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Abstract

Small-cell lung cancers (SCLCs) are highly aggressive and currently there are no available 

targeted therapies. To identify clinically actionable drug combinations, we analyzed our previously 

reported chemogenomics screens and identified a synergistically cytotoxic combination of the 

topoisomerase I (TOP1) inhibitor topotecan and cycle-dependent kinase 7 (CDK7) inhibitor 

THZ1. Topotecan causes cell death by generating TOP1-induced DNA breaks and DNA-protein 

crosslinks (TOP1-DPCs) that require proteolysis by the ubiquitin-proteasome pathway for their 

repair. We found that inhibition of the transcriptional kinase CDK7 by THZ1 induces ubiquitin-

mediated proteasomal degradation of RNA polymerase II (Pol II) and prevents the proteasomal 

degradation of TOP1-DPCs. We also provide a mechanistic basis for combinatorial targeting of 

transcription using selective inhibitors of CDK7 and TOP1 in clinical trials to advance SCLC 

therapeutics.

Introduction

Transcription and replication are two essential processes for cell viability and proliferation. 

DNA topoisomerase I (TOP1) is a nuclear enzyme that relieves the torsional stress 

generated during unwinding of the DNA molecule during transcription and replication, 

thereby preventing transcription–replication conflicts (1). TOP1 inhibitors are widely 

used as anticancer drugs and are particularly effective in rapidly replicating cells (2). 

Targeting transcription has generally been challenging, but recent studies have identified 

small-molecule inhibitors of the transcriptional machinery with selectivity for cancer cells 

(3). Understanding how cancer cells resolve the damage arising from drugs interfering with 

replication and transcription might enable their effective use as anti-cancer agents.

Small cell lung cancer (SCLC) is an exemplar cancer to understand and exploit the 

dependence of cancer cells on transcription and replication (4). SCLC is the most lethal 

type of lung cancer, comprising 15% of all lung cancers. It is characterized by rapid 

growth, and early and widespread metastases (5). Although SCLCs display a strikingly high 
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rate of mutations, these mutations are not targetable for therapeutic purposes (6). Most 

SCLC recurrent somatic alterations affect transcription factors and chromatin modifiers 

including members of MYC family, SOX2, MLL1/2, CREBBP-EP300, RBL2, and P73. 

SCLC is one of the few cancers in which mutations in transcription regulators RB and 

P53, are the primary genetic cause (4). SCLCs also exhibit sustained high expression of 

lineage transcription factors, including genes encoding transcription factors that regulate 

neuroendocrine development (4,6). Consequently, SCLC cells are highly vulnerable to 

perturbation of the transcriptional state (7). The standard treatment of SCLC consists mostly 

of DNA replication inhibitors such as platinum, and TOP1 and TOP2 inhibitors (8).

TOP1 inhibitors kill cells by trapping the protein-DNA catalytic intermediate termed TOP1 

cleavage complex (TOP1cc) on DNA. The plant alkaloid camptothecin (CPT) and its 

analogs including TPT and SN-38, bind at the interface of TOP1ccs thereby blocking their 

reversal (9). The trapped TOP1ccs [which we refer to as TOP1 DNA-protein crosslinks 

(TOP1-DPC)] intervene in DNA metabolic processes such as replication and transcription, 

eventually resulting in cell death if left unrepaired. It has been shown that TOP1ccs are 

located within the actively transcribed regions in eukaryotes and arrest transcription once 

they are trapped by TOP1 inhibitors (1). The confrontation between TOP1-DPCs and the 

elongating RNA polymerase II (Pol II) appears to evoke the ubiquitin (Ub)-proteasome 

pathway to degrade TOP-DPC for repair (10,11).

We hypothesized that SCLCs are under replicative and transcriptional stress and that 

inhibition of transcription may enhance the effect of drugs interfering with replication 

such as TOP1 inhibitors (2). In a series of high throughput chemogenomics screens, 

we discovered marked antiproliferative activity of transcription inhibitors with TOP1 

inhibitors. We demonstrate that THZ1, a covalent inhibitor of cyclin-dependent kinase 

7 (CDK7) (3), induces rapid degradation of the large subunit of Pol II (Rpb1) through 

K48 polyubiquitylation in SCLC cell lines. Pol II depletion precludes transcription-

coupled ubiquitin-proteasome-mediated repair of topotecan-induced DNA lesions, leading 

to enhanced cell killing. These results have implications for our understanding of how 

interference with transcription may contribute to anti-cancer activity, and for targeted SCLC 

treatments.

Materials and Methods

Quantitively high-throughput and matrix screening

H446, H196, H524, DMS114, DMS79, H187, H889 Cells were dissociated with TrypLE 

as needed to remove attached cells. Cells were seeded in 5 μL of growth media using a 

Multidrop Combi dispenser into 1536 well white polystyrene tissue culture treated Corning 

plates at a density of (500–1000) cells/well, depending on the specific cell line, to allow 

for compounds to be present during exponential growth phase. After cell addition, 23 nL of 

MIPE 5.0 compounds were added to individual wells (11 dosing tested for all compounds in 

separate well) via a 1536 pin-tool. Bortezomib (final concentration 2.3 mM) was used as a 

positive control for cell cytotoxicity. For drug combination screening, 10 nL of compounds 

were acoustically dispensed into 1536 well white TC treated plates. Cells were then added to 

compound-containing plates at the same density used for single agent screening in 5 μL of 
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media. A 5-point custom concentration, with constant 1:4 dilution between points was used 

for the primary 6 × 6 matrix screening, and a 9-point concentration range with 1:2 dilution 

between points was used for secondary 10 × 10 matrix screening. Plates were incubated for 

48 hr at standard incubator conditions, covered by a stainless steel gasketed lid to prevent 

evaporation. 3 μL of Cell Titer Glo (Promega, Madison, WI, USA) were added to each well 

and plates were incubated at room temperature for 15 min with a stainless-steel lid in place. 

Luminescence readings were taken using a Viewlux (PerkinElmer, Waltham, MA, USA) 

with a 2 s exposure time per plate. Compound dose-response curves were normalized to 

DMSO and empty well controls on each plate. All combination screening data is publicly 

available at https://matrix.ncats.nih.gov/. Each unique screen is independently searchable, 

and a ‘help’ tab provides an overview of methods and a tutorial to aid users as they search 

this database.

Cell lines

Small Cell Lung Cancer cells DMS114, H146 and H446 were obtained from ATCC and 

cultured in RPM1–1640 medium (Life Technologies) supplemented with 10% (v/v) fetal 

bovine serum, 100 units/ml penicillin, 100 μg/ml streptomycin and 1 × GlutaMax (Thermo 

Fisher) in tissue culture dishes at 37 °C in a humidified CO2 - regulated (5%) incubator. 

All the cell lines were authenticated using short tandem repeat DNA profiling, passaged 15 

times and examined by MycoAlert Mycoplasma Detection Kit (Lonza).

Chemicals

Topotecan, THZ1, DRB (5,6-Dichloro-1-beta-D-ribofuranosylbenzimidazole) and 

bortezomib were acquired from the Developmental Therapeutics Program (DCTD, NCI).

Antibodies

Anti-ubiquitin, mouse monoclonal, Santa Cruz, sc-8017; anti-TOP1, mouse monoclonal, BD 

Biosciences, 556597; anti-dsDNA, mouse monoclonal, Abcam, ab27156; anti-FLAG, mouse 

monoclonal, Sigma Aldrich, F1804; anti-FLAG, rabbit polyclonal, Sigma Aldrich, F7425; 

anti-γH2AX, rabbit polyclonal, Cell Signaling, 66564; anti-Cdk7, mouse monoclonal, 

Santa Cruz technology, sc-7344; anti-Pol II, mouse monoclonal, Santa Cruz technology, 

sc-17798; anti-Pol II pSer 5, mouse monoclonal, Santa Cruz technology, sc-47701; anti-β-

Actin (ACTB), mouse monoclonal, Santa Cruz technology, sc-47778; anti-α-Tubulin, rat 

monoclonal, Santa Cruz technology, sc-53029.

Expression plasmids

pRK5 HA-ubiquitin-K48, Addgene, 17605; FLAG-Pol II (Rpb 1), Addgene, 35175. 48 h 

transfection was performed using lipofectamine™ 3000 transfection reagent (Invitrogen) 

following manufacturer’s instructions.

Viability Assay

To measure the sensitivity of cells to drugs, SCLC cells were continuously exposed to 

various concentrations of the drugs. Ten thousand cells were seeded in 96-well white 

plates (Perkin Elmer Life Sciences, 6007680) in 100 μl of medium per well. Cells were 
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incubated for 48 hours in triplicate. Cellular viability was determined using the ATPlite 

1-step kits (PerkinElmer). Briefly, 50 μl ATPlite solution was added in 96-well plates 

per well, respectively. After 5 min, luminescence was measured with an EnVision 2104 

Multilabel Reader (PerkinElmer). The ATP level in untreated cells was defined as 100%. 

Viability (%) of treated cells was defined as ATP treated cells/ATP untreated cells x 100. 

Combination synergy was calculated using Combenefit software (12).

In vivo of complex (ICE) assay

TOP1-DPCs were isolated and detected using in vivo complex of enzyme (ICE) assay as 

previously described (13). Briefly, cells were lysed in sarkosyl solution (1% w/v) after 

treatment. Cell lysates were sheared through a 25g 5/8 needle (10 strokes) to reduce the 

viscosity of DNA and layered onto CsCl solution (150% w/v), followed by centrifugation 

in NVT 65.2 rotor (Beckman coulter) at 42,000 RPM for 20 hours at 25 °C. The 

resulting pellet containing nucleic acids and TOP-DPCs was obtained and dissolved in TE 

buffer. The samples were quantitated for DNA concentration and subjected to slot-blot for 

immunoblotting with various antibodies as indicated. 2 μg of DNA is applied per sample. 

For mass spectrometric analysis, ICE samples were treated with RNase A to eliminate RNA 

contamination. Experiments were performed in triplicate and TOP-DPCs were quantified by 

densitometric analysis using ImageJ.

Detection of Ubiquitylated and SUMOylated Topoisomerase DNA-Protein Crosslinks 
(DUST)

Ubiquitylated TOP1-DPCs were isolated and detected using DUST assay as previously 

described (14). After treatments (drug reversal was not performed), 1 × 106 DMS114 cells 

in 35 mm dish per sample were washed with 1 × PBS and lysed with 600 μl DNAzol 

(Invitrogen), followed by precipitation with 300 μl 200 proof ethanol. The nucleic acids 

were collected, washed with 75% ethanol, resuspended in 200 μl TE buffer then heated at 

65°C for 15 minutes, followed by shearing with sonication (40% output for 10 sec pulse 

and 10 sec rest for 4 times). The samples are centrifuged at 15,000 rpm for 5 min and the 

supernatant are collected and treated RNase A (100 μg/ml) for 1 h, followed by addition of 

1/10 volume of 3 M sodium acetate sodium acetate and 2.5 volume of 200 proof ethanol. 

After 20 min full speed centrifugation, DNA pellet was retrieved and resuspended in 100 

μl TE buffer for spectrophotometric measurement to quantitate DNA content. 10 μg of 

each sample was digested with 50 units micrococcal nuclease (Thermo Fisher Scientific, 

100 units/μl) in presence of 5 mM CaCl2, followed by SDS-PAGE electrophoresis for 

immunodetection of total TOP-DPCs, SUMOylated TOP-DPCs as well as ubiquitylated 

TOP-DPCs using specific antibodies. In addition, 2 μg of each sample was subjected to 

slot-blot for immunoblotting with anti-dsDNA antibody to confirm equal DNA loading.

FLAG Immunoprecipitation (IP)

DMS114 cells are washed with 1 × PBS and incubated with 220 μl IP lysis buffer (5 

mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.2% Triton X-100, 5% 

glycerol, 1 mM DTT, 20 mM N-ethylmaleimide and protease inhibitor cocktail) on a shaker 

for 15 min at 4 °C, followed by sonication and centrifugation. Supernatant was collected 

and treated with 1 μl benzonase (250 units/μl) for 1h. An aliquot (20 μl) of the lysate of 
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each treatment group was saved as input. Lysates were resuspended in 900 μl IP lysis buffer 

containing 2.5 μl anti-FLAG M2 or anti-Myc antibody and rotated overnight at 4°C. 50 

μl Protein A/G PLUS-agarose slurry was added and incubated with the lysates for another 

4 hrs. After centrifugation, immunoprecipitates were washed with RIPA buffer 2 times 

then resuspended in 2 × Laemmli buffer for SDS-PAGE and immunoblotting with various 

antibodies as indicated.

γH2AX Immunofluorescence

SCLC cells were seeded on chamber slides. After treatments, cells were washed with PBS 

and fixed for 15 min at 4°C in 4% paraformaldehyde in PBS and permeabilized with 0.25% 

Triton X-100 in PBS for 15 min at 4°C. The samples were blocked with PBSTT- 1% BSA, 

followed by overnight incubation with γH2AX antibody (Millipore Sigma) in PBSTT-BSA 

at 4°C, cells were rinsed with PBSTT and incubated with Alexa Fluor 4888-conjugated 

secondary antibody (Invitrogen) at 1:1000 in PBSTT-BSA for 1 h in subdued light; washed 

and mounted using mounting medium with DAPI (Vectashield). Images were captured on 

Zeiss LSM 880/Airyscan confocal microscope, processed using ImageJ and analyzed using 

Imaris.

Western Blotting (WB)

Cellular proteins were detected by lysing cells with RIPA buffer (150 mM NaCl, 1% NP-40, 

0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 7.5, 1 mM DTT and protease 

inhibitor cocktail), followed by sonication and centrifugation. The supernatant was collected 

and boiled for 10 mins, analyzed by SDS-PAGE, and immunoblotted with various antibodies 

as indicated.

Statistical Analyses

Error bars on bar graphs represent standard deviation (SD) and p-value was calculated using 

paired student’s t-test for independent samples.

Data availability

The data generated in this study are available within the article and its supplementary data 

files.

Results

High throughput screens identify a cytotoxic combination of topotecan and THZ1 for SCLC

To identify small molecules that suppress SCLC cell growth in combination with TOP1 

inhibitor topotecan (TPT), the standard care chemotherapeutic for recurrent SCLC (8), we 

re-analyzed our unbiased high-throughput screen in human SCLC cell lines using a library 

of over 2,000 annotated small-molecule inhibitors from NCATS drug library composed 

of both experimental compounds and early or advanced stage clinical candidates (15) 

(Figure 1A). Using TPT and indotecan (LMP400), a next-generation clinical TOP1 inhibitor 

(2,16), we explored combinations with the entire drug library, ranking combinations using 

the Excess over the Highest Single Agent (ExcessHSA) metric to quantitatively assess 
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synergism and antagonism (Figure 1B and Supplementary Figure 1A). The top-ranked 

inhibitors fell broadly into three major putative categories of inhibitors targeting 1) cell cycle 

checkpoints (Chk1, ATR), 2) transcription (BRD4, CDK7, RNA polymerase II), 3) nuclear 

transport (XPO), and 4) anti-apoptotic pathways (Mcl1, Bcl2).

The synergy of TOP1 inhibitors with cell cycle checkpoint inhibitors is well documented 

and combinations of these agents have demonstrated clinical efficacy in SCLC and high 

grade serous ovarian cancer (2). While targeting anti-apoptotic regulators such as Bcl-2 

and Bcl-xL has shown efficacy in pre-clinical models, this has not been translated to 

clinical benefit (17). Nuclear transporter inhibitors are generally poorly tolerated in patients 

and a trial of selinexor in SCLC was terminated early (ClinicalTrials.gov Identifier: 

NCT02351505). BRD4 binds to acetylated histones and recruits chromatin modifiers and 

transcription factors. Although the bromodomain inhibitor JQ1 inhibits the growth of cancer 

cells with a significantly higher efficacy in MYC-amplified SCLC lines (18), targeting 

BRD4 in the clinic is yet to be successful. CDK7 orchestrates different phases of the 

transcription cycle of RNA polymerase II (RNAP II). Given the emerging interest in CDK7 

targeting (19), with several drugs currently under clinical development, we focused our 

attention on THZ1, a covalent CDK7 inhibitor (3,7) (Figure 1C and Supplementary Figure 

1B).

Next, we examined the synergistic effect of THZ1 and TPT in SCLC cell lines characterized 

by differential expression of key transcription regulators (6,20) achaete-scute homologue 

1 (ASCL1), neurogenic differentiation factor 1 (NeuroD1), and yes-associated protein 1 

(YAP1) using ATPlite luminescence assays. DMS114 cells (SCLC-YAP1) treated with 

THZ1 (3 and 10 nM) exhibited hypersensitivity to TPT (Figure 1D). By calculating the 

Loewe synergy score using Combenefit software (12), we confirmed the synergism of 

cotreatment with TPT and THZ1 in DMS114 cells (Supplementary Figure 1C). THZ1 (50 

and 100 nM) also rendered H446 cells (SCLC-NEUROD1) hypersensitive to TPT (Figure 

1E). The synergistic effect of the combination in H446 cells was further confirmed by 

Combenefit (Supplementary Figure 1D). Finally, we assessed the combination in H146 cells 

(SCLC-ASCL1) and confirmed the synergy (Figure 1F and Supplementary Figure 1E).

THZ1 blocks ubiquitin-dependent degradation of topotecan-induced TOP1-DPC in SCLC 
cells

TPT and other camptothecin derivates target TOP1 by stabilizing TOP1ccs, and the resulting 

TOP1-DPCs can be converted to single-strand breaks (SSBs) and double-strand breaks 

(DSBs) that lead to cell death (2). Transcription has been implicated in the repair of TOP1-

DPCs by triggering ubiquitylation and 26S proteasome-mediated degradation of the TOP1-

DPC as well as RNA Pol II (10,11). To investigate whether THZ1 sensitizes SCLC cells 

to TPT by aggravating TPT-induced TOP1-DPCs, we examined whether CDK7 inhibition 

by THZ1 impairs the proteasomal degradation of TOP1-DPCs. We first carried out ICE (in 
vivo complex of enzyme) bioassay (13) to interrogate whether THZ1 impacts TPT-induced 

TOP1-DPCs in SCLC cells. We observed a 4.3-fold increase in the levels of TOP1-DPCs in 

THZ1-pretreated DMS114 cells 15 min after exposure to TPT (Figure 2A, B), suggesting a 

role of CDK7 in the repair of TOP1-DPCs. Yet, TOP1-DPCs in THZ1-pretreated cells were 
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cleared as in control cells 60 minutes after TPT exposure (Figure 2A, B), suggesting that 

blocking transcription by inhibiting CDK7 delays does not completely block the repair of 

TOP1-DPCs, and that the delayed repair is independent of transcription (21,22).

To assess whether THZ1 impairs the repair of TOP1-DPCs by preventing their ubiquitin-

mediated proteasomal degradation, we performed the DUST (Detection of Ubiquitylated 

and SUMOylated TOP-DPC) assay (Figure 2C) (23) in the presence of the proteasome 

inhibitor bortezomib (BTZ), which has been shown to reveal TOP1-DPCs by blocking their 

proteasomal degradation (23–25). We found that THZ1 decreases TPT-induced TOP1-DPC 

poly-ubiquitylation in (Figure 2D–E).

We next performed a time-course DUST assay to monitor the kinetics of TPT-induced 

ubiquitylation of TOP1-DPCs in the absence or presence of THZ1. TOP1-DPC 

ubiquitylation peaked at 1-hour TPT treatment and gradually diminished without THZ1 

treatment whereas TOP1-DPC ubiquitylation levels remain low in cells treated with THZ1 

(Supplementary Figure 2B). Coincidently, TOP1-DPCs remained unresolved in THZ1-

treated cells even 4 hours after THZ1 treatment (Supplementary Figure 2B and Figure 

2D and E). This finding is however inconsistent with the ICE assay in Figure 2A showing 

that TOP1-DPCs repair was delayed but not fully blocked by THZ1. This can be explained 

by the different TPT concentrations used in the two assays. We used 20 μM to detect 

TOP1-DPC ubiquitylation in the DUST assays whereas we only used 1 μM to detect 

total TOP1-DPCs in ICE assays. Such difference led to different levels of TOP1-DPCs 

and therefore suggests that the repair of high levels of TOP1-DPCs is largely dependent 

on transcription whereas low levels of TOP1-DPCs can be readily repaired by alternative 

mechanisms independently of transcription (23). Taken together, these findings indicate that 

the ubiquitin-dependent proteasomal degradation of TOP1-DPCs is partially dependent on 

transcription and CDK7 activity.

As SUMOylation plays a key role in the repair of TOP-DPCs and PARP trapping by 

recruiting the ubiquitin-proteasome pathway (23,26), we next assessed whether THZ1 

impacts TOP1-DPC SUMOylation. Consistent with our previous finding that DRB did not 

affect CPT-induced TOP1-DPC SUMOylation (23), blocking transcription with THZ1 did 

not alter TOP1-DPC SUMO-1 modification or SUMO-2/3 modifications (Supplementary 

Figure 2C). This result shows that transcription-mediated TOP1-DPC ubiquitylation is 

independent of SUMOylation and confirms our prior results showing that SUMOylation 

of TOP1-DPCs does not require active transcription (23). Hence, we conclude that the 

SUMO-dependent ubiquitylation and transcription-dependent ubiquitylation are two parallel 

pathways.

By performing Western blotting, we found that, akin to inhibition of the proteasome by 

BTZ, CDK7 inhibition by THZ1 reduced the loss of cellular TOP1 in response to TPT 

(Figure 2F). Moreover, THZ1 did not further increase the levels of TOP1 in the presence 

of BTZ, further suggesting (10) the epistatic relationship between transcription (CDK7 

activity) and the proteasome for the repair of TOP1-DPCs.
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To investigate whether THZ1 sensitizes SCLC cells to TPT by aggravating TPT-induced 

DNA damage, we assessed the levels of γH2AX, a DSB marker readily activated by 

TOP1ccs (27–29). Pretreatment with THZ1 decreased the rapid induction of γH2AX 

upon exposure to TPT for 15 minutes (Figure 2G and Supplementary Figure 2). This 

finding is in line with independent studies showing that blocking the proteasome leads 

to a failure to expose the TOP1-concealed breaks and to activate DNA damage response 

(DDR) (10,21,23). Consistent with the ICE assays shown in Figure 2A, γH2AX accrual in 

THZ1-treated cells increased over time to the same levels as in control cells (Figure 2G and 

Supplementary Figure 2), suggesting that blocking transcription with THZ1 primarily delays 

the early debulking of the TOP1-concealed protein-associated-DPCs and their conversion to 

TOP1-free DNA breaks required for their repair (11,30).

THZ1 induces ubiquitin-dependent degradation of the large subunit of RNA Pol II in SCLC 
cells

To elucidate the mechanism by which THZ1 prevents the ubiquitin-mediated degradation 

of TOP1-DPCs, we examined the levels of RNA polymerase II in SCLC cells treated 

with THZ1. Western blotting of whole cellular lysates showed that treatment with THZ1 

reduced both phosphorylated and unphosphorylated Rpb1 (Pol IIo and Pol IIa, respectively), 

the largest subunit of RNA Pol II (31), in a time-dependent manner (Figure 3A). 5, 

6-dichloro-1-beta-D-ribofuranosylbenzimidazole (DRB), another transcription inhibitor that 

acts by blocking CDK9 (32), did not affect the levels of total Pol II (Figure 3A). THZ1 also 

suppressed Serine 5-phosphorylation of Rbp1, which has been shown to be present during 

both transcription initiation and elongation (Figure 3B). Cellular levels of CDK7, on the 

contrary, were not significantly affected by THZ1 (Figure 3B).

To test whether the decrease of Rbp1 protein in response to THZ1 treatment resulted from 

26S proteasome-mediated degradation, we pretreated cells with the proteasome inhibitor 

BTZ prior to THZ1 treatment. BTZ blocked THZ1-induced Rbp1 reduction (Figure 3C 

and Supplementary Figure 3), indicating that THZ1 triggers the proteasomal degradation 

of Rbp1. To confirm this possibility, we transfected DMS114 cells with FLAG-Rbp1 and 

HA-Ub K48 expressing constructs and performed FLAG immunoprecipitation to examine 

whether THZ1 induces polyubiquitylation of Rbp1 through K48, the ubiquitin chain linkage 

for proteasomal degradation (11). Rbp1 K48 polyubiquitylation was significantly stimulated 

within 20 minutes in response to THZ1 and most clearly in the presence of BTZ to block 

proteasomal degradation (Figure 3D).

We also found that TPT increased Rbp1 polyubiquitylation (Figure 3D), implying that arrest 

of Pol II complexes by TOP1-DPCs triggers ubiquitin-dependent proteasomal destruction 

of both the TOP1-DPCs and blocked Pol II. Taken together, these data demonstrate that 

CDK7 inhibition by THZ1 induces K48 ubiquitylation-dependent proteasomal degradation 

of Rbp1, which precludes transcription elongation and processing of TOP1-DPCs.

Discussion

Here, we report combination treatment with the TOP1 inhibitor topotecan and CDK7 

inhibition as a potential therapeutic paradigm for the treatment of SCLC. THZ1 renders 
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SCLC cell lines hypersensitive to topotecan and warrants further evaluation in preclinical 

models. Mechanistically, THZ1 enhances topotecan-induced TOP1-DPC levels in SCLC 

cells. The enhancement results from the ubiquitin-mediated proteasomal degradation of Pol 

II large subunit Rpb1 induced by THZ1, which precludes the encounter between Pol II 

complexes and TOP1-DPCs, a step required to trigger proteasomal removal of the DPCs 

(Figure 4).

Recent studies have demonstrated the involvement of CDK7 functions throughout the 

Pol II transcription cycle, from promoter clearance and promoter-proximal pausing to co-

transcriptional chromatin modification in gene bodies (31,33). As a crucial integrant of 

transcription factor II H (TFIIH), CDK7 primarily acts by promoting transcription initiation 

by phosphorylating serine 5 and 7 in the carboxy terminal domain (CTD) of RNA Pol 

II. Therefore, inhibition of CDK7 by THZ1 may represent a promising pharmacological 

approach for the treatment of SCLC (7), which features sustainedly high levels transcription 

of neuroendocrine genes that are coupled with high replication and low antigen-presenting 

characteristics (6,8,34,35). In this study, we used an unbiased small molecule screen 

approach and discovered that SCLC cells were highly vulnerable to combination treatment 

with the prototype covalent CDK7 inhibitor THZ1 (3,7) and the FDA-approved TOP1 

inhibitor topotecan, as well as with the non-camptothecin TOP1 inhibitors Indimitecan 

(LMP776) and Indotecan (LMP400) (2). DMS114 cells were more sensitive to TPT and 

THZ1 than H146 and H446 cells (Figure 1D). This can be explained by the difference in 

their CDK7 dependency and SLF11 expressions.

CPT-induced TOP1-DPCs arrest the elongating RNA polymerase complexes (36–38) in 
vivo and in vitro, implying a transcription collision model where confrontation between 

elongating RNA polymerases and TOP1-DPCs on the template strands may engage DPC 

repair. Our data provide evidence that such collisions trigger the ubiquitylation and the 

subsequent proteasomal degradation of the TOP1-DPCs, leading to the debulking of the 

otherwise TOP1-concealed SSBs (11) (Figure 4, upper right). This possibility is consistent 

with previous studies suggesting the role of transcription in the repair of TOP1-DPCs. Those 

study showed that 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole (DRB), a nucleoside 

analog that inhibits CDK9 kinase activity, impaired TOP1-DPC proteasomal degradation 

(10). CDK9 is a key constitute of P-TEFb (positive transcription elongation factor-b, or 

the CDK9/cyclin T1 complex) that facilitates transcription elongation by phosphorylating 

Ser2 in the CTD of Pol II (39,40). Here, to our knowledge, we provide the first evidence 

that THZ1 inhibits Pol II-mediated transcription by inducing the degradation of Pol II, and 

thereby preventing the transcription-driven UPP of TOP1-DPCs (32).

Transcription recovery studies have demonstrated that TOP1-DPC degradation is necessary 

for transcription recovery presumably by enabling transcription-coupled repair of TOP1-

DPCs (10). According to our model shown in Figure 4, TOP1-DPCs are degraded through a 

Pol II-dependent ubiquitin-proteasome pathway. The tyrosyl-DNA phosphodiesterase TDP1, 

which removes tyrosine from the 3′ end of DNA, plays a key role in the repair of TOP1-

DNA covalent complexes (1,11,30,41–43). In our model, TDP1 could potentially hydrolyze 

the otherwise occluded phosphotyrosyl bond after proteasomal debulking of the DPC to 

fully liberate the SSB termini and enable DNA repair (11,30,44).
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Replication- and S-phase-specific cytotoxicity is critical for the antitumor activity of CPT 

derivatives, and is likely key to the activity of topotecan in SCLC (8). Yet, TOP1 inhibitors 

also inhibit gene expression by arresting Pol II complexes (32,36,45), which must transcribe 

the genome at a much higher frequency than DNA replicative polymerases. We propose that 

the timely repair of TOP1-DPCs by transcription-dependent proteolysis not only ensures the 

fidelity of transcription but also avoids replication collisions, thereby helping cells to survive 

TOP1-mediated DNA damage. Consistently, the 26S proteasome is commonly hyperactive 

in tumors (46) and may therefore contribute to the resistance to TOP1 inhibitors. Indeed, 

the proteasome inhibitor bortezomib has been shown to promote apoptosis in SCLC by 

preventing IkappaB degradation to decrease expression of the antiapoptotic protein Bcl-2 

(47). BTZ was also reported to synergize with DNA damaging chemotherapeutics in SCLCs 

(48).

Our study not only reveals that the UPP repairs TOP1-DPCs in a Pol II-dependent manner, 

but also demonstrates that the CDK7 inhibitor THZ1 synergizes with topotecan in SCLCs by 

blocking the UPP-mediated TOP1-DPC degradation by inducing Pol II degradation, which 

is also carried out by the UPP (Figure 4, lower right). Further studies are warranted to 

identify the transcription-specific ubiquitin E3 ligases and their regulation for Pol II and 

TOP1-DPC degradation. Additionally, the studies presented here provide a mechanistic basis 

to explore in vivo selective CDK7 inhibitors that are currently in development and clinical 

trials (49) in combination with conventional TOP1 inhibitors such as topotecan and the novel 

antibody drug conjugates carrying TOP1 inhibitor payloads (2).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. High-throughput chemogenomics screens identify an efficacious combination of 
topotecan and THZ1 in SCLCs
A. Scheme of the different classes of drugs utilized in the NCATS screen. H446 cells were 

plated and then treated with drugs in 10 × 10 matrix format. Cells were analyzed at 8 and 

16 hours for cleaved caspase activation. Synergy was assessed for the different therapeutics 

with TOP1 inhibitors.

B. Topotecan synergy assessed across different classes of drugs at 8 hours (to access the 

data, please refer to https://matrix.ncats.nih.gov/, small cell lung cancer project, ID 10073).
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C. Synergy of all three TOP1 inhibitors (topotecan, Indimitecan [LMP776] and Indotecan 

[LMP400]) with transcription inhibitors at 8 hours.

D. Viability curves of DMS114 cells treated for 48 hours with TPT at the indicated 

concentrations (mean ± SD, n = 3) in presence or absence of THZ1 at the indicated 

concentrations.

E. Viability curves of H446 cells treated for 48 hours treatments with TPT at the indicated 

concentrations (mean ± SD, n = 3) in presence or absence of THZ1.

F. Viability curves of H146 cells treated for 48 hours treatments with TPT at the indicated 

concentrations (mean ± SD, n = 3) in presence or absence of THZ1.
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Figure 2. THZ1 delays the ubiquitin-dependent degradation of topotecan-induced TOP1-DPC in 
DMS114 SCLC cells
A. Cells treated with TPT (1 μM) for the indicated times in the presence and absence of 

THZ1 (1 μM) were collected for ICE assay to detect TOP1-DPC with anti-TOP1 antibody. 

THZ1 (1 μM) was added 2 h prior to the TPT treatment. Total DNA (dsDNA, right panel) 

was detected using anti-dsDNA antibody and served as loading control.

B. Densitometric analyses comparing the relative integrated densities of TOP1-DPCs from 

Independent experiments as shown in panel A. *: p < 0.05
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C. Scheme for the Detection of Ubiquitylated and SUMOylated TOP-DPCs (DUST) assay.

D.Cells were pretreated with THZ1 (1 μM) or BTZ (1 μM) for 2 hours prior to cotreatment 

with TPT (20 μM) for 30 min and were subjected to DUST assay (upper panel) and total 

TOP1-DPCs (middle panel) using anti-ubiquitin and anti-TOP1 antibodies, respectively.

E. Quantitation of ubiquitylated TOP1-DPCs and total TOP1-DPCs. Upper panel: 
Densitometric analyses comparing relative integrated densities of Ub signals from 

independent experiments as shown in panel D. Lower panel: Densitometric analyses 

comparing relative integrated densities of TOP1-DPC signals from independent experiments 

as shown in D.

F. Cells were pretreated with THZ1 (1 μM) or BTZ for 2 hours prior to cotreatment with 

TPT (20 μM) for 1 or 4 hours. Cell were then lysed and digested with benzonase for Western 

blotting for immunodetection of TOP1 using anti-TOP1 antibody.

G. Cells were treated with TPT (1 μM) in the presence and absence of THZ1 (1 μM) and 

collected for immunofluorescence for detection of γH2AX.
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Figure 3. THZ1 induces ubiquitin-dependent degradation of Rbp1 in DMS114 SCLC cells
A. Cells were treated with THZ1 (1 μM) or DRB (50 μM) for 1 or 2 hours before Pol II 

Western blotting.

B. Cells were treated with THZ1 (1 μM) or DRB (50 μM) for 2 hours before Western 

blotting for immunodetection of Ser5-phosphorylated Pol II.

C. Cells were pretreated with BTZ (1 μM) for 1 hour before cotreatment with THZ1 (1 

μM) for 2 hours and subjected to Western blotting for immunodetection of total Pol II and 

Ser5-phosphorylated Pol II.

Sun et al. Page 18

Mol Cancer Ther. Author manuscript; available in PMC 2023 September 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



D. FLAG-Rpb1-overexpressing DMS114 cells were transfected with HA-Ub K48 single 

lysine overexpression plasmid, followed by treatments with the indicated inhibitors. 

Immunoprecipitation (IP) using anti-FLAG tag antibody was performed after the treatments. 

IP samples and cell lysates (input) were subjected to immunoblotting (IB) with the indicated 

antibodies.
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Figure 4. Model for the molecular mechanism by which THZ1 enhances TPT-mediated 
cytotoxicity in SCLC cells
In absence of THZ1, TPT-stabilized TOP1cc arrests the elongating RNA Pol II complex, 

leading to polyubiquitylation of TOP1-DPCs for proteasomal degradation and conversion 

of TOP1-DPCs into DNA breaks for repair. In the presence of THZ1, the Pol II complex 

is polyubiquitylated and degraded by the proteasome, precluding its encounter with TOP1-

DPC and the signaling for TOP1-DPC ubiquitylation. This leads to accumulation of 

unrepaired TOP1-DPCs that interfere with DNA metabolisms and cause cell death.
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