoblot analysis. Non-
797  specific bands are designated by an asterisk (*). Representative of = 3 independent

798  experiments.

799 (C) HeLa UBE2G2 knockout cells (AUBE2G2 #1) were sterol-depleted (SD, 20h) and sterols
800 (S) added for 1h. Endogenous RNF145 was affinity-purified and following SDS-PAGE
801  separation, Insig-1 and HMGCR detected by immunoblot analysis. Representative of = 2

802 independent experiments.
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805 Figure 7. In the absence of RNF145 and gp78, Hrd1 targets HMGCR for ubiquitination

806 and degradation

807  (A) Loss of gp78, RNF145 and UBE2G2 exert an additive effect on HMGCR degradation.
808 WT or RNF145/gp78 double knockout (ARAG #11) HeLa HMGCR-Clover cells transiently
809 expressing gRNAs targeting UBE2G2 (gUBE2G2) or B2M (gCTR) were enriched by
810 puromycin selection, sterol-depleted (SD) overnight and HMGCR-Clover expression

811  assessed % sterols (S, 4h). Representative of 3 independent experiments.

812 (B and C) A targeted gene approach shows loss of Hrdl from RNF145/gp78 double
813  knockout cells blocks sterol-accelerated degradation of HMGCR. (B) WT and ARNF145
814  Agp78 (ARAG) HMGCR-Clover cells transfected with gCTR, a pool of four sgRNAs targeting
815  either Hrdl (gHrd1), or TRC8 (gTRC8) or gUBE2G2, were sterol-depleted (SD, 20h) and

816 HMGCR-Clover expression assessed + sterols (S, 2h).

817 (C) WT and RNF145+gp78 double knockout cells (ARAG #7) HMGCR cells were transfected
818  with a pool of four Hrd1l-specific sgRNAs or gCTR, and sterol-depleted overnight before
819  addition of sterols (4h) and analysis by SDS-PAGE and immunoblotting. RNF145 and gp78
820  knockout validation is shown in Figures 3 — figure supplement 1B (ARNF145#1) and

821  Figure 3 -figure supplement 3B (ARAG#7), respectively.

822 (D) RNF145, gp78 and Hrdl are required for sterol-accelerated HMGCR ubiquitination.
823 HMGCR was immunoprecipitated (IP) from the indicated cell lines grown in sterol-depleted
824 media (20h) * sterols (2h). MG-132 (50 pM) was added 30 minutes before sterol

825  supplementation. Ubiquitinated HMGCR was detected using an anti-ubiquitin antibody.
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828 Figure 8. Sterol-induced degradation by RNF145, gp78, and Hrd1l. (i) Under sterol-
829 depleted conditions (shaded orange), HMGCR, Insigl, and RNF145 are transcriptionally
830 induced leading to accumulation of RNF145 and HMGCR. Insigs are continually turned over
831 by gp78-mediated polyubiquitination, extracted from the membrane by VCP and degraded
832 by the 26S proteasome. HMGCR stability is dramatically increased as it is not engaged by
833  either RNF145, gp78 or their shared E2 ubiquitin ligase UBE2G2 (G2). In the presence of
834  sterols (shaded blue), RNF145 and gp78 are recruited to HMGCR in an Insig-assisted
835 fashion, mediating the sterol-accelerated and UBE2G2-dependent degradation of HMGCR
836 by the UPS. Under these conditions both RNF145 and gp78 can independently ubiquitinate
837 HMGCR, which is then extracted from the ER membrane in a VCP-dependent manner. The
838  stoichiometry and make-up of the different Insig complexes within the ER membrane are
839 unknown (ii) When RNF145 and gp78 are not available, Hrd1l and UBE2G2 can promote

840 removal of HMGCR in the presence of sterols.
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841

842  Figure 2 —figure supplement 1. Genome-wide screen for proteins involved in HMGCR

843  ERAD. (A) Gating strategy to enrich for Clover™"

mutants with impaired sterol-induced
844  HMGCR-Clover degradation. HeLa HMGCR-Clover cells mutagenized with sgRNA library
845  were subjected to overnight sterol depletion (SD) before adding back sterols (SD + S) for 5h.

846  Typically, the highest ~ 0.5% of Clover™®" cells were selected for enrichment (indicated).

847  (B) Immunoblot analysis for HMGCR-Clover enrichment after sort 1 (S1), sort (S2) as

848  compared to the starting clone (SC). Cells were sterol-depleted (SD) overnight £ sterols (2h).

849 (C) Flow cytofluorometric analysis of HMGCR-Clover cells transiently expressing three
850 independent sgRNAs (QUBE2G2 #1-3) versus gB2M (gCTR) after overnight sterol-depletion

851 = sterols (2h).
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852 (D) HMGCR-Clover cells were transfected with a pool of four sgRNAs for each indicated

853  gene or a sgRNA against B2M (gCTR) and treated as in (C).
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854  Figure 2 —figure supplement 2. Candidate genes (- log(p) = 5) identified in a genome-wide

855 CRISPR/Cas9 screen for proteins involved HMGCR degradation.

Gene \ Full name -log(p)* = Function

AUP1 Ancient Ubiquitous Protein 1 4.70 ERAD
EHD1 EH Domain Containing 1 6.50 Early endosome membrane
fusion
FAF2 Fas Associated Factor Family 6.63 ERAD
Member 2
FER Tyrosine-protein kinase Fer 6.05 Tyrosine kinase
GALNT11 | Polypeptide N- 7.03 Protein glycosylation
acetylgalactosaminyltransferase
11
INSIG1 Insulin Induced Gene 1 7.50 Cholesterol metabolism
INSIG2 Insulin Induced Gene 2 33.24 Cholesterol metabolism
LDLR Low Density Lipoprotein 11.44 Cholesterol metabolism
Receptor
PPAP2C | Phospholipid phosphatase 2 5.67 Glycerolipid synthesis
RNF145 | RING finger protein 145 9.18 E3 ubiquitin ligase
TECR Very-long-chain enoyl-CoA 7.45 Very-long chain fatty ester
reductase synthesis
UBE2G2 | Ubiquitin Conjugating Enzyme 31.14 E2 ubiquitin ligase
E2 G2

856  *Only statistically significant hits (-log(p)>5) are shown.

857
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858
859

860 Figure 3 —figure supplement 1. Validation of RNF145 knockout clones.

861 (A) Immunoblot for RNF145 in WT vs. four RNF145 HelLa knockout (ARNF145) clones,

862  generated with 2 independent sgRNAs. Non-specific bands are indicated (*).

863 (B) Confirmation of RNF145 knockout clone #4 (ARNF145 #4). The genomic region
864  surrounding the predicted sgRNA annealing site was amplified using fluorescent primers and
865 amplicon size was determined -capillary electrophoresis (Agilent Bioanalyzer 2100).
866  Fluorescent traces are shown alongside amplicon sequences as obtained by Sanger

867  sequencing, confirming an 11 bp deletion (indicated).
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868

869 Figure 3 — figure supplement 2. RNF145 loss is insufficient to block sterol-induced
870 HMGCR degradation. Cells were sterol-depleted (SD) overnight before addition of sterols
871 (S, 4h). Whole-cell lysates from WT and four RNF145 knockout clones (#1-4) were
872  separated by SDS-PAGE and HMGCR levels visualised by immunoblot analysis. Calreticulin

873  serves as a loading control.
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874

875  Figure 3 — figure supplement 3. RNF145/gp78 double-knockout cells show increased
876 HMGCR at steady-state and impaired sterol-induced HMGCR degradation. (A)
877  Immunoblot of four gp78 knockout HelLa clones derived by transfection with two independent

878 gp78 sgRNAs.

879  (B) Confirmation of gp78 loss in RNF145/gp78 knockout HelLa cells derived from ARNF145
880 clones #1, #2, and #4 (for validation of RNF145 knockout see Figure 3 — figure supplement

881  1). Calnexin serves as a loading control.

882 (C) Steady-state expression of HMGCR in HeLa WT, ARNF145, and RNF145/gp78 double

883  knockout clones (ARAG) was determined by immunoblotting.

884 (D) Indicated cell lines were sterol-depleted (SD) overnight + sterols (S, 4h) and HMGCR

885  detected by immunaoblotting. Calreticulin serves as a loading control. LE, long exposure.
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888  Figure 3 —figure supplement 4. Establishment of RNF145/gp78 knockout HeLa HMCR-
889 Clover and RNF145 complementation cell lines. (A) HMGCR-Clover cells were
890 transfected with RNF145 sgRNA#8 and gp78 sgRNA#4 (ARAG #11, for sgRNAs used see
891  Supplementary Files 4 and 5) and knockout pools were enriched with puromycin. Eight
892  days post transfection, cells were sterol-depleted (SD) overnight * sterols (S, 2h). HMGCR-

893  Clover™" cells were enriched by FACS.

894  (B) RNF145 and gp78 levels in WT versus ARNF145 clones #5, and RNF145/gp78 depleted

895 (ARAG #11) HeLa HMGCR-Clover cells.

896 (C) Stable genetic complementation of ARNF145 (clone #4) cells by transduction with
897  constructs encoding either RNF145-V5 (AR145 #4 + R145-V5) or RNF145(C552A, H554A)-
898 V5 (AR145 #4 + R145-V5 (mut)). RNF145 variants were detected using an RNF145-specific

899  antibody. Non-specific bands are indicated (*).
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900 Figure 3 — figure supplement 5. Candidate genes (-log(p)>5) identified in a ubiquitome

901 CRISPR/Cas9 screen for proteins mediating HMGCR degradation in RNF145 deficient cells.

Gene \ Full name -log(p)*  Function

AMFR Gp78/Autocrine Motility Factor | 10.87 ER ubiquitin E3 ligase
Receptor

ANKFY1 | Ankyrin Repeat And FYVE 6.19 Proposed Rab5 effector
Domain Containing 1

FAF2 Fas Associated Factor Family 5.05 ERAD
Member 2

NPLOC4 | NPL4 Homolog 7.63 Ubiquitin Recognition Factor

RABGEF1 | RAB Guanine Nucleotide 8.56 Nucleotide exchange factor, E3
Exchange Factor 1 ubiquitin ligase

UBE2G2 | Ubiquitin Conjugating Enzyme | 13.66 E2 ubiquitin ligase
E2 G2

902  *Only statistically significant hits (-log(p)>5) are shown.
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903

904 Figure 5 — figure supplement 1. RNF145 is rapidly degraded by the ubiquitin
905 proteasome system. (A) Translation shutoff assay in HepG2°** and HEK-293T cells. Cells
906  were treated with cycloheximide (CHX, 1 uM) £ MG132 (20 pg/ml) for the indicated times

907 and endogenous RNF145 levels determined by immunoblotting.

908 (B) Gp78 is stable in the absence of RNF145. WT and ARNF145 #4 Hela cells were
909 cultured in the presence of CHX, (1 uM) + MG132 (10 pg/ml) for 0-6 h and gp78/RNF145

910 levels monitored by Western blotting. The asterisk (*) indicates a non-specific band.

911 (C) HelLa®*®* HMGCR-Clover were transiently transfected with a pool of 4 Hrd1-specific
912 sgRNAs (gHrdl) or a B2M targeting control sgRNA (gCTR) and sgRNA containing cells

913  enriched by puromycin selection. Cells were treated as in (B) for the indicated times.

914 (D) HelLa cells were grown under sterol-rich or sterol-deplete conditions for 48 h in the
915 presence of mevastatin (10 pM) and mevalonate (50 pM) = complexed cholesterol
916  (chol:MBCD, 25 puM). SDS-PAGE and immunoblot analysis was performed on whole-cell

917 lysates. Non-specific bands are indicated (*). LE, long exposure.
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920 Figure 7 — figure supplement 1. Combinatorial depletion of E3 ligases. (A) WT or
921  RNF145/gp78 knockout (ARAG #11) HeLa HMGCR-Clover cells transiently transfected with
922  a B2M-specific (CTR) or Hrd1-specific (gHrd1 #1-4) sgRNAs were sterol-starved (SD, 20h)
923  + sterols (S, 2h). HMGCR clover expression was detected by FACS analysis. Cells
924  transfected with gCTR are from the same experiment shown in Figure 7B and histograms

925 (gCTR SD+S) were therefore re-plotted.

926  (B) Validation of Hrd1 (i), TRCS (ii), and UBE2G2 (iii) depletion in ARAG #11 cells. Cell lines
927 used in Figure 7B and Figure 7 — figure supplement 1A were collected at steady-state and
928 indicated proteins detected from whole-cell lysate by immunoblotting. A sgRNA targeting

929 B2M (gCTR) served as a control.

930 (C) WT HMGCR-Clover transfected with indicated guide pools were sterol-depleted (SD)

931  overnight + sterols (S, 3h). Reporter expression was measured by FACS.

932 (D) WT and ARAG#7 Hela cells transfected with gCTR or a pool of four Hrdl-specific
933  sgRNAs were sterol-depleted (20h) before addition of sterols for the indicated times £ NMS-
934 873 (10 pM). Validation of RNF145 (ARNF145#1) and gp78 knockout (ARAG#7) can be

935 found in Figure 3 —figure supplement 1A and 3B, respectively.
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936

937 Figure 7 — figure supplement 2. TRC8 depletion does not affect HMGCR-Clover
938 degradation. (A) Overnight sterol depletion (SD) + sterols (S, 2h) in HeLa HMGCR-Clover
939 cells transiently transfected with pools of indicated guides as described in Materials and

940 Methods.

941  (B) TRC8 knockdown was confirmed by US2-mediated TRC8-dependent downregulation of
942  MHC-I. HelLa cells transiently expressing either control sgRNA (gCTR) or gTRC8 were
943  selected for puromycin resistance and transduced with a lentiviral US2 and/or TRC8
944  construct 5 days post transfection. Cell-surface MHC-| staining and FACS analysis were

945  performed on day 10 post transfection.
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946 MATERIALS AND METHODS

947  Plasmids and expression constructs

948  Single guide RNAs (sgRNAs) were cloned into pSpCas9(BB)-2A-Puro V1 (Addgene #48139,
949  deposited by Dr. Feng Zhang), pSpCas9(BB)-2A-Puro V2 (Addgene #62988, deposited by
950 Dr. Feng Zhang) as previously described (Ran et al., 2013). To generate the ubiquitome
951  sgRNA library, sgRNAs (sgRNA sequences in Supplementary File 1) were cloned into
952  pKLV-UBgRNA(BbsI)-PGKpuro2ABFP (Addgene # 50946) as reported previously (Doench
953 et al., 2016). The RNF145 CDS, PCR amplified from an RNF145 IMAGE clone (Source
954 Bioscience, Nottingham, UK), was cloned into pHRSIN-PSFF\,-GFP-PPGK-HygromycinR
955  (BamHI, Notl) (Demaison et al., 2002), replacing GFP with the transgene. To generate
956 RNF145-V5, RNF145 CDS was Gibson cloned into pHRSIN-PSFFV-PPGK-HygromycinR
957  containing a downstream in-frame V5 tag. RNF145-V5 RING domain mutations (C552A,
958 H554A) were introduced by PCR amplification of RNF145-V5 fragments with primers
959  encoding for C552A and H554A mutations and RNF145(C552A, H554A)-V5 was introduced
960 into pHRSIN-Pseryv-Prak-Hygromycin® by Gibson assembly. FLAG-NLS-Cas9 was cloned
961 from the lentiCRISPR v2 (Sanjana et al., 2014) (Addgene #49535, deposited by Feng
962  Zhang) into pHRSIN.pSFFV MCS(+) pSV40 Blast (BamHI, Notl).

963
964 Compounds

965  The following compounds were used in this study: Dulbecco’s Modified Eagle’s Medium high
966 glucose (DMEM; Sigma-Aldrich, 6429-500ml), foetal calf serum (FCS; Seralab (catalogue
967 no: EU-000, SLI batch: E8060012, Supplier batch: A5020012) and Life Technologies
968 (catalogue no: 10270, lot: 42G4179K)), lipoprotein-deficient serum (LPDS; biosera, FB-
969  1001L/100), mevastatin (Sigma-Aldrich, M2537-5MG), mevalonolactone (Sigma-Aldrich,
970  MA4467-1G), cholesterol (Sigma-Aldrich, C3045-5G), 25-hydroxycholesterol (Sigma-Aldrich,
971  H1015-10MG), methyl-B-cyclodextrin (MBCD; Sigma-Aldrich, 332615-1G), bortezomib/PS-
972 341 (BostonBiochem, 1-200), (S)-MG132 (Cayman Chemicals, 10012628), NMS-873
973  (Selleckchem, s728501), digitonin (Merck, 300410-5GM), cycloheximide (Sigma-Aldrich, C-
974  7698), lgG Sepharose™ 6 Fast Flow (GE Healthcare, 17-0969-01), ProLong™ Gold
975  Antifade Mountant with DAPI (Thermo Fisher), bovine serum albumin (BSA; Sigma-Aldrich,
976  A4503-10G), Protein A-Sepharose® (P3391-1.5G), iodoacetamide (IAA; Sigma-Aldrich,
977  11149-5G), cOmplete protease inhibitor (EDTA-free; Roche, 27368400),
978  phenylmethylsulfonyl fluoride (PMSF; Roche, 20039220), V5 peptide (Sigma-Aldrich, V7754-
979  4MG), N-ethylmaleimide (NEM; Sigma-Aldrich, E3876-5G), puromycin (Cayman Chemicals,
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980 13884), hygromycin B (Invitrogen, 10687010), Penicillin-Streptomycin (10,000 U/mL;
981  Thermo Fisher, 15140122).

982
983 Antibodies

984  Antibodies specific for the following targets were used for immunoblotting analysis: Insig-1
985  (rabbit; Abcam, ab70784), Hrd1 (rabbit; Abgent, AP2184a), TRC8 (rabbit; Santa Cruz, sc-
986  68373), tubulin (mouse; Sigma, T9026), VCP (mouse; abcam, ab11433), p-actin (mouse;
987  Sigma-Aldrich, A5316), calnexin (mouse; AF8, kind gift from M Brenner, Harvard Medical
988  School), calreticulin (rabbit; Pierce, PA3-900), HMGCR (mouse; Santa Cruz, sc-27195),
989 HMGCR (rabbit; Abcam, ab174830), gp78 (rabbit; ProteinTech, 16675-1-AP), Insig-1 (rabbit;
990 Abcam, ab70784), RNF145 (rabbit; ProteinTech, 24524-1-AP), V5 (mouse; Abcam,
991 ab27671), VU-1 ubiquitin (mouse; Life Sensors, VU101), UBE2G2 (mouse; Santa Cruz, sc-
992 100613), GFP (rabbit; Life technologies, A11122), KDEL (mouse; Enzo, 10C3), HRP-
993  conjugated anti-mouse and anti-rabbit (goat; Jackson ImmunoResearch), TrueBlot® Anti-
994  Rabbit-HRP (Rockland, 18-8816-31), TrueBlot® Anti-Mouse-HRP ULTRA (Rockland, 18-
995 8817-30). Alexa Fluor 488 (goat anti-rabbit; Thermo Fisher), Alexa Fluor 568 (goat anti-
996 mouse; Thermo Fisher) were used as secondary antibodies for immunofluorescence
997  microscopy. Anti-MHC-1 (W6/32; mouse) and Alexa Fluor 647 (rabbit anti-mouse; Thermo
998  Fisher) were used for cytofluorometric analysis.

999
1000 Cell Culture

1001 HelLa, HEK-293T, Huh-7 and HepG2 cells were maintained in DMEM + 10% FCS +
1002  penicillin/streptomycin (1:100) (5% CO,, 37°C). Transfection of HelLa cells was performed
1003  using the TransIT-HeLa MONSTER kit (Mirus) according to the manufacturer’s instructions.
1004 Cells were seeded at low confluency in 12-well tissue culture plates and the next day
1005 transfection mix (1 pg DNA, 3 pl TransIT-HelLa reagent + 2 ul MONSTER reagent in
1006  OptiMEM (Gibco)) was added. Alternatively, reverse transfection was performed by seeding
1007  3.5*10° cells per well of a 12-well plate to the transfection mix on the day of transfection. For

1008  co-transfection of multiple plasmids, equal amounts of each plasmid were added up to 1 ug.
1009
1010 CRISPR/Cas9-mediated gene knockout

1011 CRISPR/Cas9-mediated genomic editing was performed according to Ran et al. (Ran et al.,

1012  2013). For generation of knockout cell lines, cells were transfected with pSpCas9(BB)-2A-
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1013  Puro (PX459) V1.0 or V2.0 (Addgene #48139, and #62988 respectively; deposited by Dr.
1014 Feng Zhang) containing a sgRNA specific for the targeted gene of interest. Guide RNA
1015 sequences are listed in Supplementary File 4. Single cell clones were derived from cells
1016 transfected with a single sgRNA, whereas mixed knockout populations were generated by
1017  introducing 1 — 4 sgRNAs (Supplementary File 5 for cell lines used in this study). Cells
1018 were cultured for an additional 24h before selection with puromycin (2 pg/ml) at low
1019  confluency for 72h. The resulting mixed knockout populations were used to generate single-
1020 cell clones by limiting dilution. Gene disruption was validated by immunoblotting,

1021  immunoprecipitation and/or targeted genomic sequencing.
1022
1023 CRISPR/Cas9-mediated gene knock-in

1024  An HMGCR-Clover knock-in donor template was created by Gibson assembly of ~ 1 kb
1025 flanking homology arms, PCR-amplified from HeLa genomic DNA, and the Nsil and Pcil
1026  digested backbone from pMAX-GFP (Amaxa), into the loxP-Ub-Puro cassette from pDonor
1027  loxP Ub-Puro (kind gift from Prof Ron Kopito, Stanford University). Each arm was amplified
1028  using nested PCR. The 5' arm was amplified using 5-GATGCAGCACAGAATGTTGGTAG-3’
1029 and 5-CAATGCCCATGTTCCAGTTCAG-3, followed by 5'-
1030 CAATGCCCATGTTCCAGTTCAG-3' and 5-CAGCTGCACCATGCCATCTATAG-3". The 3'
1031  arm was amplified using the following primer pairs: 5-CCAAGGAGCTTGCACCAAGAAG-3’
1032 and 5-CTAAGGTCCCAGTCTTGCTTG-3'. The product served as template for a subsequent
1033 PCR step using the primers 5-CCAAGGAGCTTGCACCAAGAAG-3 and 5'-
1034 GTCACCCTCATCTAAGCAAC-3. Overhangs required for Gibson assembly were
1035 introduced by PCR. Hela cells were co-transfected with Cas9, sgRNA targeting immediately
1036  downstream of the HMGCR stop codon and donor template. Three different donor templates
1037  were simultaneously transfected, each differing in the drug resistance marker (puromycin,
1038  hygromycin and blasticidin). The transfected cells were treated with the three antibiotics five
1039  days post-transfection until only drug-resistant cells remained. The resulting population was
1040  transfected with Cre-recombinase in pHRSIN MCS(+) IRES mCherry pGK Hygro. mCherry

1041  positive cells were single-cell cloned by FACS.
1042
1043  Lentivirus production and transductions

1044 HEK-293T cells were transfected with a lentiviral expression vector, the packaging vectors
1045 pCMVARS8.91 and pMD.G at a ratio of 1:0.7:0.3 using TransIT-293 (Mirus) as recommended
1046 by the manufacturer. For production of CRISPR library virus, HEK-293T cells were
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1047 transfected as above in 15 cm tissue culture plates. 48 h post transfection, virus-containing
1048 media was collected, filtered (0.45 um pore size) and directly added to target cells or frozen
1049  (-80°C) for long-term storage. Cells were transduced in 6-well tissue culture plates at an
1050 M.O.l. <1 and selected with puromycin (2 pg/ml) or hygromycin B (200 pg/ml). To generate
1051 HelLa HMGCR-Clover stably expressing Cas9, HeLa HMGCR-Clover cells were transduced
1052  with pHRSIN-Psgr-Cas9-Ppgk- HygromycinR and stable integrants selected with hygromycin
1053 B. Cas9 activity was confirmed by transduction with pKLV encoding a B-2-microglobulin
1054  (B2M)-targeting sgRNA followed by puromycin selection. MHC-I surface expression was
1055 assessed by flow cytometry in puromycin-resistant cells five days post transduction.

1056  Typically, ~ 90% reduction of cell surface MHC-I| expression was observed.
1057
1058 Fluorescent PCR

1059  To identify CRISPR-induced frame-shift mutations, genomic DNA was extracted from wild
1060 type Hela cells and RNF145 CRISPR clones using the Quick-gDNA MicroPrep kit (Zymo
1061 Research) followed by nested PCR of the genomic region 5’ and 3’ of the predicted sgRNA
1062  binding site. One in each primer pair for the second PCR was 5 modified with 6-FAM™
1063  (fluorescein, Sigma-Aldrich). Primer sequences were as follows: For sgRNA #38
1064 PCR1_Forward: CAGAATGCTCACTAGAAGATTAG, PCR1_Reverse:
1065 GTAGTATACGTTCTCACATAG, PCR2_Forward: GTGATGTAGACACTCACCTAC and
1066 PCR2_Reverse GTGACAACCTATTAGATTCGTG. PCR products were detected using an
1067  ABI 3730xI DNA Analyser.

1068
1069 Flow cytometry and Fluorescence-activated cell sorting (FACS)

1070  Cells were collected by trypsinisation and analysed using a FACS Calibur (BD) or an LSR
1071  Fortessa (BD). Flow cytometry data was analysed using the FlowJo software package. Cells
1072 resuspended in sorting buffer (PBS + 10 mM HEPES + 2% FCS) were filtered through a 50
1073  umfilter, and sorted on an Influx machine (BD), or, for the ubiquitome CRISPR/Cas9 screen,
1074 on a FACS Melody (BD). Sorted cells were collected in DMEM + 50% FCS and
1075  subsequently cultured in DMEM + 10% FCS + penicillin/streptomycin. For MHC-I flow
1076  cytometric analysis, cells resuspended in cold PBS were incubated with W6/32 (20 min,
1077  4°C), washed twice and then incubated with Alexa-647-labelled anti-mouse antibody (15

1078  min, 4°C). Cells were washed twice and resuspended in PBS.

1079
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1080 CRISPR/Cas9 knockout screens

1081  For genome-wide and ubiquitome CRISPR/Cas9 knockout screens, 10° and 1.2*10" Hela
1082 HMGCR-Clover (Cas9) or ARNF145 #6 (Cas9), respectively, were transduced at M.O.l. ~
1083 0.3 by spinfection (750xg, 60 min, 37°C). Transduction efficiency was determined via flow-
1084  cytometry-based measurement of BFP expression 48-72h post infection. Transduced cells
1085 were enriched by puromycin (1 pg/ml). On day 9 (genome-wide screen) or day 7
1086  (ubiquitome-library screen) post transduction, cells were rinsed extensively with PBS and
1087  cultured overnight in starvation medium (DMEM + 10% LPDS + 10 pM mevastatin +
1088  penicillin/streptomycin) before sterol addition (2 pug/ml 25-hydroxycholesterol and 20 pg/ml
1089  cholesterol for 5h). An initial FACS selection (‘sort 1’) on cells expressing high levels (~0.3-
1090  0.6% of overall population) of HMGCR-Clover (HMGCR-Clover"®) was performed. 2*10°
1091  (genome-wide screen) and ~ 10° (ubiquitome screen) sorted cells were pelleted and DNA
1092 was extracted using the Quick-gDNA MicroPrep kit (Zymo Research). To gauge sgRNA
1093  enrichment, DNA was extracted from 3*10° (genome-wide library screen) or 6*10°
1094  (ubiquitome library screen) cells pre-sort using the Gentra Puregene Core kit A (Qiagen).
1095 Cells in the genome-wide screen were subjected to a second round of sterol deprivation and
1096  sort (see above) after expansion of initially 2.5*10° sorted cells for 8 days. Sorted cells were
1097  cultured until 5¥10° cells could be harvested for genomic DNA extraction using the Gentra
1098 Puregene Core kit A (Qiagen). Individual integrated sgRNA sequences were amplified by
1099 two sequential rounds of PCR, the latter introducing adaptors for Illumina sequencing
1100 (Supplementary File 3). Sequencing was carried out using the Illlumina HighSeq (genome-
1101  wide screen) and MiniSeq (ubiquitome screen) platforms. lllumina HiSeq data was analysed
1102  as described previously (Timms et al., 2016). Guide RNA counts were analysed with the
1103  RSA algorithm under default settings (Konig et al., 2007). Of note, a gene’s calculated high
1104  significance value and therefore high enrichment in the selected population does not
1105 necessarily reflect its importance relative to genes with lower significance values/enrichment,

1106  since gene disruption can be incomplete or lethal phenotypes might evade enrichment.
1107
1108  Quantitative PCR

1109  Whole-cell RNA was isolated with the RNeasy Plus Mini Kit (Qiagen, Venlo, Netherlands)
1110  and reverse transcribed using Oligo(dT)15 primer (Promega, C110A) and SuperScript™ IlI
1111  reverse transcriptase (Invitrogen). Transcript levels were determined in triplicate using
1112  SYBR® Green PCR Master Mix (Applied Biosystems) in a real time PCR thermocycler (7500

1113  Real Time PCR System, Applied Biosystems). Primers used for target amplification can be
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1114  found in Supplementary file 2. RNA quantification was performed using the AACT method.
1115  GAPDH transcript levels were used for normalization.

1116
1117  Sterol depletion assays

1118 Hela cells at ~ 50% confluency were washed five times with PBS and cultured for 16-20h in
1119  starvation medium (DMEM + 10% LPDS + 10 pM mevastatin + penicillin/streptomycin)
1120 before addition of 25-hydroxycholesterol (2 pg/ml) and cholesterol (20 pg/ml) to analyse
1121  sterol-accelerated protein degradation. For experiments in Figures 5C, D and 6, sterol-

1122  depletion was performed in starvation medium + 50 uM mevalonate.
1123
1124  Chol:MBCD complex preparation

1125  Complexation of cholesterol (2.5 mM) with MBCD (25 mM) was performed according to
1126  Christian et al. (Christian et al., 1997). An emulsion of cholesterol powder (final: 2.5 mM) and
1127 an MBCD solution (25 mM) was produced by vortexing and tip sonication (1 min in 10 s
1128 intervals), and continuously mixed for 16h at 37°C. The solution was sterile filtered (0.45 um
1129  PVDF pore size) and stored at -20°C.

1130
1131  Preparation of sterols and mevalonate

1132  Sterols were prepared by resuspension in ethanol or complexation with MBCD (see above).
1133  Mevalonate was prepared by adding 385 pl 2.04M KOH to 100 mg mevalonolactone
1134  (Sigma). The solution was heated (1h, 37°C) and adjusted to a 50 mM stock solution.

1135
1136  SDS-PAGE and immunoblotting

1137  Cells were collected mechanically in cold PBS or by trypsinisation, centrifuged (1000xg, 4
1138 min, 4°C), and cell pellets resuspended in lysis buffer (1% (w/v) digitonin, 1x cOmplete
1139 protease inhibitor, 0.5 mM PMSF, 10 mM IAA, 2 mM NEM, 10 mM TRIS, 150 mM NacCl, ph
1140  7.4). After 40 min incubation on ice, lysates were centrifuged (17.000xg, 15 min, 4°C), the
1141  post-nuclear fraction isolated and protein concentration determined by Bradford assay.
1142 Samples were adjusted with lysis buffer and 6 x Laemmli buffer + 100 mM dithiothreitol
1143  (DTT) and heated at 50°C (15 min). Samples were separated by SDS-PAGE and transferred
1144  to PVDF membranes (Merck) for immunodetection. Membranes were blocked in 5% milk +
1145  PBST (PBS + 0.2% (v/v) Tween-20) (1h) and incubated with primary antibody in PBST + 2%
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1146  (w/v) BSA at 4°C overnight. For detection from whole-cell lysate, membranes were
1147 incubated in peroxidase (HRP)-conjugated secondary antibodies. For detection of
1148 immunoprecipitated proteins, TrueBlot® HRP-conjugated secondary antibodies (Rockland)

1149  were used. Immunoprecipitated RNF145 was detected using Protein A-conjugated HRP.
1150
1151 Immunoprecipitation

1152  Cells were seeded to 15 cm tissue culture plates (4*10° cells per plate). The following day,
1153  cells were washed five times with PBS and cultured in starvation medium (DMEM + 10%
1154 LPDS + 10 pM mevastatin + 10 pM mevalonate + penicillin/streptomycin) for 20h. To
1155  prevent HMGCR membrane extraction and degradation, starved cells were treated with
1156  NMS-873 (50 uM) 0.5h prior to sterol addition (2 pg/ml 25-hydroxycholesterol and 20 pg/mi
1157  cholesterol for 1h) and collection in cold PBS. Cells were lysed in IP buffer 1 (1% (w/v)
1158  digitonin, 10 uM ZnCl,, 1x cOmplete protease inhibitor, 0.5 mM PMSF, 10 mM IAA, 2 mM
1159 NEM, 10 mM TRIS, 150 mM NacCl, ph 7.4), post-nuclear fractions isolated by centrifugation
1160 (17.000xg, 4°C, 15 min) adjusted to 0.5% (w/v) digitonin and pre-cleared with IgG
1161  Sepharose™ 6 Fast Flow (1h). Endogenous RNF145 and V5-tagged RNF145 were
1162  immunoprecipitated at 4°C overnight from 3 - 6 mg whole-cell lysate using Protein A-
1163  Sepharose® and anti-RNF145 or V5 antibody, respectively. Beads were collected by
1164  centrifugation (1500xg, 4 min, 4°C), washed for 5 min with IP buffer 2 (0.5% (w/v) digitonin,
1165 10 pM ZnCl,, 10 mM Tris, 150 mM NacCl, ph 7.4) and 4 x 5 min with IP buffer 3 (0.1% (w/v)
1166  digitonin, 10 uM ZnCl,, 10 mM TRIS, 150 mM NacCl, ph 7.4). Proteins whose interaction with
1167 RNF145 was labile in the presence of 1% (v/v) Triton X-100 were recovered by eluting twice
1168  with 20 pl TX100 elution buffer (1% (v/v) Triton X-100 + 2x cOmplete protease inhibitor in 10
1169 mM TRIS, 150 mM NaCl pH 7.4) at 37°C under constant agitation. Immunoprecipitated
1170  RNF145 was subsequently eluted in 30 pl 2x Laemmli buffer + 3% (w/v) DTT. RNF145-V5
1171  and associated complexes were recovered by two sequential elutions with V5 elution buffer
1172 (1 mg/ml V5 peptide + 2x cOmplete protease inhibitor in 10 mM TRIS, 150 mM NacCl pH 7.4)
1173  for 30 min under continuous agitation. Eluted samples were adjusted Laemmli buffer and
1174  denatured at 50°C forl5 min.

1175
1176  Ubiquitination assays

1177  Cells were sterol-depleted (20h), treated with 20 pM MG132 and left for 30 min before
1178  addition of sterols (2 pg/ml 25-hydroxycholesterol and 20 pg/ml cholesterol for 1h) or EtOH

1179  (vehicle control). Immunoprecipitation of ubiquitinated HMGCR was performed as described
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1180 above from 1 mg whole-cell lysate and using rabbit a-HMGCR (Abcam, ab174830). Proteins
1181 were eluted in 30 pl 2x Laemmli buffer + 100 mM DTT at 50°C for 15 min. For
1182  immunoblotting of ubiquitin with mouse VU-1 a-ubiquitin (Life Sensors, VU101), the PVDF
1183 membrane was incubated with 0.5% (v/v) glutaraldehyde/PBS pH 7.0 (20 min) and washed
1184  3x with PBS prior to blocking in 5% (w/v) milk + PBS + 0.1% (v/v) Tween-20.

1185
1186 Indirect immunofluorescence confocal microscopy

1187  Cells were grown on coverslips, fixed in 4% PFA (15 min), permeabilised in 0.2% (v/v) Triton
1188  X-100 (5 min) and blocked with 3% (w/v) BSA/PBS (30 min). Cells were stained with primary
1189  antibody diluted in 3% (w/v) BSA/PBS (1h), washed with 0.1% (w/v) BSA/PBS, followed by
1190 staining with secondary antibody in 3% BSA/PBS (1h), an additional washing step (0.1%
1191  (w/v) BSA/PBS) and embedded using ProLong™ Gold Antifade Mountant with DAPI
1192  (Thermo Fisher). Images were acquired using an LSM880 confocal microscope (Zeiss) at
1193  64x magnification.

1194

1195  Statistical analysis

1196  Statistical significance was calculated using the unpaired Student’s t-test.
1197

1198 Data deposition

1199  Sequencing data from CRISPR/Cas9 knockout screens presented in this study have been
1200  deposited at SRA (genome-wide screen: SUB4198636; ubiquitome screen: SUB4183663).

1201
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1202  SUPPLEMENTARY FILES
1203
1204  Supplementary File 1. sgRNA sequences and genes targeted by the CRISPR/Cas9

1205  ubiquitome library.

1206  Supplementary File 2. Primer sequences used for gPCR.

1207  Supplementary File 3. Primers used in CRISPR/Cas9 screens.

1208  Supplementary File 4. sgRNA sequences for generation of knockout cell lines.

1209  Supplementary File 5. Genetically modified cell lines used in this study.
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