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Abstract

:

Triple-negative breast cancer (TNBC) is an aggressive subtype defined by lack of hormone receptor expression and non-amplified HER2. Adavosertib (AZD1775) is a potent, small-molecule, ATP-competitive inhibitor of the Wee1 kinase that potentiates the activity of many DNA-damaging chemotherapeutics and is currently in clinical development for multiple indications. The purpose of this study was to investigate the combination of AZD1775 and capecitabine/5FU in preclinical TNBC models. TNBC cell lines were treated with AZD1775 and 5FU and cellular proliferation was assessed in real-time using IncuCyte® Live Cell Analysis. Apoptosis was assessed via the Caspase-Glo 3/7 assay system. Western blotting was used to assess changes in expression of downstream effectors. TNBC patient-derived xenograft (PDX) models were treated with AZD1775, capecitabine, or the combination and assessed for tumor growth inhibition. From the initial PDX screen, two of the four TNBC PDX models demonstrated a better response in the combination treatment than either of the single agents. As confirmation, two PDX models were expanded for statistical comparison. Both PDX models demonstrated a significant growth inhibition in the combination versus either of the single agents. (TNBC012, p < 0.05 combo vs. adavosertib or capecitabine, TNBC013, p < 0.01 combo vs. adavosertib or capecitabine.) An enhanced anti-proliferative effect was observed in the adavosertib/5FU combination treatment as measured by live cell analysis. An increase in apoptosis was observed in two of the four cell lines in the combination when compared to single-agent treatment. Treatment with adavosertib as a single agent resulted in a decrease in p-CDC2 in a dose-dependent manner that was also observed in the combination treatment. An increase in γH2AX in two of the four cell lines tested was also observed. No significant changes were observed in Bcl-xL following treatment in any of the cell lines. The combination of adavosertib and capecitabine/5FU demonstrated enhanced combination effects both in vitro and in vivo in preclinical models of TNBC. These results support the clinical investigation of this combination in patients with TNBC, including those with brain metastasis given the CNS penetration of both agents.
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1. Introduction


Triple-negative breast cancer (TNBC) is an aggressive breast cancer subtype defined by a lack of hormone receptor expression and non-amplified HER2 [1]. TNBC accounts for approximately 15% of breast cancer cases but is associated with an increased risk of cancer recurrence, brain metastasis, and death due to metastatic breast cancer [1]. Heterogeneity exists within TNBC. The luminal androgen receptor, mesenchymal, basal-like immunosuppressed and basal-like immune-activated subtypes have been described [2]. Mutations in p53 are common in TNBC, occurring in approximately 85% of tumors in the TCGA dataset [3]. While immunotherapy with the PD-L1-inhibitor atezolizumab prolongs progression-free survival in patients with PD-L1-positive TNBC when added to nab-paclitaxel, chemotherapy remains the standard treatment for metastatic disease and results in a median survival of 12–18 months [1]. There remains an unmet need for active targeted therapies in TNBC.



Adavosertib (AZD1775) is a potent, small-molecule, ATP-competitive inhibitor of the Wee1 and 2 kinases (Kd 3.2 and 3.9 nM, respectively) [4] that potentiates the activity of many DNA-damaging chemotherapeutics and is currently in clinical development for multiple indications [5]. The Wee1 kinase is a key regulator of the G2 cell cycle checkpoint [6,7]. In response to DNA damage, Wee1 inhibits the activity of CDC2 through phosphorylation, resulting in cell cycle arrest to allow for DNA repair [6]. TP53-deficient cells with impaired G1 checkpoint function can be sensitized to DNA-damaging chemotherapeutics, with the addition of AZD1775 leading to abrogation of the G2 checkpoint [8]. AZD1775 can also potentiate the activity of DNA-damaging and antimetabolite chemotherapeutics in preclinical models without TP53-deficiency, possibly due to baseline replicative stress or compromised DNA repair proficiency [9,10]. AZD1775 enhances the cytotoxic effects of 5FU in TP53-deficient colon cancer cell lines and the 5FU prodrug capecitabine in xenograft models [5]. In these models, AZD1775 inhibited CDC2 Y15 phosphorylation and abrogated the G2 DNA damage checkpoint induced by 5FU, causing premature entry of mitosis.



Capecitabine is an oral antimetabolic fluoropyrimidine deoxynucleoside carbamate drug that is converted to 5-fluorouracil in patients by thymidine phosphorylase, which then concentrates in the tumor tissue [11]. Capecitabine has been demonstrated to be effective in the adjuvant setting for patients with HER2-negative breast cancer who do not achieve a pathologic complete response following neoadjuvant chemotherapy and as a palliative therapy in metastatic TNBC [12,13,14,15]. Given the ability of AZD1775 to enhance the efficacy of DNA-damaging agents, 5-FU/capecitabine is a promising combination partner for AZD1775 in TNBC [5].



The purpose of this study was to evaluate rational combination partners for AZD1775 in preclinical models of TNBC using FDA-approved chemotherapies (5FU/capecitabine, paclitaxel, gemcitabine and doxorubicin) and other targeted agents available through the National Cancer Institute’s Cancer Therapy Evaluation Program (CTEP) (navitoclax, VX970, and romidepsin). Following the initial screen evaluating these combinations in TNBC PDX models, larger efficacy and mechanistic studies were performed for the combination of 5-FU/capecitabine and AZD1775.




2. Results


2.1. AZD1775 in Combination with Chemotherapy and Targeted Agents in TNBC PDX Models


In an effort to minimize the number of animals required to evaluate multiple combinations with AZD1775, we performed an initial screen using four TNBC PDX models treated with AZD1775, capecitabine, paclitaxel, gemcitabine, doxorubicin, navitoclax (BCL-2 inhibitor), VX970 (ATR inhibitor), and romidepsin (HDAC inhibitor) or combinations of these agents with AZD1775. Each group consisted of three mice with two tumors each. As demonstrated in Figure 1, we observed an increased TGI with the combination of multiple agents with AZD1775 compared to any single agent alone. In particular, the combination of doxorubicin or paclitaxel and AZD1775 showed an enhanced combination effect in one PDX model each (TNBC009 and TNBC013, respectively). In addition, the combination of gemcitabine and AZD1775 was found to have a better combination effect in two out of the four models (TNBC0002 and TNBC013). However, due to this combination being actively researched in several clinical trials, we decided to not pursue this combination.



The combination of AZD1775 and capecitabine was identified for further evaluation based on an enhanced combination effect observed in two models (TNBC002, TNBC012) and the fact that both drugs cross the blood–brain barrier. Of note, in TNBC013, capecitabine as a single agent resulted in a very high TGI of approximately 75%, which may have limited the detection of a combination effect.




2.2. AZD1775 in Combination with Capecitabine in PDX Models


To confirm potentiation of the activity of AZD1775 with the addition of capecitabine in TNBC, we performed further in vivo studies using 2 TNBC PDX models (TNBC012 and TNBC013) with 5 animals (10 tumors) in each group. These models were selected for confirmation based on known p53 mutations and these tumors were isolated from brain metastasis in patients, which is relevant in TNBC given the high incidence of brain metastasis and CNS penetration of both agents. The dose of capecitabine was lowered in these experiments for TNBC013 based on the TGI observed with a higher dose in Figure 1. As depicted in Figure 2A,B, combination treatment resulted in a statistically significant tumor growth inhibition when compared with either single agent and tumor regression was observed in TNBC013 (Figure 2B).




2.3. Anti-Proliferative Effects of AZD1775 with 5FU in TNBC Cell Lines In Vitro


Following confirmation of combination activity in vivo, we performed in vitro experiments to further characterize the anti-proliferative activity of the combination using live cell imaging and the sulforhodamine B (SRB) assay. We selected 5FU for use in vitro based on the required activation steps for the conversion of capecitabine to 5FU in vivo. We observed a statistically significant decrease in proliferation with the combination as compared to either AZD1775 and 5FU alone as assessed by live cell imaging in two of the four TNBC cell lines (MDA-MB-231 and CAL-51) (Figure 3A,D). In contrast, the HCC1937 only demonstrated an enhanced combination effect when compared to 5FU as a single agent and no combination effects were observed in the MDA-MB-468 TNBC cell line (Figure 3B,C). In the SRB assay, quantification of cellular proteins in cultured cells can be measured and synergistic responses can be calculated using the Chou and Talalay method. Using this assay, we observed synergistic combination effects in the MDA-MB-468, HCC1937, and CAL-51 cell lines at various concentrations or both drugs (* = CI < 1) (Figure 4).




2.4. Apoptotic Effects of AZD1775 with 5FU in TNBC Cell Lines


To determine the effect of AZD1775 and 5FU on apoptosis, the Caspase 3/7 assay was utilized. At 24 h, we observed no significant apoptosis in the MDA-MB-231 or HCC1937 cell lines with single agent or combination treatment (Figure 5A,C). However, there was a significant increase in apoptosis with the combination compared to both single agents in the MDA-MB-468 cell line (Figure 5B). In the CAL-51 TNBC cell line, apoptosis was only significantly higher in the combination compared to 5FU as a single agent (Figure 5D).




2.5. Cell Cycle Effects of AZD1775 with 5FU in TNBC Cell Lines


To determine the effects on the cell cycle, cells were exposed to AZD1775, 5FU or the combination for 24 h and analyzed by flow cytometry. As depicted in Figure 6A,B, there is no significant difference in cell cycle arrest in the MDA-MB-231 or MDA-MB-468 with any treatment. However, we did observe a slight decrease in G2/M in the combination compared to either single agent. In the HCC1937 cell line, there was a significant increase in S-phase arrest in 5FU treated single agent when compared to no drug (p < 0.01). Additionally, there was also a statistically significant increase in S-phase arrest in the combination, when compared to AZD1775 as a single agent (p < 0.05) (Figure 6C). Similarly, the CAL-51, demonstrated similar results as the HCC1937, with a statistically significant increase in S-phase arrest with 5FU as a single agent compared to no drug and the combination compared to AZD1775 as a single agent (p < 0.001 and p < 0.05, respectively) (Figure 6D).




2.6. Effects of AZD1775 with 5FU on Downstream Effectors


Immunoblotting was performed to elucidate the mechanism of the combination effects of AZD1775 with 5FU in the four TNBC cell lines. Following 48 h exposure to the drugs, two of the four cell lines (MDA-MB-468 and HCC1937) demonstrated a decrease in p-CDC2 in a dose-dependent manner with AZD1775 as a single agent, and the decrease was only maintained in the combinations for the HCC1937 cell line. An increase in in γ-H2AX was observed in the AZD1775 single agent at both dose levels in the MDA-MB-231 and the HCC1937 and was enhanced in the 125 nM combo for the HCC1937. In the MDA-MB-48 and CAL51, no increase in γ-H2AX was observed in either AZD1775 as a single agent. However, there was an enhanced increase in the 250 nM combination. A decrease in Bcl-xL was observed with the 5FU and combination treatment in the MDA-MB-468 and CAL-51 cell lines, indicating an increase in apoptosis (Figure 7 and Supplementary Data).





3. Discussion


Approximately 15% of breast cancers in the United States are classified as TNBC and, despite recent advances in local and systemic therapies, patients with TNBC continue to be at increased risk of metastatic recurrence and have inferior outcomes compared to other breast cancer subtypes [16]. Therefore, many new and novel targeted therapies are being explored for the treatment of TNBC. AZD1775 is an inhibitor of WEE1 kinase, which is an inhibitory regulator of the G2/M checkpoint by phosphorylating and inactivating CDC2. The G2/M arrest allows tumor cells time to repair any damage. By inhibiting WEE1, cells progress through the G2/M checkpoint and die via mitotic catastrophe. Since tumors with defective p53 rely on the G2/M checkpoint, it is thought that by abrogating this checkpoint with a WEE1 inhibitor, it may preferentially sensitize the p53-mutated TNBC to DNA-damaging agents [17]. In the current study, we performed an in vivo screen of chemotherapies and targeted agents from the CTEP portfolio available for investigator-initiated preclinical and clinical trials as single agents and in combination with the WEE1 inhibitor AZD1775. In this screen, we discovered that AZD1775 in combination with capecitabine demonstrated enhanced anti-tumor effects compared to either single agent alone. We then further validated this combination in additional TNBC PDX models and TNBC cell lines to characterize the mechanism of the synergy.



Our study demonstrates that the addition of AZD1775 to capecitabine enhanced the anti-tumor effects in additional TNBC PDX models and TNBC cell lines. We observed an increase in apoptosis in several cell lines with the addition of AZD1775 to either agent. AZD1775 treatment led to a decrease in p-CDC2 and an increase γ-H2AX that was either maintained or enhanced in the combination with capecitabine demonstrating a DNA damage response. This is similar to what was observed in pancreatic cancer cell lines where gemcitabine, when combined with AZD1775 increased the amount of γ-H2AX staining by flow cytometry [18]. In fact, the authors went further and determined that γ-H2AX staining pattern may be a marker of sensitization.



It is thought that the addition of AZD1775 to DNA-damaging agents like chemotherapies may be a viable treatment strategy for various tumor types. Hirai et al. demonstrated that combining AZD1775 with gemcitabine, 5FU, capecitabine, and irinotecan enhanced the effects of each of these chemotherapies in colon and breast cancer models [5]. The authors tested the combination of 5FU and AZD1775 in p53 WT colon cancer models and did not see any enhancement in cell viability. This is in contrast to what was observed in our work, in that enhanced anti-proliferative effects were observed in the p53 WT, Cal-51 cell line, as well p53 MT TNBC cell lines. In the current study, not all cell lines responded similarly in all assays perhaps due to fundamental differences in the endpoints of the various assays or inherent genetic differences other than p53. These differences in response could also explain varying responses in the genetic makeup of other tumor types. AZD1775 has also been shown to enhance the effect of cisplatin in gastric cancer models. When gastric cancer cell lines were exposed to AZD1775 and cisplatin, an enhanced anti-proliferative effect was observed and an increase in apoptosis [19]. Similar to what we observed, the authors demonstrated that the combination worked in both p53 WT and p53 MT gastric cancer cell lines. However, the combination effect was better in the p53 MT. In addition to chemotherapy combinations, AZD1775 has shown efficacy when combined with other small molecules. Olaparib, in combination with AZD1775, demonstrated enhanced anti-tumor effects in both small cell lung and ovarian cancers [20,21]. These studies demonstrated a synergistic anti-proliferative effect, and an enhancement in apoptosis and decreases in p-CDC2 in AZD1775-treated ovarian cancer cells that was maintained in the combination. Additionally, AZD1775 in combination with the Aurora Kinase A inhibitor, alisertib, also demonstrated an enhanced anti-tumor effect with increases in apoptosis and γ-H2AX in head and neck cancers [22]. These data suggest that combination therapies with AZD1775 and chemotherapy or other targeted agents are viable options for treatment for various tumor types.



Several clinical trials have been conducted or are currently ongoing evaluating AZD1775 as a single agent and in combination with other cancer therapies. In a phase I trial of AZD1775 in patients with refractory solid tumors, the compound was tolerable with myelosuppression as the main dose-limiting toxicity. Partial responses were observed in two patients with BRCA1 mutations and no difference in response between patients with p53 mutations and wild-type p53 was observed. In this trial, post treatment tumor biopsies demonstrated a decrease in p-CDC2 and an increase in γ-H2AX which is consistent with our observations preclinically [23]. In a phase I clinical trial evaluating AZD1775 in combination with gemcitabine, cisplatin, or carboplatin in patients with advanced solid tumors, the most common adverse events included nausea, vomiting, diarrhea, and hematologic toxicity [24]. Stable disease was observed in 53% of patients and 10% achieved partial response. There was a trend towards an improved objective response rate in patients with p53 mutations compared to wild-type p53 in this trial (21% vs. 12%).



Further adding to the promise of AZD1775 as a cancer therapeutic is documented CNS penetration, which is particularly interesting in TNBC with its high incidence of TP53 mutations and brain metastasis [25,26]. CNS penetration by AZD1775 was confirmed by Li et al. using plasma and brain tumor samples from patients with glioblastoma for pharmacokinetic analysis [25]. Penetration of the human blood–brain barrier by AZD1775 is facilitated by uptake into the CNS through the OATP1A2 transporter and limited transporter-mediated efflux by ABCB1/ABCG2 in the relatively acidic tumor microenvironment. The result is favorable CNS penetration into brain tumors [25]. Capecitabine is a promising combination partner for AZD1775 due to non-overlapping dose-limiting toxicities (DLTs), CNS penetration and activity in TNBC in the adjuvant and metastatic setting [27,28,29].




4. Materials and Methods


4.1. TNBC Patient-Derived Xenografts


Patient-derived tumors were acquired from the University of Colorado Hospital (Aurora, CO, USA) following consent and in accordance with protocols approved by the Colorado Multiple Institutional Review Board. Female athymic nude mice (4–8 weeks of age) were purchased from Envigo (Indianapolis, IN, USA). All animal studies were approved by the Institutional Animal Care and Use Committee (00021). Tumor specimens were implanted into the hind flanks of mice and maintained for several generations as described previously [30]. For treatment studies, tumors were expanded into the hind flanks of mice when the tumors reached 150–300 mm3, and were randomized into treatment groups as previously described [31,32,33]. For the initial screen, mice (n = 3/group) were treated with AZD1775 alone or in combination with capecitabine, paclitaxel, gemcitabine, doxorubicin, navitoclax, VX970, and romidepsin. In the expanded cohorts, mice (n = 10/group) were treated with AZD1775 (50 mg/kg, PO, QD, AstraZeneca, Cambridge, MA, USA), or capecitabine (60 mg/kg, PO, twice weekly), as single agents or in combination as described previously [34,35]. Mice were monitored daily for signs of toxicity and tumor size was evaluated using digital calipers twice weekly using the following formula: tumor volume = (length × width2) × 0.52. Percent tumor growth inhibition (TGI) values were calculated using the following formula: ((MTVvehicle − MTVtreated)/MTVvehicle) × 100.




4.2. Drugs


AZD1775 was provided by AstraZeneca or purchased from MolPool (Kowloon, Hong Kong). Capecitabine was purchased from Active Biochem (Kowloon, Hong Kong). The 5-fluorouracil was purchased from the University of Colorado Hospital Pharmacy (Aurora, CO, USA).




4.3. Cell Lines and Reagents


HCC1937, CAL-51, MDA-MB-231, and MDA-MB-468 were purchased from ATCC and maintained in DMEM (Corning) containing 10% FBS (Atlas Biologicals, Ft. Collins, CO, USA) with 1% Pen/Strep and 1% non-essential amino acids (Corning, Tewksbury, MA, USA). Cells were routinely tested for mycoplasma and were authenticated at the Barbara Davis Center for Diabetes Molecular Biology Service Center (Aurora, CO, USA).




4.4. Proliferation and Apoptosis


The anti-proliferative effects of AZD1775 in combination with 5FU were evaluated on HCC1937, CAL-51, MDA-MB-231, and MDA-MB-468 using the IncuCyte Zoom live cell imager (Essen Bioscience, Ann Arbor, MI, USA). All cell lines were plated in 96-well plates at optimal density and allowed to adhere for 24 h. After 24 h, the cells were treated with AZD1775 (125 or 250 nM) and 5-fluorouracil (5FU) (7.5 µM), as single agents or in combination. Doses of each compound were based on previously published data [36,37]. Plates were then placed in the IncuCyte Zoom and allowed to incubate for 72 h while taking images every 2–4 h. Following 72 h, the plates were removed and discarded. Percent confluence was analyzed over time using the IncuCyte Zoom 2018A software (Essen Bioscience, Ann Arbor, MI, USA) and graphed as a measure of percent confluence over time with GraphPad Prism 8.1 (San Diego, CA, USA). To assess cell cytotoxicity, the sulforhodamine B (SRB) assay was performed and synergy was calculated using the Calcysyn software (Biosoft, v2, company, Campridge, UK) as described previously [33,38]. A CI value of <1 was considered synergistic. For analysis of apoptosis, all cell lines were plated in white-walled 96-well plates and allowed to adhere for 24 h. After 24 h, the cells were treated as described above for 24 h. Apoptosis was assessed using the Caspase Glo 3/7 assay (Promega,Madison, WI, USA) per manufacturer instructions and luminescence was measured using the Synergy H1 plate reader (BioTek, Winooski, VT, USA). Relative caspase activity was calculated and graphed using GraphPad Prism 8.1.




4.5. Cell Cycle Analysis


The effect of AZD1775 in combination with 5FU on cell cycle was evaluated in HCC1937, CAL-51, MDA-MB-231, and MDA-MB-468 cell lines. All cell lines were plated in 6-well plates at optimal density and allowed to adhere for 24 h. After 24 h, the cells were treated with AZD1775 (125 or 250 nM) and 5FU (7.5 µM), as single agents or in combination for an additional 24 h. Cells were then trypsinized, washed with PBS and resuspended in Krishan’s stain and stored at 4 °C overnight. Cell cycle distribution was analyzed by flow cytometry in the University of Colorado Cancer Center Flow Cytometry Core (Aurora, CO, USA).




4.6. Immunoblotting


The effects of drug treatments on downstream effectors were assessed by immunoblotting. Cells were plated in a 6-well plate and allowed to adhere for 24 h. After 24 h, the cells were treated with AZD1775 (125 or 250 nM) or 5-fluorouracil (5FU) (7.5µM), as single agents or in combination for 24 h. Following treatment, lysis buffer containing protease and phosphatase inhibitors were added to the wells and the cells were scraped on ice. The lysed proteins were added to a microcentrifuge tube and sonicated for 30 s. Following sonication, the lysates were centrifuged for 10 minutes at 16,000× g at 4 °C. The supernatant was removed and transferred to a new tube and protein concentration was determined using a Pierce BCA Protein Assay Kit (Thermo Fisher, Waltham, MA, USA). A total of 40 µg of protein was electrophoresed on a precast 4–12% BisTris gel (Life Technologies, Carlsbad, CA, USA). Proteins were then transferred onto a nitrocellulose membrane using Invitrogen Power Blotter (Thermo Fisher). Membranes were blocked for 1 h at room temperature using 3% casein. After blocking, the membranes were probed with the following primary antibodies (1:1000) overnight at 4 °C with rocking: CDC2, p-CDC2, H2AX, Bcl-xL, and Actin. Following washing three times with TBST, the membranes were incubated for 1 h at room temperature with anti-rabbit or -mouse IgG (H+L; DyLight 800 or 600) conjugated sary antibody at a dilution of 1:15,000. Images were captured using the Odyssey Infrared Imaging System (Licor, Lincoln, New, USA). (All original Western blot figures can be found in the Supplementary Date.)




4.7. Statistical Analysis


We compared combination treatment groups to each of the single agents and performed an unpaired t-test with Welch’s correction GraphPad Prism 8.0, (San Diego, CA, USA).





5. Conclusions


The combination of AZD1775 with capecitabine leads to enhanced anti-proliferative effects in vitro and in vivo. Enhanced apoptosis and cell cycle arrest was also observed. Additionally, an increase in the DNA damage response was observed by immunoblotting in the AZD1775 single agent and this was maintained in the combination. This work supports the future investigation of the combination of AZD1775 and capecitabine in patients with metastatic TNBC.
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Figure 1. Effect of AZD1775 alone or in combination with chemotherapy or targeted agents in triple-negative breast cancer (TNBC) PDX models. Percent tumor growth inhibition (TGI) was calculated for each model (n = 3 animal/group). AZD1775, 50 mg/kg (PO, QD); paclitaxel, 15 mg/kg (IP, QW); capecitabine, 60 mg/kg (PO, QWx2); doxorubicin, 1.5 mg/kg (IP, QW); AZD8186, 25 mg/kg (IP, QD); navitoclax 100 mg/kg (PO QWx3); romidepsin 1.34 mg/kg (IP, QW); VX970, 40 mg/kg (IP, QW); gemcitabine 40 mg/kg (IP, QW). (A) TNBC002, (B) TNBC009, (C) TNBC012, and (D) TNBC013. 
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Figure 2. Effect of AZD1775 alone or in combination with capecitabine in TNBC PDX models (n = 10–12 animals/group). (A) TNBC012 and (B) TNBC013. 
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Figure 3. Anti-proliferative effects of AZD1775 and 5FU in TNBC cell lines. Cells were treated with AZD1775 and 5FU and proliferation was assessed for 72 h using the Incucyte Zoom and normalized to Day 1. (A) MDA-MB-231, (B) MDA-MB-468, (C) HCC1937, and (D) CAL-51. A t-test was performed to compare the combination treated to each of the single agent (* = p ≤ 0.05, *** = p ≤ 0.001). 






Figure 3. Anti-proliferative effects of AZD1775 and 5FU in TNBC cell lines. Cells were treated with AZD1775 and 5FU and proliferation was assessed for 72 h using the Incucyte Zoom and normalized to Day 1. (A) MDA-MB-231, (B) MDA-MB-468, (C) HCC1937, and (D) CAL-51. A t-test was performed to compare the combination treated to each of the single agent (* = p ≤ 0.05, *** = p ≤ 0.001).



[image: Cancers 12 00719 g003]







[image: Cancers 12 00719 g004 550] 





Figure 4. Cytotoxic effects of AZD1775 and 5FU in TNBC cell lines. Cells were treated with AZD1775 and 5FU and cytotoxic effects were assessed at 72 h using the sulforhodamine B (SRB) assay. Synergistic effects were analyzed using Calcusyn software. (A) MDA-MB-231, (B) MDA-MB-468, (C) HCC1937, and (D) CAL-51. (* = CI < 1). 
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Figure 5. Apoptotic effects of AZD1775 and 5FU in TNBC cell lines. Cells were treated with AZD1775 and 5FU and caspase 3/7 activity was assessed at 24 h using Caspase Glo 3/7 assay. (A) MDA-MB-231, (B) MDA-MB-468, (C) HCC1937, and (D) CAL-51. A t-test was performed to compare the combination treated to each of the single agent (* = p ≤ 0.05; *** = p ≤ 0.001). 
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Figure 6. Cell cycle analysis of AZD1775 and 5FU in TNBC cell lines. Cells were treated with AZD1775 and 5FU and cell cycle arrest was assessed at 24 h using Krishans staining followed by flow cytometry. (A) MDA-MB-231, (B) MDA-MB-468, (C) HCC1937, and (D) CAL-51. A t-test was performed to compare the combination treated to each of the single agent (* = p ≤ 0.05, ** = p ≤ 0.01, **** = p ≤ 0.0001). 






Figure 6. Cell cycle analysis of AZD1775 and 5FU in TNBC cell lines. Cells were treated with AZD1775 and 5FU and cell cycle arrest was assessed at 24 h using Krishans staining followed by flow cytometry. (A) MDA-MB-231, (B) MDA-MB-468, (C) HCC1937, and (D) CAL-51. A t-test was performed to compare the combination treated to each of the single agent (* = p ≤ 0.05, ** = p ≤ 0.01, **** = p ≤ 0.0001).



[image: Cancers 12 00719 g006]







[image: Cancers 12 00719 g007 550] 





Figure 7. Effects of AZD1775 and 5FU on relevant downstream effectors of the cell cycle and DNA damage. Cells were treated with AZD1775 and 5FU for 48 h and total protein was extracted. Whole cell extracts were assessed for expression of CDC2. p-CDC2, γH2AX, and Bcl-xL by immunoblotting. 
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