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ABSTRACT  17 

 18 

Background: Current strategies to inhibit the androgen receptor (AR) are circumvented in castration-19 

resistant prostate cancer (CRPC). Cyclin-dependent kinase 7 (CDK7) promotes AR signalling, in addition to 20 

established roles in cell cycle and global transcription regulation, together, providing a rationale for its 21 

therapeutic targeting in CRPC. 22 

Methods: The antitumour activity of CT7001, an orally bioavailable CDK7 inhibitor, was investigated across 23 

CRPC models in vitro and in xenograft models in vivo. Cell-based assays and transcriptomic analyses of 24 

treated xenografts were employed to investigate the mechanism driving activity of CT7001, alone and in 25 

combination with the antiandrogen enzalutamide.  26 

Results: CT7001 selectively engages with CDK7 in prostate cancer cells, causing inhibition of proliferation 27 

and cell cycle arrest. Activation of p53, induction of apoptosis, and suppression of transcription mediated by 28 

full-length and constitutively active AR splice variants contribute to antitumour efficacy in vitro. Oral 29 

administration of CT7001 represses growth of CRPC xenografts and significantly augments growth inhibition 30 

achieved by enzalutamide. Transcriptome analyses of treated xenografts indicate cell cycle and AR inhibition 31 

as the mode of action of CT7001 in vivo.  32 

Conclusions: This study supports CDK7 inhibition as a strategy to target deregulated cell proliferation and 33 

demonstrates CT7001 is a promising CRPC therapeutic, alone or in combination with AR-targeting 34 

compounds. 35 
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BACKGROUND  40 

 41 

Prostate cancer is the second most common malignancy in men worldwide and a leading cause of cancer-42 

related death [1]. The androgen receptor (AR) is a ligand-dependent nuclear receptor that plays a critical role 43 

in prostate cancer initiation and progression [2]. Therapies aiming to ablate AR activity by preventing ligand-44 

dependent receptor activation are initially effective, but circumvented following progression to a therapy-45 

resistant stage termed castration-resistant prostate cancer (CRPC). Commonly, castration resistance 46 

mechanisms facilitate reactivation of the AR signalling pathway and downstream transcriptional programs 47 

[3–5]. One phenomenon associated with disease progression, the expression of AR splice variants (AR-V), 48 

has drawn interest as a potential mechanism mediating androgen independency in CRPC [6–8]. AR-Vs lack 49 

the AR ligand-binding domain (LBD) but retain the N-terminal activation function, thereby having the potential 50 

to mediate AR signalling while being insensitive to approved AR-targeted therapies, all of which target the 51 

LBD [9]. Novel therapeutic approaches are therefore needed for the treatment of CRPC, with strategies that 52 

interfere with oncogenic AR transcription in a LBD-independent manner being of particular interest [10]. 53 

Cyclin-dependent kinase 7 (CDK7) is a recognised anticancer drug target due to its regulatory roles 54 

in cell division and transcription [11, 12]. As part of the CDK-activating kinase (CAK) complex together with 55 

cyclin H and MAT1, CDK7 phosphorylates the T-loop of cell cycle CDKs, including CDK1, -2, -4 and -6, 56 

stimulating their activities in a temporal manner to drive progression through the cell cycle [13–16]. CAK also 57 

functions as a component of the general transcription factor TFIIH, enabling transcription initiation by 58 

phosphorylating serine-5 residues (S5) in the RNA polymerase II (PolII) C-terminal domain (CTD) [17]. 59 

Although phosphorylation of PolII CTD is essential for mRNA synthesis [18], whether CDK7 activity is strictly 60 

required for basal transcription is still debated [19–22]. It has previously been shown that CDK7 61 

phosphorylates AR at serine-515 (S515) to regulate transactivation and proteasomal degradation of AR, and 62 

facilitates assembly of a transcriptionally active AR-coregulator complex [23–25]. Thus, CDK7 may be 63 

promoting oncogenic AR transcription in CRPC by both AR-specific and more global transcriptional effects. 64 

In line with a tumour-promoting role in CRPC, high tumour CDK7 protein levels are associated with faster 65 

biochemical recurrence, marked by rises in serum prostate-specific antigen (PSA) [26]. 66 

The multiple roles of CDK7 commend it as a drug target for CRPC. However, a fundamental 67 

understanding of the mechanistic effects of selective CDK7 inhibition in CRPC is currently lacking. In a 68 

previous study, the covalent CDK7 inhibitor THZ1 was used [23], however, this also targets CDK12/13, 69 

which substantially obscures the contribution of CDK7 inhibition to its downstream effects [21, 22, 27]. 70 

CT7001/Samuraciclib (formerly ICEC0942) is a novel, orally bioavailable, ATP-competitive inhibitor of CDK7 71 

with preclinical activity in models of breast cancer, colon cancer, and acute myeloid leukaemia [28–30]. 72 

CT7001 is currently in phase I/II clinical trials for advanced solid malignancies (NCT03363893). Recently 73 

released data from this study demonstrated acceptable safety profile and evidence of antitumour activity, 74 

including PSA reductions in 4 CRPC patients [31]. Notably, the combination of CT7001 with fulvestrant was 75 

well-tolerated and reduced tumour burden in a cohort of patients with CDK4/6 inhibitor-resistant/hormone 76 

receptor-positive/HER2-negative breast cancer [32]. As CT7001 is advancing rapidly through clinical 77 

evaluation, a more comprehensive investigation of its preclinical activity in prostate cancer is warranted. 78 

Here, we describe the mechanism of tumour inhibition achieved by CT7001 in prostate cancer models in 79 

vitro and in vivo and explore its efficacy as monotherapy and in combination with the widely used AR 80 

antagonist enzalutamide. 81 
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 82 

 83 

MATERIALS & METHODS 84 

 85 

Chemicals 86 

CT7001 was provided by Carrick Therapeutics. Apalutamide, enzalutamide, darolutamide and 87 

bavdegalutamide were purchased from MedChemExpress. Mibolerone was purchased from PerkinElmer. 88 

 89 

Cell lines 90 

LNCaP, C4-2, VCaP, DU145, PC3, PNT1A, BPH-1 cell lines were obtained from the ATCC as frozen stocks. 91 

22Rv1 and 22Rv1 FL-AR KO were a gift from Dr Luke Gaughan (Newcastle University) [33]. C4-2B cells 92 

were a gift from Prof Ian Mills (Oxford University) [34]. LNCaP/Luc cells are stably transfected with an AR-93 

specific luciferase reporter construct [35] and selection was maintained with 500µg/mL G418 (Sigma) and 94 

10µg/mL blasticidin (Melford Biolaboratories). All cell lines were cultured according to ATCC 95 

recommendations in growth medium with 10% foetal calf serum (FCS) and 2mM L-glutamine at 37°C in 96 

humidified incubators maintained at 5% CO2. Cell line authenticity was confirmed using short tandem repeat 97 

analysis performed through the MWG Eurofins Human Cell Line Authentication service. All cell lines were 98 

regularly tested for Mycoplasma infection using the MycoAlert Detection Kit (Lonza). 99 

 100 

Cellular thermal shift assay (CeTSA) in intact LNCaP cells 101 

The melting temperature (Tm) of CDK targets were determined using a Boltzmann sigmoidal curve (least 102 

squares fit) fitted through the average normalised data points from all human lines available in the Meltome 103 

atlas [36]. The melt curve for CDK7 was generated as previously described [37]. Isothermal dose-response 104 

fingerprints were generated at 54°C as previously described [37] from intact LNCaP cells treated with 105 

dimethylsulfoxide (DMSO) or CT7001 (concentrations range 0.078-20μM) for 3 hours.. 106 

 107 

Protein extraction 108 

Following incubation with fresh growth medium containing CT7001, cells were harvested and lysed as 109 

previously described [35]. Protein content was measured using the Pierce BCA Protein Assay Kit 110 

(ThermoFisher).  111 

 112 

Immunoblotting 113 

Immunoblotting was carried out as previously described [38] using the following primary antibodies: CDK7 114 

(Cell Signaling Technology, 2916), CDK1 (Cell Signaling Technology, 9116), CDK2 (Cell Signaling 115 

Technology, 2546), CDK4 (Cell Signaling Technology, 12790), CDK9 (Cell Signaling Technology, 2316), β-116 

actin (Abcam, ab6276), GAPDH (Cell Signaling Technology, 2118), P-S5 PolII (Abcam, ab5401), P-S2 PolII 117 

(Abcam, ab5095), PolII (Abcam, ab817), P-S780 Rb (Abcam, ab47763), P-S807/811 Rb (Cell Signaling 118 

Technology, 8516), Rb (Abcam, ab6075), cyclin H (Abcam, ab54903), MAT1 (Santa Cruz Biotechnology, 119 

sc135981), P-S15 p53 (Cell Signaling Technology, 9284), p53 (Santa Cruz Biotechnology, sc-126), P-120 

T161/T160 CDK1/CDK2 (Abcam, ab201008), P-S10 Histone H3 (Abcam, ab139417), AR (MilliporeSigma, 121 

06-680), P-T1457 MED1 (Abcam, ab60950), MED1 (Bethyl Laboratories, A300-793A), cleaved PARP1 122 

(Abcam, ab4830), p21 (Santa Cruz Biotechnology, sc-817).  123 
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 124 

Cell growth and drug synergy assays 125 

Cell number was assayed using the Sulforhodamine B (SRB) assay as previously described [39]. To 126 

determine growth rate (GR) values for each treatment and derive GR metrics, a file containing cell number 127 

data from day 0 and day 3 for was uploaded on the GRcalculator platform 128 

(www.grcalculator.org/grcalculator) [40].  129 

CT7001 combinations with AR-targeted therapies were tested in a 6x5 matrix in LNCaP, C4-2B, and PC3 130 

cells. Cell numbers on day 0 and 3 were assayed using the SRB assay. Percent growth inhibition was 131 

calculated relative to vehicle control using day 3 values corrected by subtracting day 0 values. A file 132 

containing growth inhibition (%) data for each cell line was uploaded on the SynergyFinder 2.0 web 133 

application (synergyfinder.fimm.fi) [41]. Bliss independence scores were calculated using default parameters.  134 

  135 

Caspase 3/7 assay 136 

Caspase 3/7 activation assays were performed using the Caspase-Glo 3/7 Assay System (Promega), 72 137 

hours after treatment with CT7001. Luminescence was measured using the VICTOR Light luminometer 138 

(PerkinElmer). Signal was normalised to cell number on day 3 measured by SRB assay. 139 

 140 

RT-qPCR and TaqMan Low Density Array 141 

Total RNA was extracted from treated cells using the RNeasy Mini kit (QIAGEN). cDNA was synthesized 142 

from 1µg of RNA with oligo-dT primers using RevertAid First Strand cDNA Synthesis Kit (ThermoFisher). 143 

Quantitative Polymerase Chain Reaction (qPCR) was performed in a QuantStudio 7 Flex Real-Time PCR 144 

System (Applied Biosystems) using SYBR Green Real-Time PCR Master mix (Invitrogen) and primers 145 

designed using Primer-BLAST (listed in Additional File 2 – Supplementary Table 1). Specificity was 146 

validated using melt curve analysis. Gene expression was normalised to RPL19, GAPDH and BACTIN and 147 

data were analysed using the ΔΔCt method. 148 

TaqMan Low-Density Array microfluidic cards were used to assay the expression of 32 AR targets (a list of 149 

the TaqMan qPCR assays is provided in Additional File 2, Supplementary Table 2). 22Rv1 FL-AR KO 150 

cells were treated 1µM CT7001 in androgen-depleted medium (phenol red-free RPMI-1640 with 5% 151 

charcoal-stripped FCS). LNCaP and VCaP cells were treated with 1µM CT7001 in androgen-repleted 152 

medium (androgen-depleted medium supplemented with 10nM mibolerone). Total RNA was extracted after 153 

24 hours, and cDNA was synthesized as above. cDNA was mixed with TaqMan Gene Expression Master 154 

Mix (ThermoFisher) and loaded on the microfluidic card. Gene expression was normalised to GAPDH, 155 

RPLP0, TBP, and 18S and the data were analysed using the ΔΔCt method.  156 

 157 

Cell cycle analysis 158 

Asynchronous cells treated with DMSO or CT7001 for 72 hours were harvested and fixed in 70% ice-cold 159 

ethanol overnight. Fixed cells were washed twice with PBS, stained with the Muse Cell Cycle Reagent 160 

(Luminex), and analysed using the Guava Muse Cell Analyzer (Luminex).  161 

 162 

Plasmids and site-directed mutagenesis 163 

The following plasmids have been previously described: pSV-AR coding human AR, TAT-GRE-E1B-LUC 164 

coding AR-responsive luciferase reporter, and BOS-β-galactosidase coding a constitutive reporter [42]. 165 
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Plasmid constructs harbouring AR splice variants (pCMV5-CE1 coding AR-V1, pCMV5-CE2 coding AR-V6, 166 

pCMV5-CE3 coding AR-V7, pCMV5-1/2/2b coding AR-V3, pCMV5-1/2/3b coding AR-V4, and pCMV5-167 

v567es coding AR-V567ES/AR-V12) were provided by Scott Dehm (The University of Minnesota) [43]. 168 

pCMV5-hAR encoding full-length AR (FL-AR) was acquired from Addgene (plasmid #89078). The pSV-169 

S515A-AR, pSV-S515E-AR, pSV-S515D-AR plasmids were synthesised from the pSV-AR template using 170 

the QuikChange Lightning Multi Site-directed mutagenesis kit (Agilent Technologies). Mutations were 171 

introduced using the following primers: 5’-GCAGAGTGCCCTATCCCGCTCCCACTTGTGTCAAAA-3’ for 172 

pSV-S515A-AR, 5’-GCAGAGTGCCCTATCCCGAGCCCACTTGTGTCAAAA-3’ for pSV-S515E-AR, and 5’-173 

GCAGAGTGCCCTATCCCGATCCCACTTGTGTCAAAA-3’ for pSV-S515D-AR. Competent DH5α E. coli 174 

cells were transformed with the plasmids, plasmid DNAs were purified using QIAprep Spin Miniprep Kit 175 

(QIAGEN) and subjected to Sanger sequencing (GeneWiz) to confirm the presence of the expected 176 

mutations. 177 

 178 

Calcium phosphate-mediated transfections 179 

COS-1 cells were transfected as previously described [42] with 1μg luciferase reporter (TAT-GRE-E1B-180 

LUC), 50ng AR expression vector or empty vector and 50ng BOS-β-galactosidase per well. Cells were 181 

incubated for 24�hours in medium containing drug treatments. 182 

 183 

Luciferase and β-galactosidase assays 184 

LNCaP/Luc or transfected COS-1 cells were lysed with Reporter Lysis Buffer (Promega). Luciferase activity 185 

was assayed using the Steadylite Plus kit (PerkinElmer). β-galactosidase activity was assayed using the 186 

Galacto-Light Plus system (Invitrogen). Light emission was measured using a VICTOR Light luminometer 187 

(PerkinElmer). For LNCaP/Luc lysates, luciferase activity was normalised to protein concentration. For COS-188 

1 lysates, luciferase activity was normalised to β-galactosidase activity.  189 

 190 

C4-2B human CRPC xenografts 191 

C4-2B cells were expanded by passaging twice weekly and harvested during the exponential growth phase. 192 

Cells were counted and viability was assessed using the trypan blue exclusion assay before implantation. 193 

Male NSG mice (6-8-week-old) purchased from Charles River (UK) were allowed to acclimatise for 1 week. 194 

Mice were injected subcutaneously with 2.5x106 C4-2B cells resuspended in a volume of 100µL serum-free 195 

media and Matrigel Basement Membrane Matrix High Concentration (Corning) in a 1:1 ratio. Animals were 196 

randomised into treatment groups when tumour volume reached 90mm3. Mice were treated at 4mL/kg body 197 

weight with vehicle (5% DMSO and 30% SBE-β-CD dissolved in distilled water), 50mg/kg CT7001, 25mg/kg 198 

enzalutamide, or 50+25mg/kg CT7001+enzalutamide (combination). Treatments were administered orally 199 

once daily for 21 days. Tumour size was measured every 3-4 days using digital calipers, and tumour 200 

volumes were calculated using the formula: length*width*height*π/6. Mice were sacrificed on the last day of 201 

treatment, 2 hours after the administration of the final dose.  202 

 203 

Mouse plasma assays 204 

Whole blood was collected via cardiac puncture in EDTA-coated tubes and spun immediately at 7500rpm for 205 

5 minutes in a benchtop centrifuge. Plasma was collected, snap frozen in liquid nitrogen and sent to the 206 

Cambridge Biochemistry Assay Lab (Cambridge University Hospital) for analysis. Mouse aspartate 207 
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transaminase (AST), mouse urea, and human free PSA levels were measured using a Siemens Dimension 208 

EXL analyser.  209 

 210 

Immunohistochemistry 211 

Dissected tumours were fixed in 4% paraformaldehyde for 48 hours and embedded in paraffin blocks. 212 

Sections of 4µm were stained with the following antibodies: Ki67 (12202), P-S5 PolII (ab193467), and P-213 

T161/T160 CDK1/CDK2 (ab201008). Staining was visualised using Dako REAL DAB+ Chromogen (Agilent 214 

Technologies). Slides were counterstained with haematoxylin. Staining was quantified in a blinded fashion in 215 

2 different fields of view per tumour in 3 animals per group. 216 

 217 

Statistical analyses 218 

Statistical analyses were carried out using GraphPad Prism v9.0. Pairwise comparisons were performed 219 

using the student’s t-test. Multiple comparisons were carried out using one-way or two-way ANOVA analysis 220 

followed by Dunnett's or Šídák's multiple comparisons test unless otherwise stated. In vivo tumour growth 221 

rate was defined as the slope of the linear regression described by tumour volume datapoints over time. All 222 

experiments were conducted with at least two biological repeats.  223 

 224 

RNA-sequencing and analysis  225 

Total RNA was extracted from 30mg frozen tumour using the Monarch Total RNA Miniprep Kit (NEB). RNA 226 

library preparation and sequencing was performed by Novogene (UK) using 1µg total RNA. Briefly, 227 

sequencing libraries were generated using NEBNext Ultra RNA Library Prep Kit for Illumina (NEB). Library 228 

quality was assessed using the Ilumina Bioanalyser 2100 system (Agilent Technologies). The library 229 

preparations were sequenced on a NovaSeq 6000 System (Illumina) and paired-end reads were generated. 230 

Clean reads were obtained from raw reads in FASTQ format by removing adapters, poly-N sequences, and 231 

low-quality reads. Paired-end clean reads were aligned to the reference genome (GRCh38) using STAR v2.5 232 

software. HTSeq v0.6.1 was used to count the read numbers mapped of each gene. Raw sequencing data 233 

and a matrix containing raw counts were submitted to the GEO repository (accession number GSE198488). 234 

 235 

Differential gene expression analysis 236 

Differential expression analysis was performed using the DESeq2 R package (v1.28.1) [44]. Statistical 237 

significance was computed using the likelihood ratio test and the resulting P-values were adjusted using the 238 

Benjamini and Hochberg’s approach. Genes with an adjusted P-value (padj)<0.05 were assigned as 239 

differentially expressed. Gene clustering was performed using the degPatterns clustering tool from the 240 

DEGreport package (v1.24.1) [45]. 241 

 242 

Gene set enrichment analysis 243 

Gene set enrichment analysis (GSEA) was performed using GSEA 4.1.0 software (Broad Institute) using the 244 

normalised counts table estimated by DESeq2 for all genes and the Hallmark collection of gene sets 245 

(MSigDB) [46]. Statistical significance was computed using 10000 gene set permutations and the analysis 246 

was run using default parameters. The gene sets with false discovery rate (FDR)<0.1 were considered 247 

statistically significantly enriched. 248 

 249 
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 250 

RESULTS 251 

 252 

CT7001 target engagement in LNCaP prostate cells 253 

Previous in vitro kinase assays showed CT7001 selectively targets CDK7, although higher concentrations 254 

additionally inhibited the activities of other CDKs [30]. Transitioning from biochemical to cellular 255 

environments may alter target activity and selectivity (e.g. due to differences in protein structure and 256 

accessibility or due to off-target binding). Therefore, we carried out a cellular thermal shift assay (CeTSA) in 257 

intact LNCaP cells to investigate which CDK targets are engaged by CT7001 in a cellular model with 258 

relevance to prostate cancer. In this assay, binding of a drug to a target leads to formation of a drug-target 259 

complex with shifted heat-stability relative to the unbound target; as a result, the amount of soluble target 260 

increases in a dose-dependent manner following heat shock and can be determined by immunoblotting [37, 261 

47].  262 

To determine the melting characteristics for putative human CDK targets of CT7001, thermal 263 

proteome stability data for human cell lines were downloaded from the Meltome atlas [36]. The thermal 264 

profiles of CDK1, -2, -4, -7, and -9 were used to interpolate melting temperatures, Tm, defined as the 265 

temperature which aggregates 50% soluble protein (Figure 1A-B). The Tm of the different CDKs ranged 266 

between ~47-53°C. The Meltome data for CDK7 were validated in LNCaP cells (Figure 1C(i)). We next 267 

confirmed that heating of live LNCaP prostate cells at 54°C for 3 minutes decreases soluble CDK levels 268 

sufficiently to allow exploration of target engagement within the same cell suspension (Figure 1C(ii)). CeTSA 269 

isothermal dose-response fingerprints were then generated at 54°C using intact LNCaP cells treated with 270 

increasing concentrations of CT7001 (0-20μM) for 3 hours. Stabilization of CDK7, CDK2, and CDK9, but not 271 

of CDK4 or CDK1, was observed, as illustrated by increased protein levels compared with DMSO treatment 272 

(Figure 1D(i)). Additionally, we noted earlier engagement with CDK7, consistent with the compound’s 273 

reported selectivity (Figure 1D(ii)) [30]. Overall, these data suggest that CT7001 can bind preferentially to 274 

CDK7 but has a degree of engagement also with CDK2 and CDK9 at higher concentrations, which could 275 

contribute to efficacy in preclinical models. 276 
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  277 

Figure 1. CT7001 target engagement in live LNCaP prostate cells. (A) Thermal stability profiles of putative human 278 

CDK targets, using data from the Meltome atlas. (B) Calculated melting temperatures (Tm) of human CDK targets. (C) (i) 279 

Validation of the CDK7 melt curve in live LNCaP cells and (ii) immunoblots showing the effect of heat shock (54°C) on 280 

soluble levels of CDK1, CDK2, CDK4, CDK7, and CDK9. Numbers underneath blots represent remaining fraction of 281 

soluble protein. (D) (i) Cellular thermal shift assay (CeTSA) isothermal dose-response fingerprints at 54°C in intact 282 

LNCaP cells treated with the indicated CT7001 concentrations for 3 hours and (ii) quantification of target engagement 283 

relative to untreated samples. All immunoblots are representative of 3 biologically independent experiments.  284 
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CT7001 inhibits cell growth and promotes cell cycle arrest in vitro 285 

The ability of CT7001 to inhibit growth of prostate cancer cell lines was evaluated using growth-rate (GR) 286 

inhibition studies. GR curves and associated GR metrics are not confounded by the number of cell divisions 287 

taking place over the course of the experiment (as opposed to percent viability curves and traditional drug 288 

sensitivity metrics) [40], thus representing an improved methodology to measure drug sensitivity and have 289 

been proposed as replacements for conventional metrics [48]. Dose-dependent GR inhibition was observed 290 

in all cell lines treated with CT7001 over 72 hours (Supplementary Figure S1A). We calculated the drug 291 

concentration that reduces GR by 50% (GR50, the primary GR metric for drug potency) as well as the 292 

maximal measured GR value (GRMax, the primary GR metric for drug efficacy), and summarised these values 293 

for each prostate line tested in Figure 2A. GR50 ranged between 0.08-0.65µM for malignant prostate cell 294 

lines, suggesting potent growth inhibition, while negative GRMax values were indicative of cytotoxicity in all 295 

lines except PC3 and DU145. GR50 concentrations for the two non-malignant cell lines (BPH-1 and PNT1A) 296 

were respectively 3.5-fold and 1.7-fold higher than the average GR50 for malignant lines, suggestive of lower 297 

drug potency in normal/benign prostate cells. In LNCaP cells, inhibition of CDK7 activity was associated with 298 

markedly reduced retinoblastoma (Rb) phosphorylation, a downstream target of cell cycle CDKs, while levels 299 

of CDK7, cyclin H and MAT1 were unaffected (Figure 2B). In contrast, decreased PolII CTD phosphorylation 300 

at S5 (a direct substrate of CDK7) and at S2 (phosphorylation mediated by CDK9) was only observed at 301 

concentrations above the GR50 of prostate cell lines and was temporary for S5 (Figure 2C). This indicates 302 

that therapeutic concentrations of CT7001 are sufficient to suppress the Rb-pathway but are unlikely to 303 

cause global PolII transcription inhibition in prostate cancer cells. Cell cycle analysis of asynchronous cell 304 

populations treated with CT7001 and stained with propidium iodide showed significant reduction of cells in S-305 

phase, concomitantly with an increase in diploid (G0/G1) cells in LNCaP, C4-2B, and, to a lesser extent, in 306 

DU145 cells, consistent with Rb inhibition, and an increase in tetraploid (G2/M) cells in PC3 cells (Figure 2B 307 

and Supplementary Figure S1B). Mitosis markers (phosphorylated Rb, CDK1/CDK2, and histone H3) were 308 

decreased in LNCaP and PC3 cells, confirming a reduction in the fraction of proliferative cells 309 

(Supplementary Figure S1C). Collectively, these data support that prostate cancer cell growth and cell 310 

cycle progression are substantially disrupted by CT7001 treatment.   311 
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 312 

Figure 2. CT7001 inhibits proliferation of prostate cell lines and disrupts cell cycle progression. (A) Table 313 

summarising growth-rate (GR) metrics in prostate lines treated with CT7001 for 72 hours (n=3-4 per cell line). (B) 314 

Immunoblots from LNCaP cells treated with CT7001 showing effect on Rb phosphorylation and CAK expression 315 

(representative of n=3). (C) Immunoblots from LNCaP cells treated with CT7001 showing effect on PolII phosphorylation 316 

(representative of n=3). Numbers underneath blots represent relative band density quantified across 3 independent 317 

repeats. Data were adjusted to the loading control (β-actin). (D) FACS analysis of prostate cancer cell lines treated with 318 

CT7001 for 72 hours and stained with propidium iodide showing cell cycle distributions (n=3). Data are presented as 319 

mean ± SEM. P-values were determined using one-way ANOVA followed by Dunnett's multiple comparisons test.  320 

 321 

CT7001 triggers activation of the p53 tumour suppressor pathway 322 

A cytotoxic tendency was observed in GR studies in most prostate lines except DU145 and PC3 cells, which 323 

are p53-deficient. This prompted us to investigate whether CT7001 causes activation of the p53 pathway. 324 

Indeed, accumulation of p53 protein and increased serine-15 (S15) phosphorylation occurred in p53-intact 325 

LNCaP and C4-2B cells after 48 hours of treatment, but not in loss-of-function p53-mutant DU145 cells or 326 

PC3 cells (Figure 3A). Activation of p53 was most obvious following treatment with CT7001 concentrations 327 

over 1µM and was concomitant with increased levels of cleaved PARP1, a marker of apoptosis, and of p21, 328 

a CDK inhibitor which promotes cell cycle arrest. Further, transcriptional activation of known p53 target 329 

genes was confirmed in LNCaP cells but not in PC3 or DU145 cells (Figure 3B) and caspase 3/7 assays 330 

confirmed a significant increase in apoptosis in LNCaP cells, but not in PC3 cells, upon treatment with 331 

CT7001 concentrations up to 10µM (Figure 3C). These data indicate activation of p53 signalling contributes 332 

to cell cycle arrest and apoptosis in response to CT7001 treatment. 333 
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 334 

Figure 3. CT7001 induces activation of the p53 tumour suppressor and promotes apoptosis. (A) Immunoblots from 335 

prostate cancer cell lines treated with CT7001 for 48 hours (representative of n=3). Numbers underneath blots represent 336 

relative band density quantified across 3 independent repeats. Data were adjusted to the loading control (GAPDH). For 337 

PC3 blot, LNCaP extract was included as a positive control. (B) RT-qPCR analysis of p53 gene targets in LNCaP, PC3, 338 

and DU145 cells treated with CT7001 for 24 hours (n=3). P-values were determined using two-way ANOVA followed by 339 

Šídák's multiple comparisons test. (C) Induction of apoptosis monitored via caspase 3/7 assays in LNCaP and PC3 cells 340 

following treatment with CT7001 for 72 hours (n=3). P-values were determined using one-way ANOVA followed by 341 

Dunnett's multiple comparisons test. Data are presented as mean ± SEM. 342 

 343 

CT7001 impairs androgen-induced transactivation of AR in vitro 344 

Given previous reports suggesting a coactivator role of CDK7 in AR-dependent transcription [23, 25], we 345 

sought to explore the ability of CT7001 to inhibit AR transactivation. We used the LNCaP/Luc cell line, which 346 

has endogenous expression of an active mutant (T877A) form of AR, and an integrated androgen-347 

responsive luciferase reporter [35]. Androgen treatment (mibolerone) induced AR reporter activity, which was 348 

suppressed in a concentration-dependent manner by CT7001 (Figure 4A). Furthermore, mRNA expression 349 

of the endogenous AR target gene PSA also decreased in response to CT7001 treatment (Figure 4B). This 350 

effect was not due to reduced AR levels (Supplementary Figure S2A), impaired AR nuclear translocation in 351 

response to ligand (Supplementary Figure S2B-C), or reduced AR chromatin binding at well-characterised 352 

androgen response elements (Supplementary Figure S2D).  353 

To investigate whether the mechanism of AR repression involves the reported phosphorylation of AR 354 

by CDK7 at S515, we employed AR luciferase reporter assays in COS-1 cells transfected with expression 355 

vector encoding either wild-type AR or AR in which S515 was replaced either by non-phosphorylatable 356 

alanine (S515A-AR), or by the phosphomimetic aspartic acid (S515D-AR) or glutamic acid (S515E-AR). 357 
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Cells were co-transfected with an androgen-responsive luciferase reporter and β-galactosidase reporter as 358 

internal transfection efficiency control. Androgen treatment stimulated the transcriptional activity of wild-type 359 

AR and mutant AR proteins in a concentration-dependent manner (Figure 4C). Relative transcriptional 360 

activity was lower than wild-type AR for the S515A-AR mutant and greater for the S515E-AR and S515D-AR 361 

mutants, consistent with previous reports [24, 25, 49]. We reasoned that if decreased phosphorylation of AR 362 

at S515 is essential for the inhibitory activity of CT7001, then the S515E and S515D mutations would 363 

abrogate its effect. However, treatment with CT7001 suppressed transactivation of wild-type and S515 AR 364 

mutants with similar potency and efficacy (Figure 4D), suggesting CT7001 suppresses AR-driven 365 

transcription via a different mechanism.  366 

We next sought to investigate whether AR repression in response to CT7001 treatment requires a 367 

functional AR LDB. Similar reporter assays were carried out in COS-1 cells using plasmids encoding full-368 

length AR (FL-AR) or constitutively active AR-Vs that lack the LBD (depicted in Supplementary Figure S2E) 369 

which are insensitive to androgen treatment (Supplementary Figure S2F), and for which there are no 370 

approved inhibitory compounds. Treatment with CT7001 repressed transcription mediated by FL-AR with 371 

EC50 of 0.68µM, and by all AR-Vs tested, with EC50 ranging between 0.42-1.07µM (Figure 4E). To validate 372 

our findings from AR luciferase reporter assays and investigate transcriptional effects in further prostate 373 

cancer cell lines, we measured transcript levels of 32 known AR target genes, comprising an AR activity 374 

signature (a list of TaqMan qPCR assays is provided in Additional File 2, Supplementary Table 2). In 375 

LNCaP cells, which express FL-AR, and VCaP cells, which express both FL-AR and AR-V, treatment with 376 

1µM CT7001 repressed expression of most AR targets (Figure 4F). We repeated this experiment in the 377 

22Rv1 FL-AR KO cell line, which completely lacks FL-AR and in which expression of AR targets is 378 

maintained solely by constitutively active AR-Vs [33]. As in the other cell lines, treatment with 1µM CT7001 379 

was sufficient to decrease the expression of most AR target genes measured (Figure 4F). The results from 380 

AR reporter assays and gene expression analyses of AR target genes in prostate cancer cell lines support 381 

the hypothesis that CT7001 represses transcription mediated by both full-length AR and truncated, 382 

constitutively active AR-Vs in vitro. Collectively, these indicate AR pathway suppression as a secondary 383 

mode of action of CT7001 in prostate cancer cells, in addition to cell cycle inhibition. Thus, we next explored 384 

potential synergic effects on cell growth between CT7001 and four AR-targeted compounds: the second-385 

generation antiandrogens apalutamide, darolutamide, and enzalutamide, and the AR-specific protein 386 

degrader bavdegalutamide/ARV-110. Co-treatment with CT7001 and AR-targeted therapies resulted in 387 

additive-to-synergistic growth inhibition in the AR-positive hormone-dependent LNCaP and CRPC C4-2B cell 388 

lines, as indicated by positive Bliss independence scores (Figure 4G and Supplementary Figure S3). The 389 

combinations were, as expected, not synergistic in the AR-negative CRPC PC3 cell line.  390 
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391 
Figure 4. CT7001 interferes with AR transactivation. (A) Luciferase assay in LNCaP/Luc cells treated with CT7001 in 392 

the presence of 1nM mibolerone (MIB) for 24 hours (n=6). Data are presented as fold change relative to no androgen 393 

control. (B) PSA mRNA expression in LNCaP/Luc cells treated as in (A) (n=3). (C) AR reporter activity in COS-1 cells 394 

transfected with wild-type or S515 mutant AR plasmids. Cells were treated for 24 hours. Responses were normalised to 395 

β-galactosidase for transfection efficiency. Data are presented as % activity relative to wild-type AR, with the highest 396 

response representing 100% activity (n=4-5). (D) AR reporter activity in COS-1 cells transfected as in (C) and treated 397 

with CT7001 for 24 hours in the presence of 1nM MIB (n=3-4). (E) (i) AR reporter activity in COS-1 cells transfected with 398 

full-length AR (FL-AR) or AR variants (AR-V) plasmids. Transcriptional repression by CT7001 was assessed after 24 399 

hours in the presence of 1nM MIB (n=3-4). (ii) Table summarising AR reporter activity IC50 for CT7001 treatment of FL-400 

AR and AR-V. (F) Gene expression (RT-qPCR) of 32 AR targets in prostate lines. Cells in presence of androgen were 401 

treated ±1µM CT7001 for 24 hours, the colour represents fold change in presence vs absence of CT7001 (n=2). (G) Bliss 402 

synergy scores for CT7001 combinations with AR-targeting compounds (n=4). Data are presented as mean ± SEM. P-403 

values in A-C were determined using one-way ANOVA followed by Dunnett's multiple comparisons test. 404 
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CT7001 and enzalutamide supress tumour growth in vivo in an additive manner 405 

To assess tumour growth inhibition of CT7001 alone or in combination with enzalutamide, a widely used 406 

antiandrogen, immunocompromised (NSG) male mice with established subcutaneous C4-2B xenografts 407 

were assigned into 4 treatment groups: vehicle, CT7001 (50mg/kg) alone, enzalutamide (25mg/kg) alone, or 408 

a combination of enzalutamide and CT7001. On day 21 of daily oral treatment, CT7001 and enzalutamide 409 

monotherapy reduced final tumour volume by 52% and 50% respectively, while combination therapy reduced 410 

final tumour volume by 73%, compared to vehicle treatment (Figure 5A). A significant reduction in the 411 

weights of excised tumours was also evident for all treatments (Figure 5B). Regression analysis using 412 

longitudinal tumour volume data showed a significant reduction in growth-rate in all treatment groups 413 

compared to vehicle (vehicle vs. CT7001 p=0.0006; vehicle vs. enzalutamide p<0.0001; vehicle vs. 414 

combination p<0.0001) and, additionally, a significant reduction in tumour growth-rate in the combination arm 415 

compared to enzalutamide alone (p=0.0156) (Figure 5C). Mean tumour doubling time was 8 days for 416 

vehicle-treated mice, 12 days for CT7001-treated mice, 11 days for enzalutamide-treated mice, and 21 days 417 

for mice treated with both CT7001 and enzalutamide (Figure 5D). Tumour growth inhibition was also 418 

associated with significantly reduced plasma free PSA in enzalutamide- and combination-treated mice 419 

relative to vehicle controls, and with a similar trend in CT7001-treated mice (Figure 5E). All treatments were 420 

generally well-tolerated, with less than 5% body weight loss on average in all treatment arms, which was 421 

comparable to the weight loss observed in vehicle controls (Figure 5F). Additionally, plasma AST and urea 422 

levels appeared unchanged, except for a small reduction in plasma urea concentration in enzalutamide-423 

treated mice relative to vehicle controls (Supplementary Figure S4A-B). There were no obvious 424 

histopathological changes in the liver of treated animals (Supplementary Figure S4C). 425 

Immunohistochemistry of resected tumours showed CT7001 monotherapy reduced Ki67 expression, with 426 

further decrease observed in tumours treated with a combination of enzalutamide and CT7001 (Figure 5G-427 

H). In addition, T-loop phosphorylation of CDK1/CDK2 was additively decreased by CT7001 and 428 

enzalutamide treatments, and a small decrease in PolII phosphorylation at S5 was detected in tumours 429 

treated with CT7001 alone or in combination with enzalutamide.   430 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 29, 2022. ; https://doi.org/10.1101/2022.06.29.497030doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.29.497030


16 

 

 431 

Figure 5. CT7001 administration prevents CRPC growth in vivo and has additive effects in combination with 432 

enzalutamide. (A) Tumour volumes on day 21 for male NSG mice bearing C4-2B xenografts following daily oral 433 

treatment with vehicle, CT7001 (50 mg/kg), enzalutamide (25 mg/kg) or combination (n=10 per group). (B) Resected 434 

tumour weights at the end of 21 days of treatment. (C) Mean tumour volumes ± SEM over the course of treatment. Linear 435 

regression showed statistically significant differences in growth between different treatment groups. (D) Tumour doubling 436 

times ± 95% confidence intervals. (E) Plasma free prostate specific antigen (PSA) levels in treated mice. (F) Mean 437 

change in body weight ± SEM of treated mice over the course of 21 days of treatment. (G) Images of Ki67, P-T161/T160 438 

CDK1/CDK2 and P-S5 RNA polymerase II (PolII) immunohistochemistry staining of resected C4-2B xenografts. Images 439 

are representative for 3 animals per group. (H) Quantification of immunohistochemistry staining in n=3 animals per group 440 

(mean ± SEM). P-values were determined using one-way ANOVA followed by Šídák's multiple comparisons test. Data in 441 

(A), (B) and (E) are presented using Tukey boxplots. Mean values are plotted as a “+” and outliers are shown as 442 

individual datapoints.  *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 443 

 444 

Finally, we sought to identify drug-induced transcriptome changes and biological pathways associated with 445 

treatment response by carrying out RNA-seq analysis of the treated C4-2B xenografts (n=3-4 per group). 446 

Unsupervised principal component analysis (PCA) captures 28.94% of the gene expression variance in the 447 

first two PCs and shows separation of the different groups, with the enzalutamide and combination groups 448 

clustering furthest from the vehicle group (Figure 6A). We performed differential gene expression analysis 449 

using DESeq2 [44] and computed statistical significance using a likelihood ratio test. This analysis identified 450 
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1915 differentially expressed genes that showed significant changes in expression across the four different 451 

groups (padj<0.05). Clustering analysis performed using the DEGreport package [45] identified 6 major 452 

differential gene expression clusters (Figure 6B-C). Clusters 1-4, representing a large majority of 1612 453 

genes, showed altered expression in response to enzalutamide and combination treatment, while treatment 454 

with CT7001 alone led to only small changes in expression. This pointed to enzalutamide as the major driver 455 

of transcriptional effects in response to combination therapy. We performed gene set enrichment analysis 456 

(GSEA) using a matrix containing DESeq2-normalised counts for all detectable genes in the different groups 457 

and calculated enrichment scores, relative to vehicle, for the Hallmark gene sets collection [46] (Figure 6D). 458 

With respect to CT7001 treatment alone, the results of the GSEA are consistent with the effects of CT7001 459 

treatment observed in vitro. Negative enrichment for several cell cycle-related gene sets (e.g. G2M 460 

checkpoint, E2F targets, and mitotic spindle) and the hallmark androgen response, and positive enrichment 461 

for the hallmark p53 pathway were noted (Supplementary Figures S5 and S6). In tumours treated with 462 

enzalutamide alone or with a combination of enzalutamide and CT7001, GSEA identified negative 463 

enrichment of several gene sets, including the hallmark androgen response, MYC targets, reactive oxygen 464 

species and fatty acid metabolism (Figure 6D). Reassuringly, the top negatively regulated gene set for 465 

enzalutamide and combination treatments was the hallmark androgen response; interestingly, this was also 466 

the case for CT7001 alone.  A few hallmark gene sets were exclusively negatively enriched in the 467 

combination group (e.g. oxidative phosphorylation, glycolysis, estrogen responses, DNA repair). However, 468 

the top gene sets enriched in the combination group substantially overlapped with those enriched in the 469 

enzalutamide group (Figure 6E). This indicates that addition of CT7001 to enzalutamide at therapeutic 470 

doses contributes little to the transcriptional effect of enzalutamide and suggests cell cycle inhibition by 471 

CT7001 as the primary mechanism underpinning the additional growth repression observed in response to 472 

combination therapy. 473 
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 474 

 475 

Figure 6. Transcriptomic analysis of C4-2B xenografts. (A) Unsupervised principal component analysis (PCA) 476 

clustering of treated xenografts. (B) Heatmap of differentially expressed genes identified through DESeq2 likelihood-ratio 477 

test as changing in expression across different treatments. (C) Clustering of differentially expressed genes based on 478 

expression profiles across different treatments. (D) Gene set enrichment analysis results showing MSigDB hallmark gene 479 

sets significantly enriched in treatment groups versus vehicle. Dot size represents -log10 false discovery rate (FDR) while 480 

colour indicates normalised enrichment score (NES). Significantly enriched gene sets (FDR<0.1) are shown using 481 

colour-filled dots. (E) Radar plot displaying normalised enrichment scores for CT7001, enzalutamide and combination for 482 

the top hallmarks gene sets enriched in the combination group. 483 

 484 

 485 

DISCUSSION  486 

 487 

In this report, we present a systematic assessment of the mechanism of action and preclinical efficacy of 488 

CT7001 as a single agent or combined with the second-generation antiandrogen enzalutamide in 489 

established preclinical models of CRPC. Using cellular thermal shift assays in LNCaP cells, we show 490 

CT7001 preferentially targets CDK7 over CDK2 and CDK9. This complements published studies using cell-491 

free in vitro kinase assays [30] and confirms CT7001’s potent and selective pharmacology against CDK7 in 492 

living prostate cancer cells. In contrast to one report suggesting CDK4 as a target of CT7001 [50], we found 493 

no evidence of direct engagement with CDK4 or with CDK1 at concentrations up to 20µM. Treatment with 494 

CT7001 induces potent growth inhibition and promotes cell cycle arrest in prostate cancer lines with 495 

submicromolar potency, while higher drug concentrations can induce activation of the p53-pathway and 496 
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promote apoptosis. Our results show that CT7001 also inhibits the transcriptional activity of AR, a key 497 

transcription factor and oncogenic driver in prostate cancer. Increased sensitivity of AR-positive (compared 498 

to AR-negative) prostate cancer cell lines to THZ1, an inhibitor of CDK7/CDK12/CDK13, has been previously 499 

reported [23]. With respect to CT7001, potent growth inhibition was achieved in both AR-positive (LNCaP, 500 

C4-2, C4-2B, VCaP and 22Rv1) and AR-negative (DU145, PC3) lines.  501 

Notwithstanding, complete loss of AR expression is rare in CRPC, where reactivation of AR 502 

signalling drives resistance to androgen deprivation therapy. This frequently involves mutation or loss of the 503 

AR LBD. In this report, we demonstrate that CT7001 treatment successfully inhibits growth and AR-504 

dependent transcriptomes of cell lines modelling these scenarios: LNCaP cells carry a point mutation in the 505 

AR LBD (T877A) which confers promiscuous activation by alternative ligands, VCaP cells display AR gene 506 

amplification in addition to expressing constitutively active AR-Vs, while the engineered 22Rv1 FL-AR KO 507 

line displays ligand-independent AR transcriptome driven by AR-Vs and intrinsic resistance to AR targeting 508 

therapies. Direct inhibition of ectopically expressed AR-Vs was also demonstrated. As CT7001 509 

mechanistically functions independently of the AR LBD, unlike all approved AR-targeted compounds, it is a 510 

good therapeutic candidate for CRPC tumours with AR reactivation. We also explored the therapeutic 511 

potential of combining CDK7 inhibition with the widely prescribed antiandrogen enzalutamide and found 512 

additive tumour growth repression in vivo, likely mediated largely through CT7001’s potent repression of cell 513 

cycle progression. Further research is warranted to determine whether, in models displaying resistance to 514 

antiandrogens, AR pathway suppression by CT7001 becomes essential for therapeutic efficacy.  515 

Considering the more widespread effects of CDK7 on PolII-dependent transcription, mounting 516 

evidence suggests targeting transcriptional kinases using selective inhibitors could provide a sufficient 517 

therapeutic window to be effective without the initially feared toxicity [51, 52]. However, our data indicate 518 

that, while CT7001 treatment can reduce PolII phosphorylation in vitro, inhibition of the Rb and AR pathways 519 

is likely sufficient for therapeutic efficacy at low concentrations. This is in line with recent work using the 520 

CDK7-selective covalent inhibitor YKL-5-124, which caused no change in PolII phosphorylation at 521 

therapeutic doses [21, 22].  522 

Several questions remain regarding the mechanism of action of CT7001 in prostate cancer. Firstly, 523 

activation of p53 presumably contributes to CT7001-induced apoptosis. The highly metastatic PC3 cell line, 524 

which does not express p53 protein, appears resistant to apoptosis in response to CT7001 treatment. In 525 

addition, activation of p53 transcriptional program has been demonstrated to sensitise some cancer cells to 526 

CDK7 inhibition by promoting pro-apoptotic pathways [53]. As the p53 tumour suppressor is frequently 527 

mutated in prostate cancer and has prognostic significance [4, 54], future studies should explore whether 528 

enhanced sensitivity or/and induction of apoptosis in response to CT7001 treatment is dependent on an 529 

intact p53-pathway. Indeed, preliminary data from the clinical trial strongly indicate that TP53 status is 530 

associated with response to CT7001 therapy in patients with metastatic hormone receptor-positive/HER2-531 

negative breast cancer [32]. Secondly, in addition to suppressing cell proliferation, CDK7 inhibition by YLK-5-532 

124 was found to induce interferon gamma signalling along with other inflammatory response pathways in 533 

models of small cell lung cancer [22]. This, in turn, triggered robust immune cell signalling, which potentiated 534 

the antitumour immune response and enhanced response to anti-PD-1 immunotherapy. Whether CT7001 535 

treatment can provoke similar antitumour immune responses in immunocompetent murine models of 536 

prostate cancer remains to be explored.  537 

 538 
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 539 

CONCLUSIONS 540 

 541 

In summary, the data presented here demonstrate that the orally bioavailable CDK7 inhibitor CT7001 542 

impedes malignant cell growth by targeting proliferation pathways and, in addition, downregulates oncogenic 543 

AR signalling and induces apoptosis in CRPC models. This multifaceted mechanism of action drives additive 544 

combinatorial activity with the antiandrogen enzalutamide in the C4-2B xenograft model of advanced CRPC. 545 

Therefore, this study supports CDK7 inhibition as a therapeutic strategy for CRPC and provides a rationale 546 

for new combination regimens consisting of CDK7 inhibitors and antiandrogen therapy, all the more so as 547 

CT7001 demonstrated acceptable safety profile with evidence of target engagement in clinical trials. 548 

 549 

LIST OF ABBREVIATIONS 550 

 551 

AR – androgen receptor 552 

AR-V – androgen receptor variant 553 

AST – aspartate aminotransferase 554 

CAK – CDK-activating kinase 555 

CDK – cyclin-dependent kinase  556 

CeTSA – cellular thermal shift assay 557 

CRPC – castration-resistant prostate cancer 558 

CTD – C-terminal domain 559 

DMSO – dimethylsulfoxide 560 

FCS – foetal calf serum 561 

FDR – false discovery rate  562 

FL-AR – full-length androgen receptor 563 

GR – growth-rate 564 

GSEA – gene set enrichment analysis 565 

LBD – ligand-binding domain 566 

Padj – adjusted p-value 567 

PBS – phosphate buffered saline 568 

PCA – principal component analysis 569 

PolII – RNA polymerase II 570 

PSA – prostate-specific antigen 571 

P-TEFb – positive transcription elongation factor b 572 

Rb - retinoblastoma 573 

RT-qPCR - quantitative reverse transcription PCR  574 

SRB – sulforhodamine B 575 
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