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ABSTRACT 28 

 29 

Inducing senescence in cancer cells is emerging as a new therapeutic strategy. In order to 30 

find ways to enhance senescence induction by palbociclib, a CDK4/6 inhibitor approved for 31 

treatment of metastatic breast cancer, we performed functional genetic screens in 32 

palbociclib-resistant cells. Using this approach, we found that loss of CDK2 results in strong 33 

senescence induction in palbociclib-treated cells. Treatment with the CDK2 inhibitor 34 

indisulam, which phenocopies genetic CDK2 inactivation, led to sustained senescence 35 

induction when combined with palbociclib in various cell lines and lung cancer xenografts. 36 

Treating cells with indisulam led to downregulation of cyclin H, which prevented CDK2 37 

activation. Combined treatment with palbociclib and indisulam induced a senescence 38 

program and sensitized cells to senolytic therapy. Our data indicate that inhibition of CDK2 39 

through indisulam treatment can enhance senescence induction by CDK4/6 inhibition. 40 

 41 
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INTRODUCTION 45 

 46 

Cellular senescence is a stable cell cycle arrest and can be induced by a variety of 47 

stressors, including cancer therapies (referred to as therapy induced senescence [TIS]) [1]. 48 

Senescence is characterized by changes in cellular physiology, such as changes of cell 49 

morphology, changes in gene expression and metabolism, and secretion of a variety of 50 

proteins (collectively referred to as the senescence associated secretory phenotype 51 

[SASP])[2]. Induction of senescence as an anti-cancer treatment can be advantageous in the 52 

short term because cell proliferation is halted and immune cells are recruited through the 53 

SASP. However, in the long term, persistence of senescent cancer cells can lead to chronic 54 

inflammation, tumor progression and migration[3]. We postulated that a “one-two punch” 55 

approach to cancer therapy, in which a first drug induces senescence and the second drug 56 

either targets the senescent cancer cells for death (senolysis) or enhances the efficacy of 57 

the immune infiltrate may be an effective anti-cancer strategy[4,5].  58 

 59 

Several cancer treatments have been shown to induce senescence, including 60 

chemotherapeutics and targeted agents (reviewed in[6]. For instance, targeting CDK4 and 6 61 

with inhibitors (such as palbociclib, ribociclib and abemaciclib) induced senescence in 62 

various cancer models[7–11]. CDK4/6 are important kinases in the cell cycle, regulating the 63 

transition from G1 to S phase by phosphorylating and partially inactivating the 64 

retinoblastoma protein RB. Upon subsequent further phosphorylation of RB by CDK2, RB is 65 

functionally fully inactivated, leading to complete de-repression of E2F transcriptional activity 66 

and entry into S phase[12]. Since the majority of cancer cells have an intact RB1 gene and 67 

thus depend on CDK4/6 kinase activity for sustained proliferation, CDK4/6 emerged as a 68 

potential target for cancer therapy. CDK4/6 inhibitors have been approved for treatment of 69 

hormone receptor positive (HR+) and human epidermal growth factor receptor 2 (HER2) 70 

negative (HER2-) breast cancer in combination with anti-hormonal therapy[13–15].  71 

 72 
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Due to the efficacy, safety and tolerability of the CDK4/6 inhibitors in HR+ breast cancer, and 73 

multiple nodes of oncogenic signals converging on CDK4/6 in multiple cancer types[16], 74 

there has been significant interest in extending their use to other cancer types. Several 75 

clinical trials using CDK4/6 inhibitors in various cancer types, such as non-small cell lung 76 

cancer, ovarian cancer and triple negative breast cancer were recently completed[17–20]. 77 

However, translating the use of CDK4/6 inhibitors to other tumor types has proven to be 78 

challenging, due to limited senescence induction and intrinsic resistance[21–23]. Better 79 

understanding of the limitations of senescence induction by CDK4/6 inhibitors may help in 80 

broadening the clinical utility of this class of cancer therapeutics. 81 

 82 

A potential solution is using CDK4/6 inhibitors in a rational combination. For example, 83 

combining CDK4/6 inhibitors with PI3K inhibition was effective in multiple preclinical 84 

models[24,25]. Furthermore, combining CDK4/6 inhibition with the MEK inhibitor trametinib 85 

was shown to increase senescence induction in lung cancer and colorectal cancer 86 

cells[26,27].  87 

 88 

Indisulam was originally identified as a sulfonamide with anticancer effects. However, after 89 

various phase 1 and 2 clinical trials showed a response and stable disease in only 17-36% 90 

of patients, development was halted[28–34]. On a molecular level, indisulam was recently 91 

identified as being a molecular glue, targeting the splicing factor RBM39 to DCAF15, a 92 

component of a ubiquitin ligase complex, leading to degradation of RBM39[35]. Here, we 93 

identify an unexpected synergy between indisulam and palbociclib in induction of 94 

senescence in multiple cancer types. Moreover, we find that cancer cells made senescent 95 

with palbociclib and indisulam are sensitive to the senolytic agent ABT-263. 96 

 97 

RESULTS 98 

CDK2 loss is synergistic with palbociclib in inducing senescence in triple negative 99 

breast cancer  100 
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 101 

Palbociclib has only modest cytostatic activity in triple negative breast cancer (TNBC) cell 102 

lines (Supplemental Figure 1A). To capture the heterogeneity of TNBC, we chose three 103 

independent cell lines as models for kinome-based shRNA synthetic lethality screens to 104 

identify genes whose suppression enhances the response to palbociclib. We performed 105 

synthetic lethality screens in CAL-51, CAL-120 and HCC1806, all of which are resistant to 106 

palbociclib (Figure 1A, Supplemental Figure 1A). Depleted shRNAs were identified by deep 107 

sequencing as described previously[36]. When comparing the relative abundance of 108 

shRNAs in palbociclib-treated to untreated cells, shRNAs targeting CDK2 were depleted in 109 

all three cell lines (Figure 1B). Furthermore, CDK2 was the only common hit between all 110 

three screening cell lines. To validate this observation, we used individual shRNAs to knock 111 

down CDK2 in the cell lines used for the screens (Supplemental Figure 1B). Even though 112 

CDK2 knockdown had no effect on proliferation, we observed a decrease in proliferation in 113 

CDK2 knockdown cells treated with palbociclib (Supplemental Figure 1C,D). Similarly, CAL-114 

51-CDK2 knockout cells had no changes in proliferation, but were more sensitive to 115 

palbociclib treatment (Figure 1C, D, E).  116 

 117 

CDK2 knockout cells treated with palbociclib showed a change in morphology indicative of 118 

senescence. To better characterize these cells, we stained them for senescence-associated 119 

β-galactosidase (SA-β-gal), an established marker of senescence[37]. We observed an 120 

increase in the number of cells positive for SA-β-gal in all three TNBC cell lines when cells 121 

lacking CDK2 were treated with palbociclib (Figure 1F, S1E).  122 

Given that senescent cancer cells can promote inflammation and support metastasis, 123 

senolytic therapies are being developed to obliterate the senescent cells[6]. We tested the 124 

senolytic compound navitoclax (ABT-263, an inhibitor of BCL-2, BCL-xL and BCL-W) in 125 

CDK2 knockout TNBC cells rendered senescent with palbociclib. After pre-treating sgCDK2 126 

and control cells with palbociclib, only cells lacking CDK2 were killed upon treatment with 127 

ABT-263 (Figure 1G).  128 
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 129 

CDK2 inhibition is synergistic with palbociclib in multiple cancer types 130 

Due to the heterogeneity of TNBC cell lines we hypothesized that the interaction between 131 

CDK2 and palbociclib may be a general dependency and could therefore be applied broadly 132 

to other cancer types. To address this, we tested an additional TNBC cell line (SUM159) as 133 

well as lung cancer cell lines A549 and H2122 and colorectal cancer cell lines DLD-1 and 134 

RKO. We knocked out CDK2 (Figure 2A, E, S2A, C, E) and observed an increased 135 

sensitivity to palbociclib in cells harboring sgCDK2 compared to control cells (Figure 2B, C, 136 

F, G, S2B, D, F).  Furthermore, cells harboring sgCDK2 treated with palbociclib showed an 137 

increased number of SA-β-gal positive cells in SUM159 and A549 (Figure 2D, H) and the 138 

enlarged size and flat morphological features of cellular senescence. Unequivocal 139 

identification of senescence in cancer cells can be difficult due to the lack of gold-standard 140 

markers of the senescent state. Previous studies have identified gene signatures associated 141 

with senescence[2,38] or list of genes differentially expressed in senescence[39,40]. We 142 

therefore used transcriptome analyses to further characterize these cells. We observed that 143 

A549 cells showed enrichment in four out of five tested senescence signatures in RNA-seq 144 

experiments when comparing treated and untreated sgCDK2 cells (Figure 2I). This shows 145 

that senescence induction upon CDK2 loss and CDK4/6 inhibition has little context-146 

dependency.  147 

 148 

Indisulam phenocopies CDK2 loss and induces senescence in combination with 149 

palbociclib  150 

Even though the interaction between CDK2 loss and palbociclib induces senescence in a 151 

broad panel of cell lines, the lack of a selective CDK2 inhibitor complicates further 152 

development of this concept. While a variety of compounds targeting CDK2 are available, 153 

they tend to be non-specific and also target other CDKs, such as CDK1/5/7/9 (reviewed in 154 

[41]which diminishes their utility. Furthermore, the off-target effects of these compounds 155 

often lead to toxicity and prevent their use in combination therapies. In search of a CDK2 156 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 19, 2021. ; https://doi.org/10.1101/2021.10.18.464788doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.18.464788
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

8 
 

inhibitor we came across indisulam, a sulfonamide that was described as an indirect CDK2 157 

inhibitor[42]. When we treated the cells with the combination of palbociclib and indisulam we 158 

observed a decrease in proliferation in all tested cell lines (Figure 3A, B, S3A, B). 159 

Furthermore, treatment with indisulam and palbociclib showed an increase in the number of 160 

cells positive for SA-β-gal (Figure 3C, S3C). Both SUM159 and A549, as well as CAL-51 161 

senescent cells induced by palbociclib and indisulam were sensitive to ABT-263 (Figure 3D, 162 

S3D).  163 

 164 

We then set out to further characterize the senescence phenotype by testing four different 165 

senescence markers by Western blot. We observed a decrease in phosphorylated RB and 166 

increase in p21 in both cell lines. There was also an increase in γH2AX, although less 167 

apparent in A549. Furthermore, there was an increase in p16INK4A in SUM159. Since A549 168 

cells are p16 null, we examined an additional marker Lamin B1, which was reduced upon the 169 

combination treatment. We observed a reduction in CDK2 protein levels in palbociclib 170 

treated samples, however CDK2 was not further reduced upon the combination treatment 171 

samples (Figure 3E).   172 

 173 

Next, we treated A549 and SUM159 cells with indisulam, palbociclib and the combination, 174 

and performed RNA-sequencing. We observed enrichment in senescence signatures when 175 

comparing the combination-treated cells to single drugs or untreated conditions (Figure 3F). 176 

Additionally, we tested the recently developed PF-0687360 compound, which is described to 177 

inhibit CDK2/4/6[43,44]. Treatment with PF-0687360 led to an increase of SA-β-gal positive 178 

cells in SUM159 and A549 (Figure S3E) as well as enrichment in senescence signatures 179 

(Figure S3F), further validating inhibition of CDK2 with CDK4/6 as a senescence inducing 180 

combination.  181 

 182 

Combination of indisulam and palbociclib impairs tumor growth in vivo  183 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 19, 2021. ; https://doi.org/10.1101/2021.10.18.464788doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.18.464788
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

9 
 

To extend the findings to an in vivo model, we tested if CDK2 loss leads to growth arrest 184 

when combined with palbociclib treatment in mice xenografts. We generated CDK2 KO 185 

clones in A549 and CAL-51 cells and then engrafted A549 subcutaneously and CAL-51 186 

orthotopically in NMRI nude mice. However, CDK2 seems to be essential for growth in vivo 187 

as the growth of CDK2 knock-out tumors was severely impaired, making genetic validation 188 

technically not feasible (Figure S4A, B). We then proceeded to test the combination of 189 

palbociclib and indisulam in vivo. Firstly, we performed a PK/PD experiment and determined 190 

that both drugs were stable in plasma (Figure S4C, D). Next, we engrafted A549 cells 191 

subcutaneously and treated the mice with vehicle, palbociclib, indisulam or the combination. 192 

We observed a reduction in tumor growth in animals treated with the drug combination 193 

compared to the single treatments (Figure 4A). Furthermore, immunohistochemical analysis 194 

showed decrease of the proliferation marker Ki67 and increase of the CDK inhibitor p21 in 195 

tumors treated with the drug combination, compared to single treatments or control groups 196 

(Figure 4B, C). We conclude that the combination of indisulam and palbociclib is well 197 

tolerated in vivo and leads to impaired tumor growth and reduced proliferation.  198 

 199 

Indisulam prevents activation of CDK2 leading to cell cycle arrest when combined 200 

with palbociclib 201 

To better understand the effects of indisulam on CDK2 we first performed an in vitro kinase 202 

activity assay. In short, we added indisulam to different cyclin/CDK complexes in vitro and 203 

measured the kinase activity as previously described[45]. We did not observe a direct and 204 

specific inhibition of CDK2 by indisulam, which was in line with previous reports on indisulam 205 

being an indirect CDK2 inhibitor (Figure S5A). Recently, indisulam has been characterized 206 

as a molecular degrader, bringing together a splicing factor RBM39 with DCAF15 substrate 207 

receptor of CUL4a/b ubiquitin ligase complex[35]. This leads to ubiquitination and 208 

proteasomal degradation of RBM39, leading to accumulation of splicing errors. We therefore 209 

asked whether RBM39 degradation plays a role in the senescence induction by palbociclib 210 

and indisulam. Indeed, we observed a degradation of RBM39 in cells treated with indisulam 211 
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or the combination with palbociclib (Figure 5A). To understand if the combination effect of 212 

palbociclib and indisulam is dependent on RBM39 we used shRNAs to knock down RBM39. 213 

We observed that cells with reduced RBM39 expression and treated with palbociclib showed 214 

a reduction in growth (Figure 5B, C) and became positive for SA-β-gal staining (Figure 5D). 215 

This suggests that the senescence induction upon indisulam and palbociclib treatment is 216 

mediated through RBM39 degradation.  217 

To characterize splicing errors downstream of RBM39 degradation we treated A549 and 218 

SUM159 cells with indisulam, palbociclib or the combination and collected an RNA-seq data. 219 

Upon quantifying the splicing errors (see methods) we detected an increase of splicing 220 

errors in indisulam-treated and combination-treated cells with skipped exons being the most 221 

common splicing error class detected (Figure 5E).  222 

 223 

To elucidate how indisulam-induced splicing errors affect CDK2 activity, we made use of a 224 

CDK2 reporter construct that changes its subcellular localization depending on CDK2 225 

activity[46]. Cells with low CDK2 activity show fluorescence in the nucleus and cells with 226 

active CDK2 show fluorescence in the cytoplasm. Upon 24 hours treatment with a matrix of 227 

increasing concentrations of indisulam, palbociclib and the combination we imaged fixed 228 

cells and determined the nuclear and cytoplasmic fluorescence signal, indicative of CDK2 229 

activity.  We observed a decrease of CDK2 activity in cells treated with the combination of 230 

indisulam and palbociclib (Figure 5F). To exclude a potential confounding effect of cell cycle 231 

arrest leading to reduced CDK2 activity in the combination treatment, we performed a FACS-232 

based experiment, where we did not observe cell cycle differences between the single 233 

treatments and the combination after 24h (Figure 5G). This indicates that CDK2 inactivation 234 

happens upstream of cell cycle arrest.  235 

 236 

To investigate the dynamic of CDK2 inactivation upon treatment we performed a live imaging 237 

experiment using CDK2 reporter cells. We included a positive control, a CDK1/2 inhibitor 238 

SNS-032. After beginning the imaging, the drugs were added and cells were followed 239 
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through their next cell cycle. We first followed the cells that showed the fluorescence signal 240 

in the cytoplasm, indicative of active CDK2. We observed inactivation of CDK2 when we 241 

added SNS-032, but not the other drugs. Next, we followed the cells that showed 242 

fluorescence in the nucleus, and therefore had low activity of CDK2. We observed that 243 

treatments with SNS-032 and palbociclib prevented CDK2 activation, as expected. 244 

Remarkably, treatment with indisulam prevented CDK2 activation as well (Figure 5H).  245 

 246 

When examining the effects of the combination treatment on the cell cycle proteins we 247 

observed a stronger reduction in phosphorylated RB in the combination treated cells (Figure 248 

5I). While levels of total CDK2 were only slightly reduced, the difference is likely in the levels 249 

of active CDK2. Additionally, Cyclin E levels were increased upon palbociclib treatment, 250 

which can be explained by reduced CDK2 activity regulating cyclin E levels[47,48]. We also 251 

observed a decrease in Cyclin H, a member of the CDK activating complex (CAK). CAK 252 

phosphorylates and activates CDK2 and we hypothesized that indisulam-induced 253 

downregulation of Cyclin H could lead to CDK2 inactivation. To this end, we tested the 254 

expression levels of CCNH upon treatment with indisulam using qPCR and observed a 255 

downregulation in both A549 and SUM159 cells (Figure 5J). Additionally, cells with 256 

knockdown of RBM39 also showed a reduction in CCNH (Figure 5K). This might indicate 257 

that indisulam-induced CCNH downregulation prevents CDK2 activation through the CAK 258 

complex. We then analyzed the RNA-seq data generated in Figure 5E by performing a 259 

kinase enrichment analysis[49]. Genes associated with CDK1 and CDK2 were over-260 

represented in the list of differentially expressed genes in A549 and SUM159 cells treated 261 

with indisulam (Figure S5D). This further indicates that treatment with indisulam reduces the 262 

activity of CDK2. To confirm the effect of indisulam on CDK2, we overexpressed CDK2 in 263 

A549 cells using both transient transfection and stable integration of lentiviral vectors (Figure 264 

5L, M, S5B, C). We observed an increase in proliferation rescuing the senescence induction 265 

in cells that overexpressed CDK2 compared to control cells. Senescence induction was not 266 

fully rescued by CDK2 overexpression, which is in line with the observation that the activity 267 
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and not only abundance of CDK2 determine senescence induction. Taken together, 268 

indisulam downregulates CCNH, which prevents CDK2 activation and leads to senescence 269 

induction when combined with palbociclib.  270 

 271 

DISCUSSION 272 

 273 

Since proliferation of cancer cells depends heavily on the core components of the cell cycle 274 

machinery, inhibitors of CDKs could have significant anticancer activity in many tumor types. 275 

However, translating the success of CDK4/6 inhibitors from HR+ breast cancer to other 276 

cancer types has been hampered by intrinsic resistance[23,50]. Here we identify a treatment 277 

strategy that exploits the synergy between CDK2 loss (i.e., indisulam treatment) and 278 

palbociclib treatment in induction of senescence in a diverse panel of cell lines.  279 

 280 

Genetic screens are a powerful tool to identify genetic dependencies in an unbiased 281 

manner[51]. Here, we identified CDK2 loss as an enhancer of the palbociclib effect using 282 

genetic screens in three TNBC cell lines. We further validated this interaction in a diverse 283 

panel of cell lines, demonstrating that this synergy shows little context dependency. The 284 

interaction between CDK2 loss and CDK4/6 inhibition is not surprising, as CDK2 acts 285 

downstream of CDK4/6 in the cell cycle progression. Furthermore, the majority of clinically 286 

relevant resistance mechanisms to CDK4/6 inhibition, such as loss of RB and 287 

overexpression of CCNE[20], could be circumvented by CDK2 inhibition. As such, CDK2 288 

depletion was previously shown to re-sensitize both CDK4/6 inhibitor sensitive and resistant 289 

cells[22,24,43,52,53].  290 

 291 

Unfortunately, the lack of a specific CDK2 inhibitor has until now prevented exploiting the 292 

synergy between CDK2 inhibition and CDK4/6 inhibition. In spite of this, multiple targeting 293 

strategies were previously described to increase sensitivity to CDK4/6 inhibition, such as 294 

using a multi CDK inhibitor roscovitine[24], knock-in of analog-sensitive CDK2[22] and use of 295 
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triple CDK2/4/6 inhibitor PF-06873600[43,44]. Unfortunately, the use of roscovitine in the 296 

clinic is hindered by off-target effects and toxicity, and analog-sensitive CDK2 lacks 297 

translational potential. Even though PF-06873600 is in clinical development (phase 1 clinical 298 

trial ongoing: NCT03519178), the compound also inhibits CDK1, which might lead to toxicity 299 

as seen with other multi-CDK inhibitors[43]. Interestingly, comparing palbociclib to two other 300 

CDK4/6 inhibitors abemaciclib and ribociclib shows that abemaciclib is more effective 301 

compared to palbociclib and ribociclib, possibly due to the notion that it also targets 302 

CDK2[45]. However, both intrinsic and acquired resistance are still an issue, indicating a 303 

need for a different therapeutic strategy. We propose using the indirect CDK2 inhibitor 304 

indisulam, which has previously shown a favorable toxicity profile in the clinic. We 305 

demonstrate that combination of palbociclib and indisulam induces senescence in a diverse 306 

cell line panel, which points to a broad applicability across tumor types. Additionally, our 307 

preliminary data indicate that the combination can be effective in vivo.  308 

 309 

Even though indisulam was described as an indirect CDK2 inhibitor, later studies revealed 310 

that it targeted a splicing factor—RBM39—for degradation. Interestingly, we observed an 311 

effect of indisulam on CDK2 activity only in cells where CDK2 is initially inactive, indicating 312 

that indisulam prevents CDK2 activation. Regulation of CDK2 activity is based on its 313 

interaction with cyclins, removal of inhibitory phosphorylation by CDC25 and activating 314 

phosphorylation by the CDK Activating Kinase (CAK) complex. We observed that cyclin H, 315 

which is a part of the CAK complex, is downregulated upon indisulam treatment in an 316 

RBM39 dependent manner. As we observed no splicing errors in CCNH transcripts or other 317 

CDK2 regulators, it is still unclear how reduction of RBM39 leads to CCNH downregulation. 318 

As CCNH is an essential gene, loss of function genetic experiments are technically 319 

challenging to perform. Additionally, other CDKs might be involved in senescence induction 320 

through indisulam since CAK regulates CDK1,4 and 6 in addition to CDK2. Furthermore, as 321 

activity and not amount of CDK2 seems to play a role in indisulam sensitivity, 322 
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overexpression of CDK2 is at best expected to partially rescue the senescence induction, 323 

which is indeed what we observed here.  324 

 325 

Combining palbociclib with indisulam might be a potential treatment strategy for cell types 326 

that are intrinsically resistant to palbociclib. In addition, acquired resistance to palbociclib has 327 

been shown to be reversed by depleting CDK2. For example, loss of RB leads to resistance 328 

to palbociclib and the combination of palbociclib with a MEK inhibition[26]. However, RB 329 

deficient cells are still sensitive to knockdown of CDK2[53]. It is therefore likely that the 330 

combination of palbociclib and indisulam would still be effective in palbociclib resistant cells, 331 

although the mechanism of senescence induction in RB deficient cells is not yet well 332 

understood. Furthermore, recent reports on Cyclin D regulation described AMBRA1 loss as 333 

a resistance mechanism to CDK4/6 inhibition,[54] but as those cells still depend on CDK2 334 

activity, combination with indisulam could still be effective. Senescence induction is 335 

increasingly in focus as a potential cancer therapeutic strategy, supported by the findings 336 

that senolytic compounds can be effective in eradicating senescent cancer cells[6]. Here, we 337 

have shown that senescence induction by palbociclib and indisulam sensitizes the cells to 338 

the established senolytic drug navitoclax. Finally, senescent cells  attract immune cells, and 339 

together with the notion that indisulam induced splicing errors could lead to generation of 340 

neoantigens, the combination of senescence induction and immunotherapy might be a 341 

potential future treatment strategy[26,55].  342 
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 363 

LEGENDS 364 

Figure 1: CKD2 loss is synergistic with palbociclib in induction of senescence in triple 365 

negative breast cancer  366 

 367 

A Volcano plot of hit selection. shRNA counts of CAL-51, CAL-120 and HCC1806 were 368 

compared between palbociclib treated and untreated conditions. Each dot represents an 369 

individual shRNA. Y axis shows the false discovery rate (FDR) and X axis shows fold 370 

change between conditions. The cutoffs of 0.1 FDR and -1 log2 fold change are represented 371 

by the dashed lines. Red dots indicate shRNAs targeting CDK2. Hits were selected as genes 372 

that were represented with at least 2 independent shRNAs. 373 

B  Venn diagram shows overlap of hits between CAL-51, CAL-120 and HCC-1806. Hits were 374 

selected as genes that were represented with at least 2 independent shRNAs. 375 

C-F Screen validation: CDK2 was knocked out with two independent sgRNAs in CAL-51 376 

cells.  377 
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C Western blot analysis of CDK2 levels in CAL-51 sgCDK2 and control cells. Tubulin was 378 

used as loading control (n=2). 379 

D Long term colony formation assay of CAL-51. Wild-type, control and sgCDK2 cells were 380 

treated with indicated doses of palbociclib for 10 days (n=3).  381 

E Proliferation assay of CAL-51. Cells were treated with 0.5 µM of palbociclib or DMSO. 382 

Mean of three technical replicates (n=2) is shown and error bars indicate standard deviation. 383 

The end point confluency of all conditions were analysed using two-way ANOVA with Šidák’s 384 

post-hoc test (** p< 0.01 **** p< 0.0001). 385 

F SA-β-gal staining in CAL-51 cells treated for 10 days with 0.5 µM of palbociclib. Scale bar 386 

indicates 100 µm (n=2).  387 

G Proliferation assay of CTRL or CAL-51 sgCDK2 cells treated with senolytic drug ABT-263. 388 

Cells were pre-treated with 2 µM of palbociclib for 10 days to induce senescence, then 389 

seeded in high density (100% confluence) and treated with palbociclib or a combination of 390 

palbociclib and 5 µM ABT-263. Proliferating cells, which were not pre-treated, were seeded 391 

at low density and treated with DMSO or ABT-263. Mean of three technical replicates is 392 

shown and error bars indicate standard deviation (n=2).  393 

 394 

Figure 2: CDK2 inhibition is synergistic with palbociclib in multiple cancer types 395 

 396 

A-D CDK2 was knocked out in SUM159 cells using two independent sgRNAs. 397 

A Western blot analysis of SUM159 sgCDK2 cells and control cells. Tubulin was used as a 398 

loading control (n=2).  399 

B Long term colony formation assay of SUM159 sgCDK2 and control cells with palbociclib 400 

was performed for 8 days (n=2). 401 

C Proliferation assay of SUM159 sgCDK2 and control cells treated with 0.25 µM of 402 

palbociclib. Mean of three technical replicates (n=2) is shown and error bars indicate 403 

standard deviation. The end point confluency of all conditions were analysed using two-way 404 

ANOVA with Šidák’s post-hoc test (**** p< 0.0001). 405 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 19, 2021. ; https://doi.org/10.1101/2021.10.18.464788doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.18.464788
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

17 
 

D SA-β-gal staining in SUM159 sgCDK2 and control cells treated with 0.25 µM of palbociclib 406 

for 8 days. Scale bar indicates 100 µm (n=2).  407 

E-H CDK2 was knocked out in A549 and two single cell clones were selected. 408 

E Western blot analysis of A549 sgCDK2 cells and control cells. Tubulin was used as a 409 

loading control (n=2). 410 

F Long term colony formation assay of A549 sgCDK2 and control cells with palbociclib was 411 

performed for 10 days (n=2). 412 

G Proliferation assay of A549 sgCDK2 and control cells treated with 0.5 µM of palbociclib.  413 

Mean of three technical replicates (n=2) is shown and error bars indicate standard deviation. 414 

The end point confluency of all conditions were analysed using two-way ANOVA with Šidák’s 415 

post-hoc test (**** p< 0.0001). 416 

 417 

H SA-β-gal staining in A549 sgCDK2 and control cells treated with 0.5 µM of palbociclib for 418 

10 days. Scale bar indicates 100 µm (n=2). 419 

I GSEA of previously published senescence gene sets comparing A549 sgCDK2 cells 420 

treated with 2 µM palbociclib for 10 days with untreated cells. Normalized enrichment score 421 

(NES) and p-values of enrichment score are shown. The experiment was performed in 422 

duplicates.  423 

 424 

Figure 3: Indisulam phenocopies CDK2 loss and induces senescence in combination 425 

with palbociclib  426 

 427 

A Long term colony formation assay of SUM159 and A549 cells treated with palbociclib, 428 

indisulam and the combination for 10 days (n=3).  429 

B Proliferation assay of SUM159 and A549 cells treated with palbociclib, indisulam and the 430 

combination. SUM159 cells were treated with 0.5 µM of palbociclib and 2 µM indisulam and 431 

A549 with 2 µM palbociclib and 0.5 µM indisulam. Mean of three technical replicates (n=2) is 432 
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shown and error bars indicate standard deviation. The end point confluency of all conditions 433 

were analysed using one-way ANOVA with Dunnett’s post-hoc test (**** p< 0.0001). 434 

C SA-β-gal staining in SUM159 and A549 cells treated with palbociclib, indisulam and 435 

combination. SUM159 were treated with 0.5 µM of palbociclib and 2 µM indisulam and A549 436 

with 2 µM palbociclib and 0.5 µM indisulam for 10 days. Scale bar indicates 100 µm (n=3). 437 

D Long term colony formation assay of SUM159 and A549 cells pre-treated with 0.5 µM of 438 

palbociclib plus 2 µM of indisulam for SUM159 and 2 µM of palbociclib plus 0.5 µM of 439 

indisulam for A549 for 2 weeks. Senescent and parental cells were then treated with 0.5 µM 440 

and 2 µM of ABT-263 for 1 week (n=2). 441 

E Western blot analysis of SUM159 and A549 cells treated with palbociclib, indisulam and 442 

combination. SUM159 were treated with 0.5 µM of palbociclib and 2 µM indisulam and A549 443 

with 2 µM palbociclib and 0.5 µM indisulam for 10 days. HSP90 and vinculin were used as a 444 

loading control (n=2).  445 

F GSEA of previously published senescence gene sets comparing A549 and SUM159 cells 446 

treated with palbociclib, indisulam or the combination. SUM159 were treated with 0.5 µM of 447 

palbociclib and 2 µM indisulam and A549 with 2 µM palbociclib and 0.5 µM indisulam for 10 448 

days. Comparisons of normalized enrichment scores of combination with untreated, and 449 

combination with single drugs is shown. Numbers indicate p-value (*p<0.05; **p<0.01; 450 

***p<0.001).  451 

 452 

Figure 4: Combination of indisulam and palbociclib impairs tumor growth in vivo  453 

 454 

A Tumor growth of A549 xenografts in NMRI nude mice. Upon tumors reaching 200 mm³ the 455 

mice were randomly assigned to treatment with vehicle, indisulam, palbociclib or 456 

combination. Palbociclib was administered by oral gavage daily at 100 mg/kg and indisulam 457 

by intraperitoneal injection three times per week at 5 mg/kg. Every group consisted of 8-12 458 

mice. Error bars indicate SEM. Tumor volumes of palbociclib and combination treated mice 459 

at end point were analysed using unpaired t-test (*p<0.05). 460 
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B Quantification of IHC staining for Ki67 and p21 of A549 tumor xenografts (n= 8-12). 461 

Positive area of the tumor was quantified in tumors treated with vehicle, palbociclib, 462 

indisulam or combination. One-way ANOVA was performed with Dunnett’s post-hoc test 463 

(*p<0.05; ***p<0.001; ****p<0.0001). For the Ki67 staining, combination is compared to 464 

vehicle or single treatments.  465 

C Representative images from (B) of IHC staining for Ki67 and p21 of A549 tumor 466 

xenografts treated with vehicle, palbociclib, indisulam or combination. Images were taken at 467 

20x magnification and the scale bar indicates 50 µm.  468 

 469 

Figure 5: Indisulam prevents activation of CDK2 leading to cell cycle arrest when 470 

combined with palbociclib 471 

 472 

A Western blot analysis of RBM39 in SUM159 and A549 cells treated with palbociclib, 473 

indisulam or combination. SUM159 were treated with 0.5 µM of palbociclib and 2 µM 474 

indisulam and A549 with 2 µM palbociclib and 0.5 µM indisulam for 12 days. Vinculin was 475 

used as a loading control (n=3).  476 

B-D RBM39 was knocked-down in SUM159 cells with two independent shRNAs. 477 

B qPCR analysis of RBM39 normalized to housekeeping gene RPL13 in SUM159. Mean of 478 

three technical replicates is shown and error bars indicate standard deviation.  479 

C Proliferation assay was performed in RBM39 knock-down and control SUM159 using 0.25 480 

µM of palbociclib. Mean of three technical replicates is shown and error bars indicate 481 

standard deviation. The end point confluency of all conditions were analysed using two-way 482 

ANOVA with Šidák’s post-hoc test (**** p< 0.0001). 483 

D SA-β-gal staining in RBM39 knock-down and control SUM159 cells treated with 0.125 µM 484 

of palbociclib for 10 days. Scale bar indicates 100 µm (n=2). 485 

E Quantification of splicing errors in RNA-sequencing data in A549 and SUM159 cells 486 

treated for 16h with 2 µM palbociclib, 3 µM indisulam and the combination, in technical 487 

duplicates. Bars represent counts compared to untreated samples.  488 
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F A549 cells expressing a CDK2 reporter DHB-iRFP and H2B-GFP were treated with a 489 

matrix of different concentrations of palbociclib (2-5 µM) and indisulam (2-40 µM). After 24h, 490 

CDK2 reporter localization and nuclei were imaged by spinning disk microscopy, and the 491 

nucleo/cytoplasmic distribution of the CDK2 reporter was analyzed using ImageJ. Matrix 492 

shows the average CDK2 reporter ratio (n=2).  493 

G Flow cytometry analysis of A549 cells treated with 5 µM of palbociclib, 40 µM of indisulam 494 

or combination for 24h. Mean of three technical replicates is shown and error bars represent 495 

standard deviation. Unpaired t-test was performed (*p<0.05; **p<0.01) (n=2). 496 

H A549 cells expressing CDK2 reporter DHB-iRFP and H2B-GFP were treated with 10 µM of 497 

SNS-032, 40 µM of indisulam or 5 µM palbociclib and immediately imaged for 24h. CDK2 498 

activity was quantified in cells with initial high CDK2 activity (left plot) and cells with initial low 499 

CDK2 activity (right plot). At least 10 cells per condition were quantified and results show the 500 

mean of two biological replicates. Error bars indicate standard deviation (n=2).  501 

I Western blot analysis of A549 and SUM159 cells treated with 2 µM palbociclib, 5 µM 502 

indisulam and the combination for either 24 or 48 hours. HSP90 was used as a loading 503 

control (n=3).  504 

J qPCR analysis of A549 and SUM159 cells treated with 3 µM of indisulam for 24h. CCNH 505 

expression was normalized to the housekeeping gene RPL13. Mean of three technical 506 

replicates is shown and error bars indicate standard deviation.  507 

K qPCR analysis of SUM159 cells harbouring shRBM39 or control cells for CCNH (as in B). 508 

Expression was normalised to the housekeeping gene RPL13. Mean of three technical 509 

replicates is shown and error bars indicate standard deviation.  510 

L qPCR analysis of CDK2 overexpressing A549 cells compared to GFP control cells. 511 

Expression was normalized to the housekeeping gene RPL13. Mean of three technical 512 

replicates is shown and error bars indicate standard deviation.  513 

M Long term colony formation assay of CDK2 and GFP overexpressing A549 cells treated 514 

with 0.5 µM palbociclib, 0.5 µM indisulam and the combination for 10 days.  515 

 516 
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SUPPLEMENTAL FIGURE LEGENDS 517 

Supplemental Figure 1 518 

A Schematic outline of dropout screens. Triple negative breast cancer cell lines CAL-51, 519 

CAL-120 and HCC1806 were infected with a shRNA library targeting kinome and cultured in 520 

presence or absence of palbociclib. After 8 - 10 population doublings, shRNA sequences 521 

were amplified and quantified using next generation sequencing.  522 

B-E CDK2 was knocked down in CAL-51, CAL-120 and HCC1806 using two independent 523 

shRNAs.  524 

B qPCR analysis of CDK2 normalized against expression of housekeeping gene RPL13. 525 

Mean of three technical replicates is shown and error bars indicate standard deviation.  526 

C Long term colony formation assay with palbociclib was performed for 10 days (n=3).  527 

D Proliferation assay was performed using 0.5 µM of palbociclib for CAL-51 and CAL-120 528 

and 2 µM for HCC1806. Mean of three technical replicates (n=2) is shown and error bars 529 

indicate standard deviation. The end point confluency of all conditions were analysed using 530 

two-way ANOVA with Šidák’s post-hoc test (** p< 0.01, **** p< 0.0001) 531 

E SA-β-gal staining in CAL-51, CAL-120 and HCC1806 CDK2 KD and control cells treated 532 

for 10 days with 0.5 µM of palbociclib. Scale bar indicates 100 µm (n=2).  533 

 534 

Supplemental Figure 2 535 

A-C CDK2 was knocked out in DLD-1, RKO and H2122 cells using two independent 536 

sgRNAs. 537 

A Western blot analysis of CDK2 knock-out DLD-1, RKO and H2122 cells and control cells. 538 

Tubulin was used as a loading control. An arrow depicts the CDK2 band in H2122 (n=2).  539 

B Long term colony formation assay of DLD-1, RKO and H2122 sgCDK2 and control cells 540 

with palbociclib was performed for 10 days (n=2). 541 

C Long term colony formation assay of control and SUM159 sgCDK2 cells pre-treated with 2 542 

µM palbociclib for 2 weeks, and then treated with 0.5 µM ABT-263 for 1 week (n=2).  543 

 544 
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Supplemental Figure 3 545 

A Long term colony formation assay of CAL-51, DLD-1, RKO and H2122 cell lines treated 546 

with palbociclib, indisulam and the combination for 10 days (n=2).  547 

B Proliferation assay of CAL-51, DLD-1, RKO and H2122 cell lines treated with palbociclib, 548 

indisulam and the combination. CAL-51 were treated with 1 µM of palbociclib and 1 µM 549 

indisulam, DLD-1 with 0.5 µM of palbociclib and 1 µM indisulam, RKO with 2 µM of 550 

palbociclib and 1 µM indisulam and H2122 with 1 µM palbociclib and 0.5 µM indisulam. 551 

Mean of three technical replicates (n=2) is shown and error bars indicate standard deviation. 552 

The end point confluency of all conditions were analysed using one-way ANOVA with 553 

Dunnett’s post-hoc test.**** p< 0.0001 554 

C SA-β-gal staining in CAL-51, DLD-1, RKO and H2122 cell lines treated with palbociclib, 555 

indisulam and the combination using the same doses as in B. Scale bar indicates 100 µm 556 

(n=2). 557 

D Long term colony formation assay of CAL-51 cells pre-treated with 1 µM of palbociclib and 558 

1 µM of indisulam for 2 weeks. Senescent and parental cells were then treated with 0.5 µM 559 

and 2 µM of ABT-263 for 1 week (n=2). 560 

E SA-β-gal staining in A549 and SUM159 cell lines treated with 0.5 µM PF-06873600 for one 561 

week (n=2).  562 

F GSEA of previously published senescence gene sets comparing A549 and SUM159 cells 563 

treated with 0.5 µM PF-06873600 for one week with untreated cells. Normalized enrichment 564 

score (NES) and p-values of enrichment score are shown. The experiment was performed in 565 

duplicates.  566 

 567 

Supplemental Figure 4 568 

A Tumor growth of CAL-51CDK2 single cell knock-out clone and control xenografts in mice. 569 

One million cells were injected orthotopically in the 4th right mammary fat pad of female 570 

NMRI nude mice, 5-6 mice per group.  571 
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B Tumor growth of two A549 CDK2 single cell knock-out clones and control xenografts in 572 

mice. One million cells were injected subcutaneously in the right flank of NMRI nude mice, 5-573 

6 mice per group. 574 

C, D Pharmacokinetic studies of palbociclib and indisulam in A549-tumor bearing mice. 575 

A549 cells were injected subcutaneously in NMRI nude mice. After tumour establishment 576 

(~200 mm3), mice were treated with palbociclib, indisulam or combination. Blood was 577 

collected 2, 4, 8 and 24h after drug treatment from 6 male and 6 female mice. The drug 578 

concentrations in the blood were determined by mass spectrometry.  579 

C Palbociclib blood concentration is displayed from every mouse that received the single 580 

drug treatment (left) and the combination with indisulam (right).  581 

D indisulam blood concentration is displayed from every mouse that received the single drug 582 

treatment (left) and the combination with palbociclib (right). 583 

 584 

Supplemental Figure 5 585 

A In vitro kinase inhibition assay of indisulam for CDK/cyclin complexes. IC50 values are 586 

shown in triplicates with error bars indicating standard deviation.  587 

B qPCR analysis of A549 cells transfected with CMV-CDK2 and CMV-GFP vectors. 588 

Expression was normalized to the housekeeping gene RPL13. Mean of three technical 589 

replicates is shown and error bars indicate standard deviation.  590 

C Long term colony formation assay of A549 cells transfected with CMV-CDK2 and CMV-591 

GFP vectors treated with 0.5 µM palbociclib, 0.5 µM indisulam and the combination for 10 592 

days.  593 

D Kinase enrichment analysis (KEA) on RNA-seq data in A549 and SUM159 cells treated 594 

with 3 µM indisulam for 16h compared to untreated. Filtered for adjusted p-value <0.05. 595 

CDK1 and CDK2 are highlighted.  596 

 597 

Materials availability 598 

Plasmid generated in this study is available from the corresponding authors upon request.  599 
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Data and Code availability 600 

Raw RNA-sequencing data will be available in GEO upon acceptance of the manuscript.  601 

 602 

METHODS 603 

 604 

Cell lines  605 

TNBC cell line CAL-51 was grown in DMEM (Gibco) supplemented with 20% fetal bovine 606 

serum (FBS, Serana), 1% penicillin-streptomycin (P/S, Gibco) and 2mM L-glutamine 607 

(Gibco). TNBC cell line CAL-120  was grown in DMEM supplemented with 10% FBS, 1% 608 

P/S and 2 mM L-glutamine. TNBC cell line HCC1806, lung cancer cell lines A549 and 609 

H2122, colon cancer cell lines DLD-1 and RKO were grown in RPMI (Gibco) supplemented 610 

with 10% FBS, 1% P/S and 2 mM L-glutamine. TNBC cell line SUM159  was grown in 611 

DMEM/F12 (Gibco) supplemented with 10% FBS, 1% P/S, 5 µg/ml insulin (Sigma-Aldrich) 612 

and 1µg/ml hydrocortisone (Sigma-Aldrich).  613 

HCC1806, A549, RKO, H2122 and DLD-1 were purchased from ATCC. SUM159 was a gift 614 

from Metello Innocenti (NKI, Amsterdam). CAL-51 and CAL-120 were obtained from DSMZ. 615 

All cell lines were regularly tested for mycoplasma contamination using a PCR assay and 616 

STR profiled (Eurofins). 617 

 618 

Compounds and antibodies 619 

Palbociclib, indisulam and ABT-263 were purchased from MedKoo (Cat:#123215, #201540 620 

and #201970). PF-06873600 was purchased from Selleck chem. Antibodies against CDK2 621 

and tubulin were purchased from Abcam. Antibodies against vinculin and p-H2AX S139 622 

were purchased from Sigma Aldrich. Antibodies against p-RB S780, p-RB S795, RB (9309-623 

4H1), Lamin B1, Cyclin H and Cyclin E were purchased from Cell Signalling Technology. 624 

Antibodies against HSP90 and p21 were purchased from Santa Cruz Biotechnology. 625 

Antibody against RBM39 was purchased from Atlas Antibodies. Antibody against p16 was 626 

purchased from Proteintech.  627 
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 628 

Kinome dropout shRNA screens 629 

TNBC cell lines CAL-51, CAL-120 and HCC1806 were screened using a kinome shRNA 630 

library targeting 518 human kinases and 17 kinase-related genes. The kinome library was 631 

assembled from the RNAi Consortium (TRCHs 1.5 and 2.0) shRNA collection and included 632 

243 hairpins targeting essential and 272 targeting non-essential genes. Upon generating 633 

lentiviral shRNA vectors, CAL-51, CAL-120 and HCC1806 cells were infected using a low 634 

infection efficiency of <30%, reference sample t=0 was collected and cells were then 635 

cultured in the presence or absence of palbociclib (0.4 µM for CAL-51, 1 µM for CAL-120 636 

and 0.2 µM for HCC1806), while maintaining 1000x coverage of the library. shRNA 637 

sequences were then recovered by PCR from genomic DNA, and the abundance was 638 

quantified by deep sequencing. The analysis was performed using DESeq[56]. Hit selection 639 

was done in two steps: initially the hits were selected based on the comparison of treated to 640 

untreated arm with the criteria of at least two shRNAs per gene with log2 fold change <-1, 641 

FDR <0.1 and baseMeanA > 100 and no hit shRNAs in the opposite direction. To exclude 642 

the shRNAs that are increased in the untreated condition, instead of decreased in treated 643 

compared to reference t=0 sample, we performed an additional selection step in which 644 

sgRNA should have log2 fold change < -1 in treated condition compared to reference t=0 645 

condition. Hits that overlapped between the three cell lines were prioritized for validation.  646 

 647 

Plasmids  648 

The lentiviral shRNA vectors were selected from the arrayed TRC human genome-wide 649 

shRNA collection in pLKO backbone. shRNA targeting CDK2 #1: 650 

CTATGCCTGATTACAAGCCAA, shRNA targeting CDK2 #2: 651 

GCCCTCTGAACTTGCCTTAAA, shRNA targeting RBM39 #1: 652 

GCCGTGAAAGAAAGCGAAGTA, shRNA targeting RBM39 #2: 653 

GCTGGACCTATGAGGCTTTAT. Single gRNAs were cloned into LentiCRISPR 2.1 plasmid 654 

[57] by BsmBI (New England BioLabs) digestion and Gibson Assembly (New England 655 
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BioLabs); control sgRNA: ACGGAGGCTAAGCGTCGCAA, sgRNA targeting CDK2 #1: 656 

GTTCGTACTTACACCCATGG, sgRNA targeting CDK2 #2: CATGGGTGTAAGTACGAACG. 657 

For overexpression experiments pLX304-Blast-V5 were used, with either GFP or CDK2 (ID 658 

ccsbBroad304_00276). Additionally, pCMV-GFP (Addgene #11153) and pCMV-CDK2[58] 659 

were used to transiently transfect the target cells.  660 

 661 

Lentiviral transduction 662 

Second generation lentivirus packaging system consisting of psPAX2 (Addgene #12260), 663 

pMD2.G (Addgene #12259) and pCMV-GFP as transfection control (Addgene #11153) was 664 

used to produce lentivirus particles. After transient transfection in HEK293T cells using 665 

polyetylenamine (PEI), lentiviral supernatant was filtered and used to infect target cells using 666 

8 mg/ml polybrene. After infection, the cells were selected with 2 mg/ml puromycin or 10 667 

mg/ml blasticidin. After 48-72h or until non-transduced control cells were dead, the selection 668 

was complete.  669 

 670 

RNA sequencing and GSEA 671 

Total RNA was extracted with RNeasy mini kit (Qiagen, cat# 74106) including a column 672 

DNase digestion (Qiagen, cat#79254), according to the manufacturer's instructions. Quality 673 

and quantity of total RNA was assessed by the 2100 Bioanalyzer using a Nano chip (Agilent, 674 

Santa Clara, CA). Total RNA samples having RIN>8 were subjected to library generation. 675 

Strand-specific libraries were generated using the TruSeq Stranded mRNA samples 676 

preparation kit (illumine Inc., San Diego, RS-122-2101/2) according to manufacturer’s 677 

instructions (Illumina, part #15031047 Rev.E). Briefly, polyadenylated RNA from intact total 678 

RNA was purified using oligo-dT beads. Following purification, the RNA was fragmented, 679 

random primed and reverse transcribed using SuperScript II Reverse Transcriptase 680 

(Invitrogen, part # 18064-014) with the addition of Actinomycin D. Second strand synthesis 681 

was performed using Polymerase I and RNaseH with replacement of dTTP for dUTP. The 682 

generated cDNA fragments were 3’ end adenylated and ligated to Illumina Paired-end 683 
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sequencing adapters and subsequently amplified by 12 cycles of PCR. The libraries were 684 

analyzed on a 2100 Bioanalyzer using a 7500 chip (Agilent, Santa Clara, CA), diluted and 685 

pooled equimolar into a multiplex sequencing pool. The libraries were sequenced with 686 

single-end 65bp reads on a HiSeq 2500 using V4 chemistry (Illumina inc., San Diego). 687 

For the analysis, reads were first aligned to a reference genome (hg38) and the datasets 688 

were normalized for sequence depth using a relative total size factor. We then performed 689 

gene set enrichment analysis (GSEA) using GSEA software[59] with log2FoldChange 690 

ranked list as an input. The GSEA preranked tool was used to run the analysis. We used two 691 

senescence gene signatures[2,38] as well as gene sets  of genes upregulated in 692 

senescence from[39,40] to assess enrichment of senescence- associated genes (Table S1).  693 

 694 

In genetic experiments we compared sgCDK2 cells treated with palbociclib with untreated 695 

cells and for pharmacological experiments cells treated with palbociclib and indisulam to 696 

untreated cells or single treatments. When using PF-0687360 we compared cells treated 697 

with the compound to untreated cells. All experiments were performed in duplicates. The P-698 

value estimates the statistical significance of the enrichment score and is shown in the 699 

figure, unless P < 0.001.  700 

 701 

Splicing error quantification 702 

The RNA was isolated and libraries were prepared as described above. The  libraries were 703 

sequenced with 75bp paired-end reads on a NextSeq550 using the High Output Kit v2.5, 704 

150 Cycles (Illumina Inc., San Diego). For the analysis, sequences were demultiplexed and 705 

adapter sequences were trimmed from using SeqPurge[60]. Trimmed reads were aligned to 706 

GRCh38 using Hisat2[61] using the prebuilt genome_snp_tran reference. Splice event 707 

detection was performed using rMats version 4.0.2 by comparing the replicates of the 708 

treated groups to the replicates of the untreated group[62]. rMats events in the different 709 

categories were considered significant when the following thresholds were met: having a 710 
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minimum of 10 reads, an FDR less than 10% and an inclusion-level-difference greater than 711 

10%, as described earlier[63]. 712 

 713 

Kinase enrichment analysis 714 

RNa-seq data generated from the splicing experiment was filtered for adjusted p-value <0.05 715 

and analysed using the Enrichr software[64] using kinase enrichment analysis[49].  716 

 717 

CDK2 activity experiments 718 

CDK2 reporter DHB-iRFP was modified from DHB-Venus (Addgene #136461)[46]. Venus 719 

was replaced for iRFP713 through Gibson Assembly. In brief, iRFP713 was amplified adding 720 

sequence homology and assembled into the BamHI and HpaI sites of the original CDK2 721 

reporter plasmid. The following primers were used to amplify iRFP713; 722 

F:ACCGATAATCAAGAAACTGGATCCGGGGCCCAGGGCAGCGGCATGGCGGAAGGCTC723 

CGTC R: 724 

GTTGATTATCGATAAGCTTGATCCCTCGATGCGGCCGCTTACTCTTCCATCACGCCGAT725 

C.  726 

A549 cells were stably transduced with a lentiviral vector containing H2B-GFP (Addgene 727 

#25999) and a lentiviral vector containing DHB-iRFP, and subsequently GFP/iRFP double 728 

positive cells were isolated by FACS. In order to determine CDK2 activity following 24h drug 729 

treatment, cells were seeded in 96 well plate, treated with indisulam and palbociclib for 24h 730 

and then imaged on a spinning disc microscope using Andor 505 Dragonfly system 731 

equipped with 20x 0.75 NA objective and Zyla 4.2+, sCMOS camera. CDK2 activity was 732 

determined by calculating the nucleo/cytoplasmic ratio of the CDK2 reporter, using a custom 733 

macro for ImageJ, as described before [65]. For real-time analysis of CDK2 activity 734 

immediately following drug treatment, cells were seeded in chambered covered slides 735 

(LabtekII), and subsequently imaged for 25h. Inhibitors were added following the first round 736 

of image acquisition. Imaging was performed using a Deltavision Elite (Applied Precision) 737 
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that was maintained at 5% CO2 and 37°C, equipped with a 20x 0.75 NA lens (Olympus) and 738 

cooled Hamamatsu ORCA R2 Black and White CCD-camera.  739 

 740 

Flow cytometry  741 

A549 cells were treated for 24h with indicated doses of palbociclib and indisulam. Cells were 742 

then harvested, fixed in ice cold 70% ethanol and stained with DAPI 8 µg/ml in PBS. 743 

Samples were acquired with LSRFortessa (BD Biosciences) and analysis was performed 744 

with FlowJo10 software. Single cells were gated via DAPI-A and DAPI-H signals and DNA 745 

content was gated based on DAPI-A histogram profile. 746 

 747 

Western blot 748 

Cells were lysed using RIPA buffer and protein was extracted and quantified using BCA 749 

assay (Pierce). Loading buffer and reducing agent (both Thermo Fisher) were added to the 750 

samples, which were then boiled for 5 min at 95°C. The samples were resolved on a 5-15% 751 

Bis-Tris gel (Thermo Fisher) followed by blotting. Membranes were incubated with primary 752 

antibodies diluted to 1:1000 in 5% BSA. Secondary antibodies were used at 1:10000 dilution 753 

and were purchased from Biorad. Signal was visualized by the ECL solution (Biorad) using 754 

the ChemiDoc Imaging system (Biorad).  755 

 756 

Kinase inhibition assay 757 

Inhibition of CDK/cyclin complexes by indisulam was measured by Z’LYTE - SelectScreen 758 

Kinase Profiling Services (ThermoFisher). Briefly, CDK/cyclin complexes were incubated 759 

with indisulam, substrates and ATP. The kinase activity of the CDK/cyclin complex was 760 

measured as ATP consumption, as described in detail previously[45].  761 

 762 

Quantitative reverse transcription PCR 763 

RNA was extracted using Isolate II Mini kit (Bioline), following manufacturer’s instructions. 764 

cDNA was generated using SensiFast cDNA synthesis kit (Bioline) following manufacturer’s 765 
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instructions. For qPCR reaction 1 µg of cDNA was used with SensiFast Sybr Lo-Rox mix 766 

(Bioline) and respective primer pair. All reactions were performed in triplicates and the 767 

results were analyzed using the deltadelta Ct method. The sequences of primers used are 768 

as follows: 769 

RPL13 forward GGCCCAGCAGTACCTGTTTA, RPL13 reverse AGATGGCGGAGGTGCAG, 770 

RBM39 forward GTCGATGTTAGCTCAGTGCCTC, RBM39 reverse 771 

ACGAAGCATATCTTCAGTTATG, CCNH forward TGTTCGGTGTTTAAGCCAGCA, CCNH 772 

reverse TCCTGGGGTGATATTCCATTACT.       773 

 774 

Senescence associated B-galactosidase staining 775 

Cells were stained using the Senescence Cells Histochemical Staining kit (CS0030) from 776 

Sigma Aldrich according to the manufacturer’s instructions. Stained cells were imaged at 777 

100x magnification and at least 3 pictures per condition were taken.  778 

 779 

Colony formation assay and proliferation assay 780 

Cells were plated in 6-well plates with densities between 10-40000 cells per well, depending 781 

on the cell line. Medium and drugs were refreshed every 3-4 days. After 10 days the cells 782 

were fixed with 4% formaldehyde (Millipore) in PBS, stained with 2% Crystal Violet (Sigma) 783 

in water and scanned. For proliferation assays, cells were plated in 96-well plates with 784 

densities between 500-2000 cells per well, depending on cell line. Plates were incubated at 785 

37°C and images were taken every 4 hours using the IncuCyte Ⓡ live cell imaging system. 786 

Medium and drugs were refreshed every 3-4 days. Confluency was calculated to generate 787 

growth curves.  788 

 789 

In vivo experiments 790 

All animal experiments were approved by the Animal Ethics Committee of the Netherlands 791 

Cancer Institute and were performed in accordance with institutional, national and European 792 
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guidelines for Animal Care and Use. CDK2 KO clones used in vivo were generated through 793 

transient transfection of a plasmid containing Cas9 and gRNA sequences, followed by the 794 

brief puromycin selection and characterisation of the clones. For the genetic experiments 795 

one million of CAL-51 CDK2 KO single cell clone or control cells in PBS were mixed 1:1 with 796 

matrigel and injected orthotopically in the mammary fat pad of 8 weeks female NMRI nude 797 

mice (JAX labs), 5-6 mice per group. Furthermore, one million of A549 CDK2 KO single cell 798 

clones or control cells in PBS were mixed 1:1 with matrigel and injected subcutaneously in 799 

the right flank of NMRI nude mice, 5-6 mice per group. Tumor volume was monitored twice a 800 

week and tumor volume was calculated based on the calliper measurements following 801 

modified ellipsoidal formula (tumor volume = ½[length x width2]). For the intervention 802 

experiment, one million of A549 cells in PBS were mixed 1:1 with matrigel and injected 803 

subcutaneously in the right flank of NMRI nude mice. Upon reaching 200 mm3, mice were 804 

randomized to four treatment groups of 8-12 mice per group: vehicle, indisulam, palbociclib 805 

or combination. Palbociclib (dissolved in 50 mM sodium lactate) was administered by oral 806 

gavage daily at 100 mg/kg and indisulam (dissolved in 3.5% DMSO, 6.5% Tween 80, 90% 807 

saline) by intraperitoneal injection three times per week at 5 mg/kg. Four mice were 808 

excluded from the study due to complications of daily intraperitoneal injections (peritonitis). 809 

 810 

Immunohistochemistry 811 

Tumors were collected and fixed in EAF fixative (ethanol/acetic acid/formaldehyde/saline at 812 

40:5:10:45 v/v) and embedded in paraffin. For immunohistochemistry, 4 µm-thick sections 813 

were made on which antibodies against Ki67 and p21 were applied. The sections were 814 

reviewed with a Zeiss Axioskop2 Plus microscope (Carl Zeiss Microscopy) and images were 815 

captured with a Zeiss AxioCam HRc digital camera and processed with AxioVision 4 816 

software (both from Carl Zeiss Vision). Histological samples were analyzed by an 817 

experienced pathologist. Scoring was performed by quantifying positive area for Ki67 and H-818 

score for p21.  819 

 820 
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PK/PD experiment for PD and IN 821 

Blood was collected either from the tail vein or by cardiac puncture at different time points 822 

indicated in Supplementary Figure 4C and D. Samples were collected on ice using tubes 823 

with potassium EDTA as anticoagulant. After cooling, tubes were centrifuged for 10 min 824 

5000xg 4°C to separate the plasma fraction, which was then transferred into clean vials and 825 

stored at −20°C until analysis. Sample pre-treatment was accomplished by mixing 5 μL 826 

(plasma) with 60 μL of formic acid in acetonitrile (1 + 99) containing the internal standard. 827 

After centrifugation, the clear supernatant was diluted 1 + 8 with water and 5 μL was injected 828 

into the LC-MS/MS system. The samples were assayed twice by liquid chromatography 829 

triple quadrupole mass spectrometry (LC-MS/MS) using an API4000 detector (Sciex). 830 

Indisulam is detected in negative ionization mode (MRM: 384.2/171.9) and palbociclib in 831 

positive ionization mode (MRM: 448.5/320.0). In both cases, LC separation was achieved 832 

using a Zorbax Extend C18 column (100 x 2.0 mm: ID). Mobile phase A and B comprised 833 

0.1% formic acid in water and methanol, respectively. The flow rate was 0.4 ml/min and a 834 

linear gradient from 20%B to 95%B in 2.5 min, followed by 95%B for 2 min, followed by re-835 

equilibration at 20%B for 10 min was used for elution.  836 

 837 

STATISTICAL ANALYSIS 838 

Unpaired t-test and ANOVA were performed with Graphpad Prism (v8.4.3). 839 

 840 
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