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Abstract

A comprehensive phenotypic CRISPR-Cas9 screen of the ubiquitin pathway uncovers roles
of ubiquitin ligases in mitosis

By Frances V. Hundley
The complex human ubiquitin proteasome system, comprised of over 700 ubiquitin ligases (E3s)
and deubiquitinases (DUBs), has been difficult to systematically and phenotypically characterize.
We performed a chemical-genetic CRISPR-Cas9 screen to identify E3s/DUBs whose loss
renders cells sensitive or resistant to 41 compounds targeting a broad range of biology, including
cytoskeletal integrity, mitosis, G1/S progression, genome stability, translation, metabolism, and
vesicular transport. Genes and compounds both clustered functionally, showing that inhibitors of
related pathways interact similarly with the E3s/DUBs and demonstrating the robustness of our
screen. Some genes, such as FBXW7, showed interactions with more than one-third of the
compounds. Others, such as the mostly un-studied RNF25 and FBX042, showed interactions
primarily with a single compound (MMS for RNF25) or a set of related compounds (mitotic
cluster for FBX042). Mutation of several E3s with sensitivity to mitotic inhibitors had an
increase in aberrant mitoses, suggesting a role for these genes in cell cycle regulation. Overall,
our comprehensive CRISPR-Cas9 screen uncovered 466 gene-compound interactions covering

25% of the E3s/DUBs interrogated.
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Abstract

The complex human ubiquitin proteasome system, comprised of over 700 ubiquitin ligases (E3s)
and deubiquitinases (DUBs), has been difficult to systematically and phenotypically characterize.
We performed a chemical-genetic CRISPR-Cas9 screen to identify E3s/DUBs whose loss
renders cells sensitive or resistant to 41 compounds targeting a broad range of biology, including
cytoskeletal integrity, mitosis, G1/S progression, genome stability, translation, metabolism, and
vesicular transport. Genes and compounds both clustered functionally, showing that inhibitors of
related pathways interact similarly with the E3s/DUBs and demonstrating the robustness of our
screen. Some genes, such as FBXW7, showed interactions with more than one-third of the
compounds. Others, such as the mostly un-studied RNF25 and FBX042, showed interactions
primarily with a single compound (MMS for RNF25) or a set of related compounds (mitotic
cluster for FBX042). Mutation of several E3s with sensitivity to mitotic inhibitors had an
increase in aberrant mitoses, suggesting a role for these genes in cell cycle regulation. Overall,
our comprehensive CRISPR-Cas9 screen uncovered 466 gene-compound interactions covering

25% of the E3s/DUBs interrogated.



INTRODUCTION

To respond rapidly to changing internal and external conditions, cells transform their proteome
through post-translational modifications (PTMs), which allows alteration of the existing pool of
proteins. Numerous PTMs have been characterized, from phosphorylation and acetylation to
ubiquitination, arguably the most versatile of all PTMs. Ubiquitin is an evolutionarily conserved
8.5kDa protein that is covalently attached to the N-terminal or lysine residues of substrate
proteins through a sequential reaction involving a ubiquitin activating enzyme (E1), ubiquitin
conjugating enzyme (E2), and a ubiquitin ligase (E3) (Ciechanover et al., 1980; Goldstein et al.,
1975). Polyubiquitin chains can be built by linking ubiquitin to lysine 48 of ubiquitin itself,
leading to substrate degradation by the proteasome (Chau et al., 1989; Thrower et al., 2000).
Other types of polyubiquitin chain linkages, as well as mono-ubiquitination, can lead to
degradation or can have non-degradative effects on substrates, such as re-localization, promoting
protein-protein interactions, and regulating signaling events (Arnason and Ellison, 1994; Meza

Gutierrez et al., 2018; Spence et al., 1995).

Ubiquitination is regulated by over 1,000 proteins in humans, representing roughly 4% of the
proteome, including two Els, approximately 40 E2s, over 600 E3s, and approximately 100
deubiquitinases (DUBs) (Clague et al., 2015; Komander et al., 2009; Li et al., 2008). Over 8,000
unique ubiquitination sites on thousands of proteins have been reported, but the true number is
likely to be much higher due to difficulties observing this often transient PTM (Rose et al., 2016;
Xu and Jaffrey, 2013). E3s are a crucial regulatory node for the process as they typically confer
substrate specify to the ubiquitination reaction. There are three main types of E3s, distinguished

by catalytic mechanism: HECT, RBR, and RING. The first two participate directly in catalysis



via intermediate conjugation of ubiquitin, whereas RING ligases perform a scaffolding role by
bringing ubiquitin-charged E2s into proximity of the substrate (Deshaies and Joazeiro, 2009;
Dove and Klevit, 2017; Huibregtse et al., 1995; Scheffner et al., 1995). Several E3s, such as the
APC/C, the SCF, and other cullin-RING ligases (CRLs), have established essential roles in cell
cycle progression and the DNA damage response (Thornton and Toczyski, 2006). However, the

majority of the over 600 ubiquitin E3s in humans have not been well-characterized.

Early comprehensive screens in S. cerevisiae used temperature-sensitive alleles to place essential
genes into broad biological pathways, such as protein, RNA, and DNA synthesis (Hartwell,
1967), and later work employing systematic S. cerevisiae gene deletion collections enabled
identification of genetic interactions through generation and analysis of double deletions (Tong
et al., 2001). The recent development of CRISPR-Cas9 for genetic screening has enabled high-
throughput determination of gene essentiality, cancer cell dependencies, and genetic interactions
in human cells (Han et al., 2017; Hart et al., 2015; Horlbeck et al., 2018; Jinek et al., 2012; Wang
etal., 2015, 2017). Here, we broadly characterized human E3/DUB functions by performing a
pooled CRISPR-Cas9 screen combined with chemical inhibition of numerous pathways using 41
different compounds. In total, we tested the effect of mutation of 629 E3s and 56 DUBs on cell
growth in the presence of compounds targeting genome integrity, cell cycle progression,
transcription, RNA processing, translation, mitochondrial function, protein folding, proteostasis,
metabolic pathways, intracellular transport, cytoskeleton, various signaling pathways, and
endoplasmic reticulum function. By probing a diverse set of biological processes for E3 and
DUB involvement, we were able to assess the specificity of these interactions. Mutation of 66

E3s/DUBs caused significant enrichment or de-enrichment when grown in the presence of only



one compound, and many others were responsive primarily to a set of compounds targeting one
pathway, such as mitosis. Overall, we identified one or more specific interactions for 152 E3s
and nine DUBs. We validated over twenty of these observed E3/DUB sensitivities and
resistances with independent competitive growth assays. The screen revealed previously

WSBZ complex to an inhibitor of nuclear export;

unrecognized sensitivity of a putative CULS
sensitivity of FBXOS to an inhibitor of vesicular transport; specific sensitivity of RNF25 to
methylation-induced damage; and sensitivity of the mostly uncharacterized F-box FBX0O42 and
the HECTs HUWEI and UBE3D to inhibitors of mitosis, to name a few. Further analysis
focused on FBX042, which showed highly specific sensitivity to mitotic inhibitors and defects
in mitosis in two distinct cell types. Collectively, our dataset of 28,577 gene-compound

interactions represents a critical resource for the study of the ubiquitin pathway and the diverse

processes regulated by ubiquitination.



RESULTS

CRISPR-Cas9 screen to identify roles of E3s and DUBs across fundamental pathways

To systematically characterize the human ubiquitin proteasome system (UPS), we performed a
pooled CRISPR-Cas9 screen across 41 compounds targeting numerous biological processes
(Figure 1.1A and 1.1B and Supplementary File 1.S3). We generated a partially-custom UPS
sgRNA library of 6,306 sgRNAs, with nine targeting each ubiquitin-related gene, 81 non-
targeting control sgRNAs, and 60 targeting control sgRNAs against 20 genes that are not
expressed in most cells (Supplementary File 1.S1). The library targets 629 human E3 catalytic
components, substrate binding modules, and structural components, as well as 56 non-essential
DUBs. To ensure effective cutting, we selected seven previously published sgRNAs (Wang et
al., 2015) per gene, in addition to two newly-designed sgRNAs (termed domain-specific
sgRNAs) precisely targeting key catalytic or binding residues of each E3 or DUB. Such sgRNAs
would be more likely to yield a non-functional protein even if the Cas9-induced double strand
break was repaired with an in-frame insertion or deletion (Shi et al., 2015), and may allow us to
uncover E3s, such as BRCA1, that have roles independent of their catalytic domains (Reid et al.,
2008). We generated four independent doxycycline-inducible Cas9 HAP1 clones and confirmed
effective Cas9 induction in each that was resistant to silencing over many weeks in culture
(Figure 1.S1). HAPI cells were chosen for their ease of infection, relatively rapid growth, and

established use in CRISPR-Cas9 screening.

Before performing the screen with all 41 compounds, we optimized the screening conditions and
timeline with the CDK4/6 inhibitor palbociclib, which inhibits the transition from G1 to S-phase

(Fry et al., 2004; Matsushime et al., 1992; Meyerson and Harlow, 1994). By observing cell



confluency in the presence of a range of palbociclib doses, we found that 1.5uM inhibited HAP1
growth to approximately 70% that of untreated cells (Figure 1.1C), a level that allowed us to
reveal both rescue and synthetic sensitivity. Next, we performed a trial screen. Briefly, two of
the HAP1-Cas9 clones were infected with the sgRNA library in parallel at an MOI of
approximately 0.4. Puromycin was used to select for sgRNA integration for four days, and one
day after selection was complete, doxycycline was added for three days to induce Cas9. Initial
samples were collected after selection, but prior to Cas9 induction (termed “pre-dox” samples).
Cells were then split into media with or without palbociclib, and split into fresh inhibitor or
control media every two days. Samples were collected at days 0, 2, 4, 8, and 12, and relative
sgRNA abundance was determined by Illumina sequencing (Figure 1.1A). Reads were first

normalized to pre-dox samples, then Log2(treated/untreated) was calculated for each gene.

Eight days of growth in palbociclib was sufficient to reveal strongly sensitive and resistant
E3/DUB mutants that did not differ profoundly from the day 4 or day 12 samples, and the
replicates were well-correlated (Figures 1.1D and 1.1E). HAPI cells double roughly every 16
hours, so eight days is approximately 12 doublings (Figure 1.1C), providing time for growth
differences to amplify. Mutations that conferred resistance fell into two categories. Inactivation
of some genes, such as FBXW7 and RFWD?2, allowed cells to grow better than their wild type
counterparts in palbociclib, representing true resistance (Figure 1.1F). In contrast, inactivation of
other genes, such as UBR4, caused slow growth compared to wild type cells in the control
untreated experiment, and the cytostatic compound palbociclib appeared to rescue this sickness

(Figure 1.1F). Such mutants are not truly resistant to the compound, as much as rescued by it.



Mapping E3 and DUB involvement across diverse biological processes

We next performed the eight day CRISPR-Cas9 screen across all 41 compounds, this time with
three independently generated HAP1-Cas9 clones. As with palbociclib, we identified a dose of
each compound that reduced apparent growth to approximately 60-70% that of untreated cells
(Supplementary File 1.S3). Unbiased, hierarchical clustering of the screen results revealed
tightly linked E3/DUB clusters that responded similarly to the panel of compounds (Figure 1.2A,
top). These clusters likely result from different relationships. In the case of the 70% identical
RBR paralogs RNF194 and RNF19B, this likely represents partial redundancy (Figure 1.2A,
bottom). In contrast, ARIH2, RBX2 (RNF'7), and CULJ represent members of a single functional
complex (Kelsall et al., 2013). In still other cases—for example RNF'11, MIBI, and SMURF1—

E3s cluster for reasons that are not yet understood.

Demonstrating the quality of the screen data, many compounds clustered well according to the
pathways targeted. For example, thapsigargin and tunicamycin were most similar to each other,
despite inducing ER stress in different ways (Figure 1.2A, bottom right). The four DNA
damaging agents and the four compounds targeting the G1/S transition also clustered well.
Several compounds expected to impact mitosis, either by inhibiting microtubule polymerization
(colchicine and taxol) or by inhibiting the key mitotic kinases Aurora A/B and Plk1 (TAK-901
and BI-2536) clustered well with each other. Interestingly, this mitotic cluster also included the
HSP70 inhibitor JG-231 (Figure 1.2A, bottom right) (Shao et al., 2018). This clustering suggests
that HSP70 has one or more especially important mitotic clients. E3s whose mutation rendered
cells sensitive to the mitotic cluster of inhibitors included STUB1/CHIP and UBE4B. STUBI1

interacts with HSP70 (as well as HSP90) and its unfolded clients, whereas UBE4B interacts with



VCP/p97, and both E3s ubiquitinate client proteins to facilitate their degradation in the
proteasome (Ballinger et al., 1999; Kaneko et al., 2003; Koegl et al., 1999; Meacham et al.,
2001). The observation that STUBI is sensitive to mitotic inhibitors suggests that an off-target

effect of JG-231 is not responsible for its inclusion in the mitotic cluster.

The Pearson correlation coefficients of sgRNAs between replicates of each of the 41 compounds
were typically very high with an average Pearson’s » of 0.67 (Figure 1.2B & see peer-reviewed
publication). Correlations between mutants in related compounds were also indicative of the
quality of the screen. The G1/S cluster included four compounds. Two targeted the same
kinase, CDK4/6 (palbociclib and ribociclib), one inhibited PI3K (pictilisib), and another
inhibited AKT (ipatasertib), a downstream target of PI3K (Blake et al., 2012; Folkes et al., 2008;
Tripathy et al., 2017). As expected, mutations that rescued or sensitized cells to the two CDK4/6
inhibitors correlated very well (Figure 1.2C). Since PI3K acts upstream of CDK4/6, but has
additional downstream consequences, we expected to see a slightly weaker correlation between
the screen results for pictilisib and palbociclib (Figure 1.2D). Conversely, results for compounds
targeting kinases involved in distinct processes, palbociclib and the Plk1 inhibitor BI-2536

(Steegmaier et al., 2007), are not at all correlated (Figure 1.2E).

In total, our results represent 28,577 gene-compound interactions derived from over 800,000
original data points, before normalization, calculating the median of the nine sgRNAs per gene,
and calculating the median of duplicates (for five compounds) or triplicates (for 36
compounds)(see peer-reviewed publication). For a gene-compound interaction to be considered

valid, it had to satisfy two entirely independent stringent criteria for reproducibility and

10



significance. The targeting control sgRNAs (against non-expressed genes) in the 41 compounds
had a mean Log2 fold change of 0.004 and a standard deviation of 0.07. We employed a cut-off
greater than four standard deviations from the mean (= 0.3) for significance, along with a p-value
cut-off of <0.01 for reproducibility (Figure 1.2F and 1.4C). At four standard deviations from the
mean, one would expect 0.01% of our 28,577 data points (2-3) to fall outside this range by
chance, and these would be very unlikely to have a p-value < 0.01. Overall, we identified 466
significant and reproducibly sensitive or resistant E3/DUB-compound combinations representing
about 23.7% of all genes interrogated (Figure 1.3 & 1.4A). To determine whether expression
level correlated with phenotypic outcome, we compared previously reported HAP1 RNA
sequencing data with our dataset and found a loose correlation (Figure 1.4B & 1.S2) (Lumb et
al., 2017). Importantly, none of the 66 genes targeted by our library that are not expressed in
untreated HAP1 cells showed a significant interaction with any of the 41 compounds (2,706
potential interactions), strongly validating the stringency of our cutoffs (Figure 1.4B). We
conducted a parallel analysis with the MAGeCK pipeline (Li et al., 2014) and found that
approximately 93% of interactions deemed significant by our initial analysis also have an FDR
of 0.05 or lower (Figure 1.S7 & see peer-reviewed publication). In addition to the 466 gene-
compound interactions we identified, 79 genes showed significant slow or enhanced growth in
the untreated control samples, and for 27 of these, their growth was not further affected by any
compound. Thus, 27.7% of all genes interrogated showed phenotypes. Many of these represent

previously unreported roles of E3s and DUBs in crucial processes.
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Identification of E3s and DUBs important for growth across conditions

Examining Log2 fold change scores for all E3 and DUB mutants in all compounds reveals both
broadly important E3s/DUBs and those that appear to play much more specific roles in particular
processes. For example, the mostly uncharacterized F-box protein FBXO42 and the well-
characterized F-box protein FBXW?7 are both critical for resistance to the mitotic inhibitors BI-
2536 and colchicine (Figure 1.4C). However, the sensitivity of FBXO42 mutants was quite
specific to mitotic inhibition, suggesting a dedicated role in mitosis, whereas FBXW?7 mutants
were sensitive or resistant to 16 of the 41 compounds. FBXW?7 is a well-established tumor
suppressor and substrate receptor of the SCF with numerous known substrates including cyclin
E, c-JUN, MYC, and Notch (Koepp et al., 2001; Welcker and Clurman, 2008; Welcker et al.,

2004).

Mutation of MYLIP/IDOL, which has been shown to ubiquitinate the LDL receptor in response
to changing cellular cholesterol levels (Zelcer et al., 2009), renders cells highly sensitive to
pravastatin, which inhibits HMG-CoA Reductase (Endo et al., 1976). While MYLIP was
previously tied to cholesterol biology, it was not known that loss of MYLIP would cause statin
sensitivity, and it was not appreciated that its role in cholesterol biology represented its key
activity across the wide range of biology examined here (Figure 1.4D). In contrast, TRIP12,
which has not previously been linked to cholesterol biology, is sensitive to both pravastatin and
to several other compounds in our panel, suggesting a broader role for TRIP12. Specificity was
also observed within a cluster of related compounds. For example, cells lacking RAD18 were
very sensitive to the DNA damaging agents camptothecin, cisplatin, and MMS, as expected

(Figure 1.4E) (Prakash, 1981; Tateishi et al., 2000). In contrast, the mostly uncharacterized

12



RNF25/407, which has been suggested to have a role in NF-kB transcriptional activity
(Asamitsu et al., 2003), was exquisitely sensitive to MMS in our screen, but not sensitive to other
DNA damaging agents, suggesting a previously unknown, specific role in resistance to damage
caused by methylation (Figure 1.4E). Closer examination of the CULS cluster (Figure 1.2A)
reveals significant sensitivity of CULS5, RBX2 (RNF7), ARIH2, and a potential substrate receptor
WSB2 to the CRM1 inhibitor leptomycin B (Kudo et al., 1999), suggesting a function that is
critical when nuclear export is compromised (Figure 1.4F). Mutation of three core components,
CULS5, RBX2, and ARIH?2, also caused resistance to the G1/S inhibitors. However, WSB2
mutation did not cause significant resistance to these compounds, suggesting that an alternate
substrate receptor(s) may be responsible for this G1/S phenotype. The cluster of the RBR
paralogs RNF'194 and RNF19B showed a striking sensitivity to the mitotic inhibitor cluster,
which is mirrored by resistance of cells with sgRNAs targeting SMURF'I (as well as RNF11 and
MIBI) to the same inhibitors (Figure 1.4G). Despite their 70% sequence identity, RNF19A and
RNF19B have been reported to play roles in distinct processes: clearance of aggregates in Lewy
bodies and innate immunity, respectively (Fortier and Kornbluth, 2006; Ito et al., 2003). Our
data instead suggest that these E3s have highly related functions. The HECT E3 SMURF1 has
been shown to regulate the BMP/TGF-f signaling pathway, as well as cell migration via
ubiquitination of RhoA (Wang et al., 2003; Zhu et al., 1999). Our data are consistent with the
regulation of RhoA by SMURF1 extending to the role of RhoA in the contractile ring during

cytokinesis.

In addition to the novel mitotic sensitivity of FBX042 that we observed, HUWE1 and UBE3D

were also sensitive to the cluster of mitotic inhibitors (Figure 1.4H). The massive 480 kDa

13



HECT E3 HUWEI has numerous reported roles, most notably in the DNA damage response and
apoptosis, but has not been directly linked to mitosis (Hall et al., 2007; Zhong et al.,

2005). UBE3D, also a HECT E3, has no confirmed function in vivo.

Validation of observed sensitivities and resistances

To independently validate our screen results, we developed an internally controlled, two color
competitive growth assay. Briefly, in quadruplicate, inducible Cas9” GFP" HAP1 cells were
mixed with BFP" HAP1 cells, infected with a mini-pool of two to four sgRNAs targeting one
gene, and then split into media with or without compound every two days for eight days, with the
GFP/BFP ratio being measured by flow cytometry (Figure 1.5A and Supplementary File

1.S4). Data were normalized to the day zero GFP/BFP ratio, then to the matched untreated
GFP/BFP ratios for each time point to normalize out growth defects. A control experiment with
a pool of 11 targeting control sgRNAs showed that Cas9 cutting alone did not render the Cas9"
GFP' cells significantly sensitive to these compounds (Figure 1.5B). Next, we repeated the
experiment in parallel with 15 different sgRNA mini-pools to validate E3/DUB interactions:
DCAF?7, TRIM2S8, FBXW7, BIRC6 (palbociclib sensitive/resistant); RNF25, USP34, RAD18
(DNA damage sensitive); HERC2, UBE4B (CB-5083 and/or cytochalasin D sensitive); ZBTB11,
LTNI (cycloheximide resistant/sensitive); KEAPI (tanespimycin sensitive); MYLIP (Pravastatin
sensitive); SYVNI (thapsigargin sensitive); and FBXOS (brefeldin A resistant) (Figure 1.5C-

Q). Cytochalasin D served as a negative control for all but two experiments; in the screen data,
and recapitulated in the GFP/BFP assay, HERC2 and UBE4B showed significant (Log2 of -0.68)
and moderate (Log2 of -0.19) sensitivity to cytochalasin D, respectively. This assay did not

reproduce the observed sensitivity of TRAF2 and ZBTB7A4 to the CDK9 inhibitor flavopiridol
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(data not shown), perhaps due to the difficulty in dosing this inhibitor. Overall, the results of the

independent validation experiments suggest that the dataset is highly reproducible.

To test whether the sensitivity to mitotic inhibitors observed with mutation of certain E3s is
associated with novel mitotic roles, we generated 1-2 clonal mutants each of FBXO42, HUWEI,
UBE3D, HERC2, UBE4B, and RNF194 in HAP1-Cas9 cells. All mutant clones were screened
by Sanger sequencing and by western blot when antibodies were available (Figure 1.S3A &
1.S3B). For each clone, we performed internally controlled, competitive growth assays with
HAP1-WT-GFP" cells with and without inhibitors (Figure 1.6A). As with the GFP/BFP
validation assay, data were normalized to the day zero GFP+/— ratios, then normalized to the
matched untreated GFP+/— ratios for each time point, and cytochalasin D served as a negative
control compound for most experiments. We found FBX042, HUWEI, and UBE3D mutant
clones to be sensitive to two or more of the mitotic inhibitors BI-2536 (Plk1), colchicine
(microtubules), and TAK-901 (Aurora A/B) (Figure 1.6B-D). The screen results did not identify
HUWE]I as sensitive to DNA damaging agents (Figure 1.4H), but given the previously reported
role of HUWEI in the DNA damage response, we sought to more rigorously test whether this
was the case with our clonal mutants of HUWEI. In this assay, we observed a subtle sensitivity
to the Topoisomerase I inhibitor camptothecin (Figure 1.6C). This suggests, at least in HAP1
cells and across the pathways we interrogated, that the more critical role of HUWEI may be in

mitosis.

The GFP+/- assay with clonal HERC2 mutant cells confirmed sensitivity to the mitotic inhibitors

(Figure 1.6E). Additionally, HERC2 was the most sensitive of all genes interrogated to the actin

15



polymerization inhibitor cytochalasin D (Figure 1.3), and this was also apparent in clonal
mutants in the GFP+/— assay (Figure 1.6E). Intriguingly, the strong sensitivity of HERC?2
mutant cells to both cytochalasin D and the Plk1 inhibitor BI-2536 may be related to the reported
physical interaction between HERC2 and the actin regulator stGAP2 and may lend support to the
proposed role of HERC2 in centrosome maturation via ubiquitination of NEURL4 (Al-Hakim et
al., 2012). HERC2 is thought to play a role in the DNA damage response by promoting histone
ubiquitination by RNF8 as well as positively regulating RNF168, although research in chicken
cells suggests that HERC?2 is dispensable for the activity of RNF8 and RNF168 (Bekker-Jensen
et al., 2010; Oestergaard et al., 2012). We saw no de-enrichment of HERC2 sgRNAs when cells
were subjected to DNA damaging agents in our screen. Coupled with the competitive growth
assay results in mitotic inhibitors (Figure 1.6E), the most critical roles of HERC2 may be in the

cytoskeleton and mitosis.

UBE4B has a well-established association with VCP/p97 and ubiquitin chain elongation (Kaneko
et al., 2003; Koegl et al., 1999). Consistently, UBE4B mutants displayed the strongest sensitivity
to the VCP/p97 inhibitor CB-5083 (Figure 1.3), and this effect was also observed in the GFP+/—
assay (Figure 1.6F). UBE4B has been shown to be highly phosphorylated in mitosis and its
knockdown results in mitotic delays and numerous mitotic abnormalities (Spinette et al.,

2004). The results of the screen and validation with clonal UBE4B mutant cells shown here
provide confirmation of a role of UBE4B in mitosis. It is unclear why the modest cytochalasin D
sensitivity seen in the pooled GFP/BFP assay for UBE4B (Figure 1.5N) was not observed in the

clonal GFP+/— assay. Finally, RNF194 mutant clones displayed variable results in the GFP+/—
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assay, with a subset of clones showing sensitivity to the mitotic inhibitors, perhaps due to

suppressors arising (data not shown).

To test whether the E3s that we validated in HAP1 cells recapitulated in another cell line, we
generated pools of the osteosarcoma cell line U20S expressing a constitutive ShRNA against a
subset of E3s. We chose E3s whose deletion causes resistance, as these phenotypes are more
robust than sensitivities due to their continued outgrowth of the control population. In GFP+/-
competitive growth assays, FBXW?7, BIRC6, and FBXOS recapitulated the resistances observed
in HAP1 (Figures 1.6G-1 & Figures 1.S6A-1.S6B). ZBTB11 knockdown did not show the
expected resistance to cycloheximide (Figure 1.6J & 1.S6C), and it is possible that complete loss

of ZBTB11 is required to observe resistance.

FBXO042, HUWEI1, and UBE3D play important roles in mitosis

To determine why mutation of FBX0O42, HUWEI, or UBE3D rendered cells sensitive to
inhibitors of mitosis, we tested how the cell cycle was affected in these mutants. HUWE and
UBE3D clonal mutant cells grown in moderate doses of BI-2536 or colchicine for 24 hours
displayed a significant accumulation at a G2/M DNA content by propidium iodide staining as
compared to wild type controls (Figures 1.7A-1.7C). Inhibition of Aurora A/B with TAK-901
had a different effect on the clonal deletes: after 10 hours, cells accumulated at a G2/M DNA
content (Figure 1.7E), and after 24 hours, cells accumulated at a G2/M polyploid DNA content,
suggesting a failure to complete cytokinesis (Figures 1.7D & 1.7F). While TAK-901 has been

previously reported to induce polyploidy by blocking Aurora B-dependent cytokinesis (Farrell et
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al., 2013; Schumacher et al., 1998), mutation of HUWEI or UBE3D significantly enhanced this

defect compared to wild type cells.

Since propidium iodide staining does not examine cell cycle position directly, but instead only
measures DNA content, we assessed these mutants by immunofluorescence microscopy. We
treated wild type, HUWEI, UBE3D, and FBX0O42 clonal mutants with a moderate dose of BI-
2536 for 24 hours and processed them for a-tubulin immunofluorescence (Figure 1.7G). We
found that a moderate dose of BI-2536 that had little effect on wildtype cells caused a significant
mitotic accumulation in HUWEI, UBE3D, and FBX042 mutant clones (Figure 1.7G, and 1.7H,
top). It has been previously shown that BI-2536-treated cells accumulate monopolar spindles,
circled by a ring of chromosomes (Figure 1.7G, right) (Steegmaier et al., 2007). We quantified
the frequency of monopolar spindles upon BI-2536 treatment and observed a 6 to 9-fold increase
over wildtype in HUWE 1, UBE3D, and FBX042 mutants (Figure 1.7H, bottom). Other aberrant
spindle morphologies were also observed at very low frequencies in wild type cells and mutants,
with and without the inhibitor (data not shown). Importantly, in unperturbed cells, we also
observed a 5 to 7-fold increase of monopolar spindles in HUWEI, UBE3D, and FBX0O42 mutants
(Figure 1.7H, bottom). These results suggest that HUWEI, UBE3D, and FBX0O42 promote the

formation of a bilateral spindle during normal cell division.

The mitotic role of FBX042 is conserved in cells from a distinct lineage
As HUWE]1 and UBE3D are cell essential in many cell lines while FBXO42 is not, we focused
on FBX042 going forward. To test whether FBXO42 plays a similar mitotic role in another cell

line, we generated stable pools of cells expressing one of two shRNAs against FBXO42, or a
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control shRNA, in U20S cells. We combined these GFP™ cells expressing FBX(042 or control
shRNAs with GFP" U20S cells (also expressing the control shRNA), and examined the ratio of
GFP"to GFP™ cells, as in Figure 1.6, as these cells were passaged in the presence of BI-2536,
colchicine, TAK-901, or left untreated. Asin HAP1, U20S cells depleted of FBX042 displayed
significant sensitivity to the mitotic inhibitors (Figure 1.8A, 1.8B, 1.S4A). Using the same
shRNA pools, we measured the cell cycle distribution of FBX0O42-depleted and control U20S
cells by propidium iodide staining in the presence of a moderate dose of TAK-901 and found that
FBXO042 knockdown resulted in significant accumulation of cells with a G2/M content,

suggesting an important mitotic role of FBXO042 (Figure 1.8C, 1.S4B, 1.S4C, 1.S4D).

We also examined the effect of BI-2536 treatment on U20S cells depleted of FBX0O42 by
immunofluorescence microscopy, and we observed a significant increase of monopolar spindles
in FBX042-depeleted U20S cells after 24 hours of treatment with a low dose of BI-2536 for
each of the two FBX042 shRNAs used (Figure 1.8D & 1.8E). Very low frequencies of other
aberrant spindle morphologies were also observed in wild type cells and FBX042-depleted cells
both in the absence and the presence of the inhibitor (data not shown). Taken together, our

results show that FBXO042 performs a similar mitotic role in both HAP1 and U20S cells.
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DISCUSSION

With over 600 members, the human E3 family is larger than the kinome and represents a
significant and diverse mode of regulation that impacts nearly all areas of

biology. Comprehensive efforts to identify E3 substrates and ubiquitination sites have aided the
effort to characterize all components of the UPS and its targets (Benanti et al., 2007; Bennett et
al., 2010; Komander and Rape, 2012; Loveless et al., 2015; Mark et al., 2014; Rose et al., 2016;
Yen and Elledge, 2008). However, substrates are often difficult to detect, and it is hard to
systematically ascertain whether the loss of any of these individual ubiquitination events is
phenotypic. With the advent of CRISPR-Cas9 technology, high-throughput genetic analysis in
human cells is now possible, and we applied this approach to systematically probe the human
E3s and DUBs for involvement in a broad range of biological processes. By combining gene
mutations with 41 compounds targeting numerous processes, we were not only able to determine
the importance of each E3 and DUB under stress conditions, but also to compare results across
our dataset to determine the relative specificity of each effect. We found numerous novel
interactions that represent promising areas for future research, including a previously unknown

crucial mitotic role for the substrate receptor FBX042.

Broad analysis of our screen dataset reveals several revelatory themes related to E3

modularity. The largest single class of E3s, the cullin-RING ligases (CRLs), consist of core
components (e.g. CUL1, RBX1) and modular substrate receptors (SRs), with each cullin having
dozens to over a hundred different SRs. Some CRL subunits, such as CUL1, RBX1, and
ANAPCI11, have many essential functions and SRs, and therefore cells lacking these functions

dropped out of the population so quickly that we were unable to detect any compound-specific
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interactions in our screen. In contrast to CUL1, we did see specific interactions for CUL2,
CUL3, CUL4A, CULA4B, and CULS (Figure 1.S5). The CUL4A and CUL4B data were highly
correlated (Pearson corr. coef. = 0.7), although CUL4A showed stronger phenotypes (Figure
1.S5A). Both CUL3 and its SR KEAPI were the most sensitive of all genes interrogated to the
HSP90 inhibitor tanespimycin (Kasai et al., 2016) (Figure 1.3, 1.S5B). CUL2 and CULS appear
to have overlap in SRs, making it hard to determine which SRs function primarily with which
cullin. Three core components of a CULS complex, CULS5, RBX2, and ARIH?2 were strongly
sensitive to inhibition of nuclear export with leptomycin B, and were resistant to inhibitors of
CDK4/6 and PI3K (Figure 1.3, 1.4F, 1.S5C). A putative SR for this complex, WSB2, was
specifically sensitive to leptomycin B and not significantly responsive to the G1/S inhibitors,
suggesting it works with CULS5 and may be the main SR responsible for the sensitivity of the
complex to inhibition of nuclear export. There is likely another SR or SRs responsible for the
observed resistance of the core complex to inhibitors of the G1/S transition. CULS was sensitive
to the cellular respiration inhibitor TTFA, whereas CUL2 showed resistance. The SR SOCS4
and adapter TCEB3 both showed strong resistance to this compound, suggesting that SOCS4 and
TCEB3 function with CUL2 to affect this response. In cases where no single SR could account
for a resistance or sensitivity seen in the cullin, it is likely that multiple SRs contribute to the

effect.

The genetic rescues in our dataset fell into two broad categories: mutants that were truly resistant
to a particular compound and those whose negative effect on cell growth was rescued by a
particular compound (Figure 1.1F). In general, cytotoxic compounds such as BI-2536 (Plk1)

predominantly revealed true resistance, while cytostatic compounds such as cycloheximide
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(translation) identified many slow growing mutants that were rescued by the drug (Figure

1.3). Truly resistant mutants are more likely to be examples of specific, on-pathway suppression,
whereas general suppression is likely to occur with cytostatic compounds. For example, VPS/11,
VPS18, and VPS41, which are part of the HOPS complex and regulate endocytosis by promoting
vesicle fusion with endosomes (Brocker et al., 2012; Lin et al., 2014; Segala et al., 2019), were
truly resistant to pravastatin, whereas VPSI8 loss was rescued by treatment with palbociclib
(Figure 1.3). VPS41 mutation also rescued brefeldin A treatment, possibly because reducing flux
through the endocytic pathway by deleting components of the HOPS complex maintains proteins

at the plasma membrane.

Among the genetic rescues we observed in our dataset, there were many reasons for resistance
that can be explained by the molecular activity of the deleted E3. Mutation of FBXW7 rendered
cells strongly resistant to inhibitors of CDK4/6 and PI3K. Because FBXW?7 promotes
ubiquitination and degradation of MYC and cyclin E, FBXW?7 has the overall effect of inhibiting
the G1/S transition (Koepp et al., 2001; Moberg et al., 2001; Strohmaier et al., 2001; Welcker et
al., 2004). Therefore, mutating FBXW7 may make cells resistant to chemical inhibitors of the
G1/S transition by boosting levels of proteins that promote that transition, such as MYC and
cyclin E. ZNF598 mutants likely displayed resistance to cycloheximide for a very different
reason. ZNF598 ubiquitinates several ribosomal proteins in response to ribosome stalling, and
this ubiquitination leads to dissociation of the 40S and 60S ribosomal subunits and recruitment of
LTNI1, ultimately enabling recycling of the ribosomal subunits and clearance of nascent,
potentially aberrant polypeptides (Juszkiewicz and Hegde, 2017; Juszkiewicz et al., 2018;

Sundaramoorthy et al., 2017). In the presence of the translation elongation inhibitor
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cycloheximide, global translation is slowed. Deleting ZNF598 may enable this impaired
translation to continue, without the QC pathway detecting all slowed ribosomes as terminally
stalled. In contrast, LTN1, which ubiquitinates nascent polypeptides in the exit tunnel of the
ribosome, is sensitive to cycloheximide. This is likely because LTN1 acts after translation has

already been disrupted, thereby allowing ribosomal recycling (Brandman et al., 2012).

There are several potential reasons for synthetic sensitivity. For example, the sensitivity of
WSB2 to the CRM1 inhibitor leptomycin B may be through direct involvement with nuclear
export or because it is important for some process that makes nuclear export critical, such as
nuclear integrity. Unbiased clustering revealed that RNF11, MIBI, and SMURFI all rescue
mitotic inhibition. Again, this could represent a direct or secondary effect on mitosis. These
three E3s are all reported to localize to the plasma membrane, at least in part, but each has a
different function in regulating intracellular sorting, differentiation, and cell motility and
polarity, respectively (Itoh et al., 2003; Santonico et al., 2015; Wang et al., 2003; Zhu et al.,
1999). Our data suggest a previously unknown potential overlap in function of RNF11, MIBI1,
and SMURF1 and warrants further study. Importantly, while some of these chemical-genetic
interactions may not be direct, they are not likely to be due to entirely pleiotropic phenotypes
caused by a general effect on apoptosis, transcription, translation, or other housekeeping
activities, as this would be unlikely to yield specific sensitivities. Moreover, a general effect on
a basic biological process would almost surely cause a particularly strong negative interaction

when that process is directly inhibited.
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Our systematic screening of the UPS revealed numerous gene-compound interactions. Mutation
of the uncharacterized F-box protein FBXOS renders cells resistant to the vesicular transport
inhibitor brefeldin A, consistent with the presence of a Sec7-like domain in FBXOS8 (Esmon et
al., 1981; Misumi et al., 1986; Stevens et al., 1982). We find that loss of the poorly studied E3
RNF25 causes cells to be exquisitely sensitive to MMS (Figure 1.3 & 1.4E), suggesting a role for
RNF25 in detection or repair of methylation-induced damage. Because RNF25 was not sensitive
to other DNA damaging agents, we hypothesize a specific role for RNF25 in surviving
methylation damage. In contrast, well-established DNA repair factors such as RAD18 and
FANCL were required for cell survival upon exposure to several different types of damaging
agents. Interestingly, loss of the DUB USP34 also caused strong MMS sensitivity (Figure 1.3 &
1.51). Like many poorly characterized genes, USP34 has been placed in several pathways.
Single studies have implicated USP34 in cell migration, cell survival, BMP signaling, heart
disease, EMT and stem cell maintenance, NF-kB and Wnt signaling, and the DNA damage
response (Guo et al., 2018; Lin et al., 2020; Lui et al., 2011; Oh et al., 2017; Sy et al., 2013).
Thus, while many genes have been suggested to have associations with the DNA damage
response, our unbiased approach helps to identify those, like USP34, that have significant and

specific roles in this area of biology.

Our screen uncovered a previously unknown role of the F-box protein FBX042, as well as
HUWEI]1 and UBE3D, in faithful completion of mitosis. Although one report suggested that
UBE23D is capable of ubiquitinating cyclin B in vitro (Kobirumaki et al., 2005), no in vivo role
for UBE3D in this, or any other process, has been reported, and the APC/C has a well-

established role in cyclin B turnover (Sudakin et al., 1995). Numerous roles for HUWE]1 have
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been reported, such as involvement in the DNA damage response and regulation of apoptosis, so
future work is required to determine the extent of HUWEI involvement in mitosis (Hall et al.,
2007; Zhong et al., 2005). In our hands, and as reported in numerous genome-wide studies,
HUWEI and UBE3D appear to be cell essential in many other cell lines, which may have
allowed their mitotic roles to go unnoticed. As part of an SCF complex, FBXO42 has been
implicated in ubiquitination and degradation of p53 (Sun et al., 2009). However, this function is
likely to be highly redundant, given other well-established E3s, such as MDM2, in this process
(Lane et al., 2010). Unlike HUWEI, UBE3D, HERC2 and UBE4B, FBX(042 mutants showed no
sensitivity to any other agents used, in either our screen data or our subsequent follow-up
experiments. Not only does removal of FBX042 in HAP1 and U20S cells cause sensitivity to
various inhibitors of mitosis and the accumulation of monopolar spindles, but knockdown of
FBX042 in U20S cells in the presence of a low dose of a mitotic inhibitor results in
accumulation of cells with a G2/M DNA content. Lending further support for an important cell
growth role of FBX042, a genome-wide screen of tumors derived from glioblastoma stem-like
cells found that some isolates were strongly dependent on FBX042 for growth, whereas non-
neoplastic controls were not (Toledo et al., 2015). Interestingly, other genes identified in this
same screen are involved in mitosis, and unpublished data from the Paddison laboratory shows
that FBXO42 is required for mitotic progression in GSC-0827 cells (Hoellerbauer and Paddison,
personal communication). Collectively, these data suggest that FBXO042 performs a mitotic role
in many cell types, but that role may only be essential in a subset of cell types depending upon

the expression of other mitotic genes.
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Our screen identified phenotypes for over 27% of the E3s and DUBs interrogated. About 10%
of the E3s/DUBs in our library are not expressed in HAP1 cells (Lumb et al., 2017), and about
one third are very poorly expressed, although this may vary after treatment with particular
compounds. It is possible that these genes are more important in cell lines from other lineages or
at specific stages of development. Alternatively, they may be critical for areas of biology not
covered in our screen, such as the response to pathogens. Additionally, it is well-established that
many ubiquitinated proteins are redundantly targeted by two or more E3s (Koren et al., 2018).
Now that effective methods for double mutant genetic interaction mapping using CRISPR-Cas9
have been developed, we predict that many more E3 and DUB functions will be uncovered by
applying these methods to the UPS (Horlbeck et al., 2018). While synthetic genetic analysis is a
useful strategy, the systematic chemical-genetic approach employed here has the distinct
advantage that the level of inhibition of a pathway can be precisely controlled, whereas the
proteins functioning within those pathways may be either cell essential or fully redundant. Thus,
our work represents both a valuable resource to those studying the UPS and an important starting

point to investigate other biological pathways.

26



Lentiviral
E3 + DUB

A

Palbociclib
~Control = 640nM ~-800nM ~2uM ~-4uM -<+8uM

3 -dox Untreated % 108
Puromycin 3
4 ~ AN j ? Compare sgRNA - 108
Doxycycline ul
&4 " .6% 41 x * z:::z::')"‘:“p §§ 104 <
# %\ compounds % 2 g
HAP1 Cas9 cells &6 § 3 108
#\ 3 £ 02
B 10!
10°
Compound Target Compound | Target ! s ° ans ©$om o
Protein folding/Proteostasis
Pictilisib PI3K JG-231 HSP70 D
Palbociclib CDK4/6 T pimycin HSP90 Day2 Day4 Day8
Ribociclib CDK4/6 CB-5083 VCP/p97 §; PYY SKP2
Ipatasertib AKT Bortezomib Proteasome s DCAF7
— S TRIM28
Transcription/RNA processing s E rAics
Camp in Topo | Flavopiridol CDK9 L RNF40
MMS methylation Pladienolide B SF3b > ZBTB48
Cisplatin ICLs Nicotinamid Sirtuins S Ui
P LONRF1
Bleocin DSBs Vorinostat HDAC ZNRF2
Intracellular transport VHL
FCCP protonophore Brefeldin A GBF1 BRCA1
TTFA Complex Il Leptomycin B CRM1 UBR1
cuL2
Translation VPRBP
Thapsigargin SERCA Harringt initiation/elong. BARD1
" n - Y — : CCNF
Tunicamycin N-linked glyc Cy elongation ERPEAS
Metabolism ANAPC11
Latrunculin A actin Pravastatin | HMGCR
Cytochalasin D | actin loroacetic acid PDK =CCRS
Signaling PCC: 0.40 0.71 0.78 0.77
BAPTA-AM Calcium chelator |BI-2536 Plk1
:;r.latinidh m.:sylate Ber-Abl ;A;( ;01 n)\icrotub:;gs Pearson correlations between days
ismodegi SMO - rora Day 2 Day4 Day8 Day 12
Bisindolylm. PKC Taxol microtubules
; — [V ra—n : Day 2 60l o065 045 035
lonomycin Calcium ionophore |Vir microtubules Day4 065
leasom.b MEK1/2 RO-3306 CDK1 Day8 045
Rapamycin mTOR Day 12 035

n

[N

o

Log2 fold change

© FBXL14
® TRIM28
© DCAF7

Log2 fold change
°
&

RFWD2

RFWD2- + Palb. m|
(RFWD2- + Palb.) /| RFWD2" ®

!

|

Days

Figure 1.1. CRISPR-Cas9 screen of the ubiquitin pathway.

(A)Overview of the E3/DUB CRISPR-Cas9 screening approach. Three independently generated
doxycycline-inducible Cas9-expressing HAP1 clones were infected at an MOI of
approximately 0.4 with a custom E3 and DUB sgRNA library. After selecting for sgRNA
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integration for four days and induction of Cas9 expression for three days, cells were split into
media with or without one of 41 different compounds. Every two days, cells were split into
fresh compounds. After eight days, cells were harvested, sgRNAs were sequenced, and
relative sgRNA abundance was determined. Pre-dox samples were also collected (pre-Cas9
induction). Throughout the experiment, approximately 1,000-fold coverage of each sgRNA
was maintained when splitting and sequencing.

(B) The 41 chemical compounds used in the CRISPR-Cas9 screen, showing the primary target or
effect of each compound. DSBs = double strand breaks; ICLs = DNA interstrand crosslinks.

(C)Palbociclib dose selection for the screen. A dose that inhibited apparent growth to about 70%
of untreated controls was selected. Cumulative growth is reported in arbitrary units and is
based on observations of cell confluency.

(D)Eight days in 1.5uM palbociclib was sufficient to uncover reproducible sensitivities and
resistances. Data were normalized to untreated samples, and the ten most enriched and de-
enriched genes are shown as Log2(treated/untreated). Pearson correlation coefficients (PCC)
between repeats carried out in two independent HAP1-Cas9 clones are shown, as are PCCs
between days.

(E) Three sensitive and three resistant E3 mutants in palbociclib. As in (D), each time point was
done in duplicate, and data were normalized to untreated samples. Data plotted as mean +
SEM.

(F) Comparison of un-normalized data (triangles and squares) vs. normalized data (circles)
distinguishes between compounds that rescue slow growing mutants (e.g. UBR4 in red) and
mutations that confer true resistance to a compound (e.g. RFWD2 in blue). Normalized data
represent the Log2(palbociclib treated/untreated). As in (D), each time point was done in
duplicate. Data plotted as mean + SEM.
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Figure 1.2. Mapping ubiquitin ligase and DUB roles across fundamental biological

processes.

(A) Top: a quantitative chemical-genetic map showing average linkage unbiased hierarchical
clustering of genes (along the top) and compounds (along the right side) based on Log2 fold
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change of sgRNAs. Data represent three independent replicates which were normalized to
untreated controls. Blue pixels represent combinations that grew less well than untreated
controls (sensitive), black pixels represent no change, and yellow pixels represent
combinations that grew better than untreated controls (resistant). Bottom right: detail of
compound clustering, e.g.: G1 inhibitors; mitotic inhibitors; ER stress inducers; and DNA
damaging agents (lavender bars). Bottom left: Example gene clusters: A CULS CRL
complex; 70% identical RBR paralogs RNF19A and RNF19B; and MIB1, SMURF1, and
RNF11.

(B) Pearson correlation between the three palbociclib replicates. Data were normalized to pre-
dox samples. Each point represents one sgRNA. 99.76% of points are displayed.

(C) Data for two different inhibitors of CDK4/6, ribociclib vs. palbociclib.

(D) Data for inhibitors of two different G1/growth factors, pictilisib (PI3K) vs. palbociclib
(CDK4/6).

(E) Data for inhibitors of unrelated processes, BI-2536 (Plk1) vs. palbociclib (CDK4/6).

(C-E) Each data point represents the Log2 fold change of a single gene, calculated from the

median of three replicates normalized to untreated controls. Pearson’s correlation
coefficients (r) are shown.

(F) Volcano plot of Log2 fold change vs. —Log10(p-value) for 697 genes over 41 conditions
(28,577 total data points). Targeting and non-targeting control genes (656 points) are
depicted in dark red. Log?2 fold change cut-offs of 0.3 and -0.3 were determined by
calculating four standard deviations from the mean of the targeting control sgRNAs. A
stringent —Log10(p-value) cut-off of 2 was selected (p-value <0.01).
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Figure 1.3. Chemical-genetic map identifies roles of numerous previously unknown
ubiquitin ligases and DUBs.
Data represent the median of replicates, normalized to untreated controls. As in Figure 1.2F, E3s
and DUBs listed here fulfill two criteria: (1) post-normalization Log2 fold change <-0.3 or >
0.3, AND (2) —Log10(p-value) > 2. For brevity, lists longer than 20 genes have been truncated,
indicated by jagged lines. For the complete list see peer-reviewed publication. For five of the 41
compounds, no genes fulfilled the two criteria. Apparently resistant E3/DUB mutants that are
instead partially rescued by the inhibitor are indicated by a yellow diamond (e.g. UBR4 in Figure
1.1F). Untreated data on the right shows the 40 slowest growing and nine most enriched

genes. These have been normalized to pre-dox samples, not to untreated, and represent the
median of 15 replicates.

31



A o 16
FBXW7-_
g 500 - ° _SKP2
H 14 °
0
[ I — 12 STUBT
"6 ]
g 23.7% of genes S0 CNOT4, SYVN1, RBX2, FBXW11, KEAP1, UBRS
J A 1
@ 100 - N C g g}ooaaco
e} T
2 o o o TRIM28
E €6 ©®000000 o
S 3 " ] 66 genes cwoo comoo
4 © c@000 ©
0 o 0000000
0 5 8 121415 2 TRIMSS _TRIM73 o @ammm o
. o
Number of hits o
0.1 10 100 1000 10000 100000
2 RNA sequencing reads
H
3
G 150
5 100
-é 50
: !
E 15
[
E 1 s D Compounds
g 5 10 15 20 25| 30 35 40
£ 051,
< L e
z - hd °
°
[ 4 § 0%°%® ¢ ¢ ° 0nd | ® o0
: E o +—er—— -'-.-.—.— — —e——ro——rp
- 2 P ®
% u s ° o0 o o o °0.
1 5 s
- [
- ° °
0
o~
A5 == TS L8R SEEOQUgS<CEAUSQUBIBKEEDRE 8’ |
23 £38558338503c58 33 RTsTcEpEc35230 800 1600 -4 4
tE E 52883 S2EE"< §5E85522
§3 BRaS5" iotffsiesfiisl shsifERissd|a Pr
L] £ §| SEtg g=Eed s3gBf fa8at
5 10 15 20 25 30 35 40
E Compounds F
5 10 15 20 25 30 35 4 Compounds _
05 5 10 15 20 25 30 []35 40
5 s
= § o5 °®
g ° ° £ (2
£ ° g e o 5
®
£ o020 0'....._ So—ogoge 5200, E ° - o 0,078 ° ]
c : ) 9, o
s o 35 ° e° ..“O o8|, ° 00® o o 2 0 __i_"'_.!'._'._!:f}&.__':‘”_r _"":Q_.w‘
Z e . o ©° o H o 3o ces S0 Sk (R
L. [ ] [
4 £ 4 o e ) v.00Y '§ o
3 0. 0.5
N - ° _~RBX2
) J!t\\wssz
DNA damaging agents — 122 | Leptomycin B CUL5
-1
1.0
G c " I I Compounds
ompounds 5 10 15 20 25 30 35 40
5 10 | 15 20 25 30 35 40 05
15
° -
- §
o 10
£ £
S . 2 00
£ o H
S o5 o <
o __ o 00 o o
a 00 1820 3‘.. ’I'I.. 'g.m'wb :.os ® ¢ °
o oo o %9400 e ® o
-4 o e _/® (L] a [}
S o - ® °
0.5 2 o°
- ORNF19A ° .
M o RNF198 Mitotic
1.0 cluster ’

Figure 1.4. Chemical-genetic map identifies roles of numerous previously unknown

ubiquitin ligases and DUBs.

(A) 23.7% of genes were significantly and reproducibly sensitive or resistant to one or more of

the 41 inhibitors tested (using the same criteria as in Figure 1.3).
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(B) Top: Correlation between the number of times a gene was significantly and reproducibly
sensitive or resistant to a compound (using the same criteria as in Figure 1.3) and gene
expression. RNA sequencing data are the average of two replicates of WT untreated HAP1
cells, raw sequencing reads (data from Lumb et al., 2017). For the purposes of this plot,
genes with no detected sequencing reads were set to 0.1. Bottom: Histogram of the number
of genes in each RNA sequencing read bin.

(C) Log2 fold change scores for each compound reveal genes with specific and non-specific
interactions. FBXW?7 (yellow) falls above the Log2 fold change cut-off in 16
compounds. Conversely, FBX042 (blue) is more specific and only falls above the cut-off in
three compounds. Right: histogram of number of genes at each Log?2 fold change score with
a bin size of 0.01. Targeting control genes depicted in red (with a range of -0.29 to
+0.24). Dashed lines indicate four standard deviations from the mean of the targeting
control sgRNAs and should contain 99.99% of negative results.

(D) Log2 fold change scores of MYLIP (green) and TRIP12 (purple) in 41 compounds show the
relatively specific sensitivity of MYLIP to HMGCR inhibitor pravastatin compared to the
more broadly sensitive TRIP12.

(E) Log2 fold change scores of RAD18 (blue) and RNF25 (red) in 41 compounds show that
RADIS is sensitive to several DNA damaging agents while RNF25 is specifically sensitive to
MMS.

(F) Log2 fold change scores of ARIH2, CULS5, RBX2 (RNF7), and WSB2 in 41 compounds show
the sensitivity of this putative CRL complex to the CRM1 inhibitor leptomycin B.

(G) Log?2 fold change scores of SMURF'I and paralogs RNF 194 and RNF19B in 41 compounds
show inverse responses to several mitotic inhibitors.

(H) Log2 fold change scores of FBXO42, HUWEI, and UBE3D in 41 compounds show
sensitivity to several mitotic inhibitors. FBX042 and UBE3D have the same Log2 fold
change (-0.42) for the fourth mitotic inhibitor colchicine (compound #12), indicated by
bisected data point.

(D-H) Compounds 1-41 in the same order as in Figure 1.4C.
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Figure 1.5. Screen results validated using internally controlled, competitive growth assay.

(A) Internally controlled, two color, competitive growth assay used to validate sensitive and
resistant E3s and DUBs observed in the screen. Cas9” GFP" HAP1 cells were mixed with
BFP-expressing WT HAPI1 cells, infected with pools of 2-4 sgRNAs targeting one gene,
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treated with puromycin and doxycycline to select for sgRNA integration and induce Cas9
expression, then split into media with or without one of several compounds every two days
for eight days. The GFP/BFP ratio was measured by flow cytometry every two days.
(B-Q) Data represent the mean of four replicates £ SEM, first normalized to the day zero
GFP/BFP ratios, and subsequently normalized to the untreated GFP/BFP ratio at each
time point. [palbociclib]=1.5uM; [cytochalasin D]=60nM; [thapsigargin]= 8.08nM;
[MMS]=9.75ug/mL; [camptothecin]= 1.0nM; [cycloheximide]= 340nM (targeting
control), 256nM (LTN1); [tanespimycin]= 500nM (targeting control), 150nM (KEAP1);
[pravastatin]=730uM; [brefeldin A]= 107nM; [CB-5083]=454nM
(B) Normalized GFP/BFP assay with targeting control sgRNAs (pool of 11) in palbociclib,
cytochalasin D, MMS, and camptothecin.
(C-Q) Normalized GFP/BFP assays for 15 E3/DUB genes.
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Figure 1.6. FBX042, HUWE1, UBE3D, HERC2, and UBE4B clonal mutant cell lines are

highly sensitive to mitotic inhibitors.

(A) Internally controlled, competitive growth assay with clonal E3 mutant HAP1 cells and WT
GFP-expressing cells. After mixing, starting GFP+/— ratio was determined by flow
cytometry, and mixes were split into media with or without one of several inhibitors every
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two days for eight days (HAP1) or twelve days (U20S). GFP+/—ratio was measured every
two days by flow cytometry. Data were normalized to the day zero GFP+/- ratio, and
subsequently normalized to the untreated GFP+/— ratio at each time point.

(B) Normalized GFP+/— assay for FBX042 mutant clone. Data represent the mean of three
replicates + SEM.

(C)Normalized GFP+/— assay for HUWE mutant clones. Data represent the mean of five total
replicates from two clones = SEM.

(D) Normalized GFP+/— assay for UBE3D mutant clones. Data represent the mean of six total
replicates from two clones = SEM.

(E) Normalized GFP+/— assay for HERC2 mutant clone. Data represent the mean of two
replicates (BI-2536, colchicine, and TAK-901) to three replicates (cytochalasin D and
untreated) from one clone = SEM.

(F) Normalized GFP+/— assay for UBE4B mutant clone. Data represent the mean of two
replicates (BI-2536 and colchicine) to three replicates (camptothecin, CB-5083, cytochalasin
D, TAK-901, and untreated) from one clone = SEM.

(G)Normalized GFP+/- assay for U20S pool expressing sShRNA against FBXW7
(TRCNO0000355644), where data is first normalized to the day zero GFP+/- ratio, then to the
untreated GFP+/- ratio at each time point, and subsequently normalized to the control
shRNA. Data represent the mean of two replicates + SEM.

(H)Normalized (as in G) GFP+/- assay for U20S pool expressing shRNA against BIRC6
(TRCN0000364501). Data represent the mean of two replicates = SEM.

(I) Normalized (as in G) GFP+/- assay for U20S pool expressing shRNA against FBXO8
(TRCN0000034316). Data represent the mean of two replicates = SEM.

(J) Normalized (as in G) GFP+/- assay for U20S pool expressing ShRNA against ZBTB11
(TRCN0000376563). Data represent the mean of two replicates = SEM.
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Figure 1.7. FBX042, HUWE]1, and UBE3D are required for normal mitotic progression.

(A) Representative propidium iodide-based cell cycle analysis by flow cytometry (with arbitrary
units on the x-axis) of HAP1-Cas9 wild type cells and HAP1 clonal mutant cell lines of
FBX0O42, HUWEI, and UBE3D after 10h and 24h in 14.4nM BI-2536 and after 24h in 20nM
colchicine. Untreated samples were collected at the 24h time point.
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(B) Quantification of BI-2536 results in (A). Untreated (UT). Data represent the mean + SEM,
n=6-26.

(C) Quantification of colchicine results in (A). Data represent the mean + SEM, n=5-12.

(D) Representative propidium iodide-based cell cycle analysis by flow cytometry (with arbitrary
units on the x-axis) of HAP1-Cas9 wild type cells and HAP1 clonal mutant cell lines of
FBX0O42, HUWEI, and UBE3D after 10h and 24h in 200nM TAK-901. Untreated samples
were collected at the 24h time point.

(E) Quantification of normal G2/M content in (D). Data represent the mean = SEM, n=5-24.

(F) Quantification of polyploid G2/M content in (D). Data represent the mean + SEM, n=5-24.

(G)Representative immunofluorescence images of HAP1-Cas9 wild type, HUWE1, UBE3D and
FBXO042 clonal mutant cell lines after 24h in 14.4nM BI-2536. Widefield images depicting
untreated and treated (BI-2536) samples fixed at the 24h time point. Scale bars, 50 um (left
panel). Confocal images depicting example monopolar spindle morphologies after 24h of
14.4nM BI-2536 treatment. Scale bars, 15 um (right panel). Green: microtubules; blue:
DNA.

(H) Top: Quantification of the number of mitotic cells by IMF in HAP1-Cas9 wild type,
HUWEI, UBE3D and FBX042 clonal mutant cell lines following 24h of 14.4nM BI-2536.
Bottom: Quantification of the proportion of mitotic cells displaying monopolar spindles from
the top panel. A minimum of 250 mitotic cells were counted per replicate. Data represent the
mean + SEM, n=3.

(B-H) (*) (**) (***) and (****) represent p-values of <0.05,<0.01,<0.001, and <0.0001,

respectively.
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Figure 1.8. FBX(042 plays a role in mitosis in osteosarcoma cell line U20S.

(A) Internally controlled, competitive growth assay. GFP" U20S cells stably expressing a
control shRNA (SHC002) were mixed with U20S cells stably expressing one of two
shRNAs against FBXO42 (FBX042-1: TRCN0000134822; FBX042-2:

TRCNO00028599). The starting GFP+/— ratio was determined by flow cytometry, and cells
were split into media with or without one of several inhibitors every two days for eight days,
with flow cytometry analysis of the GFP+/— ratio every two days. In parallel, GFP" U20S
stably expressing SHC002 were mixed with GFP~ U20S stably expressing SHC002. Data
were normalized to the day zero GFP+/— ratio, subsequently normalized to the untreated
GFP+/- ratio at each time point, and finally normalized to the GFP" SHC002/GFP~ SHC002
data. Data represent the mean of six replicates (three of each FBX042 shRNA) + SEM. [BI-
2536]=24nM; [TAK-901]=19.8-24.8nM; [colchicine]=9.39nM; [cytochalasin

D]=39.4nM. All cells were grown in 2ug/mL puromycin for the duration of the experiment
to maintain selection for the integrated shRNAs.

(B) Western blots of samples from (A) stably expressing shRNAs against FBX042 collected at
days 2 and 10, or cells expressing the control sSiRNA SHC002 (NT) (ABclonal antibody).
FBX042-1 and FBX042-2 as in (A).

(C) Quantification of propidium iodide-based cell cycle analysis by flow cytometry of U20S

cells stably expressing shRNAs against FBX042 or control shRNA and treated with 609nM
TAK-901 for 24h. Data represent the mean of 6 replicates + SEM for FBX042-1 and
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FBXO042-2, and 12 replicates + SEM for Control and Average (the average of FBX042-1
and FBX042-2). Control is the average of Control-1 (U20S-WT with SHC002) and
Control-2 (GFP" cells with SHC002). (*) indicates p-value < 0.005.

(D) Representative widefield immunofluorescence images of U20S cells expressing a control
shRNA (SHC002) or FBXO042 shRNA after 24h in 24nM BI-2536 or untreated. Scale
bar=100 pm (left panel). Confocal images depicting example monopolar spindle morphology
after 24h of 24nM BI-2536 treatment. Scale bar=15 pm (right panel). Green: microtubules;
blue: DNA.

(E) Quantification of the proportion of mitotic cells displaying monopolar spindles in U20S cells
stably expressing a control sShRNA (WT) or one of two shRNAs against FBX042 and treated
with 24nM BI-2536 for 24h. FBX042-1, FBX042-2 and Control as described in (A). A
minimum of 250 mitotic cells were counted per replicate. Data represent the mean + SEM,
n=3.
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Figure 1.S1. Western blot of four independent HAP1-Cas9 clones containing doxycycline-
inducible 3xFlag-Cas9. To induce Cas9, cells were given fresh media with 1ug/mL doxycycline
every day for three days, then collected at day 4 for WB. The CRISPR-Cas9 screens were done
in triplicate using three of these four clones (either ¢.2.1, ¢.2.2, and ¢.2.17 or ¢.2.1, ¢.2.2, and
c.4).
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Figure 1.S2. Correlation between the untreated gene Log?2 fold change scores (from the median
of 15 replicates) and gene expression. RNA sequencing data are the average of two replicates of
WT HAPI1 cells, raw sequencing reads (Lumb et al., 2017). For the purposes of this plot, genes
with no detected sequencing reads were set to 0.1. Bottom: Histogram of the number of genes
in each RNA sequencing read bin.
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RNF19A c1 GTATAACGGGGAGTCTGTCAGGAAGTGCCATGGTAAACTG
TG
UBE3D WT TTTGTTTTTAATTACCAGAGAACCGAAAGAAGGAGGTATG

UBE3D c2 TTTGTTTTTAATTACCAGAGAACC----GAAGGAGGTATG

UBE3D c¢3 TTTGTTTTTAATTACCAGAGAACCGAAAGAAGGAGGTATG
A
UBE4B WT CTCTCTATTCTGCCTAGTTGCCGTCGCTATATCCGCAGACTCCGGGCTATCCG

UBE4B c1 CTCT---—-—mm e CTATATCCGCAGACTCCGGGCTATCCG

Figure 1.S3.

(A) Western blots of FBX0O42, UBE3D, HUWEI, and HERC?2 mutant clones. Large non-specific
band in the FBXO42 blot is indicated by a red arrow (Aviva Systems Bio FBX042
antibody). Clones used in this study are indicated by asterisks.

(B) Sanger sequencing results of the sgRNA region of each target gene. Regions were PCR
amplified from genomic DNA and PCR products were purified before being subjected to
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Sanger sequencing. The wild type sequence for each gene is shown on top, and the clonal
mutant sequences are shown below. Predicted Cas9 cut sites are indicated by black arrows,
the sequence complementary to the sgRNA is underlined in black, deletions are indicated by
dashed red lines, and insertions are indicated by red bases. For FBX042 and HERC2, each
allele had a different edit (denoted by c2-1 and c2-2 or ¢5-1 and ¢5-2, respectively).
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Figure 1.54.

(A) Internally controlled, competitive growth assays from Figure 1.8 A showing the two shRNAs
against FBXO42 separately. Data represent the mean of three replicates for each FBX042
shRNA + SEM. FBX042-1 and FBX042-2 as in Figure 1.8A.

(B) Representative propidium iodide-based cell cycle analysis (with arbitrary units on the x-axis)
of U20S cells stably expressing shRNAs against FBX0O42 or control shRNA treated with
609nM TAK-901 for 24 hours (quantification in Figure 1.8C). Untreated samples were
collected at the 24hr time point. FBX042-2: TRCN00028599; Control-1: U20S WT cells
with SHC002.
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(C) Western blot of U20S cells stably expressing shRNAs against FBX042 or control shRNA
(ABclonal antibody). Samples are from the same experiment as (Figure 1.8C). FBX042-1:
TRCN0000134822; FBX042-2: TRCN00028599; Control/Non-targeting: SHC002.

(D) U20S propidium iodide-based cell cycle analysis quantification from Figure 1.8C showing
just the average of two shRNAs against FBX042 and the average of Control-1 and Control-
2. Data represent the mean of 12 replicates = SEM (****) indicates p-value < 0.0001.
Untreated samples were collected at the 24h time point.
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CUL4A/4B are:
Sensitive to BI-2536

DCAF11

SRs: | pcars

CUL3 is:
Sensitive to Flavo Sensitive to Tanespimycin
SRs:| ZBTB7A KEAP1

CUL2is: CULS is:

Resistant to Pimasertib Resistant to TTFA Sensitive to TTFA Sensitive to Leptomycin  Resistant to Palbociclib Resistant to Ribociclib Resistant to Pictilisib

SRs:

Figure 1.S5. Specific cullin RING ligase substrate receptors (SRs) often correlate with data
seen for their associated cullins. Data for cullins and their SRs with strong Log2 fold change
scores (<-0.45 or >0.45) and p-values <0.01 are shown. Since CUL4A and CUL4B are likely
redundant, a Log2 fold change cut-off of <-0.20 or >0.20 for both of these cullins was used.

(A) CUL4A and CUL4B both showed modest resistance to TTFA (X = 0.25) and modest
sensitivity to BI-2536 (X = -0.34). DCAF11 and DCAF5 mutants were significantly resistant
to TTFA, whereas no single SR showed strong sensitivity to BI-2536, suggesting a
combinatorial effect.

(B) CUL3 was significantly sensitive to flavopiridol and tanespimycin, and resistant to BI-2536.
In each case, one CUL3 SR showed a similarly strong response.

(C)CUL2 and CULS5, which share SRs, were significantly sensitive or resistant to pimasertib,
TTFA, leptomycin B, palbociclib, ribociclib, and pictilisib. The SR SOCS4 and adapter
TCEB3 likely explain the TTFA resistance of CUL2, whereas WSB2 appears responsible for
the sensitivity of CULS to leptomycin B. No single SR showed a significant response to
pimasertib, palbociclib, ribociclib, or pictilisib, suggesting a strong combinatorial effect.
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Figure 1.S6.

(A) Immunoprecipitation of FBXW7 from U20S cells expressing a non-targeting control shRNA
(C) or an shRNA against FBXW7 (F7). IP performed with FBXW7 antibody A301-721A or
FBXO8 antibody (IgG control) ab228838, and Western blot probed with FBXW?7 antibody
A301-720A. Loading was 1x input and 200x IP. FBXW7 shRNA: TRCN0000355644.

(B) Western blot of U20S cells expressing a non-targeting control shRNA (shCtrl) or an shRNA
targeting BIRC6 (TRCN0000364501). Samples collected concurrently to experiment in
Figure 1.6H.

(C) Western blot of U20S cells expressing a non-targeting control shRNA (shCtrl) or an shRNA
against ZBTB11 (TRCN0000376563). Samples collected concurrently to experiment in
Figure 1.6J.
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BI-2536

Palbociclib

Sensitive

Resistant

Sensitive

Resistant

Gene FDR

1 UBE4B
2 FBXW7.
3 RNF146
4 FBX042
5 PCGF3

6 RNF19A
7 RNF19B
8 STUBL

9 WDTC1
10 UBRS

11 IVNS1ABP
12 HERC2
13 CUL4A
14 KDM28.
15 HUWEL
16 PCGFS
17 LRRCA1
18 ZBTB1
19 ZRANB1
20 ZBTB10
21 7BTB14
22 FBXL1L
23 PPIL2

24 caLLL
25 BRCAL
26 UBR7
27 TRIM28
28 NOSIP
29 78782
30 BARDL
31 KEAPL
32 RNF220
33 RNF214
34 DCAF15
35 TCEBL
36 SPOP

37 USP46
38 PRPFL9.
39 UBE3D
40 RNF219
41 TRIM48
42 0TUD7B
43 BAPL
44 TRAF2
45 KLHL28
46 TRIM35
47 TRIM49A
48 TRIMA9C
49 FBX028
50 TCEB2
51 FEMIA
52 ZNF598
53 TRAF4
54 UBR4.
55 28784
56 VHL

57 MARCH4
58 HECTD1
59 TRIMS9
60 RNF113A
61 TRIMLL
62 CBL

63 USP31
64 RNF207
65 ZBTB7A
66 TRAIP
67 RNF2
68 RNF43
69 RCBTBL
70 MGRN1
71 RNF215
72 KLHL26
73 KLHL18
74 78TB17
75 RNFTL
76 FBXOS
77 DCAF11
78 BIRC8
79 FBXO2
80 RNF224.
81 HECTD3
82 CGRRF1
83 CuL4B
84 FBXO34
85 HIC1
86 ANKFY1
87 TRIM46
88 PDZRN3
89 Z8TB40
90 FBXWS
91 RBBPG
92 ASBS
93 TRIM33
94 ANAPC11
95 DCAFAL2
96 KBTBD7
97 TRIM9
98 50CS1
99 LONRF1
100 FBX043
101 KLHL40
102 AMBRAL
103 CHFR
104 FBXLE
105 UCHL3
106 BTBD16
107 RFPLL
108 MARCH?
109 SYVN1
110 CCN
111 RFPL2
112 787848
113 £BXO3
114 DCAFI3
115 SIAH3
116 FBX048
117 G2E3
118 KLHI36
119 ASB2
120 MARCHS
121 UBE4A
122 TRIM36
123 RBXL
124 TRIMS2
125 KLHLL
126 UBR3
127 KLHL22
128 FBXW10
129 TRIMES
130 ARELL
131 DCAF6

0.053783
0.053783
0.053783
0.053783
0058034
0058034
0058034
0.062387
0.062387
0.062387
0.062387
0.062387
0.062387
0.062387
0.062387
0.062387
0.062387
0.062387
0.062387
0.062387
0.062387
0.062387
0.062387
0.069064
0071173
0071173
0071173
0071173
0071173
0071173
0071173
0071173
0.080735
0071173
0071173
0071173
0071173
0.088533
0.088533
0.088533
0.088533
0088533
0.088533
0.091641
0.094809
0.110847

Gene

1 SMURF1
2 MIB1

3 CNOT4
4 SKP2

5 RNF11
6 FBXW11
7 NACC1
8 OTUD6B
9 PHIP

10 FBXO11
11 MKRN1
12 NEURL1B
13 PIAL

14 KLHL20
15 MNAT1
16 287824
17 TRIV24
18 ASB10
19 AsB3
20 USP7
21 ZNRF1
22 KLHL13
23 ANKIB1
24 PEX12
25 RNF145
26 RNF148
27 cUL3
28 cuLl
29 TRIM38
30 MDM4
31 SMURF2
32 KBTBD8
33 MsL2
34 RNF14
35 BTBD7
36 PCGF6
37 FBX038
38 BIRC6
39 ITCH
40 FBXL13
41 FBXO4

Gene FDR

1 DCAF7
2 ARMCS
3 TRIM28.
4 5TUBL

5 FBXO11
6 5KP2

7 UBE4B
8 USPL

9 PIAL

10 RNF219
11 UBE3C
12 FBX028
13 KBTBD2
14 78TB14
15 FBXO4S
16 MARCH
17 TCEB3
18 VHL

19 cuLaB
20 FBXLIA

0104761

Gene FDR
1 FBXW7 7.40E-05

2 FBXLS 7.
3 BIRCE.

4 NOSIP.

5 FBX033
6 RNF7

7 RFWD2
8 ARIH2

9 cuLs

10 UBRA
11 LZTRL
12 VPs18
13 TRIM64B
14 CNOT4
15 IRF28P1
16 CISH

17 UHRFL
18 MYLP
19 SIAH1,
20 RNF214
21 OTUD7A
22 PCGF6
23 L

24 vps11
25 RNF2
26 FBXO36
27 RNF138
28 787844
29 ASB13
30 KBTBD13
31 RNFI26
32 TRAF7

Figure 1.S7. Comparison of primary analysis
with FDR analysis for BI-2536 and
palbociclib.

Genes are ranked by FDR analysis for
sensitivity or resistance to BI-2536 or
palbociclib. FDR scores of genes identified as
sensitive are indicted in dark red if they have an
FDR< 0.05 and light red if 0.05<FDR<0.1.
FDR scores of genes whose loss causes
resistance are shown in dark blue if they have
and FDR < 0.05 and light blue if
0.05<FDR<0.1. All genes identified as having
significant sensitivity or resistance to BI-2536
or palbociclib in our primary analysis are
included and are highlighted in yellow. Not all
genes with significant FDRs are indicated, as
this test was considerably less stringent. The
complete FDR list can be found in the peer-
reviewed publication.
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Table 1.S1. Key Resources Table

Antibodies
Reagent or Resource Source Identifier
Monoclonal anti-B-Actin antibody Sigma Cat#A5441; RRID AB_476744
Monoclonal anti-Vinculin antibody Sigma Cat#V9131; RRID AB_477629
Monoclonal anti-FLAG M2 antibody Sigma Cat#F3165; RRID AB_259529
Polyclonal anti-UBE3D antibody abcam Cat#ab121927; RRID AB_11129761
Polyclonal anti-FBX0O42 antibody ABclonal Cat#A14898; RRID AB_2761778

Polyclonal anti-FBX0O42 antibody

Aviva Systems Bio

Cat#ARP47068_P050; RRID
AB_2045869

Polyclonal anti-HUWE1 antibody

Simon Wing lab

N/A

Polyclonal anti-FBXW?7 antibody

Bethyl Laboratories

Cat#A301-720A; RRID AB_1210897

Polyclonal anti-FBXW?7 antibody

Bethyl Laboratories

Cat#A301-721A; RRID AB_1210898

Monoclonal anti-BIRC6 antibody

Cell Signaling
Technology

Cat#8756S; RRID AB_11220435

Polyclonal anti-ZBTB11 antibody

Bethyl Laboratories

Cat#303-239A; RRID AB_10953662

Dynabeads Protein A for
immunoprecipitation

ThermoFisher

Cat#10001D

Goat Anti-rabbit IgG (H+L)-HRP Bio-Rad Cat#1721019; RRID AB_11125143
conjugate

Goat Anti-mouse IgG (H+L)-HRP Bio-Rad Cat#1721011; RRID AB_11125936
conjugate

Goat Anti-mouse IgG IRDye 800CW LI-COR Cat#92632210; RRID AB_621842
Protein A-HRP conjugate Bio-Rad Cat#1706522

Polyclonal Anti-tubulin Alexa Fluor 488 Cell Signaling Cat#8058S; RRID AB_10860077
conjugate Technology
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Bacterial and Virus Strains

Reagent or Resource Source Identifier

DH5a subcloning competent cells This study N/A

XL-10 Gold Ultracompetent Cells Agilent Technologies Cat#200315

MegaX DH10B T1R Electrocomp cells ThermoFisher Cat#C640003

Chemicals, Peptides, and Recombinant Proteins

Complete EDTA free protease inhibitor Roche Cat#05056489001

cocktail

Leupeptin Sigma Cat#L2023

Bestatin Sigma Cat#B8385

Benzamidine HCI Sigma Cat#B6506

17-AAG/Tanespimycin Cayman Cat#75747-14-7

BAPTA-AM Cayman Cat#126150-97-8

BI-2536 Cayman Cat#755038-02-9

Bleocin EMD Millipore Cat#203408
Calbiochem

Bortezomib EMD Millipore Cat#179324-69-7
Calbiochem

Brefeldin A Cayman Cat#20350-15-6

Camptothecin Sigma Cat#C9911

CB-5083 Cayman Cat#1542707-92-9

Cisplatin Sigma Cat#479306

Colchicine Sigma Cat#6-96-8
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Chemicals, Peptides, and Recombinant Proteins

Reagent or Resource Source Identifier
Cycloheximide Sigma Cat#C4859
Cytochalasin D Sigma Cat#22144-77-0
2-[2-[4- Cayman Cat#370-86-5

(trifluoromethoxy)phenyllhydrazinyliden
e]-propanedinitrile (FCCP)

Flavopiridol Enzo Life Science Cat#146426-40-6
Bisindolylm. Apexbio Cat#133052-90-1
(bisindolylmaleimide/GF109203X)

Harringtonine Abcam Cat#26833-85-2
Imatinib mesylate Cayman Cat#220127-57-1

lonomycin AdipoGen Life Cat#56092-81-0
Sciences

lonomycin Cayman Cat#56092-81-0

Ipatasertib (GDC-0068) Cayman Cat#1001264-89-6

JG-231

Laboratory of Jason
Gestiwicki, UCSF

N/A

Latrunculin A

Enzo Life Science

Cat#76343-93-6

Leptomycin B

Cayman

Cat#87081-35-4

Methyl methanesulfonate (MMS) ThermoFisher Cat#66-27-3
Nicotinamide Cayman Cat#98-92-0
Paclitaxel (Taxol) Cayman Cat#33069-62-4
Palbociclib/PD 0332991 isethionate Sigma Cat#827022-33-3
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Chemicals, Peptides, and Recombinant Proteins

Reagent or Resource Source Identifier

Pictilisib (GDC-0941) Cayman Cat#957054-30-7

Pimasertib (AS-703026) Cayman Cat#1236699-92-5

Pladienolide B EMD Millipore Cat#445493-23-2
Calbiochem

Pravastatin Sodium salt Abcam Cat#81131-70-6

Rapamycin Sigma Cat#53123-88-9

Ribociclib (Lee011) Cayman Cat#1211441-98-3

RO-3306 Cayman Cat#872573-93-8

SAHA/Vorinostat Cayman Cat#149647-78-9

Dichloroacetic acid

Acros organics

Cat#2156-56-1

TAK-901

Apexbio

Cat#934541-31-8

Thapsigargin

Sigma

Cat#67526-95-8

Thenoyltrifluoroacetone (TTFA)

MP Biomedicals

Cat#326-91-0

Tunicamycin EMD Millipore Cat#11089-65-9
Calbiochem
Vinblastine sulfate salt Sigma Cat#143-67-9

Vectashield Anti-fade Mounting Medium Fisher Scientific Cat#NC9265087
Critical Commercial Assays

Ex Taq DNA Polymerase Takara Bio Cat#RR001B
pGEM T-Easy Vector System Promega Cat#A1360
MycoAlert Mycoplasma Detection Kit Lonza Cat# LT07-118
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Critical Commercial Assays

Reagent or Resource Source Identifier
Pierce BCA Protein Assay Kit ThermoFisher Cat# 23225
QIAprep Spin Miniprep kit Qiagen Cat# 27106

Nucleospin Blood L kit

Machery Nagel

Cat# 740954.20

Lenti-X concentrator

Takara Bio

Cat# 631232

E.Z.N.A. Endo-free plasmid mini kit Il

Omega Bio-Tek

Cat# D6950-02

Genelute HP Plasmid Maxiprep Kit

Sigma-Aldrich

Cat# NA0310-1KT

Deposited Data

Unprocessed IMF and WB images

Mendeley Data

http://dx.doi.org/10.17632/rt6y73mrb5.1

Experimental Models: Cell Lines

Laboratory of Joseph N/A
HAP1 Puglisi, Stanford
Unviersity
U20S Laboratory of Dyche N/A
Mullins, UCSF
Oligonucleotides
Sequencing primer FH273: This study N/A
CAAGGCTGTTAGAGAGATAATTGGA
Amplify region around FBX042 This study N/A
genomic DNA-F:
CATTTGGGAGCTAGGTAGGCTATTC
TC
Amplify region around FBX042 This study N/A
genomic DNA-R:
CACTGGCTTAGCACATGGAATTG
Universal forward primer for This study N/A
amplification of sgRNA library:
TACATCCTGGTTACTTGGC
Universal reverse primer for This study N/A

amplification of sgRNA library:
TGTCGTACCGTCTCCAAAC
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Recombinant DNA

Reagent or Resource Source Identifier
pCMV-VSV-G Addgene Cat#8454
psPAX2 Addgene Cat#12260
pMD2.G Addgene / Davide Cat#12259 / N/A

Ruggero Lab

pLKO.1 FBX0O42-1::
CCGGCCATCAGTGTTATCATGGTTT
CTCGAGAAACCATGATAACACTGAT
GGTTTTTTG

Sigma Mission shRNA

Glycerol Stock; TRCN0000134822

TRC2-pLKO FBX042-2:
CCGGTAGATGATGCAACTATCTTAA
CTCGAGTTAAGATAGTTGCATCATC
TATTTTTG

Sigma Mission shRNA

Glycerol Stock; TRCN0000285999

TRC2-pLKO FBXW?7:
CCGGCTAGAAAGGAACTGCAATAATCT

CGAGATTATTGCAGTTCCTTTCTAGTTT

TTG

Sigma Mission shRNA

Glycerol Stock; TRCN0000355644

TRC2-pLKO BIRCEG:
CCGGCCCGTCAGTAGTGCGGTAAATC

TCGAGATTTACCGCACTACTGACGGGT

TTTTG

Sigma Mission shRNA

Glycerol stock; TRCN0000364501

pLKO.1 FBXO8:
CCGGGAGAGTATCTTGAAACTCTTA
CTCGAGTAAGAGTTTCAAGATACTC
TCTTTTTG

Sigma Mission shRNA

Glycerol stock; TRCN0000034316

TRC2-pLKO ZBTB11:
CCGGTAGATCGATCCCGTCCAATATCT
CGAGATATTGGACGGGATCGATCTATT
TTTG

Sigma Mission shRNA

Glycerol stock; TRCN0000376563

Non-mammalian shRNA control:
CAACAAGATGAAGAGCACCAA

Sigma Mission shRNA

SHCO002

Software and Algorithms

FIJI (ImageJ)

Schindelin et al., 2012

https://imagej.net/Fiji

mhorlbeck/Screen processing

Horlbeck et al., 2016
elife

https://github.com/mhorlbeck/ScreenP
rocessing

MAGeCK v.0.5.9.2

Li et al. 2014 Genome
Biology

https://sourceforge.net/p/mageck/wiki/
Home/
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Software and Algorithms

Reagent or Resource

Source

Identifier

Canopy v.2.1.3.3542

Enthought Inc.

https://store.enthought.com/download
s/

TextWrangler v.5.5.2

Bare Bones Software

https://www.barebones.com/products/
textwrangler/download.html

FlowJo v.10.0.8

Beckton, Dickinson
and Company

https://www.flowjo.com

ImageStudioLite v.5.2.5

Li-Cor Biosciences

https://www.licor.com/bio/image-
studio-lite/

Gene Cluster 3.0

Stanford University,
University of Tokyo

http://bonsai.hgc.jp/~mdehoon/softwar
e/cluster/software.htm

Java TreeView v.1.1.6r6

Alok J. Saldanha

http://jtreeview.sourceforge.net/
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Supplementary File 1.S1. Targets and sgRNAs used in the CRISPR-Cas9 screen

The first tab (“Target list™) lists all genes targeted in the UPS CRISPR-Cas9 screen, grouped by
type (F-box, RING, HECT, etc.), as well as non-targeting controls (CTRL0O0001-CTRL00082),
and the twenty non-expressed genes (targeting controls). The second tab (“sgRNA sequences”)
lists all 6,306 sgRNA sequences used in the screen. For each gene, sgRNAs one through seven
were selected from a previously published whole-genome essentiality screen (Wang et al., 2015),
and sgRNAs eight and nine were designed to target the key catalytic or binding regions of each
protein (this study). Non-targeting control sgRNAs represent a sub-set of the previously
published list (Wang et al., 2015). Twenty non-expressed genes were selected as additional
controls and were targeted with three sgRNAs each for a total of 60 targeting control sgRNAs
(Wang et al., 2015).

Supplementary File 1.S2. Illumina sequencing primers and barcodes used

List of the 96 x 5’Illumina sequencing primers, each containing a unique six nucleotide barcode,
with half annealing upstream of the sgRNA integration site (Set A), and half annealing
downstream of the integration site (Set B). Also listed are the two 3’ Illumina primers (for Set A
and Set B), the 5’ sequencing primer, and the 3’ sequencing primer. A standard indexing primer
was provided by the UCSF Center for Advanced Technology, which performed the sequencing.

Supplementary File 1.S3. Inhibitors, targets, and doses used in the screen and validation
experiments

The 41 compounds used in the CRISPR-Cas9 screen including target, primary mechanism of
action, and dosage information. In cases where the dose appeared too strong during the
experiment, the dose was reduced as indicated for all replicates at the same time point.

Supplementary File 1.S4. Mini-pools of sgRNAs used in GFP/BFP validation experiments
Lists of the sgRNAs used in the GFP/BFP validation assays. A subset of the nine sSgRNAs per
gene in the screening library were selected for use in the validation assays based on performance
in the screen.

Supplementary File 1.S5. Primers used to confirm mutation of FBX042, HUWE]I,
RNF194, UBE3D, UBE4B, and HERC2
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MATERIALS & METHODS

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines and Culture Conditions

HAPI cells (male) were grown in IMDM supplemented with 10% tetracycline-free FBS and
4mM L-glutamine, without antibiotics. U20S cells (female) were grown in DMEM
supplemented with 10% FBS and 2mM L-glutamine, without antibiotics. HEK293T cells
(female) used to package lentivirus were grown in DMEM supplemented with 10% FBS and
2mM L-glutamine, without antibiotics. All cells were grown at 37°C and 8% CO; in standard

tissue culture incubators.

Our laboratory conducts regular mycoplasma testing of cultured cells with the MycoAlert
Mycoplasma Detection kit (Lonza), and no mycoplasma contamination of any cell line was

detected during this study.

METHOD DETAILS

CRISPR-Cas9 sgRNA design

A list of nearly all human E3s as well as the non-essential DUBs was compiled by referencing
previous work (Li et al., 2008; Liu et al., 2019) and searching protein sequence databases for
other proteins containing predicted E3 domains (e.g. RING domains) (Supplementary File
1.S1). In total, the list includes 629 E3 catalytic components, substrate binding modules, and
structural components, as well as 56 DUBs. For each gene, seven effective sgRNAs were
selected from the genome-wide essentiality screen conducted by Wang et al. (Wang et al., 2015)

(sgRNAs one through seven), and two new domain-specific sgRNAs were designed (sgRNAs
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eight and nine) (described in further detail below). As controls, 81 non-targeting and 60
targeting sgRNAs (with three sgRNAs targeting each of 20 genes predicted to not be expressed
in most cells, including olfactory receptors and testes-specific genes) were also included (Wang

et al., 2015), for a total library of 6,306 sgRNAs (Supplementary File 1.S1).

Domain-specific sgRNA design

Based upon statistics alone, one-third of the time, a double-strand break generated by Cas9 will
be repaired with an in-frame insertion or deletion, and unless such an indel disrupts residues that
are key to the function of the protein or is so large as to significantly alter the structure, the
mutated protein may still be functional. This would tend to limit the sensitivity of a CRISPR-
Cas9 screen, since at most two thirds of modified cells will have a non-functional protein,
assuming the sgRNA targets near the 5’ end of the gene. Theoretically, sgRNAs that precisely
target codons for key catalytic or binding residues, rather than just the 5° end of the gene, would
be more likely to yield a non-functional protein, even if the break is repaired with an in-frame
indel (Shi et al., 2015). This strategy is of course limited by the availability of PAM sequences
in the desired region and depends on there being unique sequences to target, which can be

difficult when targeting a highly conserved region.

Two domain-specific sgRNAs were designed for each gene as follows, and using the previously
available Feng Zhang lab online sgRNA design tool to predict and avoid off-target effects. For
F-box proteins (CULI substrate receptors), which have a roughly 40 amino acid F-box domain
that binds SKP1, sgRNAs targeting structurally-defined SKP1 contact residues were designed

(Schulman et al., 2000). For U-box proteins, sgRNAs targeting the RING-like U-box domain
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responsible for E2 binding were designed (Koegl et al., 1999; Ohi et al., 2003). CUL4A/CUL4B
substrate receptors (DCAFs) contact DDBI1 through one or more of several motifs: an HLH
motif, an HLH-like motif termed “CRBN-type binding”, and DWxR motifs within a WD40
domain (Fischer et al., 2011, 2014; Gérard et al., 2014; Li et al., 2010). For some DCAFs, the
crucial DDB1-binding motifs have been identified, but for others, these motifs had to be
computationally predicted based on sequence alignments to well-characterized members of the
group. Subsequently, sgRNAs targeting the most important motif for binding (or the motif
predicted to be the most important based on alignment) were designed. For CUL3 substrate
receptors, which interact with CUL3 via BTB domains and in particular the 3-box motif within
the BTB, sgRNAs targeting the BTB domain were designed (Canning et al., 2013). Some,
presumably monomeric, CUL3 receptors contain two BTB domains, and in these cases, only one
of the BTB domains was targeted. For CUL2/5 substrate receptors, which contact
TCEB1/TCEB2 via a SOCS-box or VHL domain, sgRNAs targeting close to the beginning of
the domain were designed since the main point of contact occurs in the first 6-10 amino acids of
the domain (Cai and Yang, 2016; Stebbins et al., 1999). For the cullins themselves, sgRNAs
targeting the cullin-RBX1/RBX2 contact domain, and specifically the S2 strand when possible,
were designed (Zheng et al., 2002). For HECT E3s, which contain both E2-binding regions and
catalytic clefts containing the conserved, catalytic cysteine, sgRNAs targeting the catalytic cleft
were designed. In some cases, candidate sgRNAs targeting the catalytic cleft had many
predicted off-target sites, so the E2-binding region was targeted instead. For RING finger E3s,
sgRNAs targeting the RING domain and, when possible, the key cysteine or histidine residues
involved in zinc coordination were designed (Freemont, 1993; Lorick et al., 1999). For RBRs,

sgRNAs targeting the RING2 catalytic cysteine were designed, and when this was not possible,
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sgRNAs targeting the E2-binding RING1 were designed (Bijlmakers et al., 2016; Spratt et al.,
2014). Finally, for MINDY, USP, OTU, UCH, and Josephin DUBs, sgRNAs targeting as close
as possible to the catalytic cysteine were designed (Abdul Rehman et al., 2016; Komander et al.,
2009). In some cases, the catalytic cysteines are not annotated, so they were predicted based on
sequence alignments and identification of the most likely residue based on conservation across a
DUB family. For the JAMM/MPN+ DUBs, sgRNAs targeting the zinc coordination region

(JAMM motif) were designed (Sato et al., 2008).

CRISPR-Cas9 sgRNA cloning

To amplify the sgRNAs, oligos containing universal forward and reverse primer-binding sites
surrounding the sgRNA and flanking BsmBI sites were designed such that all 6,306 different
sgRNAs could be amplified simultaneously from the source pool. The BsmBI sites enabled
restriction-ligation cloning of digested PCR products. The oligos additionally contained gene-
specific forward primer-binding sites to enable specific amplification of the nine sgRNAs for a
gene of interest. To increase gene-specific primer specificity, a published list of orthogonal
primers was analyzed to find a subset with the most dissimilar sequences possible, and these
were used in constructing the sgRNA oligos and complementary primers (Xu et al.,

2009). Oligos were 82 bp long and were synthesized in a pooled-format by CustomArray, Inc.

Universal and gene-specific primers were synthesized by Integrated DNA Technologies.

A modified version of the lentiGuide-Puro vector (Addgene, plasmid #52963) (Sanjana et al.,

2014) was generated with Sbfl restriction sites flanking the sgRNA region for optional

extraction from the genome during sequencing library preparation. The plasmid was digested
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with BsmBI in NEB buffer 3.1 and gel purified. sgRNAs were amplified from the pool using the
universal forward and reverse primers, purified with a Qiagen MinElute PCR cleanup Kkit,
digested with Esp3I (an isoschizomer of BsmBI, which in our hands much more efficiently
digested the small sgRNA-containing PCR products), and gel purified from 20% acrylamide gels
following standard protocols. The digested vector and insert were then ligated together with T4
DNA ligase at a molar ratio of 1:2 vector:insert, and electroporated into MegaX
electrocompetent E.coli at 1800V in an Eppendorf Electroporator 2510. In order to maintain at
least 200-fold coverage and to maintain equal representation of each sgRNA in the library,
electroporated E. coli were plated onto 22x15cm petri dishes containing LB agar+carbenicillin
(75ug/mL) such that single colonies would be distinguishable and of roughly equal

size. Approximately 2x10°colonies were recovered, representing over 300-fold coverage of the
library. Colonies were scraped from the plate, pooled, grown for about 2 hours at 37°C in fresh
LB+carbenicillin, then spun and pelleted. Plasmid DNA was extracted using the GenElute HP
Plasmid MaxiPrep kit (Sigma). To check the quality of the library, 20 individual colonies from
the MegaX electroporation were isolated, plasmid DNA was extracted, and sgRNA sequences
were checked by Sanger sequencing. 17/20 (85%) were exact matches to 17 different sgRNAs in
the library, which is consistent with normal library quality. A comprehensive quality control of

the library was later done by deep sequencing (see peer-reviewed publication).

HAP1-Cas9 clone generation
HAPI clones expressing a TRE (tetracycline response element), a doxycycline-inducible TRE3G
driven 3xFlag-Cas9, and Blasticidin S deaminase were generated by integration of a modified

version of pAAVS1-PDi-CRISPRn (Mandegar et al., 2016). The puromycin N-acetyltransferase
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(PAC) gene in pAAVS1-PDi-CRISPRn was replaced with a Blasticidin S deaminase gene so that
sgRNAs could be marked with PAC and selected. Initially, forward and reverse TALENs were
used in an attempt to integrate the construct into the “safe harbor” AAVSI locus as described in
Mandegar et al., 2016, but recovered clones that had the integration at this site appeared to
rapidly silence Cas9, suggesting AAVSI is not a “safe harbor” in HAP1 cells. Other clones with
stable Cas9 expression appeared to have the construct integrated elsewhere in the genome, and
these were used for the CRISPR-Cas9 screen. Cells were co-transfected with pAAVS1-PDi-
CRISPRn-Blast, AAVS1 TALEN F, and AAVS1 TALEN R with FuGENE HD transfection
reagent following standard protocols and using a 3uL. FuGENE to 1pug DNA ratio. The next day,
cells were split, and two days after the transfection, cells were treated with Blasticidin S HCL at
10pg/mL. After six days of selection with Blasticidin, negative control wells were dead,
transfected wells were taken off Blasticidin, colonies were allowed to grow up, then clones were
isolated and analyzed for doxycycline-inducible Cas9 expression (with three days of 1pug/mL
doxycycline treatment) over several weeks in culture by Western blot. In general, HAP1-Cas9
clones were grown in 10pg/mL Blasticidin to maintain selection for integrated Cas9. HAP1 cells

diploidized rapidly into stable diploid lines.

CRISPR-Cas9 screen of the ubiquitin pathway

Compound concentration determination

To select the dose of each compound used in the screen, HAP1-Cas9 cells were initially seeded
at a density of 6 million cells per well in 6-well plates and grown in the presence or absence of
each compound over a range of 12 or more doses. Cells were split into fresh compound every

two days for a period of eight days and observations of cell confluency and apparent death were
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made every two days. Doubling time was calculated for each dose, and a dose that inhibited

growth to about 70% of untreated controls was selected for the screen.

For the cell cycle profile and immunofluorescence experiments carried out in U20S cells, GFP"
U20S used were used to determine the dose of BI-2536, TAK-901 and colchicine as described

above.

Lentivirus production & infection of HAPI1-Cas9 clones

293T cells in 15cm dishes at 60-70% confluency were transfected with 11.25ug of the sgRNA
library, 6.75ug psPAX2, and 3.38ug VSVG using 64.1uL FuGENE HD (3uL FuGENE:1ug
DNA) following standard protocols. 5 to 6hr after transfection, the medium was replaced with
10mL IMDM, and 24h after transfection, media containing viral particles was harvested, filtered
through a 0.45um SFCA filter, diluted with warm IMDM, supplemented with 8ug/mL
polybrene, and used to infect HAP1-Cas9 clones in 15c¢m dishes at an infection ratio of 1:6 (one
15cm dish worth of lentiviral media to six 15c¢m dishes of HAP1 cells). With this library and
protocol, this yields an effective MOI of 0.3-0.5. In order to have at least 1,000-fold coverage of
every sgRNA in the library for each replicate of the screen, three 15cm plates of HAP1-Cas9
cells at 70-80% confluency were infected. Each 15cm of HAP1 contains approximately 7.5x10’
cells. 24h after start of infection, media containing virus was removed by aspiration and
replaced with fresh IMDM. 24h later, infected cells were split into fresh IMDM with 1pg/mL
puromycin to select for sgRNA integration. In parallel, un-infected cells were split into
puromycin. Cells were given fresh media with puromycin every day for a total of four days, at

which point all cells in the un-infected dish were dead. Cells were given one day of recovery,

65



after which one dish of each replicate was collected as the “pre-dox” sample for sequencing to
determine the initial sgRNA abundance. Remaining dishes were split into fresh IMDM with
Ipug/mL doxycycline to induce Cas9 expression. Cells were given fresh doxycycline every day
for a total of three days. Throughout the puromycin selection and doxycycline treatment, cells
were split when necessary (always maintaining 1,000-fold sgRNA coverage) and expanded so
that there would be enough cells on day zero, when treatment with each compound began. Cells
were given one day of recovery after doxycycline, then cells were split into one of the 41

compounds.

Pooled CRISPR-Cas9 screen

After infection, selection, and Cas9 induction, as described above, cells were split into media
with or without one of the 41 compounds, seeding enough cells for the desired 1,000-fold
sgRNA coverage. Cell confluency and death were visually inspected every two days, then cells
were split into fresh media with the appropriate compound and at the appropriate split ratio to
maintain >1,000-fold sgRNA coverage. Excess cells from splitting were collected at
intermediate time points, following standard protocols, and all cells were collected on day 8§, the
final time point. For each replicate of each compound, one 15cm plate was used for every time
point. Some compounds had a stronger effect of the cells in the context of sgRNA library
infection and Cas9-induction than they did in trial compound dosing experiments in 6-well
plates. In these cases, the compound dose was adjusted during the screen time course for all
replicates in order to ensure sufficient cell survival to the end of the experiment (Supplementary

File 1.83).
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Next generation sequencing library preparation

Genomic DNA was extracted from cell pellets collected from the screen using a Nucleospin
blood L midi kit (Machery Nagel), following standard protocols, performing an extra dry spin
after the second wash in buffer BQ2, and eluting with 340uL of EB. For each sample, three
100uL PCRs each with 10pug of gDNA were carried out to amplify the sgRNA and to append
barcodes and Illumina sequencing adapters, with each replicate of each compound having its
own barcode. Given the size of our library, only one PCR, rather than two sequential PCRs as
described previously (Han et al., 2017), were required to prepare samples for sequencing. One
of 96 oligos containing a unique hexamer barcode, the 5’ Illumina sequencing adapter, and a
primer designed to the constant region outside of the sgRNA were paired with one of two
common 3’ primers containing the 3° Illumina adapter (Supplementary File 1.S2). A small
fraction of each individual PCR was run on a 1.4% agarose gel to check for successful
amplification. Careful PCR practices including negative control reactions were employed
throughout to avoid cross-contamination of samples. To achieve 1,000-fold coverage during
deep sequencing, 45 or fewer samples with unique barcodes were pooled for each sequencing
lane (average PF reads per lane ~3.9x10°). The pooled samples were gel purified following
standard protocols, then deep sequenced on the Illumina HiSeq 4000 with single end, 50 base
reads (UCSF Center for Advanced Technology) using common 3’ and 5’sequencing primers and

an indexing primer provided by the core facility (Supplementary File 1.S2).

Clonal mutant HAP1 cell line generation

To generate each clonal mutant cell line of candidate mitotic E3s (FBX042, HUWE1, UBE3D,

HERC?2, UBE3D, and RNF19A), one of the HAP1-Cas9 clones was infected at low MOI
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following standard protocols with a modified lentiGuidePuro vector containing one

sgRNA. Integration of the sgRNA was selected for with 1pg/mL puromycin for four days, cells
were taken off puromycin for one day, then Cas9 was induced with 1pg/mL doxycycline hyclate
for three days. Cells were thoroughly trypsinized to yield single cells, plated at very low
confluency in 10cm dishes, allowed to grow to up to small colonies, and colonies were isolated
by picking and plating into individual wells of TC-treated plates. Isolated colonies were
screened for mutation of the targeted gene by PCR of the region surrounding the Cas9 cut site,
followed by Sanger sequencing of the purified PCR product. For proteins with available
antibodies, promising clones were also screened for protein depletion by Western blot. Note that
over many weeks in culture, some E3 mutant clones showed signs of slight protein levels,
suggesting that rearrangements occurred and were selected for since some of the mutations

resulted in slower growth.

Internally controlled, competitive growth assays (GFP/BFP and GFP+/-)

One of the HAP1-Cas9 clones used in the CRISPR-Cas9 screen was additionally modified to
constitutively express GFP by transfection and random integration of GFP-IRES-Hygro
(Addgene #64375). Cells were transfected with FuGENE HD transfection reagent, following
standard protocol, then selected for ten days in 250pug/mL Hygromycin B, sorted by FACS for
individual cells that highly expressed GFP, allowed to expand, then checked for sustained bright
GFP by flow cytometry. Several consistently bright clones were isolated, and two of these were
used for the internally controlled, competitive growth assays. These clones were maintained on
10pg/mL Blasticidin and 250pg/mL Hygromycin B. Constitutively BFP-expressing HAP1 cells

were generated by lentiviral infection of wild type HAP1 cells at a low MOI with eBFP2-Blast-
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HM following standard protocols, selection with 10pg/mL Blasticidin for ten days, and sorting
by FACS for individual cells that highly expressed BFP. Once clonal populations grew up, they
were checked again for BFP expression by flow cytometry. Several consistently bright clones
were isolated, and two of these were used for the internally controlled, competitive growth

assays. These clones were maintained on 10pg/mL Blasticidin.

sgRNAs were isolated from the library oligo pool by PCR with the correct gene-specific forward
primer and the universal reverse primer. PCR products were purified with the Qiagen MinElute
kit, digested with Esp3I, and isopropanol precipitated following standard protocols. The
lentiGuide-Puro vector was digested with BsmBI in NEB buffer 3.1 and gel purified. The
digested vector and insert were then ligated together with T4 DNA ligase at a molar ratio of
approximately 1:9 vector:insert and transformed into XL10 Gold E. coli. Colonies were prepped
for Sanger sequencing and transfection using an E.Z.N.A. Endo Free Plasmid Mini Kit II

(Omega Bio-Tek).

For GFP/BFP competitive growth assays, two duplicates of GFP/BFP cell mixtures (four total
replicates) were made at roughly equal ratios of GFP to BFP. Mixtures were infected at high
MOI with pools of 2-4 sgRNAs targeting one gene (or with 11 targeting control sgRNAs for the
control experiment) (Supplementary File 1.S4), treated with 1pg/mL puromycin for four days
and 1pg/mL doxycycline for three days to select for sgRNA integration and to induce Cas9
expression, then split into media with or without one of several compounds every two days for
eight days. The GFP/BFP ratio was measured by flow cytometry every two days, starting on day

zero when compounds were added. FlowJo was used for data analysis, and each ratio of GFP to
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BFP was normalized to the day zero ratio, and subsequently to the matched untreated ratio at

each time point. Cyotochalasin D served as a negative control compound for most experiments.

For HAP1 GFP+/— competitive growth assays, clonal E3 mutant cells were mixed with one of
the bright GFP" clones at roughly equal GFP" to GFP™ ratios, then split into media with or

without one of several compounds and analyzed by flow cytometry as described above.

A pool of U20S cells expressing GFP was generated by random integration of GFP-IRES-Hygro
(Addgene #64375) and selection with 125ug/mL Hygromycin B following standard

protocols. Flow cytometry analysis of the selected pool showed approximately 98% of cells
expressed GFP and were very bright, and this profile remained the same over many weeks in
culture with or without 125pg/mL Hygromycin B. Pools of U20S GFP™ cells with integrated
shRNAs were generated as described below: FBX042-1, FBX042-2, FBXW7, BIRC6, FBXOS,
and ZBTBI11, Control-1; and one U20S GFP" pool with a control shRNA was generated:
Control-2. FBX042-1: TRCN0000134822; FBX042-2: TRCN0000285999; FBXW7:
TRCNO0000355644; BIRC6: TRCN0000364501; FBXO8: TRCN0000034316; ZBTB11:
TRCN0000376563; Control-1: U20S GFP~ with SHC002; Control-2: U20S GFP" pool with
SHCO002 (Sigma, Mission shRNA). U20S GFP+/— experiments were conducted similarly to the
HAP1 GFP+/— assays, with the addition of 2ug/mL puromycin throughout the experiment to

maintain selection for integrated shRNAs.
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Western blotting

For Western blots, cell pellets were lysed in 1XRIPA buffer with protease and phosphatase
inhibitors for 30 minutes on ice with two rounds of 15 second vortexing, insoluble material was
spun out, relative protein concentration was determined by BCA (Pierce), and samples were
normalized to one-another by addition of 1xRIPA with inhibitors. SDS sample buffer with
100mM DTT was added to samples, which were then loaded onto 4-20% Criterion Tris-HCI
Protein gels (Bio-Rad) and separated by electrophoresis at 80-120 V for 2-3h. Proteins were
transferred and immobilized onto a nitrocellulose membrane (GE Healthcare) by electrophoresis
for 4h at 0.4A (4°C) in standard transfer buffer containing 20% methanol. Membranes were
blocked in either 5 % non-fat dry milk in PBS-T or Odyssey Blocking Buffer (PBS) (LICOR),
for HRP-conjugated and fluorescent secondary antibodies, respectively. All mouse primary
antibodies were probed with goat-anti-mouse 800 CW LICOR secondary antibodies, rabbit-anti-
HUWE]1 was probed with Protein A-HRP, and all other rabbit primary antibodies were probed
with goat-anti-rabbit HRP secondary antibody. Chemiluminescent and fluorescent signals were

visualized with an Odyssey FC imager (LICOR).

Antibodies for Western Blotting:

1:250 rabbit-anti-UBE3D (abcam), 1:1000 rabbit-anti-FBX042 (AbClonal), 1:750 rabbit-anti-
FBXO042 (Avivia), 1:1,000 rabbit-anti-HUWE]1 (Simon Wing lab), 1:2,000 mouse-anti-
FLAG (Sigma), 1:1,000 mouse-anti-vinculin (Sigma), 1:5,000 mouse-anti-B-actin (Sigma),
1:1,000 rabbit anti-FBXW?7 (Bethyl A301-720A), 1:1,000 rabbit anti-BIRC6 (Cell Signaling),

1:1,000 rabbit anti-ZBTB11 (Bethyl), 1:5,000 goat-anti-mouse HRP conjugate (Bio-Rad),
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1:5,000 goat-anti-rabbit GFP conjugate (Bio-Rad), 1:5,000 goat-anti-mouse 800CW (LICOR),

1:10,000 Protein A-HRP conjugate (Bio-Rad).

Cell cycle analysis

Cells were treated with inhibitor 24h after plating, then harvested 10 or 24h later by
trypsinization, washed twice with cold 1X PBS, fixed by dropwise addition of ice-cold 70%
ethanol, and incubated overnight (4°C). Fixed samples were washed twice with 1X PBS + 1%
BSA prior to RNA degradation using 1mg/mL RNase A and DNA labeling with 50 pg/mL
propidium iodide for 30-45 minutes at 37°C. DNA content was measured on a SH800 cell sorter
(SONY) or a BD FACSVerse flow cytometer (BD Biosciences), and data were analyzed using

FlowlJo.

shRINNA experiments

Control (SHC002), FBX042, FBXW7, BIRC6, FBXOS, and ZBTB11 shRNAs containing a
Puromycin N-acetyltransferase gene (Sigma, Mission shRNA) were integrated into U20S cells
by infection. Lentivirus was made by transfecting 293T cells at 60-70% confluency in 10cm
dishes with 300ng pMD2.G, 600ng psPAX2, 1ug shRNA construct, and FuGENE HD
transfection reagent (3l FuGENE HD:1pug plasmid DNA) following standard protocols. Media
was replaced with SmL warm DMEM 5 to 6hr after transfection. 24h after transfection, media
containing viral particles was harvested, filtered through a 0.45um SFCA filter, combined with
1.5mL LentiX concentrator (Takara Bio) per SmL viral media, rotated for 30-60 minutes at 4°C,
and pelleted at 1,500xg for 45 minutes at 4°C. The viral pellet was thoroughly resuspended in

ImL warm DMEM, then used to infect one well of a 6-well dish of wild type U20S cells or the
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U20S-GFP" pool at 80% confluency. After 24h of infection, viral media was replaced with
fresh DMEM for 24h, then cells were split into fresh DMEM with 2pg/mL puromycin. In
parallel, un-infected cells were treated with puromycin. Cells were given fresh media with
puromycin every day for a total of four days, at which point the cells in un-infected wells were
dead. During selection, cells were split as necessary. Knockdown of FBX042, BIRC6, and
ZBTBI11 were confirmed by Western blot, while knockdown of FBXW7 was confirmed by
immunoprecipitation using rabbit anti-FBXW7 (Bethyl A301-721A) and Protein A Dynabeads
using 0.1% NP-40 buffer and following standard procedures. For competitive growth assays,
propidium iodide-based cell cycle analysis, and immunofluorescence, sShRNA U20S pools were
grown in 2pg/mL puromycin to maintain selection for the integrated shRNA (loss of silencing
was observed without puromycin). U20S-GFP" pools with integrated SHC002 were grown in

both puromycin and 125pg/mL Hygromycin B to maintain selection for GFP.

Immunofluorescence and Microscopy

Cells were seeded on coverslips coated with Sug/mL fibronectin (EMD Millipore). After 24h of
growth, BI-2536 was added for 24h, cells were collected and coverslips were fixed with -20°C
methanol + 5SmM EGTA for 1 minute or 4% formaldehyde in PBS for 10 min at room
temperature. Coverslips were washed in TBS-0.05% Triton three times for 5 min and blocked
with 0.05% TBS-T supplemented with 2% BSA (Sigma-Aldrich) for 1.5h at room temperature.
Coverslips were incubated with a polyclonal anti-tubulin (DM1a) Alexa Fluor 488 conjugate
(1:50, Cell Signaling Technology) for 2h at room temperature. Coverslips were washed twice
with TBS-0.05% Triton for 5 min, and DNA was stained with 10pug/mL DAPI (Invitrogen) for 5

min at room temperature and mounted with vectashield mounting medium (LSBio) onto slides.
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QUANTIFICATION AND STATISTICAL ANALYSIS

CRISPR-Cas9 screen data analysis

Sequence alignment & data analysis

Deep sequencing runs achieved an average of 3.9x10® PF reads and 20,000 MB per lane, and
with 45 or fewer barcodes per lane, average sgRNA coverage was over 1,300-fold. Raw
sequencing reads were sorted by barcode then trimmed and aligned to the E3 and DUB sgRNA
library using TextWrangler, Max Horlbeck’s Screen Processing code (Horlbeck et al., 2016), and
Canopy platform for Python (see peer-reviewed publication). sgRNAs with less than 100
aligned counts in one or more replicates were excluded from further analysis. Three genes,
DCAF12L1, MEX3B, and RFPL2, were excluded completely from further analysis because five
or more of their sgRNAs had aligned counts below 100. TRIM64 was also removed entirely
because its first seven sgRNAs were identical to those of DCAF7, indicating an error was made

earlier in sgRNA library design.

Counts were then normalized to the total number of counts per barcode, indicating the fractional
sgRNA abundance for each sample, then normalized to pre-dox values to reveal the change in
sgRNA abundance from just after sgRNA integration (pre-dox) to after Cas9 induction (day 8
samples) (see peer-reviewed publication). To determine the effect of growth in the test
compounds, values were finally normalized to matched untreated values. The median of nine
sgRNAs per gene was calculated, the medians of all replicates for each compound were
calculated, and the final values were Log?2 transformed (see peer-reviewed publication). For the
81 non-targeting control sgRNAs, the median of groups of nine were calculated for nine final

values (called CTRL00001, CTRL00010, CTRL00019, CTRL00028, CTRL00037, CTRL00046,
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CTRLO00055, CTRL00064, and CTRL00073). For the 60 targeting control sgRNAs against 20
genes, the median of groups of nine were calculated for seven final values (Targetingl-7, with
Targeting7 being the median of the last six sgRNAs instead of nine). Pearson correlation
coefficients were calculated for the three replicates of each compound (see peer-reviewed
publication). This analysis revealed that for two of the 41 compounds (bortezomib and
vismodegib), one of the three replicates was an extreme outlier having no correlation with the
other two replicates, so these replicates were excluded from further analysis. An additional
compound, RO-3306 had one replicate that was not strongly correlated with the other two
replicates (PCC=0.36), but this replicate was included in analysis because it was still weakly
correlated. For three of the 41 compounds (TTFA, leptomycin B, and pravastatin), one of the
three replicates were lost during the experiment due to the compound concentration being too
high, despite downward dosage adjustment during the time course. After these adjustments, the

average PCC between replicates for all compounds was 0.67.

Data were further analyzed by calculating four standard deviations from the mean of the
targeting control sgRNAs across all compounds (1=0.004, Std Dev=0.07) to establish Log?2 fold
change cut-offs for significance of + 0.3. Four standard deviations from the mean of the
targeting controls is more precisely 0.29 and -0.28, but the cut-offs were rounded to + 0.3 for
simplicity. A reproducibility cut-off was set at p-value <0.01 (equivalent to —Log10(p-value)
>2), and p-values were calculated using all 27 sgRNAs per gene (from three replicates) or 18

sgRNAs per gene (in cases where only two replicates were included in analysis).
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To calculate FDRs, the MAGeCK analysis was performed as previously described (Li et al.,
2014) using MAGeCK version 0.5.9.2. Briefly, the sgRNA read count tables from next-
generation sequencing were used as input and the mageck test command with --control-

sgrna option was performed for each drug treatment.

Clustering and visualization
Screen data were clustered using Cluster 3.0 software, using unbiased, hierarchical clustering

(uncentered) with average linkages. Data were visualized with Java TreeView v1.1.6r4.

Additional statistical analyses

For all growth assays, cell cycle analyses, and microscopy, data are represented as the mean +
SEM. Differences between two sample groups were determined by standard two-tailed equal or
unequal variance t-tests, with p-values indicated in the figure legends. Figure legends indicate

the number of replicates for each experiment.

Image acquisition and analysis

Widefield images were acquired on an inverted Nikon Ti-E with a fully automated stage
(Nikon), equipped with a sSCMOS DS-Qi2 (Nikon), Sutter LS lamp with filter wheel and shutter
(Sutter Instruments), and an A 5-band FF408/504/581/667/762 dichroic (Semrock). For
immunofluorescence and quantification, images were captured with a Plan Apo VC 60x/1.4 oil
lens using a 0.3um Z-step (Nikon). Dual color images with DAPI/Alexa Fluor 488 anti-Tubulin

or DAPI/Alexa Fluor 555 anti-Tubulin were captured sequentially using excitation filters,
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387/11x, 485/20x, and 560/25x, and emission filters 440/40m, 525/30m, and 607/36m, for DAPI,

AlexaFluor 488, and AlexaFluor 555, respectively.

For high-resolution monopolar spindle images, an inverted Nikon Ti-E (Nikon) equipped with a
motorized piezo z-stage (Prior), a CSU-22 spinning disk containing dichroics 405/491/561/640
(Yokagawa), an EMCCD Evolve Delta (Photometrics) camera, Sutter Emission wheel controlled
by Lambda 10-B (Sutter Instruments), and Orbis lasers 405/488/561/647nm (Coherent) was
used. Images were taken sequentially with a Plan Apo VC 100x/1.4 oil lens (Nikon) using a
0.3um Z-stack, by exciting with a 405nm or 488nm laser with emission filters ET460/50m and
ET525/50m (Chroma) in the camera light path for DAPI or Alexa Fluor 488 anti-Tubulin,

respectively.

For quantitative analysis, all images were captured using identical conditions and are displayed
following identical settings using ImageJ software. In all cases, to quantify the proportion of
cells in mitosis and the frequency of monopolar spindles, images were captured from three
independent experiments. We performed a blinded analysis of the images, characterizing each
cell line with or without BI-2536 according to two different microtubule morphology categories:
interphase cells and mitotic cells. The mitotic cell category was further divided into normal
mitotic cells at any stage (from prometaphase to cytokinesis) and monopolar spindles. A
minimum of 250 mitotic cells were counted per replicate. Differences between two groups of

data were analyzed by two-tailed equal variance t-tests.
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DATA AND CODE AVAILABILITY
CRISPR-Cas9 screen data analysis code by Max Horlbeck is available on GitHub:
https://github.com/mhorlbeck/ScreenProcessing (Horlbeck et al., 2016), and MAGeCK data

analysis code is available at: https://sourceforge.net/p/mageck/wiki/Home/ (Li et al., 2014).

Aligned deep sequencing read counts are available in the peer-reviewed publication.

Unprocessed microscopy images and western blots are available on Mendeley Data:
https://data.mendeley.com/datasets/rt6y73mrb5/draft?a=f4b895a1-4104-4e7c-863b-

24fb7ebbfcce
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