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Key Points 23 

 Targeting CDK9 with enitociclib induces apoptotic cell death in multiple myeloma and 24 

demonstrates synergy in drug combinations 25 

 Enitociclib may be an effective treatment for multiple myeloma as a single agent or in 26 

combination therapies in future clinical studies 27 

Abstract 28 

Multiple myeloma (MM) is a cancer of the plasma cells that remains incurable despite advances 29 

in treatment options. In this study, a library of 216 clinically feasible small-molecule inhibitors 30 

was screened to identify agents that selectively inhibit MM cell proliferation. Enitociclib, a 31 

CDK9-specific small-molecule inhibitor, was found to be highly effective at decreasing cell 32 

viability and inducing apoptosis in four MM cell lines. Enitociclib inhibited the phosphorylation 33 

of the CTD of RNA Pol II at Ser2/Ser5 and repressed the protein expression of oncogenes c-34 

Myc, Mcl-1, and PCNA in MM cells. Additionally, enitociclib demonstrated synergistic effects 35 

with several anti-MM agents, including bortezomib, lenalidomide, pomalidomide, and 36 

venetoclax. These results suggest that enitociclib may represent a promising therapeutic option 37 

for the treatment of MM, either as a single agent or in combination with other anti-MM agents. 38 
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Introduction 40 

Multiple myeloma (MM) is a blood cancer characterized by the uncontrolled growth of 41 

clonal plasma cells.
1
 This leads to clinical symptoms such as hypercalcemia, renal failure, 42 

anemia, and bone lesions. The disease follows a multistep process, starting with premalignant 43 

monoclonal gammopathy of undetermined significance, progressing through smoldering multiple 44 

myeloma, and then reaching active MM. The progression of MM is associated with the 45 

accumulation of genomic alterations and immune dysfunction, which increases the risk of 46 

infectious complications and promotes tumor progression. Anticancer efficacy has greatly 47 

improved in recent years, with 5-year overall survival now exceeding 50%.
2
 Despite significant 48 

progress in MM treatment, active disease remains incurable. Aberrant expression of cyclin-49 

dependent kinases (CDKs) plays a role in MM by causing loss of control over cell proliferation 50 

and enhancing survival. CDK9, a serine/threonine kinase and a subunit of the positive 51 

transcription elongation factor (P-TEFb), is a major transcriptional regulator of various 52 

oncogenes relevant in the pathogenesis of MM, including MYC, MCL1, and PCNA.
3,4

 53 

Understanding the role of CDKs in MM could potentially lead to more effective treatments for 54 

this disease. 55 

The small molecule enitociclib (VIP152) is a CDK9 inhibitor currently undergoing early 56 

phase clinical trials for various hematological malignancies, such as diffuse large B cell 57 

lymphoma.
5,6

 We hypothesized that CDK9 inhibition by enitociclib would represent a rational 58 

pharmacologic approach to target the transcription of critical oncogenic effector proteins in MM. 59 

In this study, we describe that enitociclib induces cytotoxicity in vitro and responses in vivo 60 

against aggressive MM cells. The responses were due to the downregulation of RNA polymerase 61 

II-mediated transcription of MM-related oncogenes, including MYC, MCL1, and PCNA, 62 
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followed by rapid drug-induced apoptosis. The potential clinical benefits of enitociclib warrant 63 

further investigation in the context of treating patients with MM. 64 

Methods 65 

Cell culture 66 

Multiple myeloma cell lines NCI-H929 [DSMZ Cat# ACC-163, RRID: CVCL_1600], 67 

MM1.S [ATCC Cat# CRL-2974; RRID: CVCL_8792], OPM-2 [DSMZ Cat# ACC-50; RRID: 68 

CVCL_1625], and U266B1 [ATCC Cat# TIB-196; RRID: CVCL_0566] were cultured in RPMI-69 

1640 (Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% 70 

penicillin/streptomycin/L-glutamine (Gibco) at 37C and 5% CO2. JJN-3 myeloma cells [DSMZ 71 

Cat# ACC-541, RRID: CVCL_2078] were cultured in 50% DMEM (Biochrom)/50% IMDM 72 

(Gibco) supplemented with 10% FBS (Gibco).  73 

Cytotoxicity assays 74 

Cells were seeded in 96-well plates (Greiner Bio-One, Monroe, NC, USA) at 510
3
 cells 75 

per well in 100 l of RPMI-1640 media (Gibco) supplemented with 10% FBS. The cells were 76 

treated with either enitociclib or DMSO diluted in media and 100 l was added to each well (1:2 77 

final dilution). All treatments were run in triplicate at final concentrations ranging from 12.5–200 78 

nM. After 96 hours in culture, cell viability was evaluated using the alamarBlue® Cell Viability 79 

(Alamar Blue) reagent (Thermo Fisher Scientific) as per manufacturer’s instructions. Half-80 

maximal inhibitory concentrations (IC50) were determined by non-linear regression using 81 

GraphPad Prism v9.1.0 analysis software (GraphPad Software, Inc., San Diego, CA, USA). 82 

Matrix dosing of agents in combinations was used to assess drug synergy utilizing the 83 

SynergyFinder v3.0 online web application tool (https://synergyfinder.fimm.fi/).
7
 Synergy scores 84 

were determined by the zero-interaction potency (ZIP) method. 85 

https://protect.checkpoint.com/v2/___https://synergyfinder.fimm.fi/___.YzJ1OnBhdWxiYWtlcm5vdGlmaWVkY29tOmM6bzo2OGNiZjRhNTg5MmQ2ZThiODQ1MDRkYTVlMDY0ZjJhMDo2OjYyZTg6NzUxOWYwNTBjOWQ2ZmI4NjZiNDEwMDFlNWY1NjJmMmZjZGFjOTFlMDcxY2VlMGRmNjlkNTFhMDk5ZDhmN2M3MDpwOlQ6Tg
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Small-molecule inhibitor screening 86 

Cells were seeded in 96-well plates (Greiner Bio-One) at 510
3
 cells per well and treated 87 

with a library containing 216 small-molecule compounds or corresponding DMSO treatment at a 88 

final concentration of 1 M. After 96 hours, cell viability was measured using Alamar Blue 89 

reagent. 90 

Western blotting 91 

MM cells were lysed in RIPA buffer supplemented with 0.1% protease/phosphatase 92 

inhibitors. Protein concentration was quantified using the DC Protein Assay (Bio-Rad, Hercules, 93 

California, USA) as per manufacturer’s instructions. Appropriate volumes of samples containing 94 

30 g of protein were mixed with loading buffer (0.125 M Tris-HCL [6.8 pH], 20% glycerol, 95 

10% 2-mercaptoethanol, 4% SDS, 0.005% bromophenol blue). Samples were then resolved by 96 

denaturing polyacrylamide gel electrophoresis (SDS-PAGE) using various percentages of 97 

acrylamide (7.5%-12%), depending on the protein of interest. SDS-PAGE was performed in 98 

running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS), followed by transfer to nitrocellulose 99 

membranes in 1X Trans-Blot Turbo transfer buffer (Bio-Rad) at 25 V for 10 minutes at room 100 

temperature using the Trans-Blot Turbo transfer system (Bio-Rad). The membranes were 101 

blocked in 5% (w/v) skim milk or bovine serum albumin serum (BSA) in Tris-buffered saline 102 

with 0.1% (v/v) Tween-20 (TSB-T; 50mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.1% [v/v] 103 

Tween-20) at room temperature for 1 hour. The membranes were then incubated overnight at 104 

4C with the following primary antibodies diluted in TBS-T with 5% (w/v) skim milk or BSA: 105 

anti-caspase-3 (1:1000, 9662S), anti-poly-(ADP-ribose) polymerase (PARP; 1:1000, 9542S), 106 

anti-Bim (1:1000, 2933S), anti-c-Myc (1:1000, 18583S), anti-MCL1 (1:1000, 94296S), anti-107 

PCNA (1:1000, 13110S), anti-phospho-Rpb1 CTD (Ser2/Ser5; 1:1000, 13546S), anti-Rpb1 CTD 108 
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(1:1000, 2629S), and anti--actin (1:1000, 4967S) (all from Cell Signalling Technology, Whitby, 109 

ON, Canada). After, the membranes were washed three times with TBS-T, incubated with anti-110 

rabbit secondary antibody (1:10000, 7074S, Cell Signalling Technology), washed three times 111 

with TBS-T, incubated with Clarity Western ECL substrates (Bio-Rad), and developed using 112 

chemiluminescence on a ChemiDoc MP imaging system (Bio-Rad). 113 

Gene expression quantification 114 

 Total RNA was extracted from homogenized frozen tumor with RNeasy Plus Mini kit 115 

(QIAGEN, Germany) from two animals at 1, 3, 7, and 24 hours post-in vivo dosing and from 116 

three pre-dose animals. The quality and concentration of the RNA samples was tested by 117 

ultraviolet absorption at 260/280 nm in Nano Drop system and electrophoresis on denaturized 118 

1% agarose gel to determine the concentration. BCL2, CCND1, MYC, MCL1, HEXIM1, and 119 

PCNA mRNA were quantified using TaqMan probes (Thermo Fisher Scientific) as per 120 

manufacturer’s instructions. The real-time PCR results are expressed as the mean from three 121 

independent experiments for vehicle-treated animals and two independent experiments for drug-122 

treated animals. Readouts were normalized to L32 transcript primers. 123 

Animal studies 124 

All animal studies were conducted at Bayer Pharma AG in accordance with German 125 

animal welfare law and approval by local authorities. For JJN-3 xenografts, 5.0  10
6
 cells in 0.1 126 

ml 50% Matrigel suspension were injected subcutaneously into SCID/Beige mice (Taconic 127 

Biosciences) and treated with 10 ml/kg 80% PEG400 control or 15 mg/kg enitociclib 128 

intravenously once per week. For OPM-2 xenografts, 5.0  10
6
 cells in 0.1 ml medium 129 

suspension were injected subcutaneously into NOD/SCID mice (Taconic Biosciences) and 130 

treated with 5 ml/kg PEG400-ethanol-water (60/10/30) vehicle control or 15 mg/kg enitociclib 131 
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once per week by intravenous injection. For NCI-H929 xenografts, 3-4 mm tumor fragments 132 

obtained from serially passaged xenografts were implanted subcutaneously in the flank of 133 

NOD/SCID mice (Harlan Laboratories, The Netherlands) and treated with 5 ml/kg PEG400-134 

ethanol-water (30/10/60) vehicle control or 15 mg/kg enitociclib once per week by intravenous 135 

injection. For drug combinations, mice bearing OPM-2 xenografts were treated with 50 mg/kg 136 

lenalidomide (vehicle: 10 ml/kg 1% cMC/0.5% Tween in water) daily by oral gavage, 0.8 mg/kg 137 

bortezomib (vehicle: 10 ml/kg saline) twice per week by intraperitoneal injection, or 138 

lenalidomide/bortezomib in combination with 15 mg/kg enitociclib as described above. Animals 139 

were monitored daily and two-dimensional tumor measurements were determined twice weekly 140 

using calipers. 141 

Statistical analysis 142 

The student’s t-test or analysis of variance (ANOVA) statistical analyses were performed 143 

using GraphPad Prism v9.1.0 software. P values < 0.05 were deemed statistically significant. 144 

Results 145 

Enitociclib inhibits multiple myeloma cell proliferation and induces apoptosis in vitro 146 

 We examined the activity of agents from a library comprised of 216 individual drugs 147 

including clinically feasible small molecule inhibitors against various components of cancer 148 

growth and survival pathways. In this experiment, OPM-2 cells were treated with 1 M of each 149 

therapeutic agent, followed by cell viability measurement under each experimental condition by 150 

Alamar Blue assay after 96 hours in culture (Supplementary Table 1). OPM-2 cells show high 151 

sensitivity to CDK inhibitors (Figure 1A), with CDK9-specific inhibition from enitociclib 152 

identified as a candidate agent due to its inhibition of oncogenes expressed in MM (Figure 1B). 153 
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To further investigate the anti-myeloma activity of enitociclib, we tested various 154 

concentrations in four MM cell lines that express CDK9 (Figure 1C) and different molecular 155 

features (Supplementary Table 2) with a range of enitociclib concentrations from 12.5–200 nM 156 

for 96 hours and cell viability was measured using the Alamar Blue assay. Enitociclib decreased 157 

cell viability in a concentration-dependent manner in all cell lines tested, with IC50 values 158 

ranging from 36–78 nM (Figure 1D). Notably, enitociclib exhibited similar activity in cells with 159 

MCL1 gene amplification and cells without chromosome 1q gains. We also found that enitociclib 160 

potently induced mechanism-based apoptosis in NCI-H929 and OPM-2 cells, which have distinct 161 

molecular alterations. Western blot analysis showed that cleavage of apoptosis markers caspase-162 

3 and PARP proteins occurred in a dose- and time-dependent manner, with significant activity 163 

observed as early as 6 hours after treatment at the tested concentrations (Figure 2). Likewise, 164 

persistent repression of the anti-apoptosis marker Mcl-1 was observed from 6 hours onwards 165 

post-treatment at both dose levels (Figure 2). 166 

Enitociclib treatment leads to inhibition of CTD phosphorylation and short half-life 167 

transcript proteins 168 

 To confirm that the anti-proliferative effects of enitociclib were due to on-target 169 

inhibition of CDK9, we next examined the effects of CDK9-mediated transcriptional regulation 170 

in NCI-H929 and OPM-2 cells. The selectivity of enitociclib to inhibit the phosphorylation of the 171 

CTD of RNA Pol II at Ser2 (p-RNA Pol II S2) has been shown previously,
6,8

 and the results 172 

showed that enitociclib could potently block the CTD phosphorylation of p-RNA Pol II S2/S5 in 173 

a dose- and time-dependent manner (Figure 2). We next investigated the impact of enitociclib 174 

treatment on the expression of oncogenes that are known to drive the progression of MM. 175 

Regarding the MM cell lines used in this study, MYC is highly expressed in NCI-H929 and 176 
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OPM-2 cells.
3
 We found that treatment with enitociclib repressed c-Myc protein levels in NCI-177 

H929 and OPM-2 cells (Figure 2). Enitociclib also repressed protein expression of proliferating 178 

cell nuclear antigen (PCNA) in these cells, which is a known disease-related factor in MM that is 179 

associated with cellular proliferation and cancer progression.
9
 Together, these findings suggest 180 

that enitociclib exerts its anti-proliferative effects in MM cells by inhibiting CDK9-mediated 181 

transcriptional regulation of oncogenes. 182 

CDK9-selective inhibition by enitociclib synergizes with several anti-multiple myeloma 183 

agents in vitro 184 

 Provided the ability of enitociclib to disrupt higher-order transcriptional machinery 185 

through selective CDK9 inhibition,
8
 we hypothesized that the downregulation of molecular 186 

factors related to MM-related and antiapoptotic-driven drug resistance may enable effective 187 

combinatory activity with other chemotherapeutic agents. Thus, we evaluated the potential of 188 

enitociclib to synergize with current conventional and experimental agents used in the treatment 189 

of MM. A panel of MM cell lines were treated with increasing concentrations of enitociclib and 190 

one of four different agents, including bortezomib, lenalidomide, pomalidomide, and venetoclax, 191 

for 96 hours in culture before cell viability measurement using the Alamar Blue assay 192 

(Supplementary Figure 1). 193 

 The proteasome inhibitor bortezomib is U.S. Food and Drug Administration (FDA)-194 

approved for first-line therapy in MM.
10

 Despite high initial response rates, bortezomib 195 

eventually loses its efficacy. Therefore, we next determined if enitociclib could enhance the 196 

activity of bortezomib in MM cells. In OPM-2 cells, synergistic effects (>10 ZIP synergy score) 197 

were observed with 50 nM of enitociclib in combination with bortezomib treated at 1 nM (Figure 198 

3). Lenalidomide is another FDA-approved first-line therapy in newly diagnosed MM, which 199 
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acts as both an immunomodulatory and anticancer drug by altering proinflammatory cytokine 200 

production and exerting antiproliferative and proapoptotic effects on MM cells through 201 

transcriptional control of MYC and other oncogenes.
11,12

 When used in combination with 202 

enitociclib, synergistic effects were identified in three out of four cell lines tested (MM1.S, NCI-203 

H929, and U266B1) at enitociclib concentrations between 12.5–25 nM and lenalidomide 204 

concentrations between 313 nM–5 µM (Figure 3). Pomalidomide is an FDA-approved 205 

immunomodulatory drug for patients with refractory MM, who have been treated with two prior 206 

therapies including lenalidomide and bortezomib. The drug acts by inhibiting cell proliferation 207 

and promoting apoptosis in MM cells, in addition to antiangiogenic properties.
13

 NCI-H929 and 208 

U266B1 cells showed synergistic effects of enitociclib with pomalidomide at 12.5 nM and 12.5–209 

50 nM for each agent, respectively (Figure 3). Lastly, the selective B-cell lymphoma 2 (Bcl-2) 210 

inhibitor venetoclax is an experimental drug for MM that has demonstrated antiproliferative 211 

activity in patients with relapse/refractory MM positive for t(11;14) translocation.
14

 In general, 212 

enitociclib with venetoclax showed modest additive effects (ZIP synergy scores less than 10) 213 

across all four cell lines (Figure 3). 214 

 We then sought to examine the changes in protein expression levels of MM-related 215 

oncogenes and apoptosis markers in response to the two-drug combinations in a representative 216 

MM cell. Interestingly, we observed a dose-dependent repression of c-Myc protein in OPM-2 217 

cells treated in combination with enitociclib and pomalidomide or venetoclax (Figure 4). The 218 

most robust inhibition of Mcl-1 protein was observed for the venetoclax combination in a dose-219 

dependant manner in OPM-2 cells, which has MCL1 gene amplification (Figure 4). Increased 220 

cleavage of PARP and caspase-3 were also seen in these combinations in a dose-dependent 221 
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manner (Figure 4). Overall, these data suggest clinical potential for enitociclib to be used in 222 

combination with conventional anti-MM agents. 223 

Enitociclib shows mechanism-based efficacy in vivo as a single-agent and in combination 224 

against murine models of MM 225 

 To determine the mechanism of action of enitociclib in vivo, a single dose of 15 mg/kg 226 

enitociclib was administered intravenously in mice bearing JJN-3 cells and tumors were 227 

extracted at several timepoints up to 24 hours. Enitociclib was able to transiently inhibit the 228 

transcription of MYC, MCL1, and PCNA (Figure 5A) and promote apoptosis by the induction of 229 

caspase-3 and PARP cleavage (Figure 5B) with the onset of drug-induced effects observed as 230 

early as one hour after treatment. Protein levels of c-Myc were also abated for up to 24 hours 231 

(Figure 5B). Interestingly, BCL2 levels remained consistent following treatment (Supplementary 232 

Figure 2). These results suggest that enitociclib maintains its mechanistic efficacy in MM when 233 

administered intravenously. 234 

 Next, we sought to assess the efficacy of enitociclib to reduce tumor burden in vivo to 235 

better evaluate its potential clinical utility in patients with MM. Murine models of MM were 236 

generated using JJN-3, NCI-H929, and OPM-2 cells that readily established xenograft tumors. 237 

Mice were randomized to vehicle versus enitociclib at the time disease was evident and treated 238 

until endpoint. Enitociclib was dosed 15 mg/kg administered intravenously once per week. As a 239 

single agent, enitociclib-treated mice had reduced tumor volumes and prolonged survival time 240 

compared to vehicle-treated mice (Figure 5C). To examine the therapeutic benefit of combining 241 

enitociclib with conventional anti-MM agents, mice bearing OPM-2 cells were randomly 242 

administered with lenalidomide (50 mg/kg taken orally daily), bortezomib (0.8 mg/kg 243 

intraperitoneally twice weekly), or the respective combination with enitociclib. Increased 244 
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efficacy of enitociclib in combination with lenalidomide or bortezomib was observed (Figure 245 

5D). No significant changes in weight were observed with treatment (Supplementary Figure 3). 246 

These data provide evidence that the anti-MM activity of enitociclib is maintained in vivo and 247 

provides effective therapeutic relief by delaying tumor cell growth. 248 

Discussion 249 

 We took a candidate approach to determining the anti-MM mechanism of action of the 250 

CDK9-specific small-molecule inhibitor enitociclib. Our small-molecule library screening 251 

approach revealed that MM cells were remarkably sensitive to single-agent CDK inhibitors, 252 

particularly CDK9 inhibition, providing rationale for this study to characterize and investigate 253 

the molecular mechanism of activity of enitociclib in MM. Activity by enitociclib in MM cells 254 

was similar to the IC50 values reported in lymphoma and leukemia cells.
6,8

 We found that 255 

enitociclib potently and directly inhibited CDK9-mediated phosphorylation of RNA polymerase 256 

II S2/S5 and repressed the expression of oncogenes that are crucial for MM cell survival and 257 

proliferation. Combinatory approaches can reduce the amount of drug required to produce an 258 

anticancer effect, therefore lessening the potential of on-target and off-target drug toxicities. We 259 

explored a panel of conventional anti-MM drugs in combination with enitociclib and found that 260 

varying additive or synergistic interactions were observed in each combination at clinically 261 

relevant concentrations. However, antagonistic effects at certain concentrations were also noted 262 

in some cell lines, highlighting the importance of optimizing the dose range for each 263 

combination. Notably, enitociclib reduced the expression of MCL1, which has been shown to 264 

confer sensitivity to venetoclax.
15,16

 Accordingly, CDK9 inhibition has also demonstrated 265 

synergy with venetoclax in leukemia models.
17

 Lastly, enitociclib showed significant in vivo 266 
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efficacy as a single agent and in combination with lenalidomide or bortezomib across multiple 267 

murine MM xenograft models, and its mechanism of action was recapitulated in vivo. 268 

 MM cells are highly sensitive to enitociclib. The high sensitivity may be due to the 269 

instability of oncoproteins expressed in MM cells, which require perpetual replenishment 270 

through de novo synthesis.
18,19

 As a result, their expression and activity may be significantly 271 

affected by an agent that disrupts transcription. Enitociclib inhibits CDK9 function, leading to a 272 

disruption in gene transcription.
20

 This disruption results in a quick degradation of MM 273 

oncoproteins because of their instability and short protein half-lives. Since MM cells are highly 274 

dependent on these oncogenic signals, their loss of expression leads to rapid apoptosis. 275 

Therefore, enitociclib shows promise as a potential treatment option for MM due to its ability to 276 

disrupt transcription and rapidly degrade MM oncoproteins, resulting in the induction of 277 

apoptosis. 278 

 The results of our studies are the first to demonstrate that enitociclib has anti-MM 279 

activity. It also targets specific oncogenic pathways related to oncoproteins such as c-Myc, Mcl-280 

1, and PCNA, resulting in the suppression of growth and the rapid induction of apoptosis. We 281 

also identify potential effective combinations for use with enitociclib in MM. These results 282 

demonstrate that enitociclib is effective in cell lines with unfavorable prognostic factors, such as 283 

p53 deletion, t(4; 14) and not restricted to the chromosome 1q gain subset where one of the genes 284 

at the 1q21 locus is MCL1.
21-23

 These findings provide a solid basis and biological rationale for 285 

conducting further optimization studies of CDK9 inhibitors, which could have important clinical 286 

implications for improving outcomes in patients with MM. 287 
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Figure Legends 370 

Figure 1. Enitociclib decreases cell viability in MM cells. (A) Cell viability of small-molecule 371 

inhibitors from the pharmaceutical pipeline library treated at 1 M for 96 hours in OPM-2 cells. 372 

A breakdown of molecular targets with a mean cell viability inhibition of >50% are shown. (B) 373 

Cell viability values of various CDK inhibitors from the library treated at 1 M for 96 hours in 374 

OPM-2 cells are shown. (C) Western blotting of MM cell lines MM1.S, NCI-H929, OPM-2, and 375 

U266B1. Total cell lysates were prepared and analyzed by immunoblotting to detect the level of 376 

CDK9. -actin was used as a loading control. Molecular masses are indicated in kilodaltons 377 

(kDa). (D) Dose response curves of MM cell lines treated with increasing concentrations (12.5–378 

200 nM) of enitociclib for 96 hours. Cell viability was measured by Alamar Blue assay. Percent 379 

cell viability was normalized to corresponding treatment with DMSO (vehicle control). Mean 380 

percentages of cell viability were calculated form three technical replicates and standard 381 

deviations are shown. 382 

Figure 2. Enitociclib induces apoptosis by inhibition of RNA Pol II phosphorylation and 383 

oncogene expression in MM cells. Western blotting of NCI-H929 and OPM-2 MM cells treated 384 

with either DMSO (vehicle control; ‘-’) or 0.5–1 M of enitociclib for up to 24 hours. Total cell 385 

lysates were prepared and analyzed by immunoblotting to detect levels of markers associated 386 

with apoptosis (total and cleaved PARP and caspase-3, Mcl-1, and BimEL), total and 387 

phosphorylated RNA Pol II CTD (S2/S5), and short half-life oncogene proteins c-Myc and 388 

PCNA. -actin was used as a loading control. Molecular masses are indicated in kDa. 389 

Figure 3. Enitociclib is synergistic with anti-MM chemotherapies. 3D response surface plots 390 

for combinatory activity of enitociclib with bortezomib, lenalidomide, pomalidomide, or 391 

venetoclax treated in MM cell lines for 96 hours. Cell viability was measured by Alamar Blue 392 
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assay. Percent cell viability was normalized to corresponding treatment with DMSO (vehicle 393 

control). Synergy score is calculated by SynergyFinder based on the ZIP interaction model.
7
 Red 394 

indicates synergism and green indicates antagonism of the respective drug combinations. 395 

Maximal synergistic effects (MSE) are indicated where the synergy score is greater than 10 and 396 

the drug concentrations at which the MSE occurs are highlighted in yellow. 397 

Figure 4. Enitociclib enhances apoptosis and oncogene repression. Western blotting of OPM-398 

2 cells treated with enitociclib in combination with bortezomib, lenalidomide, pomalidomide, or 399 

venetoclax for 6 hours. Total cell lysates were prepared and analyzed by immunoblotting to 400 

detect the levels of markers associated with apoptosis (total and cleaved PARP and caspase-3 401 

and Mcl-1) and short half-life oncogene proteins (c-Myc and PCNA). -actin was used as a 402 

loading control. Molecular masses are indicated in kDa. 403 

Figure 5. Enitociclib is effective against MM in vivo. (A and B) In vivo mechanism of action 404 

of enitociclib in mice bearing JJN-3 MM xenografts upon a single dose of 15 mg/kg enitociclib 405 

administered intravenously compared to 80% PEG400 vehicle. Messenger RNA transcript (A) 406 

and (B) protein levels were normalized to housekeeping genes in L32 and -actin, respectively. 407 

(*) p < 0.05. (C) In vivo antitumor activity of enitociclib administered as a single agent. For JJN-408 

3, NCI-H929, and OPM-2 MM xenografts, enitociclib was dosed 15 mg/kg intravenously once 409 

weekly compared to vehicle control. (D) To study combinations, enitociclib was dosed 15 mg/kg 410 

intravenously once weekly in combination with 50 mg/kg lenalidomide orally daily or 0.8 mg/kg 411 

bortezomib intraperitoneally twice weekly in OPM-2 MM xenografts. 412 
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