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Cop9 signalosome (CSN) regulates the function of cullin–RING E3 ubiquitin ligases
(CRLs) by deconjugating the ubiquitin-like protein NEDD8 from the cullin subunit. To
understand the physiological impact of CSN function on the CRL network and cell prolif-
eration, we combined quantitative mass spectrometry and genome-wide CRISPR interfer-
ence (CRISPRi) and CRISPR activation (CRISPRa) screens to identify factors that
modulate cell viability upon inhibition of CSN by the small molecule CSN5i-3. CRL com-
ponents and regulators strongly modulated the antiproliferative effects of CSN5i-3, and in
addition we found two pathways involved in genome integrity, SCFFBXO5

–APC/C–
GMNN and CUL4DTL

–SETD8, that contribute substantially to the toxicity of CSN inhi-
bition. Our data highlight the importance of CSN-mediated NEDD8 deconjugation and
adaptive exchange of CRL substrate receptors in sustaining CRL function and suggest
approaches for leveraging CSN inhibition for the treatment of cancer.
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Cullin•RING ubiquitin ligases (CRLs) comprise a large family of enzymes implicated
in many aspects of cellular and organismal physiology (1–3). There are eight human
cullins (CUL1-3, CUL4A/B, CUL5, CUL7, and CUL9), each of which interacts with
a RING protein (RBX1 or RBX2) and a set of substrate receptor (SR)•adaptor com-
plexes. Together these complexes constitute a family of at least 250 E3 ubiquitin ligases
and direct ∼20% of proteasome-mediated protein degradation (4). A key mechanism
that regulates all known CRLs is conjugation of the ubiquitin-like protein NEDD8 to a
conserved lysine residue in cullins (5, 6), which recruits the co-E3 ARIH1 (7) and causes a
profound conformational change in the CRL resulting in enhanced ubiquitin transfer to
substrate (8, 9). Multiple E2 enzymes have been implicated in CRL-dependent ubiquitina-
tion, including the ARIH1-binding E2 UBE2L3/UBCH7 and the RBX1/2-binding E2s
UBE2D3/UBCH5C, UBE2R1/CDC34A, UBE2R2/CDC34B, and UBE2G1 (10–13).
Cullin neddylation is catalyzed by NEDD8-activating enzyme (NAE) (APPBP1•UBA3),

E2-conjugating enzyme (UBE2M/UBC12 and UBE2F), and E3 ligase (DCUN1D1–D-
CUN1D5) (14–18). Pevonedistat (MLN4924) is a small molecule inhibitor of NAE (4)
and is currently being explored in multiple clinical trials. Pevonedistat inhibits neddyla-
tion, and thus is thought to inactivate all CRLs. The NEDD8 modification is transient
and reversed by the COP9 signalosome (CSN) isopeptidase (19, 20). Human CSN is a
heteromeric complex of nine subunits, CSN1 to CSN9 (21, 22). Although CSN-
mediated NEDD8 deconjugation inhibits CRLs in vitro, genetic studies show that CSN
is a positive regulator of CRLs in vivo (23). The best explanation for this discrepancy is
that in the absence of CSN activity, constitutively activated CRLs induce autoubiquitina-
tion and degradation of their SR subunits (24, 25). Functionally, CSN is essential for
development, and knockout of different CSN subunits in mouse is embryonic lethal
(26). Recently, Schlierf et al. (27) identified CSN5i-3 as a potent and selective inhibitor
of CSN. CSN5i-3 caused depletion of several CRL substrate receptors, possibly via
autoubiquitylation.
Cellular studies of pevonedistat demonstrated that the CRL substrate CDT1 is stabi-

lized as a result of SCFSKP2 and CRL4DTL inactivation (28, 29). CDT1 is a DNA replica-
tion licensing factor required for prereplication complex (pre-RC) assembly (30). Initiation
of DNA replication is a tightly controlled process, in which CDT1 cooperates with
CDC6 and the origin recognition complex (ORC) to promote the loading of MCM2-7
(minichromosome maintenance) complex onto DNA to generate a pre-RC (30). GMNN
(Geminin) inhibits DNA replication by sequestering CDT1 (31). After initiation of DNA
replication is triggered by CDK2 and DBF4•CDC7, CDT1 is degraded, GMNN accu-
mulates, and CDC6 is exported from the nucleus, thus preventing refiring of the origin
(30). CDT1 stabilization caused by pevonedistat leads to DNA rereplication, accumula-
tion of cells in S phase, and eventual cell death (28, 29).
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In prior work we reported that the cellular composition of
CUL1-based CRL complexes is controlled by a process we dubbed
“adaptive exchange” (SI Appendix, Fig. S1A), wherein the assembly
state of a particular SCF/CRL1 substrate receptor is determined by
the abundance of its substrates (32). We postulated that this con-
trol is mediated by NEDD8, coupled with the activity of the sub-
strate receptor exchange factor CAND1 (33). According to this
model, a CRL complex is conjugated with NEDD8 upon its for-
mation. In the presence of the substrate, deconjugation of
NEDD8 is impeded because the substrate interferes with CSN
binding (34–36). Once the substrate is depleted, CSN deconju-
gates NEDD8, which enables CAND1 to bind and catalyze
exchange of the assembled SR•adaptor module for one from the
cell’s pool of excess unassembled modules. Three key lines of evi-
dence supported this model. First, when conjugation of NEDD8
is blocked by pevonedistat, there is a strong reduction in assembled
SCF complexes at the expense of CUL1•CAND1 complexes (37).
Second, knockout of CAND1 and CAND2 results in increased
assembly of most SCF complexes (37). Third, stimuli that generate
substrates for particular SCF or CRL4 complexes increase the
steady-state level of those complexes (32, 37–39).
A key prediction of the adaptive exchange hypothesis is that

maintenance of a functional network of CRL complexes should
depend on both NEDD8 conjugation and deconjugation. In the
absence of NEDD8 deconjugation, cells are predicted to accumu-
late CRL complexes for which there are no substrates. These
should persist, due to negligible dissociation of SR•adaptor mod-
ules from cullins, until the unoccupied SR is turned over via
autoubiquitylation. The discovery of CSN5i-3 allowed us to test
this prediction with CRL4, where we were able to show that brief
CSN inhibition leads to increased assembly of most CRL4 com-
plexes (39). Here, we employ mass spectrometry and CRISPR
screens to evaluate the proteome-wide physical and functional
impact of CSN inhibition. Our findings support the central ten-
ets of the adaptive exchange hypothesis and identify biology that
is perturbed upon CSN inhibition, including licensing of DNA
replication and maintenance of genome integrity. Deregulation of
these pathways upon exposure to CSN5i-3 creates a heightened
vulnerability to DNA damage checkpoint inhibitors that could
potentially be exploited in cancer therapy.

Results

CSN5i-3 Is an Uncompetitive Inhibitor of Cop9 Signalosome.
We first set out to characterize the biochemical and pharmaco-
logical properties of CSN5i-3 (Fig. 1A). CSN5i-3 is a potent
and specific inhibitor of CSN, with a half maximal inhibitory
concentration (IC50) of ∼5.4 nM in a deneddylation reaction
with purified NEDD8–CRL4 (27). Unexpectedly, CSN5i-3
inhibited CSN uncompetitively when either NEDD8–SCFSKP2

or NEDD8–CRL2 were used as substrates (Fig. 1B and SI
Appendix, Fig. S1 B and C). Titration of CSN5i-3 on K562 and
293T cells yielded a half maximal effective concentration (EC50)
of ∼50 nM for deneddylation of all cullins tested (Fig. 1C and SI
Appendix, Fig. S1D). Interestingly, CSN5i-3, though noncovalent,
was, like the covalent NAE inhibitor pevonedistat, poorly revers-
ible (Fig. 1D). Together with the data showing that CSN5i-3 was
an uncompetitive inhibitor, this suggests that CSN5i-3, especially
in conjunction with proteasome inhibitors, may be a useful tool
for stabilizing CRL and CRL•substrate complexes (39).

CSN5i-3 Induces Selective Degradation of CRL Substrate
Receptors. CSN5i-3 induces degradation of multiple CRL sub-
strate receptors (27, 38). To investigate the impact of CSN5i-3

on a proteome-wide level, we performed quantitative proteomic
mass spectrometry (MS2) by 16-plex isobaric tandom mass tag
(TMT) labeling of K562 cells treated with dimethyl sulfoxide
(DMSO) or 1 μM CSN5i-3 for 2, 8, and 24 h. Approximately
6,200 proteins were identified, of which 5,063 were quantified.
After 24 h, multiple proteins were down-regulated (212) or
up-regulated (129) by CSN5i-3 using a cutoff of jlog2 fold
changej>0.3 and adjusted P values of <0.05 (SI Appendix, Fig.
S1E and Dataset S1). Gene ontology (GO) analysis of these 341
modulated proteins showed enrichment of CSN subunits and
cell cycle and chromosome-related proteins (SI Appendix, Fig.
S1F). Strikingly, the top 20 most decreased proteins included
8 CRL adaptors or SRs, 2 CRL E2s, and 2 CSN subunits (Fig.
1E). In addition, of the 212 down-regulated proteins, 23 were
CRL components or regulators (SI Appendix, Fig. S1G) and
8 were CSN subunits (SI Appendix, Fig. S1H). Western blot
confirmed a CSN5i-3–dependent decrease in CSN5 (Fig. 1D).
RNA sequencing (RNA-seq) analysis (SI Appendix, Fig. S1I and
Dataset S2) suggested that these effects were posttranscriptional
(Fig. 1E and SI Appendix, Fig. S1H). In contrast, 8 of the top 20
most-increased proteins were reported CRL substrates (Fig. 1F)
that mapped to cell division–related processes (SI Appendix, Fig.
S1F), and most of the changes were posttranscriptional (Fig. 1F).

Overall, proteomics analysis indicated that CSN inhibition
with CSN5i-3 led to decreased levels of multiple CRL compo-
nents and increased levels of multiple CRL substrates. Together,
these observations suggest that CSN activity is crucial to main-
tain CRL activity, even though CSN inhibits CRLs by removing
the activating NEDD8 modification, and in short-term expo-
sures stabilizes CRL complexes (39). This seemingly contradic-
tory behavior, known as the “CSN paradox,” has been noted
previously for particular CRLs (25, 27). Our proteome-wide
analysis, along with that of Mayor-Ruiz et al. (38), suggested
that a positive role for CSN in sustaining SR abundance and
CRL function is a prominent and widespread phenomenon
affecting multiple CRLs.

Genome-Wide CRISPR Interference and CRISPR Activation
Screens Using CSN5i-3 and Pevonedistat. To extend our analysis
of CSN’s impact on the CRL network, we addressed whether
the changes in protein levels observed in cells treated with
CSN5i-3 corresponded to a functional decline in CRL pathway
activity. We also sought to identify the most prominent vulner-
abilities experienced by cells with diminished CSN activity. We
addressed these questions by performing genome-wide CRISPR
interference (CRISPRi) and CRISPR activation (CRISPRa)
screens to identify modifiers of CSN5i-3 cytotoxicity. K562 cells
expressing dCas9-KRAB (for CRISPRi-mediated gene repres-
sion) or dCas-SunTag and scFv-VP64 (for CRISPRa-mediated
gene induction) were infected with the hCRISPRi-v2 and
hCRISPRa-v2 libraries that target 18,905 and 18,915 genes,
respectively (Fig. 2A) (40–42). After harvesting a t0 sample, we
repeatedly pulsed the remaining cells (at a coverage of >1,000
cells/sgRNA) with DMSO or 1 μM CSN5i-3 for 24 h on indi-
cated days (SI Appendix, Fig. S2A). After 15 to 17 d (tend) of
growth, we measured the relative abundance of sgRNAs in the
t0 and tend DMSO and CSN5i-3 samples by deep sequencing to
reveal how each sgRNA affected growth in the absence (tend
DMSO vs. t0, γ) and presence (tend CSN5i-3 vs. tend DMSO, ρ)
of the drug (43). Negative and positive γ-values indicate an
sgRNA inhibited or promoted growth, respectively, whereas neg-
ative and positive ρ-values indicate a sgRNA sensitized to or
conferred resistance to CSN5i-3, respectively. CSN5i-3 sensitiv-
ity phenotypes of targeted genes were correlated in biological
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replicates (for genes with jρj >0.15 in either replicate, CRISPRi
Pearson r2 = 0.31, CRISPRa Pearson r2 = 0.47), whereas those
of negative control genes sampled from nontargeting control
sgRNAs were clustered around zero (Fig. 2B). Although the
CRISPRi screen showed more variability than the CRISPRa
screen at the level of individual sgRNAs (SI Appendix, Fig. S2 B
and C), grouping CRISPR constructs that target the same gene
reduced variation and clearly identified genes whose repression
consistently altered sensitivity to CSN5i-3 (Fig. 2B and SI
Appendix, Fig. S2 D and E).
The averaged CRISPRi and CRISPRa phenotypes for all

genes are plotted in Fig. 2C (Dataset S3). Genes were classified
as hits using a combined threshold based on phenotype
strength and P value (the absolute value of �log10(P value) ×
phenotype z-score). Using cutoff values of 20 and 7, the result-
ing gene-level phenotypes revealed 334 and 262 genes for
which repression and induction strongly affects CSN5i-3 sensi-
tivity, respectively (Dataset S3). The CRISPRi screen enriched
for genes involved in diverse aspects of proteostasis, as well as
in DNA replication, cell cycle regulation, and RNA degrada-
tion (SI Appendix, Fig. S2F). This was underscored by the top
30 genes whose repression conferred sensitivity to CSN5i-3
(Fig. 2D). Notably, 7 of these hits were CRL subunits or regu-
lators. CRISPRi constructs for all CSN subunits resulted in

sensitization to CSN5i-3, whereas CRISPRa constructs for
individual subunits had no effect, consistent with CSN working
as an obligate holoenzyme (Fig. 2C and SI Appendix, Fig.
S2G). In contrast, hits from the CRISPRa screen were enriched
for genes involved in the TGF-β signaling pathway, cancer, cel-
lular senescence, ubiquitin-mediated proteolysis, and osteoclast
differentiation (SI Appendix, Fig. S2F). Again, the top 30 sensi-
tizing hits enriched for CRL subunits or cofactors (Fig. 2D).
The list of genes from the CRISPRi and CRISPRa screens that
yielded the strongest resistance to CSN5i-3 lacked a coherent
signature and primarily contained genes involved in transcription
regulation, signal transduction, and metabolism, suggesting that
these genes may affect CSN5i-3 sensitivity indirectly, potenti-
ally through nonspecific effects on cell cycle progression (SI
Appendix, Fig. S2 H–J). Overall, striking enrichment for genes
involved in CRL homeostasis suggested that our CRISPR screens
successfully captured genetic determinants of CSN5i-3 response.

To orthogonally identify additional factors that regulate the
CRL network, we also carried out a CRISPRi screen with the
extensively studied NAE inhibitor pevonedistat (SI Appendix, Fig.
S3 A and B) (44–47). Pevonedistat has a pervasive inhibitory effect
on the assembly of SCF complexes (37) and CRL function (4,
48–50). Consistent with its covalent mechanism of action, pevone-
distat elicited widespread, poorly reversible loss of NEDD8–cullin

Fig. 1. CSN5i-3 is an uncompetitive inhibitor of CSN and results in degradation of CRL substrate receptors. (A) Chemical structure of CSN5i-3.
(B) CSN5i-3 is an uncompetitive inhibitor of CSN. Assays were conducted at 0.033 nM CSN. Error bars represent ±SD; n = 3. (C) CSN5i-3 promotes accu-
mulation of NEDD8-conjugated cullins. K562 cells were treated with indicated amounts of pevonedistat or CSN5i-3 for 4 h and immunoblotted to detect
the indicated cullins and GAPDH. Representative Western blots are shown; n = 3. (D) CSN5i-3 is poorly reversible. K562 cells were treated with 1 μM
pevonedistat or 1 μM CSN5i-3 for 24 h, washed, and either harvested for analysis (0) or cultured for an additional 24 to 48 h, after which cullins were
evaluated as in C. Control represents untreated cells. Representative Western blots are shown; n = 3. (E) Top 20 proteins down-regulated by CSN5i-3.
K562 cells were treated with 1 μM CSN5i-3 for 2, 8, or 24 h and proteins in whole cell lysate were quantified by mass spectrometry (MS2). The three
bars for each protein represent CSN5i-3 treatment for 2, 8, and 24 h (Top to Bottom). CRL adaptors and substrate receptors (red), Ub E2s for CRL
(green), and CSN subunits (purple) are highlighted. Relative normalized expression of mRNA encoding the corresponding proteins in cells treated with
CSN5i-3 vs. DMSO were determined by RNA-seq and are shown on the Right. n = 4 (MS2) or 2 (RNA-seq). (F) Proteins up-regulated by CSN5i-3. This is
the same as in E except that the top 20 up-regulated proteins are shown. CRL substrate proteins are highlighted in red.
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conjugates in K562 and 293T cells (Fig. 1 C and D and SI
Appendix, Fig. S1D). The set of genes whose CRISPRi-mediated
repression sensitized cells to pevonedistat was enriched for CRL
subunits and regulators (5 of the top 30 sensitizing hits), 4 of
which were also identified in the CSN5i-3 screen (Dataset S4
and SI Appendix, Fig. S3 C–G). This reinforces the conclusion
that both conjugation and deconjugation of NEDD8 are required
to sustain CRL enzyme networks. Notably, repression of several
CSN subunits conferred resistance, while repression of several ned-
dylation pathway genes conferred sensitivity to pevonedistat (SI
Appendix, Fig. S3D), consistent with the opposing effects of these
enzymes on NEDD8 conjugation.

Genetic Validation of the CSN5i-3 Screen Results. To experimen-
tally validate the results from our CSN5i-3 CRISPR screens, we
selected the top one to two sgRNAs for a set of target genes and
evaluated their impact on growth in direct competition coculture
assays in the presence and absence of CSN5i-3. We selected genes
from the CRISPRi (Fig. 3A and SI Appendix, Fig. S4A) and
CRISPRa (SI Appendix, Fig. S4B) screens that enhanced sensitiv-
ity to CSN5i-3. For a subset of CRISPRi hits, we also confirmed
reductions in mRNA (Fig. 3B) and protein levels (SI Appendix,
Fig. S4C). In addition, we tested genes that conferred resistance

to CSN5i-3 in the CRISPRi screen (SI Appendix, Fig. S4D).
Overall, the results were in close agreement with the findings of
our genome-wide CRISPR screens.

Having validated the general performance of the screens, we next
examined the results to understand the physiological impact of
CSN inhibition. We first examined genes of the NEDD8 system,
followed by the proteasome and other CRL pathway proteins.
CRISPRi of CSN subunits rendered cells sensitive to CSN5i-3 (SI
Appendix, Fig. S2G). Conversely, CRISPRi of DCUN1D1 but not
other NEDD8 conjugation factors protected cells from CSN5i-3,
suggesting thatDCUN1D1 plays a major role in NEDD8 conjuga-
tion (SI Appendix, Fig. S4E). In contrast, CRISPRi of CSN subunits
induced sensitivity (SI Appendix, Fig. S3 C and D). Meanwhile,
CRISPRi of the deneddylation-dependent exchange factor CAND1
was strongly sensitizing to both CSN5i-3 and pevonedistat (SI
Appendix, Figs. S3 C and D and S4E). This likely represents a syn-
thetic lethality, wherein partial reductions in sequentially acting
NEDD8 conjugation/deconjugation and CAND1 forecloses adap-
tive exchange of substrate receptors.

The observed sensitization upon repression of proteasome
subunits and CRL components suggested that cells treated with
CSN5i-3 were deficient in CRL–proteasome function (Fig. 3 C
and D). Investigation of the phenotypes of individual genes,

Fig. 2. Genome-wide CRISPRi and CRISPRa screens. (A) Schematic of CSN5i-3 sensitivity screens and equation for calculation of sensitivity phenotypes (ρ).
Doubling differences refer to differences in population doublings between untreated and treated populations. (B) CSN5i-3 sensitivity phenotypes (ρ) for all
genes from two biological replicates (n = 2) of genome-scale CRISPRi and CRISPRa screens. The ρ-value for each gene was calculated using the average of
the top three scoring sgRNAs by absolute value. Negative control genes were generated from nontargeting control sgRNAs. For the CRISPRa screen, sensitiv-
ity phenotypes were calculated relative to the same untreated population. (C) CRISPRi and CRISPRa CSN5i-3 sensitivity phenotypes of all genes. Phenotype
values are the average of two biological replicates (n = 2) from B. CSN subunits are highlighted in orange. Some CRL genes with strong phenotypes are in
blue. (D) Genes from the CRISPRi (Left) and CRISPRa (Right) screens that yielded most enhanced sensitivity to CSN5i-3. Genes are ranked by their sensitivity
phenotypes (ρ) and color coded according to cellular pathways; n = 2.
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however, uncovered complexity that defied simple explanation.
CRISPRi of multiple cullins, SRs, and CRL cofactors rendered
cells more sensitive to CSN5i-3, but surprisingly CRISPRa of
a subset of these—CUL1, CUL2, FBXW11/β-TrCP2, and
ARIH1—was also sensitizing (Fig. 2C). In contrast to FBXW11,
the other SRs identified in the CRISPR screens behaved in
a more straightforward manner; repression of SRs resulted in
heightened sensitivity to CSN5i-3. In particular six SRs in addi-
tion to FBXW11—SKP2, FBXO5, LRR1, KCTD10, DTL/
CDT2, and VPRBP—showed strong sensitivity to CSN5i-3 in
the original CRISPRi screen and when individually targeted
(Fig. 3 A and D and SI Appendix, Fig. S4A). Western blotting of
cells confirmed depletion of all these SRs by CSN5i-3 (Fig. 3E),
consistent with the MS2 data (SI Appendix, Fig. S4F and Dataset
S1). We hypothesize that a significant portion of CSN5i-3’s anti-
proliferative effect was mediated by loss of function of one or
more of the corresponding CRLs and accumulation of their cog-
nate substrates (SI Appendix, Fig. S4F). However, unlike these
seven, CRISPRi of DET1, DCAF7, and COP1 (CRL4 SRs) ren-
dered cells moderately resistant to CSN5i-3 (Fig. 3D). Notably,
MS2 results showed an increase in DCAF7 upon CSN5i-3 treat-
ment (DET1 and COP1 were not quantified; Dataset S1), sug-
gesting that these SRs are resistant to autoubiquitylation-induced
degradation (AID) and their cognate CRL4 complexes became
constitutively active and thereby exerted antiproliferative effects
upon CSN inhibition. Consistent with this possibility, CRISPRa
of CUL4A, CUL4B, and the CUL4 E2 enzyme partner UBE2G1
induced sensitivity to CSN5i-3, whereas CRISPRi evoked resis-
tance, suggesting that unrestrained activity of some CRL4s rendered
cells sensitive to CSN inhibition. However, CRISPRi of other
CRL4 SRs (DTL and VPRBP) rendered cells sensitive to CSN5i-3.

Taken together, the CRISPRi and CRISPRa screens sug-
gested two main conclusions. First, CSN5i-3 has very specific
effects in that the top hits from both screens are strongly
enriched for components, cofactors, or regulators of CRL com-
plexes. Second, the patterns of resistance and sensitivity to
CSN5i-3 point to CSN exerting a complex effect on CRL activ-
ity. In many cases loss of CSN activity is consistent with
reduced abundance for particular CRLs rendering cells sensitive
to their further depletion. Conversely, a handful of CRLs appear
to be constitutively (hyper)active such that their induction sensi-
tizes cells to CSN5i-3 and their depletion renders them more
resistant. These divergent observations can be rationalized based
on intrinsic differences in rates of AID between different SRs.
We suggest that if an SR is particularly susceptible to AID, it is
depleted upon loss of CSN activity and its further repression by
CRISPRi renders cells more sensitive to CSN5i-3. Conversely,
if it is refractory to AID, it persists in an assembled state in the
absence of CSN activity and thereby either sequesters limiting
components (e.g., its cullin partner or CSN) or inappropriately
degrades neosubstrates, such that its depletion renders cells
more tolerant of CSN5i-3.

CSN Inhibition Results in G2 Arrest, DNA Rereplication, and
Cell Apoptosis. We next sought to explore more deeply the
results of the CRISPR screens to understand the mechanisms by
which CSN5i-3 inhibits cell proliferation. We first performed a
cell cycle analysis because cell cycle and DNA replication genes
were enriched near the top of our hit lists (Fig. 2D). K562 cells
were treated with 1 μM CSN5i-3 (Fig. 1C), and cell cycle distri-
bution was monitored by flow cytometry. As expected, disrup-
tion of NEDD8 removal adversely affected cell cycle progression

Fig. 3. Genetic validation of screen results by individual sgRNAs. (A) CRISPRi screen phenotypes are reproduced by sgRNAs targeting individual genes. K562
cells were infected with individual sgRNAs (BFP+) targeting the indicated genes (two top-scoring sgRNAs in the original screen for each gene; SI Appendix,
Table S3) and mixed at a 1:1 ratio with parental K562 cells. The cell mixtures were treated with DMSO or 1 μM CSN5i-3, grown for 10 d, and %BFP+ cells was
quantified every other day by flow cytometry. Genes whose repression exacerbated or suppressed CSN5i-3 sensitivity in the original screen are color coded
red or blue, respectively. Error bars represent ±SD; n = 2 technical replicates for each sgRNA. Results of the two sgRNAs for each gene were averaged.
(B) Extent of gene repression elicited by individual sgRNAs vary. CRISPRi efficiency was evaluated by qRT-PCR, and the relative mRNA levels are shown. The
same sgRNAs as in A were used. The direct competition assay results observed in A could be affected by the differences in CRISPRi efficiency of the individ-
ual genes. Error bars represent ±SD; n = 4 technical replicates for each sgRNA. Results of the two sgRNAs for each gene were averaged. (C) E1, E2, and pro-
teasome gene CRISPRi constructs have divergent effects on CSN5i-3 sensitivity. Volcano plots of CRISPRi phenotype of different sets of genes are highlighted;
n = 2. (D) SgRNA repression of CRL substrate receptor genes have varied effects on CSN5i-3 sensitivity. Substrate receptors are colored black, orange, blue,
and red for CRL1, CRL2, CRL3, and CRL4, respectively; n = 2. (E) Immunoblot confirmation of CRL substrate receptor depletion upon CSN5i-3 treatment of
K562 cells. Representative Western blots are shown; n ≥ 2.
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(45, 48). At 24 h of CSN5i-3 treatment, K562 cells began to
accumulate in G2/M phase. By 72 h, a significant fraction of
cells contained >4N DNA. Phosphohistone H3 (pHH3) stain-
ing indicated that the fraction of cells in mitosis remained
unchanged at ∼2% (Fig. 4A). G2/M accumulation and DNA
overreplication were also observed in other cancer cell lines
treated with CSN5i-3 (SI Appendix, Fig. S5A).
The effect of CSN5i-3 on the cell cycle is reminiscent of cells

undergoing DNA rereplication, during which replication origins
are fired more than once per cell cycle. Several genetic defects
trigger rereplication, including aberrant overexpression of the
replication initiation factors CDT1 and CDC6 or depletion of
the CDT1 inhibitor GMNN (51–53). Strikingly, GMNN was
the top hit in the CSN5i-3 CRISPRi screen (Fig. 2D) and one
of the most sensitive hits in the pevonedistat CRISPRi screen
(SI Appendix, Fig. S3 C and F).

GMNN Is a Critical CSN5i-3 Target That Contributes to Effects
on the Cell Cycle and Apoptosis. To pursue GMNN, we first
reproduced the CRISPRi screen results in a direct competition
assay using K562 cell lines stably transduced with constructs
that expressed individual control or GMNN-directed sgRNA.
This confirmed that GMNN repression sensitized cells to
CSN5i-3 (Fig. 4B). A cycloheximide (CHX) chase experiment
showed that CSN5i-3 treatment decreased the half-life of
GMNN from 8.2 h to 3 h (Fig. 4C). CSN5i-3 also caused a
time-dependent decrease in GMNN in the absence of CHX in
K562 and multiple other cell lines (Fig. 4D and SI Appendix,
Fig. S5B). To evaluate further the connection between GMNN
and CSN5i-3 we measured cell cycle profiles and apoptosis in
K562 cells depleted of or overexpressing GMNN (Fig. 4 E and
F). Strikingly, CRISPRi of GMNN increased apoptosis, G2/M
accumulation, and DNA overreplication in response to CSN5i-3,
whereas overexpression had the opposite effects. Similar cell
cycle responses to GMNN knockdown by siRNA were observed
in human osteosarcoma U2OS, which has an intact DNA dam-
age response and in colorectal carcinoma HCT116 cells, which
are highly sensitive to CSN5i-3 (27) (Fig. 4G). These results
suggest that GMNN destabilization was a key node that under-
lies the cellular response to CSN5i-3. Consistent with this
hypothesis, repression of multiple DNA licensing factors con-
ferred resistance to CSN5i-3 treatment in the CRISPRi screen
(SI Appendix, Fig. S5C).

GMNN Down-Regulation upon CSN5i-3 Treatment Is Triggered by
FBXO5 Degradation. To understand how CSN5i-3 causes GMNN
depletion, we investigated proteins that mediate GMNN degrada-
tion. GMNN is a substrate of ubiquitin ligase APC/CCDH1 (31).
The APC/CCDH1-interacting protein and SCF substrate receptor
FBXO5/EMI1 showed strong sensitivity to CSN5i-3 in the
CRISPRi screen (Fig. 3D). FBXO5 directly binds and inhibits
APC/CCDH1 throughout interphase (54), thereby stabilizing APC/
CCDH1 substrates like GMNN and cyclin A. Four observations
point to CSN5i-3–mediated degradation of FBXO5 as playing a
key role in GMNN depletion and DNA rereplication. First,
CSN5i-3 reduced the half-life of FBXO5 by threefold in K562
cells (Fig. 4C) and had similar effects in multiple other cell lines
(SI Appendix, Fig. S5B). Second, a direct competition growth assay
showed that FBXO5 CRISPRi sensitized cells to CSN5i-3 (Fig.
4B), very similar to what was observed for GMNN. Third,
FBXO5 depletion and overexpression mirrored the effects of
GMNN manipulations on cell cycle profile, DNA overreplication,
and apoptosis of K562 cells (Fig. 4 E and F). As was observed for
GMNN, siRNA directed against FBXO5 had similar effects in

U2OS and HCT116 cell lines (Fig. 4G). Fourth, and most impor-
tant, FBXO5 CRISPRi enhanced depletion of GMNN in response
to CSN5i-3 treatment, whereas FBXO5 overexpression had the
opposite effect and stabilized GMNN (Fig. 4D).

To evaluate whether enhanced degradation of FBXO5 in
response to CSN5i-3 is due to autoubiquitylation or SCFβ-TrCP,
which mediates turnover of FBXO5 in early mitosis (55, 56), we
tested the effect of mutations in FBXO5’s phosphodegron that
block its binding to β-TrCP. These mutations did not impede
CSN5i-3–dependent degradation of FBXO5 (Fig. 4H). FBXO5
assembles with CUL1•SKP1 to form a canonical SCF/CRL1
ubiquitin ligase complex (37, 57), and we suggest that failure to
deneddylate and disassemble SCFFBXO5 complexes resulted in
autoubiquitylation and degradation of FBXO5.

In summary, we propose that CSN5i-3 induces FBXO5
autodegradation, resulting in activation of APC/CCDH1 during
interphase and subsequent premature degradation of its sub-
strates, including GMNN and CCNA2. Ultimately, this leads
to G2 delay, DNA rereplication, and apoptosis (Fig. 4I).

The CUL4–DTL–SETD8 Pathway Contributes to CSN5i-3 Toxicity.
Given the hundreds of CRL complexes, it is likely that disrup-
tions of multiple pathways contribute incrementally to the
cytotoxicity induced by CSN inhibition. To identify additional
contributory pathways, we examined genes that yielded oppo-
site phenotypes in the CRISPRi and CRISPRa screens. Using
cutoff values of P <0.05 and jρj >0.15, we identified 56 genes
that scored in both CRISPRi and CRISPRa, including CUL4A
and its SR DTL (SI Appendix, Table S1). Moreover, DTL
repression and induction elicited opposing effects on the cell
cycle (G2 arrest and DNA rereplication) and apoptosis (Fig. 5
A and B and SI Appendix, Fig. S6 A and B). CSN inhibition
led to loss of DTL protein (Fig. 3E), consistent with CRISPRi
of DTL conferring enhanced sensitivity to CSN5i-3.

CRL4DTL has multiple substrates, including CDT1, CDKN1A/
p21, FBH1, SETD8/KMT5a, and SDE2, any of which could
account for how it modulates sensitivity to CSN5i-3. Of these,
only SETD8, a histone H4 lysine 20 methyltransferase, was identi-
fied as a hit in either CRISPR screen, and strikingly it showed
opposite phenotypes to DTL in both screens, identifying it as the
most likely candidate to account for the CRISPR phenotypes of
DTL (SI Appendix, Table S1). Consistent with the decrease in
DTL levels, SETD8 increased in K562 cells upon CSN5i-3
treatment (SI Appendix, Fig. S6C), and CHX chase assay showed
that it was stabilized by CSN5i-3 (Fig. 5C). Because SETD8
oscillates during the cell cycle, peaking at G2/M phase to facili-
tate chromatin packing (58), we sought to address whether
SETD8 stabilization was caused by CSN5i-3–induced G2 arrest.
K562 cells were synchronized in early G1/S phase using double
thymidine block or in M phase with thymidine followed by
nocodazole treatment, and subsequently released into medium
containing CSN5i-3 or DMSO. CSN5i-3–treated cells did not
show any differences in cell cycle distribution compared to the
control in the first 8 h, yet SETD8 levels were increased as early
as 2 h following release into CSN5i-3 (Fig. 5D and SI Appendix,
Fig. S6C). Moreover, methylated lysine 20 of histone H4
(H4K20Me1), which is a functional readout of SETD8 activity,
was also increased with similar kinetics (Fig. 5D).

Direct competition assays with SETD8 CRISPRi and overex-
pression cells pitted against wild-type cells replicated the results
observed in the CRISPR screens, with SETD8 repression and
overexpression enhancing resistance and sensitivity to CSN5i-3
treatment, respectively (Fig. 5E). Moreover, the CRISPRi cells
also exhibited reduced DNA rereplication and apoptosis by
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Fig. 4. The SCFFBXO5–APC/C–GMNN pathway is a key mediator of CSN5i-3 toxicity. (A) CSN5i-3 induces overreplication of DNA. K562 cells treated with
DMSO or 1 μM CSN5i-3 for 1 to 3 d were pulse labeled with bromodeoxyuridine (BrdU), fixed, stained with anti-BrdU and DAPI, and analyzed for cell cycle
distribution by flow cytometry (Upper). (Lower) Same as Upper except that cells were stained with fluorescent antibodies to phosphohistone H3 (pHH3) to
label cells in mitosis, prior to flow cytometry. Representative graphs are shown; n ≥ 3. (B) Repression of FBXO5 or GMNN sensitizes cells to CSN5i-3. This is
the same as in Fig. 3A except that sgRNAs (BFP+; the top-scoring one in the original screen; see SI Appendix, Table S3) targeting FBXO5 or GMNN were
used. Error bars represent ±SD; n = 2 to 3. (C) CSN5i-3 induces degradation of FBXO5 and GMNN. CHX chase was performed for 0 to 24 h on K562 cells
treated with and without 1 μM CSN5i-3. Error bars represent ±SD; n = 3. (D) GMNN depletion by CSN5i-3 is strongly modulated by FBXO5. A total of 1 μM
CSN5i-3 was added for 0 to 3 d to unmodified K562 cells (wild type [WT]) or K562 cells in which FBXO5 was repressed by CRISPRi or overexpressed (o/e;
stable integration of cDNA). Representative Western blots are shown; n ≥ 2. (E and F) Transgene-driven overexpression and sgRNA-mediated repression
of FBXO5 or GMNN have opposite effects on induction of apoptosis and overreplication by CSN5i-3 in K562 cells. Cells were treated with DMSO or 1 μM
CSN5i-3 for 3 d. Apoptosis (E) was estimated by measurement of activated Caspase 3. Cell cycle stage/DNA content (F) was evaluated as in A. GMNN pro-
tein levels in untransfected wild-type, repressed, and overexpressed cells are shown by Western blot. Error bars represent ±SD; n = 3. (G) FBXO5 knock-
down, GMNN knockdown, and CSN5i-3 treatment have similar effects on cell cycle profile and overreplication. Cells were treated with siRNA against either
GMNN or FBXO5 or with 1 μM CSN5i-3 and incubated for 3 d. Cell cycle stage and DNA content were evaluated as in A. FBXO5 and GMNN protein levels in
HCT116 cells treated with indicated siRNAs are shown by Western blot. n = 3. (H) Depletion of FBXO5 by CSN5i-3 is not dependent on the SCFβ-TrCP path-
way. K562 cells were stably transfected with constructs that express wild-type FBXO5 or the indicated mutants. All three mutants shown lack the phos-
phodegron bound by SCFβ-TrCP. Transfected cells were treated with DMSO, 50 μg/mL CHX, or CHX plus 1 μM CSN5i-3 for 4 h before immunoblotting. The
asterisk denotes the target bands, and the fast-migrating bands below these bands are nonspecific. Representative Western blots are shown; n = 3. (I)
Proposed mechanism of CSN5i-3 toxicity through the SCFFBXO5–APC/C–GMNN axis.
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flow cytometry (Fig. 5 A and B and SI Appendix, Fig. S6A).
These results were also confirmed by shRNA-mediated SETD8
knockdown (SI Appendix, Fig. S6 D–F). Overexpression of
SETD8, however, elicited no obvious differences in DNA rere-
plication and apoptosis relative to wild-type cells upon CSN5i-3
treatment (Fig. 5 A and B and SI Appendix, Fig. S6A). Lastly,
when we performed direct competition growth assays pitting
DTL and SETD8 doubly repressed cells against cells in which
one or the other gene was repressed, we found that additional
depletion of SETD8 in DTL CRISPRi cells was protective (Fig.
5F), whereas additional repression of DTL in the face of SETD8
CRISPRi was sensitizing (Fig. 5G). Together these findings sug-
gest that other substrates downstream of DTL in addition to
SETD8 contribute to sensitivity to CSN5i-3 and that accumula-
tion of SETD8 is necessary but not sufficient to promote rerepli-
cation and apoptosis (Fig. 5H).

SCFFBXO5–APC/C–GMNN and CRL4DTL–SETD8 Pathways Function
through CDT1. Given the dramatic and consistent effects of
CSN5i-3 on GMNN, FBXO5, DTL, and SKP2 protein levels
and the functional relevance of these genes for CSN5i-3 toxicity,
the downstream replication initiation factor and GMNN target,
CDT1, was investigated further. CDT1 protein levels were mini-
mally affected in K562 as well as other cell lines upon CSN5i-3
treatment (SI Appendix, Fig. S5B). CDT1 repression resulted in a
mild increase in sensitivity to CSN5i-3, whereas it conferred resis-
tance to pevonedistat treatment (SI Appendix, Fig. S7A), consis-
tent with prior reports (28, 29). In double depletion experiments,
additional CRISPRi of CDT1 in cells in which DTL, FBXO5, or
GMNN was repressed rendered cells more resistant to CSN5i-3
treatment than the singly perturbed cells (Fig. 6A). Together
these data suggest that the contributions of these factors to
CSN5i-3 toxicity converge on CDT1 and replication licensing.
To evaluate the impact of other SRs on CSN5i-3 cytotoxicity,

we examined cell cycle parameters and apoptosis upon CRISPRi
repression and ectopic overexpression of the seven SRs identified
in the CRISPRi screen. Modulation of DTL had the strongest
effects, followed by FBXO5 and SKP2 (SI Appendix, Fig. S7 B
and C). Considering that SKP2 and DTL promote degradation
of overlapping substrates, including CDT1, we suggest that the
SKP2 pathway also converges on replication licensing.

CSN Inhibition Induces DNA Damage Response Consistent with
Rereplication. CDT1 overexpression or GMNN ablation induces
DNA rereplication (51–53). Rereplication is known to induce
single-strand DNA breaks and elicit DNA damage signaling,
which eventually lead to apoptosis. Given the impact of CSN5i-3
on rereplication control, we monitored its effect on signaling
pathways activated by single- and double-strand DNA breaks.
Inhibiting CSN function in K562 and HCT116 cells activated

a DNA damage checkpoint response marked by accumulation of
pCHK1 (pSer317), pRAD17 (pSer645), pCHK2 (pThr68), and
γH2AX (pSer139) (Fig. 6B). Surprisingly, total CHK1 and
CHK2 levels were decreased upon CSN5i-3 treatment in a subset
of cell lines; previous reports showed that CHK1 and CHK2 are
CRL substrates (59–61), and thus may be subject to CSN5i-3
regulation. Accumulation of pCHK1 and pRAD17 is consistent
with activation of ATR and recruitment of the RAD17•RFC
and 9•1•1 repair complexes to sites of single-strand DNA dam-
age. Notably, the CRISPRi screen identified multiple players in
the ATR pathway whose repression caused heightened sensitivity
to CSN5i-3 (SI Appendix, Fig. S7D), suggesting that ATR signal-
ing protects cells from CSN5i-3. In light of this result, we evalu-
ated the specific ATR inhibitor, BAY-1895344, for synergy with

CSN5i-3. We observed strong synergy in K562 and HCT116
cell lines regardless of p53 status (Fig. 6C and SI Appendix, Fig.
S7E). ATM target pCHK2 and the double-strand DNA damage
marker γH2AX were also increased in K562 cells treated with
CSN5i-3, as well as in other cancer cell lines (Fig. 6B and SI
Appendix, Fig. S7F).

Notably, the CRISPRi screen identified components of the
ATR pathway but not the ATM pathway (Dataset S3). This is
likely because p53 is mutated in K562 cells, and p53 is a major
downstream effector protein of ATM signaling (62, 63). In con-
trast, HCT116 is wild type for p53, and DNA rereplication and
apoptosis were observed with more rapid kinetics after CSN5i-3
treatment (SI Appendix, Fig. S7G). To test whether p53 may
play a role in mediating ATM dependence in cells exposed to
CSN5i-3, we tested the ATM inhibitor KU-60019 in isogenic
TP53 wild-type and null HCT116 cell lines and found that
CSN5i-3 and KU-60019 displayed enhanced synergy in the
wild-type p53 background (Fig. 6D). Further study showed that
p53 was not required for but enhanced apoptosis in response to
CSN5i-3 (Fig. 6E). Conversely, wild-type p53 restrained DNA
rereplication (Fig. 6F). Previous reports demonstrated that p21
plays a survival role in preventing p53-dependent apoptosis upon
DNA damage, particularly in HCT116 cells (64). CSN5i-3
treatment resulted in p21 accumulation in p53 wild-type
HCT116 cells, but not in p53 null cells (Fig. 6G), which may
account for the divergent effects of p53 on induction of apopto-
sis and rereplication by CSN5i-3.

GMNN Dependency and Cancer Sensitivity to CSN5i-3. To iden-
tify cancers that may have increased sensitivity to CSN5i-3
treatment, we searched the Cancer Dependency Map (Dep-
Map) for cancer cells lines that are especially sensitive to
GMNN knockout by CRISPR (DepMap 21Q2 Public+Score,
CERES score for unscaled gene effect). This suggested that
nonsmall cell lung cancer (NSCLC) and pancreatic cancer have
higher dependency on GMNN compared to other cancers.
When the extent of DNA rereplication upon CSN5i-3 treat-
ment was plotted against the gene effect of GMNN knockout
in a number of cell lines, a rough correlation was observed (SI
Appendix, Fig. S7H), suggesting that GMNN essentiality might
be a useful parameter for predicting sensitivity to CSN5i-3.

Discussion

We previously proposed the adaptive exchange hypothesis (SI
Appendix, Fig. S1A), which posits that the koff of a substrate
receptor•adaptor complex from a CRL is modulated by the
substrate, NEDD8, and CAND1, and that this determines the
cellular repertoire of CRL complexes (32). NEDD8–CRL com-
plexes are very stable due to slow dissociation of the modular
SR•adaptor subcomplex from the cullin•RING catalytic core
(33). If the substrate is bound to the NEDD8–CRL, this situa-
tion pertains. However, once unoccupied, a NEDD8–CRL can
rapidly bind CSN, which deconjugates NEDD8 from the cullin
subunit, thereby quenching ubiquitin ligase activity. Upon dis-
sociation of CSN, the deactivated CRL complex binds
CAND1, which expels the SR•adaptor, clearing the way for a
different SR•adaptor to bind. CAND1 also recruits NEDD8-
conjugating factors, such that upon its dissociation by an
SR•adaptor and exposure of the NEDD8 conjugation site, the
newly formed CRL is neddylated to generate an active
NEDD8–CRL complex and the cycle begins anew (32). The
speed of the exchange cycle coupled with the plasticity that it
affords allows a limited number of cullin•RING catalytic cores
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to form a broad, rapidly evolving array of distinct CRL com-
plexes. This in turn may enable large variations in SR expression
during development and in SR gene number during evolution.
In this work, we sought to explore further this hypothesis

and its implications. Key to this effort was the availability of a

potent and selective CSN inhibitor, which should block the
cycle by preventing deconjugation of NEDD8 from CRLs not
occupied by the substrate. This halts the exchange process
because NEDD8 blocks binding of CAND1 to cullins (33).
Prior work has shown that inhibition of CSN by CSN5i-3

Fig. 5. The CRL4DTL–SETD8 pathway contributes to CSN5i-3 toxicity. (A and B) Repression and overexpression of DTL have opposite effects on induction of
overreplication and apoptosis by CSN5i-3. Unmodified K562 cells (WT) or cells in which either DTL or SETD8 was repressed (CRISPRi) or overexpressed (o/e; sta-
ble integration of cDNA) were treated for 3 (A) or 1 to 4 (B) days with DMSO or 1 μM CSN5i-3. Cell cycle stage/DNA content (A) and apoptosis (B) were evaluated
by fluorescence-activated cell sorting (FACS) as in Fig. 4. Error bars represent ±SD; n = 3. (C) CSN5i-3 blocks SETD8 degradation. CHX chase was performed for
0 to 24 h in K562 cells treated with or without 1 μM CSN5i-3. Error bars represent ±SD; n = 3. (D) Up-regulation of SETD8 by CSN5i-3 is not an indirect conse-
quence of G2 arrest. K562 cells were synchronized at the G1/S boundary by double thymidine (dT) block and then released in the presence of either DMSO or
1 μM CSN5i-3. At the indicated times, samples were withdrawn, and cells were assessed by FACS to determine cell cycle stage, or cell lysates were prepared
and evaluated for content of SETD8 or its reaction product H4K20Me1 by immunoblotting. Representative Western blots are shown; n = 3. (E) SETD8 modu-
lates cytotoxicity of CSN5i-3. This is the same as in Fig. 3A except that K562 cells in which SETD8 was repressed (CRISPRi; BFP+) or overexpressed (o/e; GFP+)
were mixed with parental K562 cells. SETD8 protein levels in wild-type, repressed, and overexpressed cells are shown by Western blot. Error bars represent
±SD; n = 3. (F) SETD8 contributes to the CSN5i-3 sensitivity of DTL-deficient cells. This is the same as in Fig. 3A except that K562 cells with CRISPRi repression of
both DTL and SETD8 (GFP+BFP+) were mixed 1:1 at time 0 with cells with CRISPRi for only DTL (GFP+). Error bars represent ±SD; n = 3. (G) DTL deficiency ren-
ders cells sensitive to CSN5i-3 by mechanisms in addition to SETD8 accumulation. This is the same as in F except that cells with CRISPRi repression of both DTL
and SETD8 (GFP+BFP+) were cocultured with CRISPRi for only SETD8 (GFP+). Error bars represent ±SD; n = 3. (H) Proposed mechanism of CSN5i-3 toxicity
through the CRL4DTL–SETD8 axis.
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results in depletion of some SRs (27, 38). This is thought to
result from autoubiquitylation and subsequent degradation of
SRs that are not bound to the substrate but are nevertheless not
disassembled from cullin due to blockade of the exchange cycle.
Here, we assessed the global impact of CSN inhibition on the
proteome from both a physical and functional perspective.
Whole proteome mass spectrometry revealed that CSN inhibi-
tion caused depletion of multiple CRL pathway components and
accumulation of CRL substrates. Meanwhile, CRISPRi and
CRISPRa functional screens revealed that cellular sensitivity to
CSN5i-3 was profoundly influenced by CRL pathway compo-
nents. Repression of numerous CRL pathway genes increased
sensitivity to CSN5i-3, consistent with the idea that blockade of
adaptive exchange results in reduced CRL activity. Conversely,
repression of several CRL pathway genes resulted in elevated
resistance to CSN5i-3. CSN5i-3 causes accumulation of cullins
in an activated, NEDD8-conjugated state. If an SR is susceptible
to autoubiquitylation, this can lead to its rapid degradation.
However, for NEDD8–CRLSR complexes not prone to autoubi-
quitylation, the enzyme would be trapped in a permanently acti-
vated state in which the bound SR could either block access of
other SRs to the cullin or inappropriately ubiquitylate substrates

and neosubstates. Alternatively, the intact NEDD8–CRL could
serve as a sink by trapping CSN•CSN5i-3 in a ternary complex,
resulting in further depletion of cellular CSN activity. In either
case, depletion of the SR would be predicted to diminish sensi-
tivity to CSN5i-3. In some cases, induction or repression of a
CRL pathway gene increased sensitivity to CSN5i-3. These
examples emphasize the delicate balance required to sustain a
dynamic network of complexes in which a large excess of
SR•adaptors share a limiting number of cullin•RING catalytic
cores.

This initial analysis of the CRISPR screen results affirmed the
specificity of CSN5i-3 and the importance of adaptive exchange to
proper maintenance of functional CRL networks. The CRISPRi
screen pointed to effects of CSN inhibition on DNA replication
through GMNN down-regulation. GMNN is a negative regulator
of DNA replication origin licensing that prevents origins from being
fired again in the cell cycle after the initiation of DNA replication
(65). Degradation of GMNN via APC/CCDH1 during mitosis
allows for origin firing in the subsequent cell cycle (31). Normally,
APC/CCDH1 is shut off upon entry into S phase, which allows
GMNN to accumulate (66). APC/CCDH1 is maintained in the off
state during interphase by FBXO5 (54). CSN5i-3 led to reduced

Fig. 6. CSN5i-3 chemical–genetic interactions are reproducible and found in multiple cell lines. (A) FBXO5, GMNN, and DTL exert their effects through CDT1.
Direct competition assays of the indicated gene plus CDT1 double CRISPRi (GFP+BFP+) cells vs. the indicated single CRISPRi cells (GFP+) were performed. CSN5i-3
sensitivity conferred by FBXO5, GMNN, or DTL repression (Fig. 4B and SI Appendix, Fig. S4A) was relieved by corepression of CDT1. Error bars represent ±SD;
n = 3. (B) CSN5i-3 activates signaling through the ATR and ATM DNA damage response pathways. All cells were treated with 1 μM CSN5i-3 for 3 d. Representa-
tive Western blots are shown; n = 3. (C) CSN5i-3 and the specific ATR inhibitor BAY-1895344 synergistically inhibit cell proliferation. K562 cells were treated with
drugs for 3 d, and proliferation was assessed by CellTiter-Glo assay; n = 4. Synergy was calculated using SynergyFinder (77) using the ZIP (zero interaction
potency) model. The most synergistic area score, which represents the most synergistic 3-by-3 dose window in a dose–response matrix, is shown. Scores larger
than 10 are generally considered to be indicative of synergy. (D) CSN5i-3 and the ATM inhibitor KU-60019 are synergistic in HCT116 cells with wild-type p53. This
is the same as in C, except that CSN5i-3 and KU-60019 were evaluated in TP53 wild-type and null HCT116 cell lines; n = 2. (E) Apoptosis analysis of TP53 wild-type
and null HCT116 cells. Apoptosis was estimated by measurement of activated Caspase 3. Error bars represent ±SD; n = 3. (F) Loss of p53 exacerbates DNA over-
replication in HCT116 cells. Cell cycle stage/DNA content was evaluated by FACS as in Fig. 4A. Error bars represent ±SD; n = 3. (G) p53 is required for CSN5i-3–
mediated induction of p21 in HCT116 cells. Cells were treated with 1 μM CSN5i-3 or pevonedistat for 24 h. Representative Western blots are shown; n = 3.
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levels of FBXO5 due to its increased degradation. This led to
unscheduled activation of APC/CCDH1 in interphase and premature
degradation of GMNN and cyclin A. CDT1 unleashed from
GMNN promoted rereplication. Consistent with inappropriate
replication being a key mechanism of CSN5i-3 sensitization,
repression of multiple components of the ORC and MCM
complexes that drive origin firing rendered cells less sensitive to
the drug. Other prominent CRISPRi hits are also linked to rere-
plication control. Both SKP2 and DTL were depleted by
CSN5i-3 and their repression by CRISPRi sensitized cells to the
drug. These CRL substrate receptors are known to target CDT1
for ubiquitination and degradation (8, 52, 67, 68). The histone
H4 lysine 20 methylase SETD8 (69) was also identified as a
CRISPRi hit. SETD8 is a substrate of CRL4DTL (70, 71) and
repression of SETD8 rendered cells less sensitive to CSN5i-3.
SETD8 has also been implicated in control of replication licens-
ing but the exact molecular mechanism remains unknown (72,
73). Further evidence of the intimate connection between CSN
function and origin licensing is provided by comparing our
results with those from a screen for factors that prevent excess
genome replication in HCT116 cells (74). That screen identi-
fied 42 genes that were sorted into eight different cell cycle pro-
cesses, including seven genes related to origin licensing. Our
CRISPRi screen identified 22 of the 42 genes as conferring
strong sensitization to CSN5i-3, including five of the seven
related to origin licensing (SI Appendix, Table S2). A model that
ties together the screen hits that relate to rereplication control is
shown in Fig. 7, with the directional effect of CSN5i-3 on pro-
tein levels depicted by upward or downward arrows and the
effect of CRISPRi on drug response indicated by font color
(sensitive, blue; resistant, red).
A previous study showed that GMNN depletion selectively

induced DNA rereplication and apoptosis only in some cancer
cells, while combined depletion of GMNN and CCNA2 indu-
ces robust DNA rereplication in both cancer and normal cells
(53). CSN5i-3 treatment led to FBXO5 depletion, APC/
CCDH1 activation, and subsequent depletion of APC/CCDH1

substrates, including GMNN and CCNA2 (SI Appendix, Fig.
S5B). This may explain why all the tested cancer cell lines in
this study, including HeLa, which is insensitive to GMNN
depletion (53), showed DNA rereplication and cell apoptosis
upon CSN5i-3 treatment.

Our results suggest several approaches for leveraging CSN
inhibition for treatment of cancer. Inappropriate reinitiation of
DNA replication in G2 upon treatment with CSN5i-3 results
in a pattern of DNA damage signaling, characteristic of cells
experiencing replication stress, including activation of ATR,
CHK1, and RAD17. Notably, CSN5i-3 displayed strong syn-
ergy with the ATR inhibitor BAY-1895344. It may be produc-
tive to explore the potential to inhibit CSN in combination
with drugs that block DNA damage response signaling or in
cancers that exhibit activation of and heightened dependence
on the ATR pathway.

Materials and Methods

Reagents. CSN5i-3 was generously provided by Novartis. Pevonedistat
(MLN4924) was purchased from Active Biochem. BAY-1895344 and KU-60019
were purchased from ApexBio.

Quantitative Proteome Analysis. K562 cells were treated with DMSO or
1 μM CSN5i-3 for 2, 8, and 24 h in four replicates, and cells were harvested and
washed once in phosphate buffered saline (PBS) at the indicated time points
before cell pellets were snap frozen. The detailed proteomics method is included
in SI Appendix. The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE partner repository with the data-
set identifier PXD027862.

Genome-Wide CRISPRi and CRISPRa Screens. The genome-scale screens
were conducted the same way as described previously (40, 75). The hCRISPRi-v2
or hCRISPRa-v2 sgRNA libraries (40) were transduced in duplicate into K562
CRISPRi or CRISPRa cells, respectively. Sequencing analyses were performed as
described previously (40, 76). Negative control genes were generated and phe-
notypes and Mann–Whitney P values were calculated as described before. Two
phenotype values were calculated for each sgRNA: drug (CSN5i-3 or pevonedi-
stat) sensitivity phenotype (ρ) and cell growth phenotype (γ). Detailed screen
method is included in SI Appendix.

Quantification and Statistical Analysis. Sequencing counts from CRISPR
screens were processed using the Python-based ScreenProcessing pipeline
(https://github.com/mhorlbeck/ScreenProcessing) (40). Details of methods to cal-
culate phenotypes and P values have been described previously (40, 76). All
additional CRISPR screen data analyses were performed in Python 2.7 using a
combination of Numpy (v1.12.1), Pandas (v0.17.1), and Scipy (v0.17.0).

Data, Materials, and Software Availability. Mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium via the PRIDE
partner repository (PXD027862) (78). The data will be openly available upon
publication.
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