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Background

Cyclin-dependent kinase 7 (CDK7) is crucial for cell cycle progression and gene expression transcriptional regulation, which are often not assessed in cancer developing process. CDK7 inhibitors have emerged as promising drugs for treating diverse cancers, including breast cancer. However, the mechanism behind its anticancer effect has not been well investigated. Here, the possible mechanism of CDK7 inhibitors for treating human triple-negative breast cancer (TNBC) has been studied.



Methods

The effects of CDK7 inhibitors on breast cancer cells have been identified by measuring cell viability (Cell Counting Kit-8) and cell proliferation and calculating colony formation. The short hairpin RNA and short interfering RNA were used for the construction of knockdown cells. To assess the expression of associated proteins, western blot was used.



Results

This study confirmed that, compared to hormone receptor-positive breast cancer cells, TNBC cells were more sensitive to THZ1, a novel CDK7 inhibitor. THZ1 treatment specifically downregulated mutated p53 in a dose- and time-dependent manner in TNBC cells with p53 mutation. Another CDK7 inhibitor, LDC4297, also potently interfered with the expression of mutated p53. Furthermore, endogenous CDK7 expression was positively correlated with the levels of mutated p53 in TNBC cells with p53 mutation. Downregulating mutated p53 expression significantly suppressed the proliferation of TNBC cells with p53 mutation.



Conclusion

Our findings demonstrated that targeting CDK7 was an effective approach for the treatment of TNBC with p53 mutation.
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Introduction

Triple-negative breast cancer (TNBC), a heterogeneous breast cancer subtype, lacks endocrine estrogen receptor (ER) and progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2, encoded by ERBB2) (1, 2). When comparing to other breast cancer subtypes, TNBC is more likely to recur and develop resistance to endocrine or anti-HER2 therapy (1, 3). Unfortunately, although targeted drugs such as poly (ADP)-ribose polymerase inhibitors have been applied for TNBC therapy, the scope and efficacy of its application are limited. Currently, chemotherapy is still the main systemic treatment for TNBC patients. Although it initially responds well to chemotherapy, TNBC remains to have a poorer prognosis than non-TNBC. For stage I triple-negative tumors, the 5-year breast cancer-specific survival rate is 85%, while that of ERBB2 and hormone receptor-positive cancer ranges from 94% to 99% (4). Hence, there is an urgent need for therapeutic approaches against TNBC.

Pharmacological blockade of transcription is a potential anticancer strategy. Some members of the cyclin-dependent kinases (CDKs), such as CDK7, CDK9, CDK12, and CDK13, which regulate transcription by phosphorylating RNA polymerase (RNAP) II, are possible drug targets (5). CDK7, an essential component of CDK-activating kinase (CAK) and the general transcription factor IIH (TFIIH), modulates cell division cycle and transcription (6). CDK7 binds with two other subunits (cyclin-H and MAT1) to form the complex CAK mediating the activation of other CDKs, including CDK1, CDK2, CDK4, and CDK6 (7). Besides, CDK7 is also one component of TFIIH that phosphorylates RNAP II or other transcription factors, such as androgen receptor and ER (8). Thus far, accumulating studies have demonstrated that CDK7 is frequently overexpressed in diverse tumor tissues including gastric cancer, oral squamous cell carcinoma, and breast cancer (9–12). Preclinical studies have confirmed that covalent CDK7 inhibitors selectively induce apoptosis in certain cancers, but not in normal human cells (13–18).

THZ1 is a phenylamino-pyrimidine that covalently targets CDK7 by covalently binding to its adenosine triphosphate (ATP) site allosterically with strong antitumor activity against TNBC cells (19). However, its effects on ER/PR+ breast cancer cells still remain controversial (19, 20). Moreover, the mechanism behind its anticancer activity has not yet been described. In this study, we investigated whether TNBC cells were more susceptible than ER/PR+ breast cancer cells to THZ1 therapy. Our results indicated that THZ1 selectively downregulated endogenous mutant p53 levels in TNBC cells with p53 mutation, but not in other breast cancer cells. Another CDK7 inhibitor treatment (LDC4297, a competitive inhibitor of ATPase) or silencing of CDK7 expression also decreased mutant p53 in TNBC cells with p53 mutation. Direct downregulation of mutant p53 expression levels effectively suppressed the proliferation of TNBC cells with p53 mutation. These results indicate the potential usage of CDK7 inhibitors in the treatment of TNBCs with p53 mutant by downregulating the content of endogenous mutant p53.



Materials and Methods


Cell Culture and Compound Preparation

Hs-578T (TNBC cells with mutant-type p53) and MCF-7 (non-TNBC cells with wild-type p53) were 10% fetal bovine serum cultivated in Dulbecco’s Modified Eagle’s medium (Biological Industries, USA) from the Type Culture Set of the Chinese Academy of Sciences (Shanghai, China). DU4475 (TNBC cells with wild-type p53) were 10% fetal bovine serum cultivated in 1640 medium (Biological Industries, USA) from the FuHeng BioLogy (Shanghai, China). Under normal incubator conditions (37°C and 5% carbon dioxide), all cells were developed. THZ1 (HY-80013) and LDC4297 (HY-126p53) were obtained from MedChemExpress (Monmouth Junction, NJ, USA). All drugs we used in this article were dissolved in a stock solution of 10 mM dimethyl sulfoxide (DMSO).



Assay of Cell Viability

To detect cell viability, we chose the Cell Counting Kit-8 (CCK-8, TransGen Biotech) and performed the assay following the manufacturer’s instructions. Nearly 8,000 cells were seeded onto 96-well plates per well and incubated until detection for 24 h. We established three parallel groups for each test group. Cells were subsequently treated with different THZ1 concentrations for 48 h. The cells were then incubated in 100 μL of cell culture medium containing 10 μL CCK-8 for 2 h at 37°C. The absorbance was observed using the BioTek ELISA reader (Winooski, VT, USA) at a wavelength of 450 nm. Cell inhibitory ratio was calculated using the following formula:

	



Microscopy Images

Cells (approximately 1 × 105) were planted in 12-well plates and treated for 48 h at different concentrations of THZ1 or vehicle control (DMSO) or treated with short interfering RNAs (siRNAs) (si-889) that target the human p53 gene and negative control siRNAs (si-con) for 48 h. Static bright-field images were photographed using OLYMPUS cellSens Standard software (Olympus).



Cell Proliferation Assay

For growth assays, Hs-578T (4 × 104), DU4475(8 × 104), or MCF-7(5 × 104) cells were seeded into 12-well plates and were then treated for 24 h and 48 h with THZ1 or DMSO (as control) or treated with siRNAs (si-889) that target the human p53 gene and negative control siRNAs (si-con) for 24 h and 48 h. We established three parallel groups for each test group. Cells were counted using the cell counting chamber (Shanghai Precision Instruments Co., Ltd., Shanghai, China) at specified time points and staining with trypan blue. We repeated all of the tests three times.



Cell Colony Formation Assays

In colony formation assays, approximately 5000 cells/well were plated with 2-mL medium in 6-well plates, treated with THZ1 or DMSO (as control) in different concentrations or treated with siRNAs (si-889) that target the human p53 gene and negative control siRNAs (si-con), and incubated for 7 days. Cells were fixed with 100% methanol for 30 min and stained with 20% ethanol with 0.2 g/mL crystal violet solution after washing with cold phosphate-buffered solution (PBS) twice. Phase-contrast microscopy (Olympus) was used to detect colonies, and colonies not less than 50 cells were counted. We repeated all of the tests three times. Because DU4475 cells are cells that grow in suspension, it is inconvenient to perform colony formation assays; thus, this experiment did not involve corresponding content.



Western Blot

Until lysing cells in the RIPA buffer (Beyotime, China), cells were washed twice with cold PBS, followed by incubation for 10 min at 4°C. At 12,000 g at 4°C, the whole-cell lysate was centrifuged and the supernatant was collected, mixing with the loading buffer. Then, it was denatured for 10 min at 100°C, followed by electrophoresis of 12% sodium dodecyl sulfate polyacrylamide gel. The isolated proteins were transferred to membranes of nitrocellulose (Bio-Rad, USA). The membranes were probed overnight with sufficiently diluted primary antibodies after being blocked with 5% nonfat milk. After washing the membranes, they were incubated for 1 h at room temperature with alkaline phosphatase-conjugated secondary antibodies. The protein bands were visualized by 5-bromo-4-chloro-3-indolyl phosphate and nitro blue tetrazolium (Millipore). Western blotting images were acquired on a scanner (Epson Perfection V330 Photo) using Scan-n-Stitch Deluxe software (version 1.1.9, ArcSoft). Quantification analysis of protein expression was analyzed using ImageJ software (version 1.8.0, National Institutes of Health, Bethesda, MD, USA).

The primary antibodies included CDK7 (cat# 2916T, Cell Signaling Technology), p53 (cat# 10442-1-AP, Proteintech), GAPDH (cat# 10494-1-AP, Proteintech), and tubulin (cat# 11224-1-AP, Proteintech). Secondary antibodies included anti-rabbit IgG (cat# 7054) and anti-mouse IgG (cat# 7056) (Cell Signaling Technology, USA). All experiments were repeated three times.



Preparation of Lentiviruses

pRSV-Rev (122p53), pMDLg/pRRE (12251), and pCMV-VSV-G (8454) were bought from Addgene (Cambridge, MA, USA). The short hairpin RNAs (shRNAs) (5′-CCGGGCTGTAGAAGTGAGTTTGTAACTCGAGTTACAAACTCACTTCTACAGCTTTTT-3′) that target human CDK7 (sh-CDK7) were purchased from Sigma-Aldrich (USA). Viruses were produced by 293T cells. After transfection, the supernatant of 293T cells was collected for 48 h and then purified through 0.45-μm membranes. Puromycin (1.5 μg/mL) was used for 2 days to pick cells for selection.



Short Interfering RNAs for Knockdown Cell Building

The siRNAs (si-889) (5′-CCACCAUCCACUACAACUATT-3′), which target the human p53 gene, and negative control siRNAs (si-con) were obtained from GenePharma (Shanghai, China). Lipofectamine 3000 (Thermo Fisher Scientific, USA) was used to conduct the cellular delivery of siRNA into Hs-578T and MCF-7 cells. jetPRIME (Polyplus-transfection, France) was used to conduct the cellular delivery of siRNA into DU4475 cells. Approximately 6000 Hs-578T and MCF-7 cells/well and 15000 DU4475 cells/well, as instructed by the manufacturer, were seeded into 12 wells after transfection with siRNAs or negative control. After 48 h, a part of the cells was collected for testing the gene interference ability of siRNA, and the other part of the cells was used for subsequent proliferation assay and clone formation assay.



Statistical Analyses

Using GraphPad Prism 6 (GraphPad Software, CA, USA), all data were analyzed and presented as the mean ± standard deviation. The differences between the two groups were compared by t-test, and the difference between multiple groups was compared using analysis of variance. P < 0.05 was considered statistically significant.




Results


Distinct Efficiency of THZ1 on the Growth Inhibition of Triple-Negative Breast Cancer (TNBC) and Estrogen Receptor+ Breast Cancer Cells

Recent mRNA expression profiling and immunohistochemistry studies have documented elevated CDK7 expression in breast cancer tumors (10). Previous studies have investigated the correlations between CDK7 RNA expression and relapse-free survival (RFS) in breast cancer using a microarray database of 3,951 breast cancer patients and found that high expression levels of CDK7 are closely associated with worse RFS in all breast cancer subtypes (20). To illustrate the effect of THZ1 on breast cancer, we profiled several groups of cell lines representing various subtypes of breast cancer. The cell viability assay indicated that the 50% inhibitory concentration values of THZ1 in Hs-578T (TNBCs with mutant-type p53), DU4475 (TNBCs with wild-type p53), and MCF-7 (ER+) cells were 30.54 nM, 139.7 nM, and 209.3 nM, respectively (Figure 1A). This indicated that different breast cancer cells had variable sensitivity to THZ1. This was further supported by the results showing that 50 nM of THZ1 did not cause significant suppression of DU4475 cell and MCF7 cell proliferation (Figures 1B, C). Next, we performed colony formation assays, and the results showed that THZ1 inhibited breast cancer proliferation chronically and effectively. ER+ MCF-7 cells were significantly less sensitive to THZ1 compared to TNBC cells (Figure 1D). These findings demonstrated that THZ1 was effective in multiple subtypes of breast cancer, but its efficiency varies depending on the subtype.




Figure 1 | THZ1 inhibits cell proliferation in breast cancer cells. (A) Cell Counting Kit-8 assays have determined the proliferation of breast cancer cells after treatment with dimethyl sulfoxide (DMSO) (control) or indicated concentrations of THZ1 (12.5, 25, 50, 100, 200, and 400 nM) for 48 h. (B) Images (200×) show Hs-578T, DU4475, and MCF-7 cells following THZ1 treatment for 48 h. (C) Effects of THZ1 treatment on breast cancer cell proliferation curve. Verification was performed by cell counting. (D) Impact of treatment with THZ1 on the development of breast cancer cells in the colony. Cells have been treated with either DMSO (control) or indicated THZ1 concentrations (12.5, 25, and 50 nM) for 7 days. With an inverted microscope, cell colonies (>50 cells) were counted. The mean ± standard deviation reflects the data. (n.s., non significant, P > 0.05; ***P < 0.001, ****P < 0.0001, n = 3).





THZ1 Selectively Suppressed The Expression of Mutated p53 in TNBC Cells With p53 Mutation

The exact mechanism of the determinants of the sensitivity of cancer cells to THZ1 has not yet been characterized. We observed that TNBC cells bearing genetic p53 mutations were more sensitive to THZ1. Interestingly, we found that THZ1 potently decreased p53 protein expression in TNBC cells with p53 mutations (Hs-578T cells) in a dose-dependent manner. However, this effect was not observed in TNBC cell lines with wild-type p53 (DU4475 cells) or ER-positive MCF-7 cells with wild-type p53 (Figures 2A, B). We also confirmed that the suppression of mutated p53 expression in TNBC cells by THZ1 was time-dependent (Figures 2C, D). Next, we used another CDK7 inhibitor, LDC4297, to further verify the effect of CDK7 inhibitors on p53 protein expression. Similarly, LDC4297 treatment effectively downregulated p53 expression in TNBC cells with mutant-type p53 (Hs-578T), but not in TNBC cell lines with wild-type p53 (DU4475 cells) or ER-positive MCF-7 cells with wild-type p53. Moreover, the manner of its suppressive effect was dependent on dose and time (Figure 3). Hence, we found that CDK7 inhibitors selectively interfered with mutated p53 expression in TNBC cells with p53 mutation, but they did not influence the expression of wild-type p53 in other breast cancer cells.




Figure 2 | THZ1 downregulates the expression of mutant-type p53 rather than wild-type p53 in breast cancer cells. (A) Western blot was used to detect relative p53 protein expression in breast cancer cells after treatment with dimethyl sulfoxide (DMSO) (control) or specified concentrations of THZ1 (12.5, 25, 50, and 100 nM) for 48 h. (B) Quantification analysis of p53 protein expression after treatment with DMSO (control) or indicated concentrations of THZ1 (12.5, 25, 50, and 100 nM) for 48 h. (C) Western blot analysis of relative p53 expression levels in breast cancer cells was performed at different times(12 h, 36 h, 48 h, 60 h, and 72 h) following treatment with DMSO (control) or the same THZ1 concentration. (D) Quantification analysis of p53 protein expression after treatment with DMSO (control) or the same concentration of THZ1(100 nM) for different durations (12 h, 36 h, 48 h, 60 h, and 72 h). The mean ± standard deviation reflects the data. (n.s., non significant, P > 0.05; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n = 3).






Figure 3 | The expression of mutant-type p53 instead of wild-type p53 is downregulated after the expression of cyclin-dependent kinase 7 is blocked by LDC4297. (A) Western blot was used to detect relative p53 protein expression in breast cancer cells after treatment with dimethyl sulfoxide (DMSO) (control) or specified concentrations of LDC4297 (2.5 and 5 uM) for 48 h. (B) Quantification analysis of p53 protein expression after treatment with DMSO (control) or indicated concentrations of LDC4297 (2.5 and 5 uM) for 48 h. (C) The relative expression levels of p53 in breast cancer cells were analyzed by Western blot after treatment with DMSO (control) or the same concentration of LDC4297 (2.5 uM) for different times(12–72 h). (D) Quantification analysis of p53 protein expression after treatment with DMSO (control) or the same concentration of LDC4297 (2.5 uM) for different times (12–72 h). The mean ± standard deviation reflects the data. (n.s., non significant, P > 0.05; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n = 3).





Cyclin-Dependent Kinase 7 Is Critical for the Expression of Mutated p53 in TNBC Cells With p53 Mutation

Since CDK7 inhibitors interfered with mutated p53 expression, we proceeded to investigate the effects of CDK7 proteins on the regulation of mutated p53 in breast cancer cells. We generated CDK7 stable knockdown Hs-578T, DU4475, and MCF-7 cells using shRNA targeting CDK7 (Figures 4A, C). The immunoblotting data indicated that p53 expression levels were dramatically downregulated in CDK7 knockdown Hs-578T cells, but not in sh-CDK7 DU4475 and MCF7 cells (Figure 4). These results confirmed that CDK7 supported mutated p53 expression in TNBC cells with p53 mutation.




Figure 4 | The expression of mutant-type p53 instead of wild-type p53 is downregulated after the expression of cyclin-dependent kinase 7 (CDK7) is blocked by sh-CDK7. (A–C) The relative expression of CDK7 and p53 protein detected by western blot in Hs-578T, DU4475, and MCF-7 cells, with CDK7 being knocked down by short hairpin RNA. (D–F) Quantification analysis of CDK7 and p53 protein expression. The mean ± standard deviation reflects the data. (***P < 0.001, ****P < 0.0001, n = 3).





Mutated p53 Proteins Support the Proliferation of TNBC Cells With p53 Mutation

THZ1 specifically decreased mutated p53 expression in TNBC cells with p53 mutation. This suggested that the growth inhibitory activity of THZ1 in TNBC cells with p53 mutation relied on mutated p53 downregulation. We used RNA interference to downregulate endogenous p53 expression in TNBC or ER+ breast cancer cells (Figures 5A, B). Morphological changes in si-p53 and control cells suggested that mutated p53 proteins were essential for the survival of Hs-578T cells, but not DU4475 and MCF-7 cells (Figure 5C). Cell proliferation and colony formation assays further supported the fact that knockdown p53 inhibited the proliferation of TNBC cells with mutant p53, but not TNBC or ER+ cells with wild-type p53 (Figures 5D, E). Our data clarified the determinant roles of p53 mutant for the maintenance of cell survival of p53-mutated TNBCs.




Figure 5 | The proliferation of breast cancer cell lines was inhibited after the expression of p53 protein was downregulated. (A, B) Effects of p53 knockdown using short interfering RNA (siRNA) in breast cancer cell lines. (C) Images (200×) show breast cancer cells after 48 h of siRNA treatment (D) Effects of siRNA treatment on breast cancer cell line proliferation curve. Verification by cell counting. (E) Impact of treatment with p53 knockdown on the colony formation of breast cancer cells. Cell colonies (>50 cells) were counted. The mean ± standard deviation reflects the data. (n.s., non significant, P > 0.05; **P < 0.01, ***P < 0.001, ****P < 0.0001, n = 3).






Discussion

CDK7 plays a dual role in driving cell cycle progression and modulating transcription (6). Its expression frequently increases in many cancers and is important for tumor development (10, 12). A number of CDK7 inhibitors are considered to be potential drug candidates for cancer therapy because they are highly cytotoxic to tumor cells only (13, 21, 22). One main concern regarding the application of CDK7 inhibitors in cancer therapy is the variable sensitivity of different cancer types to CDK7 inhibition, which has been found in preclinical studies. In this study, we selected drugs affected through different pathways to inhibit CDK7 and established adenovirus containing vectors with CDK7-shRNA to interfere its expression. Fortunately, we identified TNBC cells with p53 mutations as most sensitive to CDK7 inhibitors because mutated p53-dependent cancer cell proliferation was selectively inhibited.

Previous studies have demonstrated that TNBC cells particularly rely on CDK7 due to a group of CDK7 kinase-controlled TNBC-specific genes (19). Other experiments have shown that no apparent selectivity between different subtypes of breast cancer under CDK7 treatment was detected (20). In addition, not only recent mRNA expression profiling but also immunohistochemistry studies have demonstrated that the expression of CDK7 in ER+ breast cancer was elevated (10). By comparing the results after adding varied THZ1 concentrations to different cell lines of breast cancer, we confirmed that THZ1 has a broad antitumor activity with diverse sensitivities. We further explored the mechanisms that contributed to the different sensitivities of different breast cancer cells to CDK7 inhibition. This study also emphasized the importance of p53 status in breast cancer cells for CDK7 inhibitor treatment.

TNBC has a greater level of genetic sophistication compared to the other breast cancer subtypes, as shown by its higher prevalence of point mutation, gene amplification, and deletion (3). Since TNBC is ER/PR- and HER2-negative, common drugs used for breast cancer therapies such as tamoxifen; letrozole, which targets hormone receptors; and trastuzumab, which aims to destroy HER2 overexpression in breast cancer cells, are inapplicable in TNBC treatment. Researchers are consistently identifying several drugs designed to suppress TNBC development. A mutated p53 tumor suppressor gene is found in over 80% of TNBC cells (23–25). Previous studies have focused on reactivating mutant p53 and converting it into a wild-type mutant via small molecule inhibitors. Their results showed that this approach efficiently suppressed TNBC cell growth (26, 27). However, there are a variety of mutation sites and multiple mutation forms for mutant p53; thus, reactivating p53 might not lead to a satisfied cost performance. Hence, we suggest that decreased mutant-type p53 protein expression would be a distinct idea for TNBC with mutant-type p53 treatment. This study shows that the use of CDK7 inhibitors to directly downregulate the content of endogenous mutant-type p53 protein can inhibit the proliferation of p53 mutant-type TNBC cells. These findings support the fact that mutated p53 is a determinant factor for the survival of TNBC cells with p53 mutation.

Cell cycle progression by CDKs T-loop phosphorylation is guided by the CAK, comprising CDK7, cyclin H, and MAT1. CDK7 is also a vital member of the general TFIIH (6). In contrast to the specific downregulation of intracellular accumulation of mutated p53 by CDK7 inhibition in TNBC cells, our data also show that CDK7 inhibitor treatment could elevate the expression of p53 in breast cancer cells with wild-type p53 (Figures 2, 3). Recent studies have observed that CDK inhibition elevated the expression of p53 proteins in human colon cancer-derived cells (28). p53 is recognized and phosphorylated by CDK7-cyclinH-p36 trimeric complex (29). Posttranslational phosphorylation of p53 regulates its transcriptional activity and stability. The roles of CDK7, cyclin H, and p36 mediated by p53 phosphorylation on the intracellular accumulation of wild-type and mutant-type p53 in breast carcinoma cells need further investigation in future studies. Besides, all our conclusions are based on the in vitro results from the immortalized breast carcinoma-derived cell lines. Relevant experiments that determine the effects of CDK7 inhibitors on the stability and function of mutated p53 in vivo are equally important to evaluate the potential usage of CDK7 inhibitors in the therapeutic treatment of TNBC patients with p53 mutant.

In summary, our results suggested that CDK7 facilitates the proliferative activity of TNBC cells with p53 mutation by maintaining high expression of mutated p53. This established a regulatory association between CDK7 kinase activity and mutated p53 expression. Downregulation of p53 by CDK7 inhibition is an optimal drug target for TNBC or even for other carcinomas bearing a p53 mutation.
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