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Whole genome CRISPR screening identifies TOP2B
as a potential target for IMiD sensitization in multi-
ple myeloma

Thalidomide analogues (IMiD), such as lenalidomide
(LEN) and pomalidomide (POM) have significantly
improved survival in patients with multiple myeloma
(MM).1 However, many patients relapse despite contin-
ued IMiD exposure, and IMiD-resistance remains a sig-
nificant clinical problem. IMiD engage Cereblon (CRBN),
an adaptor for the CUL4A-DDB1-RBX1 E3 ligase com-
plex to promote proteasome-dependent degradation of
neosubstrates IKZF1 (Ikaros) and IKZF3 (Aiolos). The
degradation of these transcription factors is both directly
toxic to MM cells and immunostimulatory to T cells.2–4
Interrogation of the molecular events driving IMiD-medi-
ated engagement of CRBN neosubstrates has greatly
improved our mechanistic understanding of these agents.
Acquired or intrinsic IMiD-resistance may occur through
several mechanisms including loss of expression of CRBN
and/or associated E3 ligase factors.5,6 However, deeper
insight into IMiD-resistance mechanisms may inform
novel therapeutic approaches. Here, genome-wide
CRISPR-Cas9 screening was employed to characterize
resistance mechanisms and resensitization factors in iso-
genic IMiD-sensitive and -resistant MM lines. Loss of
DNA topoisomerase IIβ (TOP2B) resensitized IMiD-
refractory cells to IMiD and its inhibition with the cardio-

protective drug, dexrazoxane (DXZ), potentiated IMiD
activity. Collectively, these findings identify TOP2B as a
potential new therapeutic target in MM.
LEN-resistant MM1.S (MM.1Sres) cells were previous-

ly derived by culturing MM.1S cells in presence of
increasing doses of LEN.7 MM.1Sres cells displayed no
significant increase in cell death upon prolonged (7 days)
LEN exposure, while isogenic MM.1S cells were sensitive
to LEN-induced cell death (Figure 1A). MM.1Sres cells
also exhibited resistance to the anti-proliferative effects
of LEN and POM as demonstrated by CellTrace Violet
(CTV) labeling (Figure 1B). As previously reported,7
MM.1Sres cells showed reduced CRBN expression and
reduced IKZF3 degradation upon IMiD treatment as
compared to MM.1S (Figure 1C).
In order to determine genes and pathways required for

IMiD anti-myeloma activity in MM.1S cells, a genome-
scale CRISPR knockout screen was performed in MM.1S-
Cas9 cells treated with LEN, POM or dimethyl sulfoxide
(DMSO) (Figure 1D). Genetic dependencies of MM.1S-
Cas9 cells were identified by loss-of-representation of
short guide RNA (sgRNA) in (DMSO)-treated cells and
identified genes such as MYC, IRF4, IKZF1 and IKZF3
(Online Supplementary Figure S1A). MM.1S-Cas9 cells
were dependent on essential processes such as RNA
metabolism and DNA-damage related pathways (Online
Supplementary Figure S1B and C). Deletion of CRBN and
members of the COP9 signalosome (CSN), a 9-protein
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Figure 1. Resistance to lenalidomide and pomalidomide is mediated by loss of Cereblon and the COP9 signalosome. (A) Bar plot representing the percentage
of propidium iodide negative (PI-, viable) MM.1S and lenlidomide (LEN)-resistant MM1.S (MM.1Sres) MM.1Sres cells treated with dimethyl sulfoxide (DMSO) or
LEN (2 mM) for 7 days. Results are aggregated from n=3 independent experiments with two technical replicates per experiment. Error bars represents the mean
± standard error of the mean of the three biological replicates with their respective technical replicates; *P<0.0001. (B) CellTrace™ Violet/propidium iodide pro-
liferation assay comparing proliferation of MM.1S and MM.1Sres cells in presence of LEN (2 mM) or pomalidomide (POM) (500 nM) (day 7 timepoint) in com-
parison to vehicle (DMSO). Results are representative of three independent experiments. (C) Immunoblot of IKZF3 and Cereblon (CRBN) levels in DMSO-, LEN-
(2 mM) or POM- (500 nM) treated MM.1S and MM.1Sres cells for 16 hours (blots are representative of n=3 independent experiments). (D) Schematic represen-
tation of the CRISPR genome-scale resistance screen workflow. Approximately 500x106 MM.1Sres-Cas9 cells were transduced with the Brunello genome-wide
library, selected with puromycin and then treated with DMSO, LEN (2 µM) or POM (500 nM) for approximately 8 weeks. Genomic DNA was extracted for library
preparation and Illumina sequencing. (E) Scatter plot showing hits overlapping between LEN and POM that are significant for adjusted P<0.05 and hits unique
to LEN-treated cells significant for adjusted P<0.05.
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complex involved in protein turnover regulation, were
the most significantly enriched sgRNA in the presence of
continued IMiD exposure (Figure 1E; Online
Supplementary Figure S1D to E), validating previously pub-
lished data.5,6 Gene ontology (GO) analysis and protein-

protein interaction (PPI) networking revealed that CSN
may also modulate CUL4-DDB1 functions in response to
DNA damage (Online Supplementary Figure S1F and G).
Notably, some sgRNA (NCOR1, EDC4, SCAP, UBE2G1,
MBTPS1/2) conferred selective resistance to LEN but not
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Figure 2. TOP2B deletion synergizes with Thalidomide analogues (IMiD) in MM.1S and MM.1S resistant cells. (A) Schematic representation of the CRISPR
genome-scale dropout screen workflow. Approximately 500x106 MM.1Sres-Cas9 cells were transduced with the Brunello genome-wide library, selected with
puromycin and then treated with dimethyl sulfoxide (DMSO), lenalidomide (LEN) (2 mM) or pomalidomide (POM) (500 nM) for 3 weeks. Genomic DNA   (gDNA)
was extracted for library prepraration and Illumina sequencing. (B) Scatter plot overlapping the -log10 (P-value) of negatively enriched guides in MM.1Sres-Cas9
cells treated with LEN and POM at the end of the screen. (C) Normalized counts (in log2) at the end of the screen (T-End) of short guide RNA (sgRNA) specific for
TOP2B in MM.1Sres. In the DMSO condition, the counts in T-End are compared to a timepoint zero (T-0) reference. In the LEN and POM conditions, the counts
for sgTOP2B in T-End are plotted relatively to the average counts in the DMSO T-End condition. (D) Schematic representation of the competitive proliferation
assay workflow. MM.1S- or MM.1Sres-Cas9 scramble-BFP cells were grown in competition with MM.1Sres-Cas9 sgTOP2B-GFP at a 1:1 ratio in DMSO, LEN (2
mM) or POM (500 nM) to validate the data observed in the genome-wide dropout screen. (E) Representative experiment of n=3 independent replicates showing
the change in percentage of MM.1Sres-Cas9 scramble- or sgTOP2B-GFP+ cells grown in competition with MM.1Sres-Cas9 Scramble-BFP+ cells treated with
DMSO, LEN (2 mM) or POM (500 nM) for 21 days. Each dot with relative error bars represent the mean ± standard deviation of values from two technical repli-
cates. (F) Representative experiment of three independent replicates showing the change in percentage of MM.1S-Cas9 scramble- or sgTOP2B-GFP+ cells grown
in competition with MM.1S-Cas9 scramble-BFP+ cells (at a 1:1 ratio) treated with DMSO, LEN (2 mM) or POM (500 nM) for 10 days. Each dot with relative error
bars represent the mean ± standard deviation of values from two technical replicates. GFP: green fluorescent protein.
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Figure 3. TOP2 inhibitor dexrazoxane displays anti-myeloma properties and combinatorial activity with lenalidomide. (A) Immunoblot showing TOP2B expres-
sion in MM.1S cells treated with dimethyl sulfoxide (DMSO) or dexrazoxane (DXZ) (20 mM or 50 mM) across 24, 48 and 72 hours. Tubulin expression is provided
as a loading control. The experiment is representative of three biological replicates. (B) Bar graphs demonstrating Nicoletti cell cycle profiling of MM.1S and
MM.1S resistant (MM1Sres) cells exposed to DMSO, lenalidomide (LEN) (2 mM), DXZ (20 mM) or combined LEN/DXZ (combo). The plot represents an aggregate
of three independent experiments with three technical replicates each. Error bars represent mean ± standard error of the mean of n=3 independent experi-
ments. v: significant vs. vehicle (DMSO); l: significant vs. LEN; d: significant vs. DXZ (P<0.05 or less). (C) Heatmaps representing the variation of zero interaction
potency (ZIP) synergy score in MM.1S and MM.1Sres cells treated with increasing concentration of LEN and DXZ in combination. The average percentage of PI
negative cells (viable) in each drug combination of three independent experiments was employed to compute synergy. The R package synergyfinder v2.2.4 was
employed to perform the analysis. (D) Average viable cell count at 3 and 7 days for MM.1S and MM.1Sres treated with DMSO, LEN (2 mM), DXZ (5 mM or 20 mM
depending on the cell line) or combined LEN/DXZ (combo). (E) Immunoblot showing expression of IKZF1, IKZF3 after 24h of treatment with DMSO, LEN (2 mM),
DXZ (20 µM) or combined treatment and expression of IRF4 and MYC after 72 hours of treatment in the same conditions. HSP90 is provided as loading control.
The experiment is representative of three biological replicates. (F) Viable cell count at 3 and 7 days of OPM2, RPMI-8226 and JJN3 cells treated with DMSO,
LEN (2 mM), DXZ (20 mM) or combo. (G) Percentage of PI negative (viable) OPM2 cells treated with DMSO, LEN (2 mM), DXZ (20 mM) or combo and assessed by
flow cytometry. (H) Percentage of PI negative (viable) RPMI-8226 cells treated with DMSO, LEN (2 mM), DXZ (5 mM) or combo and assessed by flow cytometry.
(I) Percentage of PI negative (viable) JJN3 cells treated with DMSO, LEN (2 mM), DXZ (20 mM) or combo and assessed by flow cytometry. In (D), (F), (G), (H) and
(I), error bars represent mean ± standard error of the mean of n=3 independent experiments. v: significant  vs. vehicle (DMSO); l: significant  vs. LEN; d: signif-
icant  vs. DXZ (P<0.05 or less).       
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POM (Figure 1E), reflecting either a difference of potency
and/or discrepant substrate specificity between the two
IMiD.
The identification of genes that when deleted restore

IMiD-sensitivity in MM.1Sres cells was achieved by a
loss-of-representation CRISPR screen in 21-day LEN and
POM-treated MM.1Sres-Cas9 cells relative to DMSO
control (Figure 2A). The dependencies of DMSO-treated
MM.1Sres-Cas9 cells partially overlapped and correlated
with those of MM.1S-Cas9 cells, suggesting that acquired
IMiD-resistance did not globally alter gene dependencies
in these cells (Online Supplementary Figure S2A to F). In
order to identify selective resentitization mechanisms in
the presence of IMiD, the DMSO endpoint was com-
pared with the matched timepoint in IMiD-treated
MM.1Sres-Cas9 cells. This revealed that deletion of
ATXN7, TOP2B, MIER3, YPEL5, MAEA and MED13L
sensitized MM.1Sres cells to both LEN and POM (Figure
2B and C). ATXN7 is part of the deubiquitination module
of STAGA, a multisubunit entity involved in transcrip-
tional regulation and DNA repair.8 MED13L and MIER3
also modulate transcription.9,10 Interestingly, YPEL5 and
MAEA co-operate in an E3 ligase complex targeting glu-
coneogenesis enzymes.11 However, TOP2B was selected
for further study due to its potential tractability as a drug
target. TOP2B is an enzyme which resolves topological
DNA constraints during replication, transcription and
repair.12 In order to validate that TOB2B loss resensitizes
to IMiD, competitive proliferation assays were performed
in the presence and absence of LEN and POM (Figure 2D).
MM.1Sres-Cas9 cells expressing two independent TOP2B
sgRNA with a GFP reporter were mixed at a 1:1 ratio with
MM.1Sres-Cas9 cells expressing a non-targeting sgRNA
with a BFP reporter (Figure 2D to E; Online Supplementary
Figure S2G). Consistent with the CRISPR-screen results, a
competitive loss of GFP+ relative to BFP+ cells was
observed following IMiD treatment (Figure 2E) confirm-
ing that TOP2B deletion confers IMiD-sensitivity in
MM.1Sres-Cas9 cells. Analogous assays in MM.1S-Cas9
cells revealed that TOP2B loss further sensitized these
cells to the anti-tumour effects of IMiD (Figure 2F), indi-
cating that TOP2B deletion enhances IMiD activity in
both IMiD-naïve and resistant contexts. TOP2B deletion
had little or no effect on CRBN expression or subsequent
IKZF3 degradation following IMiD treatment (Online
Supplementary Figure S3A and B). MYC levels appeared to
be modestly more downregulated in IMiD-treated
MM.1Sres-Cas9 compared to MM.1S-Cas9 cells while the
IMiD-induced downregulation of IRF4 was similar in
MM.1Sres-Cas9 compared to MM.1S-Cas9 cells ((Online
Supplementary Figure S3C). These observations indicate
that the resensitization to IMiD treatment following dele-
tion of TOP2B likely does not depend on further effects
on the IKZF1/3-IRF4-MYC axis.
Having discovered the IMiD-sensitizing effects of

genetic TOP2B depletion in MM.1Sres-Cas9 cells,
orthogonal assays using DXZ, a chemical inhibitor of
TOP2 that induces selective degradation of TOP2B pro-
tein, were used to validate this observation. DXZ also
posseses iron-chelating activity and is Food and Drug
Administration-approved for prevention of anthracy-
cline-induced cardiotoxicity.13 In order to investigate
whether DXZ-mediated TOP2B degradation would phe-
nocopy genetic deletion, MM.1Sres and MM.1S cells
were treated with DXZ alone or in combination with
LEN. TOP2B degradation in DXZ-treated MM.1S cells
was evident 24 hours (hrs) after drug exposure and
remained low in treated cells for up to 72 hrs (Figure 3A)
at clinically relevant concentrations.14 Cell cycle analysis

demonstrated that concentrations of DXZ sufficient to
induce TOP2B degradation were cytostatic in MM.1S
and MM.1Sres cells, with accumulation of cells in SubG1
and >2N, suggesting apoptosis-induction and failure of
cytokinesis (Figure 3B; Online Supplementary S3D to F).
Combinatorial effects of LEN and DXZ were observed in
MM.1S and MM.1Sres cells with DXZ alone inducing
cytostasis in MM.1Sres cells (Figure 3C and D). Similar to
the effects observed following TOP2B deletion, DXZ did
not modulate CRBN expression or alter IKZF3 degrada-
tion (Online Supplementary Figure S3G). However, an
effect of the LEN and DXZ combination on cMYC,
IKZF1, IKZF3 and IRF4 expression (Figure 3E) was evident.
These findings may indicate that the effects of LEN and
DXZ converge on the IRF4-MYC axis in MM.1Sres cells
downstream or in parallel to canonical CRBN-neosub-
strate interactions. Subsequently, DXZ combination treat-
ments were performed in IMiD-sensitive OPM2 cells and
IMiD-resistant RPMI-8226 and JJN3 MM cell lines (Figure
3D). In OPM2 cells, DXZ and LEN alone induced robust
growth inhibition with a combinatorial effect observed
following treatment with both agents (Figure 3F and G).
DXZ induced death of RPMI-8226 and JJN3 cells, with
mild additivity in the presence of LEN (Figure 3F, H and I).
CRISPR-based dissection of the genetic dependencies

of MM.1S cells provided additional insight into IMiD
biology and acquired IMiD resistance. Consistent with
the initial description of MM.1Sres,7 downregulation of
CRBN expression and attenuation of neosubstrate degra-
dation appears to be the major mechanism of IMiD
resistance in these cells. Synthetic generation of IMiD
resistance using gene deletion in MM.1S cells recapitulat-
ed prior studies identifying CRBN and elements of the
CSN.5,6 Gene ontology analysis of these hits revealed
their importance in transcription-coupled nucleotide
excision repair (TC-NER). Moreover, CUL4 and DDB1
have been demonstrated to participate with CSN in DNA
repair pathways such as NER and TC-NER.15 IMiD-sensi-
tivity in MM.1Sres cells was rescued by knockout of
TOP2B, a gene that modulates DNA repair, chromatin
stability and gene expression.12 However, LEN did not
induce a DNA damage response or synergize with etopo-
side in MM.1Sres cells, suggesting that DNA damage
induction is not the primary re-sensitization mechanism
(Online Supplemnentary Figure S3H and I). Genetic deletion
of TOP2B was not lethal to MM.1Sres cells, however
these cells were sensitized to IMiD-induced death. This
phenotype seemed to be independent of an increase in
CRBN activity or expression changes within the IKZF1/3-
IRF4-MYC axis. The biology underpinning re-sensitiza-
tion of MM.1Sres cells to IMiD through loss of TOP2B
remains to be defined.
DXZ had demonstrable anti-MM properties and addi-

tional activity in combination with LEN, especially in
IMiD-sensitive cells. Since TOP2B deletion did not
induce growth inhibition, the single-agent activity of
DXZ may depend upon TOP2A inhibition rather than
TOP2B degradation or through other effects. Deletion or
depletion of TOP2A can have deleterious effects on the
growth and/or survival of cancer cells (Online
Supplemnentary Figure S3J) but we do not have evidence
clearly demonstrating that the anti-MM activity of DXZ
is through effects on TOP2A. Given that DXZ did not
appear to demonstrably impinge on the IKZF1/3-IRF4-
MYC axis, exactly how DXZ confers anti-MM activity,
either alone or in combination with IMiD, remains
unknown. The IC50 of DXZ across the MM lines tested
spanned from 5 to 20 mM (data not shown), which is sig-
nificantly lower than the peak plasma concentration
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reached after a cardioprotective 500 mg/m2 dose 
(36.5 mg/mL or 135 mM).14 This suggests that DXZ could
be repurposed as a TOP2-targeting anti-MM agent as
part of a combinatorial approach, however its posology is
not well suited to recurrent or chronic administration.
We are unaware of any other selective small-molecule
TOP2B inhibitors. Greater understanding of the struc-
ture-activity relationship between DXZ and TOP2B may
allow the rational development of related chemotypes for
drug therapy. Further investigation of these mechanisms
by which TOP2B inhibition leads to anti-MM activity
could reveal alternative pathways to IMiD potentiation.
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