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Lenalidomide mediates the ubiquitination and degradation of lkaros family zinc finger
protein 1 (IKZF1), IKZF3, and casein kinase 1a (CK1«a) by facilitating their interaction with
cereblon (CRBN), the substrate receptor for the CRL4REN E3 ubiquitin ligase. Through this
mechanism, lenalidomide is a clinically effective treatment of multiple myeloma and
myelodysplastic syndrome (MDS) with deletion of chromosome 5q [del(5q) MDS]. To
identify the cellular machinery required for lenalidomide-induced CRL4REN activity, we
performed a positive selection, genome-scale clustered regularly interspaced short pal-
indromic repeats (CRISPR)-CRISPR-associated protein 9 (Cas9) screen in a lenalidomide-
sensitive myeloma cell line. CRBN was the top-ranking gene, with all CRBN-targeting guide
RNAs (gRNAs) ranking as the 6 highest-scoring gRNAs. A counterscreen using an IKZF3
degron reporter to assay lenalidomide-induced protein degradation highlighted regulators
of cullin-RING ligase neddylation and 2 E2 ubiquitin-conjugating enzymes as necessary for
efficient lenalidomide-induced protein degradation. We demonstrated that loss of UBE2M
or members of the constitutive photomorphogenesis 9 (COP9) signalosome results in
J altered neddylation of cullin 4A and impairs lenalidomide-dependent CRL4SREN activity.
Additionally, we established that UBE2D3 and UBE2G1 play distinct roles in substrate ubiquitination by CRL4<REN, with
UBE2D3 acting to prime targets via monoubiquitination and UBE2G1 functioning to extend polyubiquitin chains with
lysine 48 linkages. The validation of UBE2D3 and UBE2G1 highlights the functional capacity of CRISPR-Cas9 screening
to identify E2 ubiquitin-conjugating enzyme and E3 ubiquitin ligase complex pairings. More broadly, these findings

©® Genome-scale CRISPR
knockout screen
identifies cullin-RING
ligase regulators as
top mediators of
lenalidomide
resistance.

® The E2 ubiquitin-
conjugating enzymes,
UBE2D3 and UBE2G1,
play distinct roles
in lenalidomide-
induced substrate
ubiquitination by
CRLACREN,

establish key proteins required for lenalidomide-dependent CRL4<REN function in myeloma and inform potential
mechanisms of drug resistance. (Blood. 2018;132(12):1293-1303)
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type E3 ubiquitin ligases rely upon E2 ubiquitin-conjugating
enzymes to dictate the ubiquitin lysine linkage and chain elon-
gation. The canonical outcome, polyubiquitination with lysine
48 (K48) linkages, leads to rapid degradation of the substrate by

Introduction

Lenalidomide is an effective therapy for multiple myeloma and
del(5g) myelodysplastic syndrome (MDS). Recent studies have
demonstrated that the therapeutic efficacy of lenalidomide is

derived from its ability to induce the ubiquitination and pro-
teasomal degradation of disease-relevant proteins by the
CRLACREN E3 ubiquitin ligase.™

E3 ubiquitin ligases are a class of enzymes that catalyze the co-
valent transfer of the 8-kDa protein ubiquitin from E2 ubiquitin-
conjugating enzymes onto target substrates.> Substrates can be
marked with a single ubiquitin or chains of polyubiquitin. The
number of ubiquitin moieties added to a target and the lysine
residues on ubiquitin used to form the linkages within pol-
yubiquitin chains serve as a “ubiquitin code,” dictating a diverse
set of possible outcomes for the ubiquitinated substrate.® RING-
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the 26S proteasome. Via this mechanism, E3 ubiquitin ligases
and their corresponding E2 enzymes play a crucial role in targeted
protein degradation and the posttranslational stability of the
proteome.

The CRLASREN ubiquitin ligase targeted by lenalidomide belongs
to the family of cullin-RING ligases, which share a modular,
multisubunit architecture based around a cullin backbone.”
Lenalidomide specifically binds cereblon (CRBN), the substrate
receptor for the CRLAREN E3 ubiquitin ligase,®? and increases its
affinity for the lymphocyte lineage transcription factors lkaros
family zinc finger protein 1 (IKZF1) and IKZF3,"°'" and the Wnt
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pathway regulator casein kinase 1a (CK1a).’? As a result of their
stabilized interaction with CRL4CREN |KZF1, IKZF3, and CK1a are
rapidly polyubiquitinated and degraded by the 26S proteasome.
Degradation of IKZF1 and IKZF3 underlies the antimyeloma and
immunomodulatory properties of lenalidomide,'* whereas
degradation of CK1a explains the therapeutic benefit in the
context of del(5g) MDS.*

Lenalidomide and its immunomodulatory imide drug (IMiD)
analogs, thalidomide and pomalidomide, are the first clinically
approved small molecules whose therapeutic properties rely on
ubiquitin ligase-mediated degradation of disease-relevant tar-
gets. The full set of proteins required for lenalidomide’s ther-
apeutic modulation of the CRLAREN ubiquitin ligase has not
been identified and holds implications for our understanding of
drug mechanism, response, and resistance. Positive-selection
clustered regularly interspaced short palindromic repeats
(CRISPR)-CRISPR-associated protein 9 (Cas9) screens are a ro-
bust tool for the unbiased identification of genes involved in a
biological pathway of interest.'® Here, we used a genome-scale
CRISPR-Cas9 screen to identify genes that, when inactivated,
diminish the effects of lenalidomide, and investigated the roles
for validated hits in the biology of lenalidomide-induced sub-
strate degradation by CRL4CREN,

Methods

Genome-scale CRISPR-Cas9 screen

MM1.S cells expressing Cas9 were infected with the Human
GeCKOv2 LentiGuide-Puro library (Broad Genetic Perturbations
Platform). On day 0, 60 million cells were plated for dimethyl
sulfoxide (DMSO) treatment, and 6 replicates of 120 million cells
were plated for 1 wM lenalidomide (Selleck Chemicals, Houston,
TX) treatment. Cells were dosed every 2 days with DMSO or
1 uM lenalidomide and passaged every 4. On day 12, 60 million
cells from the DMSO arm, and all remaining cells in 3 of the
lenalidomide arm replicates were pelleted. On day 20, 60 million
cells from the DMSO arm and all cells in the remaining 3
lenalidomide arm replicates were pelleted. The guide RNA
(gRNA) library was polymerase chain reaction (PCR) amplified
from gDNA isolated from the cell pellets and the resulting
amplicons sequenced on the Illumina MiSeq. gRNAs were
ranked on the basis of their fold-change in read counts
(lenalidomide/DMSQ) and the STARS algorithm (https://portals.
broadinstitute.org/gpp/public/software/stars) was used to cal-
culate false discovery rate (FDR) values for each gene.

IKZF3 reporter counterscreen

MM1.S, NCIH929, and HEK293T cells expressing Cas? and a
fluorescent IKZF3-enhanced green fluorescent protein (eGFP)
degradation reporter (Addgene #74459, Cambridge, MA) were
infected with a gRNA library targeting the top 30 genes from the
genome-scale screen (3 experimental gRNAs per gene and 12
nontargeting control gRNAs). Eleven days after infection the
cells were dosed for 20 hours with DMSO or 1 uM lenalidomide.
Unsorted controls were harvested from the DMSO and 1 pM
lenalidomide treatment groups, and 1 wM lenalidomide-treated
cells underwent fluorescence-activated cell sorting (FACS) for
eGFP* cells. gRNA sequences were PCR-amplified from gDNA
isolated from the cells and the resulting amplicons were se-
quenced on the lllumina NextSeq. The fold-change in gRNA
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read counts (lenalidomide eGFP*/unsorted DMSQ) was calcu-
lated and normalized to the average fold-change of the control
gRNAs. A Wilcoxon rank-sum test statistic was used to calculate
significance relative to the controls.

Competition assays

MM1.S cells expressing Cas? were transduced with vectors
expressing either experimental gRNAs and eGFP or control
gRNAs without a fluorophore. These cells were then mixed at a
5:95 ratio, respectively, and then grown in DMSO or 1 uM
lenalidomide for 20 days. The cells were dosed every 2 days and
passaged every 4. With each passage, cells were analyzed by
flow cytometry to determine the percentage of eGFP™* cells.

In vitro ubiquitination assays

Recombinant CRL4ASREN complex was generated as previously
described.’ To generate an IZKF3 fragment, HEK293T were
transfected with IKZF3 aa146-168-hemagglutinin (HA)-eGFP
and lysed after 48 hours. HA-sepharose beads were used to
pull down IKZF3 aa146-168. The in vitro reaction consisted of
HA-eluted IKZF3, 2 uM CRLAREN, 1 pg/pl ubiquitin (Boston
Biochem, Cambridge, MA), 200 nM UBE1 (Boston Biochem), 1 uM
UBE2GT1 (Boston Biochem), 1 wM UBE2D3 (Boston Biochem), 1 uM
ubiquitin aldehyde (Boston Biochem), 1X Mg-adenosine tri-
phosphate (ATP) (Boston Biochem), 1X E3 ligase reaction buffer
(Boston Biochem), and 1 pM lenalidomide or DMSO. Assay was
run for 30 minutes at 30°C.

Detailed methods can be found in the supplemental Methods
(available on the Blood Web site).

Results

Genome-scale CRISPR-Cas9 screen identifies genes
required for lenalidomide’s antimyeloma effects
Degradation of IKZF1 and IKZF3 by CRLA“REN is responsible for
lenalidomide activity in multiple myeloma,?? therefore, we hy-
pothesized that inactivation of genes required for lenalidomide-
dependent CRLAREN activity would result in resistance to
lenalidomide. Thus, to gain insight into the molecular machinery
required for lenalidomide-mediated degradation of CRL4REN
targets, we performed a positive selection, genome-scale
CRISPR-Cas? screen in the lenalidomide-sensitive myeloma
cell line, MM1.S.

MM1.S cells with stable expression of Cas9 were infected with
the human GeCKOv2 lentiguide-puro gRNA library." This li-
brary targets 19 050 genes, with 6 gRNAs per gene and 1000
control gRNAs. Eight days after infection, the cells were treated
with 1 pM lenalidomide or DMSO for 20 days (supplemental
Figure 1A). DMSO-treated cells continued to proliferate whereas
the 1 wM lenalidomide-treated cells depleted to half their
original cell number by day 20 (Figure 1A). At the conclusion of
the screen, we harvested genomic DNA from the remaining cells
in the lenalidomide and DMSO treatment groups, PCR-amplified
the gRNA sequences, performed next-generation sequencing
of the amplicons, and compared the frequency of read counts
for a given gRNA in the DMSO and lenalidomide experimental
conditions. In comparison with the 1000 control gRNAs, the
gene-targeting gRNAs at day 20 possessed a greater number
of outliers with positive lenalidomide/DMSO fold-changes in
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Figure 1. Genome-scale CRISPR-Cas9 screen in a lenalidomide-treated myeloma cell line identifies genes required for lenalidomide’s antimyeloma effects. (A) Cell
number over the 20-day assay (DMSO; 1 replicate, 1 wM lenalidomide [Len]; average of 3 technical replicates). (B) Log2 fold-enrichment (lenalidomide/DMSO) of read counts for
gene-targeting gRNAs and 1000 control gRNAs (average of 3 technical replicates) at day 20. Upper and lower bounds of box correspond to the 75% and 25% quantiles,
respectively, central line indicates the median, whiskers extend to 1.5X the interquartile range, datapoints beyond 1.5X the interquartile range are displayed individually. (C)
gRNA library ranked according to the lenalidomide/DMSO fold-change in read count (average of 3 technical replicates). Blue lines indicate 3 standard deviations above and
below the mean; black line is average of all gRNAs. (D) Results of the STARS algorithm analysis. Genes displayed met a FDR threshold of <0.05. “gRNAs scoring” refers to the
number of gRNAs (of 6) whose ranks were considered by the algorithm to have generated the lowest P value and were therefore used to generate the score for that gene.

read counts, consistent with the acquisition of lenalidomide
resistance (Figure 1B).

The 6 most-enriched gRNAs in the lenalidomide treatment con-
dition at day 20 all targeted CRBN, the substrate receptor for the
CRLACREN ubiquitin ligase (Figure 1C). To confirm this finding, we
introduced CRBN-targeting gRNAs into MM1.5-Cas9 cells
expressing eGFP and then mixed these cells at a 5:95 ratio with
control gRNA-infected cells. We then grew the cells in a range
of lenalidomide concentrations for 20 days, and used flow
cytometry every 4 days to monitor the percentage of eGFP*
cells. The eGFP* CRBN gRNA-infected cells rose from a frequency
of 5% at day 0 to 80% to 95% at day 20 across lenalidomide
concentrations ranging from 0.16 to 10 pM (supplemental
Figure 1B). The strength and consistency of this finding indi-
cates that, on a genome scale, CRBN is the most important,
nonessential gene in MM1.S for the response to lenalidomide.

To identify additional genes required for lenalidomide activity,
we analyzed the genome-scale screen data with the STARS al-
gorithm,'® which ranks genes on the basis of the fold-enrichment
of their respective gRNAs (Figure 1D). At a threshold FDR of
<0.05, 30 genes scored, 17 of which are involved in regulation of
E3 enzymes, particularly cullin-RING ligases. These genes in-
cluded an additional subunit of the CRL4ASREN ubiquitin ligase
(DDB1), cullin-RING ligase regulators (all 9 subunits of the con-
stitutive photomorphogenesis 9 [COP9] signalosome, CAND1,

MACHINERY REQUIRED FOR LENALIDOMIDE ACTIVITY

UBE2M, GLMN), and E2 ubiquitin-conjugating enzymes (UBE2GT,
UBEZ2D3). The remaining 13 genes were involved in the NF-«xB
pathway (TRAF2), the 5" messenger RNA (mRNA) decapping
complex (XRN1, EDC4), nuclear hormone receptor signaling
(NCORT1, RARA), the GATOR complex (DEPDCS5), tumor sup-
pressors (PPP6C, SPOP), and genes of unclear function. We did
not find evidence of genes whose loss increased sensitivity to
lenalidomide.

A subset of genes identified in the genome-scale
resistance screen impairs lenalidomide-induced
degradation of an IKZF3 degron reporter

We next sought to identify the genes that scored in the genome-
scale resistance screen due to impaired CRLA“R®N-mediated
degradation of IKZF1 and IKZF3. To monitor IKZF3 degradation,
we generated a reporter in which the lenalidomide-responsive
IKZF3 degron (aa 130-189)? was linked to eGFP (Figure 2A;
supplemental Figure 2A). We hypothesized that CRISPR-Cas9
inactivation of genes required for optimal CRLAREN function
would impair degradation of the IKZF3 reporter, whereas those
that engendered lenalidomide resistance through alternative
pathways would not alter reporter degradation.

To ensure that genes influencing IKZF3 reporter degradation

were not cell-type or tissue-type dependent, we performed the
screen in lenalidomide-sensitive myeloma cell lines, MM1.S and
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Figure 2. CRISPR-Cas9 inactivation of a subset of genes identified in the genome-scale resistance screen impairs lenalidomide-induced degradation of an IKZF3
degron reporter. (A) Schematic of the IKZF3 degron (aa 130-189) reporter vector. (B) Schematic of flow cytometry-based sorting of cells in which degradation of the IKZF3
degron reporter has been impaired by CRISPR-Cas? inactivation of target genes. (C) Genes from the reporter screen ranked according to the average fold-change in the log2-
transformed gRNA sequencing read counts (lenalidomide-treated eGFP*/DMSQ). Fold-change values are normalized to the average fold-change of 12 control gRNAs. Each

point represents an individual gRNA, and each point is the average of 3 infection replicates. *FDR < 0.05, 1-sided Wilcoxon rank-sum test.

NCIH929, as well as a lenalidomide-insensitive human embryonic
kidney cell line, HEK239T. The Cas9-expressing IKZF3 degron
reporter cells were transduced with a pooled library of gRNAs
targeting the top 30 genes identified in the genome-scale screen.
The library contained 3 gRNAs per gene chosen using an algo-
rithm that ranks gRNAs based on predicted cutting efficiency”
and 12 control gRNAs. Cells transduced with the library were
treated with DMSO or 1 uM lenalidomide for 20 hours and then,
to identify cells in which degradation of the IKZF3 degron reporter
was impaired, we used FACS to isolate cells which remained
eGFP* despite lenalidomide treatment (Figure 2B). We then used
next-generation sequencing to quantify the frequency of read
counts for a given gRNA in the unsorted DMSO-treated control
cells and the sorted eGFP™* cells in the lenalidomide-treated ex-
perimental condition (supplemental Figure 2B).
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In all 3 cell lines, the gRNAs targeting CRBN exhibited the
greatest enrichment in the lenalidomide-treated eGFP* cells
(Figure 2C). Additional genes whose loss impaired degradation
of the IZKF3 reporter in the 3 cell lines included CRLACREN
members (CRBN, DDB1), cullin-RING ligase regulatory factors
(GPS1, COPS2, COPS3, COPS4, COPS5, COPS7A, COPS7B,
CAND1, UBE2M, GLMN), E2 ubiquitin-conjugating enzymes
(UBE2D3 and UBE2G1), and the GATOR complex member
DEPDC5 (FDR < 0.05, 1-sided Wilcoxon rank-sum test).

In summary, the genome-scale resistance screen and the IKZF3
degron reporter counterscreen nominated a core set of proteins,
notably cullin-RING ligase neddylation cycle enzymes and E2
ubiquitin-conjugating enzymes, for which genetic inactivation
promoted both lenalidomide resistance in MM1.S cells and

SIEVERS et al
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Figure 3. Inactivation of COPS5 and UBE2M promotes lenalidomide resistance and alters cullin 4 neddylation and CRBN levels. (A) MM1.5-Cas9 cells expressing EGFP
were infected with gRNAs targeting indicated genes and mixed at a 5:95 ratio with control gRNA-infected cells. The cells were then grown for 20 days in the presence of DMSO or
1 M lenalidomide and the percentage of EGFP™ cells was quantified every 4 days using flow cytometry. Data points are average of 3 technical replicates and error bars represent
a 95% confidence interval. (B) HEK293T single-cell heterozygous for frameshifting mutations in COPS5and UBE2M were generated via CRISPR-Cas9 editing. Protein lysates were
harvested and immunoblotted (IB) for the indicated proteins. Labels indicate neddylated and unneddylated forms of cullin 4A. Data are representative of 3 experimental
replicates. (C) Quantification of CRBN levels blots from panel B across 3 experimental replicates. Values are normalized to control guide 1(g1) and the respective B-actin loading

controls. Error bars represent standard error of the mean.

impaired lenalidomide-induced degradation of an IKZF3 degron
reporter in MM1.S, NCIH929, and HEK293T cells.

dgRNAs targeting COPS5, UBE2M, UBE2D3, and
UBE2G1 lead to lenalidomide resistance

We next sought to validate and understand the degree to which
inactivation of the cullin-RING ligase regulatory factors and E2
ubiquitin-conjugating enzymes promoted lenalidomide resis-
tance. To do so, we introduced gRNAs targeting COPS5, UBE2M,
UBE2D3, and UBE2G1 into MM1.5-Cas? cells expressing eGFP
and mixed these cells at a 5:95 ratio with MM1.5-Cas? cells
transduced with control gRNAs. The cells were then grown for 20
days in DMSO or 1 wM lenalidomide and the proportion of eGFP*
cells was monitored every 4 days using flow cytometry (Figure 3A;
supplemental Figure 3A). gRNAs targeting UBE2D3, UBE2G1, and
the catalytic subunit of the COP9 signalosome, COPS5, granted a
competitive advantage in the context of 1 wM lenalidomide, albeit
less so than gRNAs targeting CRBN. Cells transduced with the
UBE2M gRNA exhibited minor competitive advantage. From this,
we concluded that inactivation of COPS5, UBE2D3, or UBE2G1

MACHINERY REQUIRED FOR LENALIDOMIDE ACTIVITY

promotes lenalidomide resistance in MM1.S cells. The modest
competitive advantage of UBE2M gRNA-infected cells may reflect
the essentiality of UBE2M for cellular survival.

To determine which CRISPR-Cas9-induced DNA edits contrib-
uted to competitive advantage in the context of lenalidomide
treatment, we collected genomic DNA from the DMSO and
1 uM lenalidomide treated cells at day O and day 20, PCR-
amplified the gRNA target site, and performed next-generation
sequencing of the amplicons. The gRNAs targeting CRBN,
COPS5, UBE2D3, and UBE2G1 each generated an outgrowth of
frameshifting mutations after 20 days of lenalidomide treatment,
with cells infected with CRBN-targeting gRNAs exhibiting the
greatest increase in frame-shifting mutations (supplemental
Figure 3B). Cells transduced with UBE2M targeting gRNA showed
a subtle outgrowth of frameshifting mutations, which may be due
to the essentiality of UBE2M.

In sum, the results of the genome-scale screen, counterscreen,

and validation assays demonstrate that CRL4REN js the funda-
mental target of lenalidomide, and that a broader network of
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Figure 4. UBE2D3 and UBE2G1 cooperate to polyubiquitinate lenalidomide-induced substrates of CRL4REN, (A) HEK293T single-cell clones in which UBE2GT and/or
UBE2D3 were knocked out via CRISPR-Cas? introduction of frameshifting DNA edits were transduced with an the IKZF3 degron reporter and then treated with a titration of
lenalidomide. After 20 hours, the EGFP/mCherry ratio was assayed via flow cytometry. Data points are an average of 3 experimental replicates and error bars represent standard
error of the mean. Corresponding EC50 values are shown for each genotype, with error bars representing the 95% confidence interval. (B) An in vitro ubiquitination reaction
containing recombinant CRL4“REN, and HA-IKZF3 (aa146-168) derived from HEK293T cells, and the indicated reaction components was run for 30 minutes and immunoblotted (IB)
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proteins associated with E3 ubiquitin ligase activity contribute to
maximal lenalidomide-mediated function.

Inactivation of the COP9 signalosome and UBE2M
alters cullin 4A neddylation and CRBN levels
UBE2M and the COP9 signalosome regulate the activity of cullin-
RING ligases via neddylation, a cycle in which the ubiquitin-like
NEDDS protein is covalently added and removed from the cullin
backbone of cullin-RING ligases.'® Specifically, UBE2M activates
cullin-RING ligases via neddylation of the cullin backbone,'?-??
whereas deneddylation is carried out by the COP9 signalosome
and returns the ligase to an inactive form.2324

Having confirmed that gRNAs targeting UBE2M and COPS5 (the
catalytic subunit of the COP9 signalosome) increase the survival
of MM1.S cells in the presence of lenalidomide and prevent
efficient degradation of an IKZF3 reporter in multiple cell lines,
we sought to understand how UBE2M and COPS5 loss af-
fects cullin 4 neddylation status and CRBN levels. To do so, we
generated HEK293T subclones with heterozygous inactivation
of UBE2M (clone 1, 68% frameshifting indels; clone 2, 50%
frameshifting indels) or COPS5 (clone 1, 67% frameshifting
indels; clone 2, 70% frameshifting indels). We could not isolate
cells with homozygous inactivating mutations in UBE2M or
COPS5, suggesting that UBE2M and COPS5 may be essential
genes in HEK293T cells.

In keeping with the known role of UBE2M as a neddylation en-
zyme, immunoblots for cullin 4Ain UBE2M*/~ cells demonstrated
an increase in the proportion of cullin 4A in the lower molecular
weight band consistent with hyponeddylation, whereas COPS5*/~
cells exhibited an increase in the higher molecular weight band
of cullin 4A consistent with hypemneddylation (Figure 3B-C;
supplemental Figure 3C-D). Hyperneddylation of cullin 4Awas in
turn associated with a reduction in CRBN levels. The impact on
CRBN levels was rescued with neddylation inhibitor, MLN4924,
and proteasome inhibitor, MG132 (supplemental Figure 3C).

These results suggest that heterozygous loss of UBE2M influ-
ences CRL4AREN-mediated degradation of IKZF3 by rendering a
greater proportion of the available ligases inactive due to
hyponeddylation of cullin 4A. Conversely, heterozygous loss of
COPS5 was associated with decreased CRBN levels secondary
to cullin 4A hyperneddylation, similar to the effects of COP9
signalosome inactivation described for Skip-cullin-Fbox (SCF) E3
ligases and their substrate receptors.?*2

UBE2G1 and UBE2D3 cooperate to
polyubiquitinate lenalidomide-induced substrates
of CRL4CREN

E2 ubiquitin-conjugating enzymes dictate the number of ubig-
uitin moieties added to a substrate as well as which lysine in
ubiquitin is used to form the links in polyubiquitin chains. These

features in turn determine the outcome of ubiquitination, in-
cluding changes in subcellular localization, formation of new
protein-protein interactions, initiation of NF-kB signaling or DNA
repair, or degradation by the 26s proteasome.® Despite the
relevance of E2 ubiquitin-conjugating enzymes to E3 ligase
function, the micromolar affinity of the E2-E3 interaction has
made it difficult to use binding assays to identify which of the
~35 E2 ubiquitin-conjugating enzymes are used by a given E3
ligase.

Having used multiple functional genetic assays to establish that
loss of UBE2D3 and UBE2G1 impairs lenalidomide function, we
next asked whether simultaneous loss of UBE2G 1 and UBE2D3
would have an additive or synergistic effect on IKZF3 degra-
dation. To answer this question, we generated UBE2G1~/~
and/or UBE2D3~/~ HEK293T single-cell clones, transduced
them with the IKZF3 degron reporter, and dosed the cells with a
range of lenalidomide concentrations (Figure 4A; supplemental
Figure 4A). Consistent with our prior data, UBE2G1~/~ clones
exhibited a greater reduction in IKZF3 reporter degradation in
comparison with UBE2D37/~ clones. Moreover, simultaneous
loss of UBE2D3 and UBE2GT1 resulted in an 50% effective
concentration (EC50) shift, which was greater than the additive
effects of the single-gene knockouts.

The synergistic effects of UBE2D3 and UBE2G 1 inactivation next
led us to ask whether UBE2D3 and UBE2G1 have redundant or
distinct roles in lenalidomide-induced IKZF3 ubiquitination. To
determine their respective roles, we performed an in vitro
CRLACREN-IKZF3 ubiquitination reaction and immunoblotted for
the IKZF3 substrate (Figure 4B). In the presence of UBE2D3 alone,
we observed the appearance of 2 higher molecular weight bands,
consistent with monoubiquitination at 2 sites of the IKZF3 reporter
substrate. However, in the presence of UBE2G1 alone, we did not
observe evidence of IKZF3 ubiquitination. When both UBE2D3
and UBE2G1 were added to the reaction we saw a “laddering”
pattern of higher molecular weight forms of the IKZF3 substrate,
consistent with polyubiquitination. These results indicate that
UBE2D3 and UBE2G1 play distinct and complementary roles in
lenalidomide-mediated ubiquitination of substrates.

To determine whether the observed ubiquitin chain formation
relied on K48 ubiquitin linkages, we added a KO ubiquitin mutant
to the in vitro ubiquitination reaction, which can only participate
in monoubiquitination, and a K48R ubiquitin mutant, which
retains all lysine residues except K48. In the presence of either
the KO or K48R ubiquitin mutants, the ubiquitin laddering was
collapsed to form 2 monoubiquitination bands, suggesting that
K48 is the lysine residue required to form polyubiquitin chains on
the IKZF3 substrate in the CRLACREN-IKZF3 ubiquitination re-
action. Additionally, in keeping with the known mechanism of
action of the drug, ubiquitination was only observed in the
presence of lenalidomide (Figure 4B). These results confirm that

Figure 4 (continued) for HA. Data are representative of 3 experimental replicates. (C) In vitro CRBN autoubiquitination reactions in which UBE2D3 or UBE2G1 were added
sequentially, with each enzyme individually incubated with CRBN for 30 minutes followed by addition of the second E2 enzyme for the indicated amount of time. In vitro
ubiquitination reactions were immunoblotted as indicated. (D) MM1.S-Cas9 cells were infected with gRNAs targeting the indicated genes, treated with DMSO or 1 uM
lenalidomide for 20 hours, then lysates were harvested and immunoblotted as indicated. Data are representative of 3 experimental replicates. (E) NCIH929-Cas9 cells were
infected with gRNAs targeting the indicated genes, treated with DMSO or 0.1 pM pomalidomide for 20 hours, then lysates were harvested and immunoblotted as indicated.
(F) NCIH929-Cas9 cells infected with control or UBE2GT gRNAs were treated with DMSO, pomalidomide, or CC-122 for 10 days, with dosing at day 0 and day 5. Dose
response curves show viability normalized to DMSO treatment. Data points are an average of 3 experimental replicates and error bars represent standard error of the mean for

each drug concentration.
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UBE2D3 and UBE2G1 cooperate to promote K48-linked poly-
ubiquitination of IKZF3 in vitro.

To determine whether monoubiquitination by UBE2D3 or poly-
ubiquitination by UBE2G1 s rate limiting, we performed an in
vitro CRLA“REN autoubiquitination reaction for 30 minutes in the
presence of either UBE2D3 or UBE2G1, then added the second
E2 enzyme and assayed ubiquitin chain formation at short in-
tervals (Figure 4C). After 30 minutes of incubation with UBE2D3,
we observed a monoubiquitination band, and noted substrate
polyubiquitination as early as 10 seconds following the sub-
sequent addition of UBE2G1. Conversely, a 30-minute incubation
in the presence of UBE2G1 resulted in no ubiquitination, and the
subsequent addition of UBE2D3 did not result in detectable
polyubiquitination until 5 minutes. We therefore concluded that
lenalidomide-induced monoubiquitination by UBE2D3 is the rate-
limiting step in the reaction, after which UBE2G1 is capable of
rapid polyubiquitination of the substrate.

Having established that UBE2D3 and UBE2G1 follow a “prime-
extend” paradigm to promote CRL4“REMN-induced poly-
ubiquitination of IZKF3 in vitro, we next sought to determine
whether UBE2D3 and UBE2G1 are required for lenalidomide-
induced degradation of endogenous IKZF1 and IKZF3. To this
end, MM1.5-Cas9 and NCIH929-Cas9 cells were infected with
9gRNAs targeting CRBN, UBE2D3, and UBE2G1, treated with
DMSO or 1 uM lenalidomide for 20 hours, and then protein
lysates were immunoblotted for IKZF1 and IKZF3 (Figure 4D;
supplemental Figure 4B). In both cell lines, introduction of
CRBN gRNAs resulted in near-complete stabilization of en-
dogenous IKZF1 and IKZF3 in the presence of lenalidomide. In
MM1.S, UBE2G 1 and UBE2D3 gRNAs individually had minimal
effects, however, cells simultaneously expressing gRNAs tar-
geting UBE2D3 and UBE2G1 exhibited partial stabilization of

1300 & blood® 20 SEPTEMBER 2018 | VOLUME 132, NUMBER 12

IKZF3 and IKZF1 in lenalidomide-treated cells. In NCIH929
cells, introduction of gRNAs targeting either UBE2D3 or
UBE2G1 resulted in stabilization of IKZF1 and IKZF3 with
lenalidomide treatment. These data indicate that UBE2D3
and UBE2G1 are required for efficient lenalidomide-induced
degradation of the endogenous IKZF1 and IKZF3 transcription
factors in multiple myeloma cell lines.

Lastly, we sought to understand whether additional IMiD analogs of
lenalidomide similarly require UBE2D3 and UBE2G1 to mediate
efficient ubiquitination and degradation of endogenous IKZF1 and
IKZF3. To address this question, NCIH929-Cas? cells were infected
with gRNAs targeting CRBN, UBE2D3, and UBE2GT1. Cells were
treated for 20 hours with DMSO or 0.1 pM pomalidomide, and
protein lysates were immunoblotted for IKZF1 and IKZF3. Although
introduction of UBE2D3 gRNAs did not significantly stabilize IKZF1
and IKZF3, UBE2G1 gRNAs demonstrated robust stabilization of
IKZF1 and IKZF3 in the setting of pomalidomide treatment. We
next investigated the capacity of UBE2G1 to mediate the viability
effects of pomalidomide and analog, CC-122. IMiD-sensitive
NCIH929 myeloma cells were treated with IMiID for a total of 10
days, with dosing at days 0 and 5. Introduction of UBE2GT gRNAs
impaired efficient killing of NCIH929 cells in both pomalidomide
and CC-122 treatment conditions. These results indicate that
UBE2GT1 is a critical E2 ubiquitin-conjugating enzyme required for
maximal pomalidomide and CC-122 mediated CRLAREN activity in
myeloma cells.

In aggregate, our genetic screens and biochemical studies high-
light a network of proteins involved in lenalidomide-dependent
function of the CRL4“®EN E3 ubiquitin ligase. The genes identified
include enzymes that regulate neddylation and substrate ubig-
uitination and play a role in a common biochemical pathway
(Figure 5).

SIEVERS et al

20z Aey 81 uo ysenb Aq Jpd-69.1.28P00IA/LZELIYLIEBZLIZLIZE L/HPA-B1olE/POO|gAeU SUOREDIqNdySE//:d)Y WOl papeojumoq



Discussion

In this study, we used functional genetic screens to identify a set
of proteins that are required for the antimyeloma properties of
lenalidomide due to their regulation of CRL4REN activity and
ubiquitination of target substrates. We specifically focused
on UBE2M and the COP9 signalosome, enzymes which regu-
late CRLACREN activity via neddylation and deneddylation of
CRL4CREN "and the E2 ubiquitin-conjugating enzymes UBE2D3
and UBE2G1, which operate via a “prime-extend” mechanism to
ubiquitinate CRLAREN target substrates with K48-linked poly-
ubiquitin chains. The identification of the molecular components
that regulate the drug-dependent activity of CRLACREN wil| fa-
cilitate a better understanding of the parameters controlling the
therapeutic efficacy of lenalidomide, the mechanisms underlying
innate and acquired lenalidomide resistance, and the identifi-
cation of novel disease contexts in which lenalidomide may be
beneficial.

The genome-wide CRISPR-Cas? screen demonstrated that CRBN
is the most important nonessential gene required for the anti-
myeloma effects of lenalidomide. The prevalence of cullin-RING
ligase regulatory genes among the strongest hits in the screen
suggests, more specifically, that CRBN's role as a substrate
receptor for the CRLAREN E3 ubiquitin ligase underlies its re-
quirement for the therapeutic effects of lenalidomide.

Although resistance in del(5g) MDS patients is thought to largely
be mediated via inactivation of p53,*?” a downstream effector of
CK1a degradation, the mechanism of lenalidomide resistance in
multiple myeloma remains unclear. The necessity of CRBN in our
genome-scale screen complements work demonstrating that
CRBN is essential for lenalidomide’s antimyeloma effects and
ability to degrade IKZF1 and IZKF3,232827 and suggests that
CRBN is likely to be a central node of acquired resistance in
myeloma patients. Loss-of-function mutations in CRBN have not
been found in patients who have relapsed on lenalidomide-
containing regimens®’; however, several studies have noted
changes in CRBN expression levels and isoform usage at
relapse.?™3* Comprehensive assessment of gene or protein
expression of the malignant clone in a large number of multiple
myeloma patients pre- and postrelapse will clarify the extent to
which CRBN is indeed the principal mechanism of lenalidomide
resistance in patients and whether the genes identified here may
play a role in lenalidomide efficacy in patients.

These results expand our understanding of IMiD mechanism of
action and complements previously published lenalidomide-
focused RNA interference (RNAI) screens. A multiple myeloma
RNAI screen of 6992 “druggable” genes was designed to identify
genes whose loss increased the efficacy of lenalidomide.3* In
contrast to our approach, this screen identified genes which
modulate core multiple myeloma signaling pathways rather than
modulators of the ubiquitin proteasome system. Additionally, a
genome-scale RNAI screen in a MDS cell line similarly interro-
gated lenalidomide resistance.®> Our findings diverge in that
CRBN did not score in that assay, nor did regulators of CRL4REN,
This likely reflects different biology in the screened cell types,
alternate drug treatment timelines, and the improvement in
signal-to-noise ratio observed with genome-scale CRISPR-Cas?
screens. Lastly, our results are concordant with a genome-scale
short hairpin RNA screen for factors regulating CRLA“P™-mediated

MACHINERY REQUIRED FOR LENALIDOMIDE ACTIVITY

degradation of the replication origin licensing factor CDT1 in UV-
irradiated Hela cells.®® As in our study, CRLAPT2 activity requires
components of the CRL4A“P™ complex and subunits of the COP9
signalosome. Differences include the identification p97, UFD1,
NAE1, and proteasomal subunits, proteins which may not have
scored in our assay due to their effects on myeloma cell viability.
Additionally, our work adds regulatory factors including the E2
ubiquitin conjugating enzymes, importantly in the context of a
drug-inducible system in clinical use.

The micromolar-binding affinity of E2 and E3 enzymes has made
it difficult to use binding assays to identify which of the ~35 E2
enzymes are used by a given E3 ligase.® Here, we have used
functional genetics and in vitro assays to demonstrate that UBE2D3
primes CRLACREN target substrates via monoubiquitination, after
which UBE2G1 polyubiquitinates them with K48-linked ubiquitin
chains. The “prime-extend” E2 paradigm has been observed in
the context of other ubiquitin ligases® and differs from the usage
of a single E2, UBE2R1 (Cdc34), by the canonical SCF family of
CRLs.?-% Although UBE2D3 and UBE2G1 are required for maximal
CRLAREN-mediated degradation of IKZF1 and IKZF3, ubiquitina-
tion and degradation still occurs in their absence. It therefore re-
mains to be determined which E2s are redundant with UBE2D3 and
UBE2G1. Additional questions remain, including whether there are
unique contexts in which CRLAREN might rely on a distinct set of E2
enzymes, whether other CRL4-containing E3 ligases use UBE2GT,
and what structural motifs on CRL4ASREN or its substrates dictate
E2 usage and specificity. More broadly, CRISPR screens may be a
generalizable approach for the identification of E2-E3 pairs.

The regulatory biochemical network identified in our assays
holds broader implications for what is likely to become a growing
class of drugs with the ability to mediate targeted degradation of
proteins via cullin-RING ligases. Indeed, the lenalidomide an-
alogs thalidomide, pomalidomide, CC-122,%° and CC-885*" also
mediate CRL4RBN-dependent degradation of therapeutic tar-
gets. Even more recently, the compound indisulam was shown to
mediate CRL4P“AF'>-dependent degradation of the splicing
factor RBM39.4243 Additionally, potential therapeutic agents are
being generated in which thalidomide is conjugated to small
molecule binders of other proteins, thus creating chimeric com-
pounds that induce CRL4REN-mediated degradation of a target
protein of interest.**¢ Further work will be required to understand
the extent to which the genes identified in our genome-scale
screen will similarly be required for these novel compounds. Lastly,
the gain-of-function mechanism that lenalidomide and these
compounds share will render positive-selection CRISPR-Cas?
screening an effective tool both to highlight potential mecha-
nisms of drug resistance and to deepen our biological under-
standing of ubiquitin ligase function and regulation.
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