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C A N C E R

A synthetic lethal dependency on casein kinase 2 in 
response to replication-perturbing therapeutics in 
RB1-deficient cancer cells
Daria Bulanova1,2, Yevhen Akimov2, Wojciech Senkowski1, Jaana Oikkonen3, Laura Gall-Mas1, 
Sanna Timonen2, Manar Elmadani4, Johanna Hynninen5, Sampsa Hautaniemi3,  
Tero Aittokallio2,6,7, Krister Wennerberg1*

Resistance to therapy commonly develops in patients with high-grade serous ovarian carcinoma (HGSC) and triple-
negative breast cancer (TNBC), urging the search for improved therapeutic combinations and their predictive 
biomarkers. Starting from a CRISPR knockout screen, we identified that loss of RB1 in TNBC or HGSC cells generates 
a synthetic lethal dependency on casein kinase 2 (CK2) for surviving the treatment with replication-perturbing 
therapeutics such as carboplatin, gemcitabine, or PARP inhibitors. CK2 inhibition in RB1-deficient cells resulted in 
the degradation of another RB family cell cycle regulator, p130, which led to S phase accumulation, micronuclei 
formation, and accelerated PARP inhibition–induced aneuploidy and mitotic cell death. CK2 inhibition was also 
effective in primary patient-derived cells. It selectively prevented the regrowth of RB1-deficient patient HGSC 
organoids after treatment with carboplatin or niraparib. As about 25% of HGSCs and 40% of TNBCs have lost RB1 
expression, CK2 inhibition is a promising approach to overcome resistance to standard therapeutics in large strata 
of patients.

INTRODUCTION
High-grade serous ovarian carcinoma (HGSC) and triple-negative 
breast cancer (TNBC) are malignancies with low patient survival due to 
the frequent development of therapy resistance (1, 2). Standard-of-care 
treatment for both cancer types includes DNA-damaging agents, such 
as platinum drugs (alone or combined with taxanes) or gemcitabine. 
Because of similar molecular characteristics [high genomic instability, 
high prevalence of BRCA mutations, and functional homologous recom-
bination (HR) deficiency] (3), poly(ADP-ribose) polymerase (PARP) 
inhibitors have been applied to treat HGSC and TNBC. Maintenance 
therapy with PARP inhibitors (PARPis) extends the progression-free 
survival of patients with BRCA mutant tumors (4, 5). However, despite 
the initial success of the stratified approach, patients in this “better 
prognosis” cohort still often develop resistance to both chemotherapy 
and PARPis (6–8), leading to disease relapses. There is, therefore, still a 
need for the development of strategies to improve therapeutic responses 
in patients with HGSC and TNBC.

Therapeutics used for HGSC and TNBC generally intervene with 
the progression of DNA replication by blocking DNA polymerase by 
masked chain termination (gemcitabine) (9) or by cross-linking the 
neighboring nucleotides (carboplatin and cisplatin) (6, 10). PARPis 
have a dual effect: They block DNA repair signaling by inhibiting 
PARylation, while in the absence of auto-PARylation, PARP itself 
remains trapped onto the chromatin, blocking the replication 
fork progression (11, 12). Upon misregulation of cell cycle checkpoints, 

the replication-born DNA lesions persist until mitosis and lead to 
aneuploidy and mitotic cell death (13–16). Hence, the replicative 
DNA lesions become particularly detrimental to tumor cells lack-
ing cell cycle checkpoint functionality, which is explored as a thera-
peutic target for single agent and combinatorial treatments [reviewed 
in (17)].

Effective cancer treatments often rely on synergistically acting 
therapeutic agents. Synergy is defined as a cytotoxic effect of indepen-
dent pharmacological perturbations that exceeds the reduction of 
cancer cell viability caused by either of the perturbations alone, and it 
can be assessed using methods such as Bliss, Loewe, highest single agent 
(HSA), and others (18, 19). The extreme case of a synergistic interaction 
is synthetic lethality, where the combination of two nonlethal pertur-
bations becomes fully lethal (such that 0 + 0 = 1). In cancer therapy, 
this is commonly applied in cases where one cancer-specific genetic 
alteration causes a de novo dependence on another targetable protein 
or cellular signal. The therapeutic advantage of these types of inter-
actions is that they become cancer cell specific, while normal nonma-
lignant cells are unaffected by the drug addition. The synthetic lethal 
interaction between BRCA mutations and sensitivity to PARP inhibition 
is a key example of a targetable synthetic lethality that led to effective, 
stratified, and even curative treatments for patients with ovarian and 
breast cancer (2, 20). In the search for other context-specific therapeutic 
synergistic and synthetic lethal combinations, the application of high-
throughput chemical screens and functional genomics (CRISPR-based 
loss- or gain-of-function screens) has become an important tool (21–25).

Casein kinase 2, a constitutively active protein kinase, has been 
considered a relevant cancer therapeutic target because of its frequent 
overexpression in cancer cells and its multiple cellular functions, in-
cluding proliferation, cell cycle control, protection from apoptosis, and 
DNA repair response (26–29). However, because of the lack of strate-
gies for stratified use, the use of CK2 inhibitors in cancer therapy has 
yet to prove clinically beneficial. Using a CRISPR loss-of-function 
screening, we identified a cytoprotective role for CK2 catalytic subunit 
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α′ for carboplatin treatment survival in HGSC cells deficient for the 
retinoblastoma (RB1) tumor suppressor. Validation studies revealed 
that under the pressure of replication-perturbing drugs, RB1-deficient 
cells have a synthetic lethal dependency on CK2 activity for con-
trolling S phase progression and mitotic fidelity. CK2 inhibitors, 
therefore, specifically sensitized RB1-deficient TNBC and HGSC 
cells to carboplatin or PARPi treatment. Our study provides a 
rationale for exploring CK2 inhibitors together with standard 
therapeutics to treat RB1-deficient triple-negative breast and high-
grade ovarian cancers.

RESULTS
A genome-wide CRISPR screen identifies modulators of 
carboplatin sensitivity
To identify genes whose ablation increases the carboplatin sensitivity 
in HGSC cells, we performed a pooled genome-wide CRISPR loss-of-
function screen (Fig. 1A) in the OVCAR8, a cell line derived from an 
ovarian tumor that appeared resistant to high-dose carboplatin treat-
ment (30) and bearing mutant TP53 (ubiquitous in HGSC) (31, 32) 
and a functional loss of HR-mediated DNA repair (33).

As expected, the analysis of the single guide RNA (sgRNA) abun-
dances upon DNA-damaging carboplatin treatment identified multiple 
DNA repair and cell cycle checkpoint factors as statistically sig-
nificantly enriched among hit genes (Fig. 1B and tables S1 and S2). 
We further focused on druggable carboplatin-sensitizing genes, 
such as genes encoding kinases (CSNK2A2, STK19, ITPK1, MYLK4, 
and STRAP) or receptor molecules (CD164L2 and HTR5A) from the 
top 100 genes ranked by MAGeCK robust rank aggregation (RRA) 
score (34) as genes that promote survival after the carboplatin treat-
ment (Fig. 1C and table S1). To validate the screen results, we retested 
several hit genes with different RRA scores using individual sgRNAs. 
In agreement with the genome-wide CRISPR screen, the targeted 
knockouts of sensitizer genes (CSNK2A2, STK19, CD164L2, and top 
1 hit BRIP) or resistance genes (YWHAZ) reduced or improved the 
viability of OVCAR8 cells in response to carboplatin, respectively 
(Fig. 1D).

We chose to explore the carboplatin-sensitizing effect of the knock-
out of CSNK2A2 encoding the α′ catalytic subunit of the serine-
threonine kinase CK2, which can be targeted with the selective inhibitor 
silmitasertib (35, 36) and has a documented role in DNA damage 
response [reviewed in (37)]. We modeled the loss of CK2 activity by 
knocking out catalytic subunit-encoding genes CSNK2A1 (α) and 
CSNK2A2 (α′). Knockouts of α and α′ subunits only partly decreased 
the levels of CK2 phosphorylated substrates [(pS/pT)DXE; Fig. 1E], 
suggesting that the CK2 catalytic domain consisting of a-a or a′-a′ 
homodimers are still capable of maintaining partial CK2 activity in 
OVCAR8 cells. Chemical inhibition with silmitasertib, a selective CK2 
inhibitor, efficiently inhibited CK2 substrate phosphorylation levels 
(Fig. 1E). Both genetic and chemical inhibition of CK2 activity (Fig. 1E) 
reduced the viability of OVCAR8 cells in response to platinum drugs 
(Fig. 1, F and G). Consistent with its greater inhibitory effect on CK2-
mediated phosphorylation, silmitasertib had a carboplatin-sensitizing 
effect both in short-term viability assays and in long-term clono-
genic survival tests (Fig. 1G). OVCAR8 treatment with carboplatin 
and silmitasertib induced apoptotic markers, PARP cleavage, 
γH2AX accumulation, and BH3 interacting-domain death agonist 
(BID) degradation (Fig.  1H), indicating the cytotoxic effect of the 
combination.

We tested the carboplatin-sensitizing effect of silmitasertib in a 
broader panel of cell models (N = 14; table S4), representing cancers 
treated with platinum drugs and derived from both chemo-resistant 
and chemo-naive tumors. In addition to eight HGSC cell lines, we 
tested the cervix cancer cell line HeLa and five TNBC cell lines. We 
observed sensitization to carboplatin by silmitasertib in 6 of 14 tested 
cell lines (Fig. 1, I to K, and fig. S1), which indicated a stratified 
effect of the drug combination.

CK2 inhibition sensitizes cancer cells to PARPis 
and gemcitabine
Carboplatin kills cancer cells by inducing multiple types of DNA damage 
and cell cycle defects, including GpG intrastrand and interstrand DNA 
cross-links that lead to replication fork stalling and double-strand breaks 
that can be repaired following the active G1/S and G2/M checkpoints (6). 
To determine what types of carboplatin-induced DNA lesions or cell 
cycle defects cause cytotoxicity upon CK2 inhibition, we performed an 
imaging cytometry–based combinatorial drug screen testing the sensi-
tizing interaction between silmitasertib and 10 other agents that induce 
DNA damage via different mechanisms relevant to carboplatin cyto-
toxicity using a physiologically relevant range of the drug concentra-
tions (Fig. 2A and table S3). We compared the drug combination 
responses in three cell lines that displayed a sensitizing carboplatin-
silmitasertib interaction (OVCAR8, COV362, and MDA-MB-468; 
Fig. 1, G and I) and four cell lines where CK2 inhibition did not have a 
sensitizing effect with carboplatin (OVCAR3, COV318, OVCAR4, and 
KURAMOCHI; fig. S1, A to D). The drug screen showed that CK2 
inhibition enhanced the toxicity of PARP and ataxia telangiectasia 
and Rad3-related protein (ATR) inhibitors and gemcitabine (similar to 
the effect of CK2 inhibition on carboplatin) in OVCAR8, COV362, and 
MDA-MB-468 cells but not in the other tested models (Fig. 2B and 
figs. S2 and S3). These agents induce replication-associated DNA 
damage (38). Illudin S, an inducer of transcription-associated DNA 
damage, and mitomycin C, an inducer of DNA cross-links, showed an 
additive effect with silmitasertib. CK2 inhibition failed to potentiate the 
toxicity of double-strand break inducers etoposide and bleomycin, 
deoxynucleoside triphosphate–depleting hydroxyurea, checkpoint 
kinase 1 (CHK1) inhibitor prexasertib, or ultraviolet irradiation (Fig. 2B 
and figs. S2 and S3).

We further investigated the interaction between the CK2 and PARPis 
(N  =  6) in the dose matrix drug combination screen (setup as in 
Fig. 2A). Inhibition of CK2 with silmitasertib or the more selective CK2 
inhibitor SGC-CK2-1 (39) combined with any tested PARPi, except 
least potent PARP trapper veliparib (40), led to synergistic inhibition of 
the viability in OVCAR8, MDA-MB-468, and HeLa cells but not in 
OVCAR3, COV318, or KURAMOCHI (Fig. 2, C and D). Notably, CK2 
inhibition markedly increased the sensitivity of OVCAR8 and MDA-
MB-468 to the PARP1-selective inhibitor saruparib (Fig. 2D) (41). In 
the long-term validation experiments (Fig. 2E), CK2 and PARP coin-
hibition reduced the survival of OVCAR8, COV362, MDA-MB-468, 
DU-4475, and HeLa cells (Fig. 2F and fig. S4, A to C). Similarly, 
CRISPR-mediated knockout of CSNK2A2 led to a moderate but sig-
nificant decrease in the clonogenic survival of OVCAR8 cells upon 
niraparib treatment (fig. S4D). In addition, we validated the enhanced 
toxicity of gemcitabine in OVCAR8 and MDA-MB-468 cells upon CK2 
inhibition (Fig. 2F). Collectively, the results demonstrated that CK2 
inhibition enhanced the toxicity of agents that induce replication-
associated lesions, such as platinum drugs, PARPis, and gemcitabine in 
breast, ovarian, and cervical cancer cell lines.
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Fig. 1. A CRISPR-Cas9 knockout screen identifies CK2 subunit α′ among carboplatin-sensitizing factors. (A) Schematic representation of the CRISPR-Cas9 screen ex-
periment. Puromycin-selected cells were propagated for 10 divisions to eliminate the cells with fitness gene knockouts. (B) Gene Ontology analysis with Enrichr (90) reveals 
significant enrichment in DNA repair factors among carboplatin response-essential genes. (C) Volcano plot, the hit genes encoding for kinases are highlighted. (D) Viability 
response to carboplatin in OVCAR8 cells with the knockouts of screening hit genes. Image cytometry–based counts of live and dead cells. Hoechst/CellTox green staining, 
n = 2; data points represent mean ± SD. (E) Immunoblotting for CK2 kinase catalytic subunits and phosphorylation motif in OVCAR8 cells upon CSNK2A1/2 knockout or 
silmitasertib (5 μM, Silmi) treatment for 4 hours. (F) Viability of OVCAR8 cells with CK2 a′ subunit CRISPR knockout after 7 days of drug exposure. (G) Quantification of the 
clonogenic survival assay. Treatment: carboplatin ± 5 μM silmitasertib or vehicle (5 days), drug-free regrowth (9 days). Mean ± SD, n = 2, N = 2 for each cell line. (H) Immu-
noblotting for apoptotic markers in OVCAR8 cells treated for 5 days with 5 μM silmitasertib, 8 μM carboplatin, or their combination. (I) Quantification of the clonogenic 
survival assay, performed as in (G). (J) Quantification of the survival assay for DU-4475 cells. Treatment: carboplatin ± 5 μM silmitasertib or vehicle (5 days), drug-free 
regrowth (9 days). Mean ± SD, n = 2, N = 2. Because of suspension growth, DU4475 were counted using Trypan blue exclusion assay and Countess II counter. (K) Difference 
in the area under the curve (AUC) for carboplatin response curves in OVCAR8, COV362, MDA-MB-468, and DU-4475 in the presence of silmitasertib. *P < 0.05 and **P < 0.01; 
two-way ANOVA with Tukey posttest for (D), (F), (G), (I), and (J) and Mann-Whitney test for (K). NGS, next-generation sequencing; HDR, homology-directed repair.
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Fig. 2. Interactions between silmitasertib and replication-perturbing drugs in HGSC and TNBC cells. (A) Schematic depiction of the combinatorial drug screening 
approach. The cell lines (OVCAR8, OVCAR3, OVCAR4, COV362, COV318, and MDA-MB-468) were plated to multiwell plates with single drugs or drug combinations predis-
pensed at a range of doses. After 7 days of incubation, the number of live and dead cells for each treatment was measured by image cytometry using Hoechst and CellTox 
Green dyes. Viability was calculated as a fraction of the live cells normalized to DMSO-treated controls. (B) Bliss synergy scores heatmaps for drug-drug interactions (mean 
of two independent experiments for each cell line). NHEJ, nonhomologous end joining; NER, nucleotide excision repair; BER, base excision repair; FA/HR, Fanconi anemia/
HR repair pathway; RER, ribonucleotide excision repair; TC-NER, transcription-coupled nucleotide excision repair. The dots mark the published evidence for the contribu-
tion of the pathways to the repair of the lesions by the tested drugs. (C) Bliss synergy scores heatmap for PARPi-CK2i interactions in the tested cell lines (mean of two in-
dependent experiments for each cell line). (D) PARPi dose response of OVCAR8 and MDA-MB-468 cells in the presence of 5 μM silmitasertib or 1 μM SGC-CK2-1 for 7 days. 
Image cytometry–based counts of live and dead cells. Hoechst/CellTox green staining, n = 3; data points represent mean ± SD. (E) Schematic timeline of the clonogenic 
survival test for screen results validation. (F) Clonogenic survival of the indicated cell lines treated with niraparib and silmitasertib as in (E). Mean ± SD (n = 2). (G) Clono-
genic survival of OVCAR8 and MDA-MB-468 treated with gemcitabine and CK2 inhibitors silmitasertib or SGC-CK2-1. Bars represent the gemcitabine-surviving fraction of 
clones normalized to DMSO control or CK2 inhibitor–only condition, respectively. Mean ± SD (n = 2). In (F) and (G), the experiments were performed twice. *P < 0.05, 
**P < 0.01, and ***P < 0.001, two-way ANOVA with Tukey posttest. UV, ultraviolet; ns, not significant.
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CK2 inhibition deregulates S phase progression in 
RB1-deficient cells
On the basis of the drug screening data, we hypothesized that CK2 
differentially influenced cell cycle S phase progression in the cell lines 
vulnerable to the combinations of CK2 inhibitors with replication-
affecting agents. To test this, we analyzed the cell cycle progression in 
CK2-inhibited cells by 5-ethynyl-2’-deoxyuridine (EdU) incorporation 
assay and mitotic index quantification. CK2 inhibition with silmitaser-
tib or SGC-CK2-1 increased the EdU incorporation rate and the 
S phase cell fraction in OVCAR8, MDA-MB-468, and COV362 lines in 
flow cytometry and imaging assays [Fig. 3A; cerulean-shaded in 
Fig. 3C and fig. S4 (E to G)] and increased the mitotic index of 
OVCAR8 cells (fig. S4H). In contrast, in OVCAR3, COV318, OVCAR4, 
and KURAMOCHI, CK2 inhibition had a cytostatic effect reflected 
by a decrease in the fraction of EdU-incorporating cells and the intensity 
of EdU incorporation (Fig. 3B; violet-shaded in Fig. 3C and fig. S4E) 
and by a dose-dependent reduction in the mitotic index (fig. S4H). In 
the drug combination–sensitive OVCAR8 cell line, CK2 inhibition led 
to a time-dependent increase in the EdU-incorporating cell fraction, 
with the strongest difference at 144 hours of drug exposure (Fig. 3D); 
however, no substantial increase in the markers of replicative DNA 
damage [accumulation of γH2AX, nuclear replication protein A 
(RPA) loading, and Fanconi anemia group D2 protein (FANCD2) 
foci] (42, 43) was detected (figs. S5 and S6). These data indicated that 
CK2 kinase inhibition accelerated the S phase onset in the drug 
combination–sensitive cell lines (cerulean-shaded in Fig. 3), while 
it hindered the G1/S transition in the insensitive cell lines (violet-
shaded in Fig. 3).

To identify molecular factors contributing to the differential effect 
of CK2 inhibition on cell cycle and therapeutics sensitivity, we 
analyzed the expression of G1/S and S phase regulators in HGSC and 
TNBC cell lines in publicly available gene expression datasets [Cancer 
Cell Line Encyclopedia (CCLE)] (44). We found differential expres-
sion of RB1 pathway genes stratifying the cell lines (fig. S4I), with a 
loss of RB1 expression characteristic for the cell lines vulnerable to 
the combination of CK2 inhibitors with replication-affecting agents. 
Protein expression analysis confirmed the low-to-absent RB1 protein 
level in the cell lines where CK2 inhibitors acted synergistically with 
carboplatin or PARPis (cerulean-shaded, Fig. 3, E and F). CCLE 
reverse-phase protein array (RPPA) data on RB1 expression confirmed 
our Western blot findings (Fig. 3G). No association with CK2 inhibi-
tion–mediated sensitization was observed for cyclin D1, another 
commonly deregulated G1/S transition mediator (Fig. 3E).

We assessed whether the expression of RB1 is sufficient to block 
the hypersensitivity to carboplatin or olaparib imparted by CK2 inhi-
bition in RB1-deficient cells. Lentiviral delivery of RB1 open reading 
frame (ORF) to OVCAR8 and MDA-MB-468 line resulted in elevated 
RB1 protein level (Fig. 3H) and reverted the silmitasertib-mediated 
sensitization to carboplatin (Fig. 3I and fig. S4, J and K) and olaparib 
(fig. S4J). In RB1-proficient cell lines, RB1 mRNA depletion or hetero-
zygous gene knockout increased the sensitivity to the combinations 
of CK2 inhibitors with carboplatin or olaparib (Fig. 3, H and J, and 
fig. S7, A to E), while the controls transfectants remained protected 
by the cytostatic effect of silmitasertib (fig. S7, C and E). Notably, 
depletion of BRCA2, a well-recognized determinant of PARPi and 
platinum drugs sensitivity, increased the sensitivity to niraparib 
but failed to deepen the response of RB1-proficient OVCAR3 and 
OVCAR4 lines to the combination of niraparib with silmitasertib 
(fig. S7G). Similarly, we observed no sensitization to the combinations 

in the HCC1937 breast cancer cell line (figs. S1H and S7H), which 
carries mutant breast cancer 1 gene (BRCA1) (table S4) but retains 
low level of RB1 protein expression (Fig. 3E). The findings indicated 
that the loss of RB1 in cancer cells created a specific context for a 
synthetic lethal dependence on CK2 in response to PARPis or car-
boplatin.

The RB1 family proteins, p107 and p130, act as redundant media-
tors of cell cycle control in RB1-deficient cells (45–47). Therefore, we 
analyzed how CK2 inhibition affected the p107 and p130 protein 
abundance in RB1-deficient OVCAR8 and RB1-proficient OVCAR3 
cells upon PARP inhibition. We observed a 40 to 60% reduction in 
the level of p130 in the cells concurrently treated with niraparib and 
CK2 inhibitors in both cell lines (Fig. 4A and fig. S7F). At the same 
time, the p107 abundance remained unchanged in the niraparib-
treated OVCAR8 (Fig. 4A). The inhibition of protein degradation by 
proteasome or neddylation inhibitors, bortezomib or pevonedistat, 
partly reverted the drop in the p130 protein level (Fig. 4, A and B). 
We concluded that CK2 inhibition accelerated p130 degradation 
following the PARP inhibition, hence contributing to further deregu-
lation of the G1/S transition in RB1-deficient cells.

We explored whether the p130 expression changes had functional 
consequences for the sensitivity to the combinatorial PARP and CK2 
inhibition. Ectopic expression of p130 inhibited the olaparib-sensitizing 
effect of CK2 inhibitors in a clonogenic survival test in RB1-deficient 
OVCAR8 cells (Fig. 4, C and D). Depletion of RBL2 transcript resulted 
in the up-regulation of RB1 protein in RB1-proficient cells and failed 
to sensitize to the combination (fig. S7, I and J). These data indicate 
that p130 functions to counteract the carboplatin- or PARPi-induced 
cytotoxicity upon CK2 inhibition in the absence of RB1.

CK2 inhibition exacerbates aneuploidy and mitotic cell 
death in niraparib-treated RB1-deficient cells
To determine whether concurrent CK2 and PARP inhibition triggers 
cell death in a particular cell cycle phase, we followed the cell division 
in RB1-deficient and RB1-proficient cells using time-lapse microscopy 
(movies S1 to S16). Exposure to niraparib alone for 48 hours elevated 
the incidence of mitotic cell death and aneuploidy in all tested cell lines 
(Fig. 4F and fig. S8), in agreement with the previous reports (48–50). 
In the presence of both silmitasertib and niraparib, RB1-deficient cells 
displayed an increase in the number of mitotic catastrophes and 
aneuploid divisions (Fig. 4F and fig. S8), indicating that mitotic aber-
rancies contribute to the increased cytotoxicity of the drug combination. 
Notably, we observed extended mitosis duration even for normal di-
visions resulting in two daughter cells in combination-treated RB1-
deficient lines (Fig. 4E). The CK2 inhibition alone did not affect the 
mitotic outcome. However, it induced a dose-dependent accumulation 
of postmitotic micronuclei in RB1-deficient, but not in RB1-proficient, 
cell lines (Fig. 4, G and H). Similarly, CK2 inhibition exacerbated the 
micronucleation upon short-term carboplatin treatment in RB1-
deficient cells (fig. S6C). Together, the data suggest that CK2 plays a 
role in maintaining cell division fidelity that, in the absence of RB1, 
becomes critical for surviving replication errors introduced by thera-
peutic agents.

To assess the role of cell cycle checkpoints in response to the CK2 
and PARPi combination in RB1-proficient cells, we tested the sensitivity 
in the presence of cell cycle checkpoint inhibitors. Additional inhibi-
tion of Wee1 kinase following the silmitasertib + niraparib treatment 
sensitized RB1-proficient cell lines COV318 and OVCAR3 (Fig. 4I). 
The inhibition of spindle assembly checkpoint kinase MPS1 had a 

D
ow

nloaded from
 https://w

w
w

.science.org at T
urku U

niversity on June 05, 2024



Bulanova et al., Sci. Adv. 10, eadj1564 (2024)     23 May 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

6 of 15

Fig. 3. The CK2 inhibition–dependent sensitization to carboplatin or niraparib in HGSC and TNBC cell lines depends on the loss of RB1 expression. Cell lines were 
classified as sensitive (cerulean-shaded) or insensitive (violet-shaded) if they presented or did not present sensitization to carboplatin by silmitasertib (Figs. 1 and 2). (A and 
B) Flow cytometry analysis of the EdU incorporation. The cell lines were pretreated with silmitasertib or vehicle (72 hours), pulse-labeled with EdU (5 μM, 30 min), and imme-
diately fixed and processed using Click-iT assay. (C) Quantification of the EdU incorporation imaging in the cell lines pretreated with silmitasertib for 72 hours. (D) Quantification 
of the EdU incorporation imaging in OVCAR8 treated with silmitasertib or SGC-CK2-1 for the indicated time. (E) Immunoblotting for RB1, phospho-RB1 (T608), and cyclin D1 
expression in the cell lines. (F) Quantification of RB1 and phospho-RB1 immunoblotting in (E). (G) RPPA-based quantification of RB1 protein expression in cell lines from the 
CCLE study (44). Classification of the cell lines as in (E). (H) Immunoblotting analysis of RB1 expression in OVCAR8 cells transduced with TFORF1844 lentivector (top) and 
OVCAR3 transfected with 30 nM RB1-targeting siRNA (bottom). (I and J) Clonogenic survival of RB1-overexpressing OVCAR8 and RB1-depleted OVCAR3 cells. The cells were 
treated with indicated concetrations of carboplatin ± silmitasertib (5 or 2 μM for OVCAR8 or OVCAR3, respectively) or their combination for 48 hours and replated to six-well 
plates in drug-free media. The number of colonies in carboplatin-treated control transfectants is taken as 100%. For (C), (D), (I), and (J), the bars represent mean ± SD, n = 2, 
N = 2. *P < 0.05, **P < 0.01, and ***P < 0.001, two-way ANOVA with Tukey posttest. For (F) and (G), *P < 0.05 and **P < 0.01, Mann-Whitney test. PI, propidium iodide; GAPDH, 
glyceraldehyde phosphate dehydrogenase.
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Fig. 4. CK2 inhibition triggers p130 degradation, mitotic cell death, and postmitotic aneuploidy in RB1-deficient HGSC cells. (A) Immunoblotting for p107 and 
p130 abundance in OVCAR8 cells. Treatment: 1 μM niraparib ± 5 μM silmitasertib or 1 μM SGC-CK2-1 for 48 hours and DMSO, bortezomib, or pevonedistat for an addi-
tional 24 hours. pS/TDXE, CK2 phosphorylation motif. Image-wide nonlinear adjustments of the brightness of the Western blot membrane scan were applied for presenta-
tion clarity. (B) Quantification of p130 protein levels in niraparib-treated cells in (A). (C) Immunoblotting for p130 expression in TFORF1500 lentivector-expressing OVCAR8. 
(D) Clonogenic survival of p130-overexpressing (p130 OE) OVCAR8. Treatment: Olaparib ± 5 μM silmitasertib for 48 hours and then drug-free media for 7 days. The number 
of colonies in olaparib-treated control transfectants is taken as 100%. (E) Time from prometaphase until cytokinesis for the mitotic division resulting in two daughter cells. 
Treatment: Niraparib ± 5 μM silmitasertib, 48 hours before the start of the time-lapse imaging (every 15 min for 96 hours in total). Asynchronous cells. (F) Outcomes of 
mitoses in RB1-deficient (cerulean-shaded) and RB1-proficient (violet-shaded) HGSC cell lines in (E). Cells were considered cytostatic if no mitotic rounding and division 
were observed during 48 hours. N = 2, 50 to 60 cells per condition. (G) Representative images of Hoechst-stained nuclei of the indicated cell lines. Treatment: Silmitaser-
tib, 120 hours. Red arrowheads indicate micronuclei. (H) Quantification of the imaging experiment in (G) presented as fold-change (f.c.) of the controls. At least 500 nuclei 
were counted for each condition. N = 2. (I and J) Clonogenic survival of RB1-proficient cell lines treated with silmitasertib and niraparib for 72 hours. Wee1 inhibitor ada-
vosertib (0.3 μM) or MPS1 inhibitor AZ3146 (0.5 μM) was added for the last 18 hours of the drug treatment, followed by drug-free growth for 7 days. N = 2. For (D), (F), and 
(G), *P < 0.05, **P < 0.01, and ***P < 0.001, two-way ANOVA with Tukey posttest.
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similar effect in OVCAR3 (Fig. 4J). We concluded that the activity of 
G2/M and M checkpoint kinases contributed to the survival of RB1-
proficient cells upon concurrent CK2 and PARP inhibition.

Silmitasertib potentiates the long-term efficacy of 
carboplatin in patient-derived RB1-deficient 
HGSC organoids
Testing drug responses in long-term HGSC ex vivo three-dimensional 
cultures, or organoids, is a powerful functional assay to predict the 
therapeutic efficacy in patients (51–53). To evaluate the translational 
potential of the carboplatin-silmitasertib combination, we assessed its 
efficacy in a set of 10 previously established, clinically relevant, BRCA 
wild-type and TP53-mutant HGSC patient–derived organoid cultures 
derived from ascites (N = 5) or omentum (N = 5) and collected at 
different stages of the treatment (Fig. 5, A and B) (54). First, we deter-
mined the RB1, BRCA1, and BRCA2 protein expression in actively 
growing, asynchronous organoids and classified them into RB1-
deficient and RB1-proficient groups based on the relative RB1 protein 
expression (Fig. 5, C and D, and fig. S9, A and B). Next, we assessed 
the long-term survival and regrowth of the organoids after treatment 
with carboplatin ± silmitasertib. The combination of silmitasertib 
with carboplatin substantially attenuated the survival of RB1-deficient 
patient-derived organoids as compared to carboplatin alone (Fig. 5E). 
For three of five RB1-deficient patient samples, CK2 inhibition had a 
carboplatin-sensitizing effect during the whole experiment timeline, 
while for the remaining two samples, the effect was time point depen-
dent (EOC989 and EOC382), reflecting sample-specific differences in 
carboplatin sensitivity. In contrast, silmitasertib did not enhance the 
carboplatin cytotoxicity in RB1-proficient samples, and, in one sample, 
it even protected the cells from the carboplatin cytotoxicity (Fig. 5F). 
Coherent with the genomic BRCA status of the organoids, BRCA1/2 
protein expression did not significantly differ between responder and 
nonresponder cultures (fig. S9, A to C).

We further tested whether silmitasertib potentiated the cyto-
toxicity of niraparib in RB1-deficient patient-derived samples EOC172, 
EOC227, and EOC883. Confocal imaging–based quantification of live 
and dead organoids discriminated by CellTox Green staining showed 
a significantly lower survival after treatment with niraparib in the 
presence of silmitasertib (Fig. 5, G and H, and fig. S10), indicating that 
CK2 inhibition enhances the efficacy of the PARP inhibition in RB1-
deficient patient-derived HGSC models. These data indicate that CK2 
inhibition combined with standard therapeutics is a promising treat-
ment strategy for RB1-deficient HGSC.

DISCUSSION
CRISPR screening offers an effective approach to systematically 
identify gene-drug interaction and for the identification of drivers of 
sensitivity or resistance to cancer therapeutics (23–25, 55–57). Our 
CRISPR screen study identified CSNK2A2 as a carboplatin sensitizer 
gene, refining the previous findings on the interaction between CK2 
inhibitors and platinum drugs (29, 58, 59). Chemical inhibition of CK2 
activity with two selective inhibitors confirmed the role of CK2 in 
carboplatin sensitivity, validating the phenotype identified in the 
screen. The combination of carboplatin with silmitasertib was effective 
in producing long-term responses in models that lacked RB1 tumor 
suppressor protein expression. Therefore, the identified specific inter-
action between the drug combination and RB1 deficiency can be 
classified as a context-specific synthetic lethality (19). In addition to 

CK2, we identified four kinases (STK19, STRAP, MYLK4, and ITPK1; 
Fig. 1 and table S1) that have not been implicated in carboplatin 
response before, therefore expanding the knowledge on targetable 
regulators of platinum resistance (24, 38, 60). STK19 was reported 
as a regulator of transcription-coupled nucleotide excision repair 
(38, 61), a mechanism of platinum-DNA adduct removal (62, 63). 
As STK19 can be targeted by the recently developed compound 
ZT-12-037-01 (64), our data also warrant the evaluation of the 
STK19 inhibitor as a carboplatin sensitizer in HGSC models in 
future studies.

Our study demonstrates that, in addition to chemotherapy, CK2 
inhibition enhances the efficacy of the PARPis in RB1-deficient cell 
line models of breast, ovarian, and cervical cancer (Figs. 2 and 3 
and figs. S4, A to D, and S7, A to E), while ectopic expression of 
RB1 reverted this phenotype (Fig. 3, H to J, and fig. S4, J and K). A 
remarkable synergy was seen between CK2 inhibitors and the 
PARP1-selective inhibitor saruparib (41) in RB1-deficient models, 
which warrants further investigation of the mechanistic role of 
CK2 in PARP1 activity regulation. In addition to PARPis and plati-
num drugs, we found CK2 activity critical for RB1-deficient cancer 
cell survival after treatment with replication poisons, such as illudin 
S or ATR kinase inhibitors (Fig. 3). It suggests a shared mechanism 
of toxicity for those drug combinations, which may involve recently 
reported interaction between CK2 and ATR at replication forks 
(65). CK2 inhibition did not affect the responses to hydroxyurea 
(HU) or CHK1 inhibitor, suggesting the differential impact of CK2 
activity on different stages of G1/S and S phase checkpoint activa-
tion and stalled replication forks restart and requires further inves-
tigation. The lack of synergistic interaction with the several tested 
agents argues against the general sensitization to apoptosis by CK2 
inhibition.

Our data illuminate a mechanism of regulation of RB1-deficient 
cell cycle progression and division outcomes by CK2 via prevent-
ing the proteasome-mediated degradation of another RB family 
protein, p130 (summarized on Fig.  6). Pronounced S phase de-
regulation upon CK2 inhibition in RB1-deficient cells evidenced 
by dose- and time-dependent accumulation of S phase (Fig. 3, A, 
C, and D) likely led to the dose-dependent formation of micronu-
clei (Fig. 4, E and F), indicative of the defects resulting from the 
mitotic entry upon incomplete replication (66–69). When RB1-
deficient cells were challenged by PARP inhibition and trapping to 
chromatin, the concurrent inhibition of CK2 resulted in exacer-
bated mitotic infidelity as evidenced by extended mitosis, aneu-
ploidy, and mitotic cell death (Fig. 4 and movies S1 to S16). The 
cells lacking both RB1 and p130 enter the S phase prematurely and 
have extended replication time (70). According to previous studies, 
the targeted degradation of p130 during S phase progression can 
be mediated by CK2-mediated cyclin F E2 ubiquitin ligase bind-
ing (71), while CK2 phosphorylates cyclin F and modifies its target-
binding activity in a context-dependent manner (72). The observed 
mitotic phenotypes in RB1-deficient cells upon CK2 inhibition 
align with reports of replication stress-triggered mitotic cell death 
and postmitotic aberrations in cells lacking cell cycle checkpoints 
and/or DNA repair activity (13–15). Furthermore, inhibition of G2/M 
checkpoint kinase Wee1 (73) sensitized RB1-proficient ovarian 
cancer cells to the combination of silmitasertib with carboplatin 
or niraparib (Fig. 4G), indicating that intact cell cycle checkpoints 
activity can counteract the synergistic action of CK2 and PARPi 
combination.
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Fig. 5. Efficacy of silmitasertib in combination with carboplatin or niraparib in HGSC patient–derived organoids. (A) Schematics of the establishment of the HGSC 
organoids (created with BioRender). Immunofluorescent imaging of PAX8, HGSC histologic marker (91), in organoids. (B) Characteristics of the selected set of organoids. 
NACT, neoadjuvant platinum-based chemotherapy. Mutations: fs, frameshift; stop, stop gain; miss, missense mutation; splicing, splicing isoform mutation; LOH, loss of 
heterozygosity; WT, wild type. (C) Immunoblotting analysis of RB1 protein expression in the set of organoids. (D) Quantification of the immunoblot in (C). (E and F) Long-
term survival of RB1-deficient (cerulean-shaded) and RB1-proficient (violet-shaded) organoids. The organoids were exposed to the drugs alone or in combination for 
7 days, followed by additional 4 days in the presence of a vehicle or silmitasertib alone (red T-line, drug treatment, 11 days in total). After the drug treatment, the organoids 
were passaged at the density of 5 × 105 live cells per 200 μl of the gel for 6 to 8 weeks. N = 2, mean 土 SD. (G) Quantification of the CellTox Green fluorescent signal per 
organoid. N = 2, n of organoids (30 to 300 per well) varied depending on the treatment. (H) Viability of RB1-deficient organoids in (H), the number of CellTox Green-
negative (live) organoids expressed as the % of DMSO control. Plots present mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001, Mann-Whitney test for (C) and two-way 
ANOVA with Tukey posttest for (G) and (H). a.u., arbitrary units.
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RB1 inactivation by deletions or mutations occurs in 15 to 25% of 
HGSCs (31, 32), 20 to 40% of basal-like breast cancers (3) (a gene 
expression–defined subtype closely corresponding to histologically 
defined TNBC), 37% of metastatic prostate cancers (74), and more 
than 90% of small cell lung cancers (75). In addition to genomic inacti-
vation, human papillomavirus type 16 (HPV16) oncoprotein E7 inacti-
vates RB1 protein, extending the functional RB1 deficiency to 50% 
of cervical cancers that are HPV16 positive (76). Hence, the CK2 in-
hibitor drug combination could be relevant for a substantial fraction of 
patients with cancer. To our knowledge, no molecular patient stratifica-
tion has been done in clinical studies of silmitasertib, either as a single 
agent (clinical trials NCT04663737, NCT03897036, NCT03904862, 
NCT01199718, NCT00891280, NCT04663737, and NCT04668209) 
or in combination with chemotherapy (NCT02128282). Profiling RB1 
deficiency in the tumors (either by DNA sequencing, transcriptomics, 
or immunohistochemistry) offers a promising strategy to stratify 
patients in future clinical studies of CK2 inhibitor combinatorial treat-
ments and help retrospectively reevaluate the outcomes of earlier 
studies performed in nonstratified patient populations. RB1 deficiency 
in patient-derived ex vivo HGSC organoids stratifies the responses to 
silmitasertib combinations with platinum or niraparib. The tumor-
derived organoids usually recapitulate the clinical responses of the 
tumor of origin (51, 53, 54, 77), and the effect of CK2 inhibition on 
RB1-deficient organoids suggests that the respective tumors could 
have shown sensitivity as well. Notably, two of the “responder” organoid 
cultures were established from chemotherapy-persisting tumor cells 
from tumor samples collected at interval debulking surgery after the pa-
tients had received neoadjuvant chemotherapy, highlighting that the 
combination could also benefit the treatment of platinum-resistant disease.

Silmitasertib is an orally administered drug candidate that has been 
tested in combination with platinum and gemcitabine in patients with 
metastatic cholangiocarcinoma with reported manageable toxicity 
(78). Given their tolerability in vivo (35, 78, 79), these drug combina-
tions may be promising for overcoming chemotherapy resistance and 
producing durable responses in the subset of patients with RB1-
deficient tumors. The safety of the CK2 inhibitor + PARPi combination 
has not been studied in clinical setting. However, a very recent study 

reported regression of mouse xenografts established from two RB1-
deficient, BRCA wild-type cell lines and treated with silmitasertib 
combined with olaparib (80), suggesting tolerability and efficacy of 
the combination in vivo. The very fact that most healthy cells in the 
body have functional RB1 and therefore are expected to be insensitive 
to the silmitasertib therapeutic combinations argues in favor of a mild 
toxicity profile of such treatment. Collectively, our data suggest that 
the combination of a CK2 inhibitor with platinum drugs or PARPis 
should be considered for clinical testing as treatment of RB1-deficient 
tumors, which opens a possibility to expand the use of PARPis beyond 
BRCA-mutant cases. The example of CK2 inhibition potentiating 
the efficacy of the standard-of-care therapeutics, specifically in the 
context of RB1 deficiency, highlights the pressing need for better 
accounting for the tumor molecular landscape in drug combination 
research, biomarker discovery, and clinical study design.

MATERIALS AND METHODS
Cell lines
Cell lines and culture conditions are listed in table S4. The cells were 
maintained in the appropriate culture medium at 37°C with 5% CO2 in 
a humidified incubator. The identities of the cell lines were confirmed 
using GenePrint10 System (Promega) at the Institute for Molecular 
Medicine Finland (FIMM) Sequencing service. Cells were routinely 
tested for mycoplasma negativity using a MycoAlert kit (Lonza, 
#11600271).

CRISPR library production
LentiCas9-Blast vector was a gift from F. Zhang (Addgene, #52962). 
Human Brunello CRISPR knockout pooled library was a gift from 
D. Root and J. Doench (Addgene, #73178). The library was transformed 
into electrocompetent Lucigen Endura Escherichia coli (Lucigen; catalog 
no. 60242-2) using a Bio-Rad MicroPulser Electroporator (#1652100), 
program EC1 according to the manufacturer’s protocol. The electro-
porated bacteria were plated onto 10 15-cm LB agar plates with ampi-
cillin (100 μg/ml). After overnight incubation at 32°C, the DNA plasmid 
was extracted using a NucleoBond Xtra Midi kit (MACHEREY-NAGEL, 

Fig. 6. A schematic putative mechanism of action of the CK2 inhibitors combined with replication-perturbing therapeutics. Inhibition of CK2 kinase results in 
degradation of RB1 paralog p130, which contributes to deregulation of the S phase progression and triggers postmitotic aneuploidy and mitotic cell death in RB1-
deficient cancer cells exposed to the carboplatin or PARPis (created with BioRender).
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#740410.50). The transformation efficiency was controlled by plating 
0.01% of the transformation reaction to a 15-cm LB agar plate with 
ampicillin (100 μg/ml).

Virus production
The human embryonic kidney 293-FT cells were seeded at ~105 cells/
cm2 16 hours before transfection. Transfection of lenti-Guide-Puro 
plasmid with CRISPR library, packaging plasmids VSV-G and psPAX2 
(Addgene, #14888 and #12260) was done using Lipofectamine 2000 
transfection reagent according to the manufacturer’s protocol. The 
viral supernatant was collected 48 hours posttransfection, and the titer 
was assessed according to Stewart et al. (81).

Lentiviral transduction
Cells were incubated with the lentiviral supernatant for 24 hours in 
the presence of polybrene (8 μg/μl; Sigma-Aldrich) at a multiplicity 
of infection > 5 unless otherwise stated.

CRISPR screening
Cas9-expressing OVCAR8 cells were transduced with Brunello lenti-
viral knockout sgRNA library (4 sgRNAs per gene) (82) at a multiplicity 
of infection of 0.3. After puromycin selection, the transduced cells 
were propagated for 10 divisions to allow for the elimination of fitness 
gene-targeting sgRNAs. Next, the cell pool was divided to control and 
treatment pools; carboplatin at 8 μM was applied to the treatment 
pool for 72 hours, then the drug was washed off, and both control 
and carboplatin-treated pools were expanded for 10 cell doublings. 
A total of 8 × 106 cells were collected 3 days after infection (T0), 
10 divisions after infection (T1), and 10 divisions after carboplatin 
treatment started (T2) for genomic DNA extraction and sgRNA ampli-
fication for sequencing.

Next-generation sequencing
For CRISPR screening, the genomic DNA was extracted using a 
NucleoSpin Tissue kit (MACHEREY-NAGEL, #740952.50) according 
to the manufacturer’s protocol. sgRNA cassettes were amplified from 
2.5 μg of the template in 50-μl reactions using OneTaq DNA Polymerase 
(New England Biolabs, #M0480) and LG.Lib.ampl1.F and LG.Lib.
ampl1.R primers (table S5). Illumina sequencing primer binding sites 
were added by polymerase chain reaction (PCR) amplification of sgRNA 
amplicons with primer mix WS Stager Mix and LG.gRNA.Ampl.NGS.R 
(table S5). Illumina indices and adapters for sample multiplexing were 
added by PCR amplification with Illumina_indX_F and Illumina_
indX_R primers using NEBNext Ultra II Q5 Master Mix (New England 
Biolabs, #M0544). Samples were purified using AMPure XP beads 
(Beckman Coulter, #A63880). The library was sequenced with a Next-
Seq500 Illumina sequencer using the PE100 protocol (with 10% PhiX 
spike-in). Genomic profiling of the patient-derived HGSC organoids, 
the NGS, mutation, and copy number variation (CNV) calling were 
performed earlier and described by Senkowski and coauthors (54).

CRISPR screen analysis
Samples were demultiplexed using Illumina bcl2fastq to generate 
FASTQ files. Individual sgRNA counts were extracted using the 
count_spacers.py script (83). Positively selected genes were identified 
using the MAGeCK tool (34) and DESeq2(Wald) (84) using simplified 
routines provided by DEBRA R package (85). The overrepresentation and 
gene set enrichment analysis for GO-BP (Gene Ontology–biological 
process) and GO-CC (cellular component) terms were performed 

with clusterProfiler R package (86) using the top 150 genes with the 
following parameters pAdjustMethod = “BH,” pvalueCutoff = 0.25, 
qvalueCutoff = 0.25.

Clonogenic survival assay
Cells (3 to 5 × 104 per well) were plated in six-well plates in duplicates 
for each treatment. After 24 hours, the drugs at the indicated concen-
trations were added, and the cells were incubated for 5 days, followed 
by additional growth in a drug-free medium or in the presence of a 
CK2 inhibitor or vehicle for 3 days. After that, the cells were trypsinized, 
and 10, 25, or 50% of the sample was replated to the fresh drug-free 
medium in new plates for clonogenic growth for 10 more days, during 
which the medium was replenished twice. For the quantification, cells 
were fixed with ice-cold methanol:acetic acid mix (7:1) and stained 
with 0.1% crystal violet. The bright-field whole-well images of the wells 
were taken using Cytation5 imager (BioTek) and analyzed auto-
matically using Gen5 software (BioTek) to count the number of 
clones per well.

Drug sensitivity screening
Drugs diluted in dimethyl sulfoxide (DMSO) or water were dispensed 
at 30-nl volume to 384-well black plates (Corning, #3864) using an 
Echo 550 acoustic liquid handler (Labcyte). The compounds were 
plated at five different concentrations in threefold dilutions covering a 
concentration range relevant for each drug. Cell-killing benzethonium 
chloride (BzCl, 100 μM) and compound vehicle (DMSO, 0.1%) were 
used as positive and negative controls, respectively. Cells were diluted 
to medium at the desired concentration, and the suspension was dis-
pensed to the predrugged plates at 30 μl using a MultiFlo dispenser 
(BioTek). After 7 days of incubation at 37°C, 10 μl of phosphate-
buffered saline (PBS) containing Hoechst (4 μg/ml) and 1/10,000 
CellTox Green Dye (Promega) was dispensed per well 1 hour before 
imaging at a Cytation5 image cytometer or an Opera Phenix 
(PerkinElmer) confocal screening microscope.

Organoid cultures
Previously established long-term HGSC organoid cultures (54) were 
expanded in BME-2 Cultrex gel for at least two passages before drug 
sensitivity testing to get actively proliferating cultures. The media, 
passaging, and dissociation were done as described (54).

Drug sensitivity testing on organoids
For long-term drug survival assay, dissociated organoid cells (5 × 105 
to 106) were seeded to BME-2 gel (Cultrex, Bio-Techne) at the density 
of 2.5 to 5 × 103 cells/μl and allowed to take up for 4 days in the presence 
of 5 μM Rho-associated protein kinase (ROCK) kinase inhibitor. After 
ROCK kinase inhibitor was removed, the organoids were exposed to 
carboplatin or silmitasertib alone or in combination for 7 days, 
followed by additional 4 days in the presence of vehicle or silmitasertib 
alone. After drug treatment, the organoids were dissociated, and live 
cells were counted using the Trypan blue exclusion method and the 
Countess II cell counter (Invitrogen). Live cells (3 to 6 × 105 or all 
surviving cells) were passaged to fresh BME-2 droplets at the same 
density. The passaging and live cell counting were repeated in a similar 
manner biweekly for 6 to 8 weeks. The experiment was performed in 
duplicates.

For short-term drug sensitivity assay, dissociated organoid cells 
(2 to 5 × 104) were seeded in 10 μl of BME-2 gel droplets (Cultrex, 
Bio-Techne), one droplet per well in 96-well Cell Carrier Ultra plates 
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(PerkinElmer) and allowed to take up for 4 days in media containing 
5 μM ROCK kinase inhibitor. Next, the medium was changed to 
200 μl of medium containing niraparib, silmitasertib, or the combi-
nation. Medium and drugs were replenished after 4 days. After 
7 days since drug addition, the medium was changed to drug-free, 
and after another 7 days of incubation at 37°C, 20 μl of PBS con-
taining Hoechst 33342 (10 μg/ml) and 1/4000 CellTox Green Dye 
(Promega) was dispensed per well 8 hours before imaging at an 
Opera Phenix (PerkinElmer) confocal screening microscope. Image 
analysis was performed on the maximum projection image of 10 whole-
well z-planes of the confocal imaging using Harmony software 
(PerkinElmer).

Drug combination analysis
To assess the effect of the drug combination treatments, we ap-
plied the Bliss independence model (87). Bliss scores were calcu-
lated for each drug combination based on the 4 × 4 dose-response 
matrix, and the Bliss synergy score values in the most synergistic 
area were calculated by SynergyFinder 2.0 (88), with values higher 
than 8 considered as synergy and negative values considered as 
antagonism.

Gene editing
Parental Cas9 cell lines were generated by viral infection with lentiCas9-
Blast (Addgene, #52962), followed by blasticidin selection for 7 days. 
sgRNAs for targeting CSNK2A1, CSNK2A2, and RB1 (table S6) were 
cloned to lentiGuide-Puro vector (Addgene, #52963) and delivered by 
lentiviral transduction to the Cas9-expressing cells followed by puro-
mycin selection (1 μg/ml) for 5 days. The efficiency of the knockouts 
was validated by immunoblotting.

RB1 and RBL2 overexpression
Lentiviral vectors TORF1844 and TORF1500, engineered to carry RB1 
and RBL2 ORFs in the pLX_TRC317 backbone (89), were gift from 
F. Zhang and ordered via Addgene (#144313 and #143960, respective-
ly). OVCAR8 and MDA-MB-468 cells (105 in 1 ml of medium) were 
infected with 0.1 ml of the lentiviral supernatant of each construct in 
the presence of polybrene (8 μg/ml) overnight, and the selection of 
the transduced cells was done using puromycin (1 μg/ml) for 5 days. 
Selected clones were pooled, expanded, and tested for the expression of 
the targets.

RNA interference
Small interfering RNAs (siRNAs) against RBL2 (SI02664473 and 
SI02664480), RB1 (SI00007091 and SI02653819), and AllStarNegative 
control siRNA (QIAGEN) were transfected at the final concentration 
of 30 nM using Lipofectamine RNAiMAX (Thermo Fisher Scientific) 
according to the manufacturer’s instructions. After 24 hours, the 
medium was changed, and the transfectants were treated as stated in 
the figure legends.

Flow cytometry cell cycle analysis
EdU incorporation assay was done using a Click-IT kit (Thermo Fisher 
Scientific, #C10337) according to the manufacturer’s instructions. 
Cells were labeled with 5 μM EdU for 30 min. For flow cytometry, 
DNA staining was done with propidium iodide in the presence of ribo-
nuclease A (100 μg/ml) for 1 hour at 37°C. At least 10,000 events per 
sample were analyzed on an Accuri C6 Plus (Becton Dickinson). Data 
were analyzed using Accuri C6 Plus Sampler software.

Immunostaining and confocal imaging
Antibodies used for immunostaining are listed in table S7. Cells were 
preextracted with 0.35% Triton X-100 in PBS on ice, fixed with 4% 
paraformaldehyde, and, after three washes with PBS, incubated in the 
blocking buffer (PBS, 0.5% bovine serum albumin, 20 mM glycine, 
and 0.05% Triton X-100) for 1 hour at room temperature. For immu-
nostaining combined with EdU detection, the click reaction was per-
formed according to a Cilck-IT kit (Thermo Fisher Scientific, #C10337) 
instruction, after which the wells were washed with blocking buffer and 
processed for antibody incubation. Immunostaining was performed 
overnight at 4°C. After three washes with the blocking buffer, the 
secondary antibodies were applied for 1 hour. After washing off the 
secondary antibodies, counterstaining with Hoechst 33342 was done 
at 10 μg/ml in PBS for 5 min. The cells were imaged at an Opera Phenix 
confocal screening microscope (PerkinElmer) with the 40× water im-
mersion objective.

Mitotic timing and outcomes analysis
Cells were seeded to 12-well plates and incubated with the indicated 
drugs for 48 hours. After that, the plates were placed in the Incucyte 
ZOOM equipped with a 10× objective. The plates were imaged with 
15- to 20-min intervals in the presence of the drugs for an additional 
consecutive 48 hours. The individual cells’ fates were traced from the 
image time-lapse sequences. The mitotic time was counted from 
characteristic cell rounding in anaphase till separation of two 
daughter cells; or, in case of aneuploidy, in spreading of one bi-/
multinuclear cell without division; or, in case of cell death, in the 
mitotic cell vacuolization, membrane blebbing, detachment, fol-
lowed by disappearance from the field of view.

Immunoblotting
Cells were lysed in radioimmunoprecipitation assay buffer without 
EDTA supplemented with Pierce protease and phosphatase inhibi-
tors cocktail (Thermo Fisher Scientific) and benzonase (20 U/ml; 
Millipore) on ice for 30 min. The samples were centrifuged for 
15 min at 17,000×g at 4°C, and the supernatants were processed for 
loading to bis-tris 4 to 12% gradient Bolt polyacrylamide gels using 
Bolt loading dye solution and reducing agents and electrophoresis in 
MES running buffer (all from Thermo Fisher Scientific) according to 
the manufacturer’s instructions. Protein transfer to the nitrocellulose 
membranes was done overnight in Towbin transfer buffer, after which 
the membranes were stained with Ponceau Red to detect the protein 
transfer efficiency, washed with tris-buffered saline–0.05% Tween-20 
(TBS-T), and blocked in 5% nonfat milk in TBS-T. The membranes 
were incubated with primary antibodies listed in table S8 at the indi-
cated dilutions in 5% nonfat milk in TBS-T overnight at 4°C except 
for glyceraldehyde phosphate dehydrogenase and β-actin antibodies 
(1 hour at room temperature). After three washes in TBS-T, the mem-
branes were incubated with the secondary fluorophore-conjugated 
antibodies. Primary and secondary antibodies and their working 
dilutions used for immunoblotting are listed in table S7. The membranes 
were scanned in a LiCor Odyssey imager, and the fluorescence intensi-
ties of bands were quantified in ImageLite software. Immunoblotting 
experiments were repeated twice. Representative images are shown.

Statistics and reproducibility
Statistical analyses were conducted using GraphPad Prism. For the 
nonparametric comparison of two groups of data, the Mann-Whitney 
test was applied. For multiple comparisons, statistical significance 
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(adjusted P values) was calculated using the two-way analysis of 
variance (ANOVA) with the Tukey multiple comparisons test. Results 
are reported as nonsignificant at P > 0.05 and with increasing degrees 
of significance: *0.01 < P ≤ 0.05, **0.001 < P ≤ 0.01, and ***P ≤ 0.001.

Supplementary Materials
This PDF file includes:
Figs. S1 to S10
Legends for movies S1 to S16
Legend for data file S1

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S16
Data file S1
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