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ABSTRACT 

Polo-like kinase 1 (PLK1) is a critical cell cycle regulator and overexpressed in multiple cancer 

types. As previously reported, PLK1 is tightly related to patient survival and cancer progression.  

Prostate cancer (PCa) is the most frequently diagnosed cancer in men and the second leading cause 

of cancer-associated death in the US. Once PCa patients develop resistance toward initial androgen 

deprivation therapy (ADT), the castration-resistant prostate cancer (CRPC) will occur and become 

lethal. Thus, a novel therapeutic strategy to treat CRPC patients is urgently required. Herein, we 

have identified a novel combination therapy that PLK1 inhibitor GSK461364A and BRD4 

inhibitor JQ1 cooperate to treat CRPC both in vitro and in vivo. GSK461364A and JQ1 act 

synergistically to inhibit cell proliferation and induce cell apoptosis through regulating c-MYC 

and AR signaling and dramatically impact cell metabolism as well.  

 

Furthermore, the progression of malignant melanoma, the most aggressive and deadly skin cancers, 

also firmly correlates with the PLK1 expression level in patients. In this study, we have utilized 

the mouse melanoma model BrafCA/+ / Ptenloxp/loxp to investigate the role of Plk1 in melanoma 

progression and metastasis. Elevated expression of Plk1 significantly shortened the survival period, 

promoted proliferation, induced metastasis, and impacted metabolism in mouse melanoma models. 

Intriguingly, PLK1 also contributes to the drug resistance toward PLX-4032, which is the FDA-

approved drug to treat metastatic melanoma patients harboring BRAF V600E mutation. Therefore, 

the efficacy of combining PLX-4032 and PLK1 inhibitor BI6727 has been tested in human 

melanoma cell lines and the xenograft model, showing a strong synergy between the two drugs. 

To conclude, we have demonstrated that PLK1 functions as an oncogene in cancer development, 

and targeting PLK1 would be a promising therapeutic strategy in clinic. 
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CHAPTER. 1 PLK1, FUNCTION IN MITOSIS 

1.1 Introduction 

The polo-like kinase (PLK) was first discovered in Drosophila in 1988, and its essential role in 

regulating cell division has been well demonstrated since then (1, 2). Currently, five members of 

the PLK family (PLK1-PLK5) have been investigated in human, which function as serine-

threonine kinases to regulate multiple intracellular processes, such as DNA replication, mitosis, 

and DNA damage response (3, 4). PLK1 is the best-studied family member, involving in DNA 

damage response and cell cycle progression (5, 6). PLK1 harbors two structural domains, the polo-

box domain (PBD), related to substrates binding and subcellular distribution, and the kinase 

domain (KD), which could be regulated by upstream activating kinases (7-9). Because of its crucial 

role in mitosis, the expression and activity of PLK1 are precisely and tightly controlled throughout 

the whole cell cycle. It has been well established that PLK1 is low in interphase, gradually 

increases during S and G2 phase, and reaches a peak during mitosis, which is conserved with the 

cell cycle progression (10-13). Notably, PLK1 overexpresses in cancerous tissues and associates 

with the survival of cancer patients in numerous cancer types, including lung cancer, breast cancer, 

liver cancer, colon cancer, stomach cancer, and melanoma (14). The disease-free survival and 

overall survival period remarkably shorten in patients with higher PLK1 expression level,  in 

comparison to those with lower expression of PLK1, suggesting PLK1 as a potential and promising 

target for cancer therapy (14). In this review, we will briefly discuss how PLK1 is regulated in 

both mRNA and protein levels during the cell cycle. The biological roles of PLK1 in cell cycle 

progression and DNA damage will be introduced as well.  

1.2 Regulating PLK1 in cell cycle 

1.2.1 Transcriptional regulation 

It has been well established that the promoter region of Plk1, located 5’ to the translation start site, 

is sufficient and crucial for mouse and human Plk1 expression (13, 15, 16). There are three positive 

regulatory elements found between nucleotides -35 and -95, which could significantly induce Plk1 

expression during G2/M (16). Based on the consensus sequence motifs, several transcription 



 

 

 

15 

factors have been identified to regulate Plk1 during the cell cycle, containing TCF3, AP1, AP2, 

SP-1, NF-Y/CBF, NFκB (15), E2F1 (17), and E2F3 as well (18). Moreover, FKH-TFs (forkhead 

transcription factors), regulators of the mitotic program, could also bind directly to the Plk1 

promoter in vivo and lead to its activation (19). Most importantly, Forkhead Box M1 (FoxM1) 

could dramatically stimulate Plk1 in a G2-specific manner (20), thus contributing to a cell-cycle 

dependent regulation of Plk1. In agreement, the deletion of FoxM1 or Plk1 in cells will result in 

similar pleiotropic mitotic defects, exhibiting unstable chromosome and inaccurate chromosome 

segregation (20, 21). 

 

Compared to the transcriptional activation, the repression of Plk1 in the cell cycle is better studied. 

A bipartite repressor element, termed as CDE/CHR (cell cycle-dependent element/cell cycle genes 

homology region), has been identified as a crucial factor in the Plk1 repression (16). The 

CDE/CHR element is a central regulator in cell cycle progression and presents at the promoter 

region of other G2/M related genes as well, including cyclin B1, cyclin A, CDK1, Aurora A, or 

Cdc25C (22, 23). The mutations in the CDE/CHR element could dramatically diminish the cell 

cycle-specific regulation of the Plk1 transcription (16). Several transcription factors have been 

demonstrated to mediate the activity of CDE/CHR element, such as CDF-1 (CDE‑CHR binding 

factor‑1) (24), the DREAM (DP, RB-like, E2F4, and MuvB) complex (25), and the MMB (Myb-

MuvB) complex (25). Besides, RB and its related pocket proteins p107/p130 have been reported 

to suppress the expression of Plk1 (26). E2F4 cooperates with p107/p130 and recruits SWI/SNF 

complex to the Plk1 promoter region, thus leading to the histone deacetylation and gene repression 

(26). Furthermore, due to the role of PLK1 in the DNA damage response, PLK1 is tightly regulated 

by the DNA damage repair signaling pathway. DNA damage activates cell cycle checkpoints and 

allows DNA repair before mitotic entry through ATM, ATR, and their downstream CHK1 and 

CHK2 kinase (27-29), leading to the inhibition of Plk1 activity via both transcriptional regulation 

and protein modification (30, 31). BRCA1 and its downstream CHK1 have been proven as a 

suppressor of Plk1 expression after ionizing radiation in breast cancer (32). Most importantly, p53 

could suppress Plk1 expression either by directly binding to the Plk1 promoter (33) or through its 

downstream p21 (34). In response to DNA damage, p53 could bind to the Plk1 promoter region, 

then recruit histone deacetylases to inhibit Plk1 expression (33). In parallel, as a mediator of the 

p53 repressive function, p21 could promote the switch from the MMB complex to the DREAM 
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complex on the CHR element of the Plk1 promoter to block its transcription (34, 35). Moreover, 

p53 also inhibits the transcription activity of FOXM1 and E2F1, thereby further diminish the 

transcription of PLK1 (36, 37). 

 

Along with the development of epigenetics, it has been revealed that the modification of DNA and 

histones tightly correlates with cell cycle regulation (38). According to the previous publications, 

the methylation status in PLK1’s promoter region varies in response to the environmental stimulus 

in cancer cells (39, 40). However, the knowledge of how PLK1 is modulated by the epigenetic 

network at the transcription level is still limited and requires further investigation. 

1.2.2 Post-translational regulation 

Based on the biochemical studies, the PBD of PLK1 binds to its KD, thus inhibits its catalytic 

activity (41, 42). Deletion or mutations of PBD could dramatically increase the activity of KD 

during the G2 phase, suggesting the autoinhibitory machinery in the regulation of PLK1 activity 

(41, 42). Later, its autoinhibitory state has been further understood and confirmed through 

analyzing the crystal structure of zPlk1. The binding of PBD and KD could either reduce the 

flexibility of the hinge region or sequestrate the activation loop, leading to the inhibition of kinase 

activity (43).  

 

In contrast, the phosphorylation of T210 or S137 by Aurora A/Bora and other activating kinases 

could interrupt the intermolecular interaction and fully activate PLK1 during mitosis (9, 43-45). 

During mitosis, mass spectrometry analysis has identified T210 as a main post-translational 

modification of PLK1 (9, 46, 47), which has been considered as the first step to initiate PLK1’s 

activity (48). Compared to wild type PLK1, the substitution of aspartate for T210 results in 

constitutive activation, while the replacement of alanine or valine reduces its activity significantly 

(47, 48). It has been well established that Aurora A cooperates with Bora to control the G2/M 

transition and mitotic entry, as well as activate PLK1 in the G2 phase (44, 45). Bora, as a known 

cofactor of Aurora A, binds directly to PLK1 and increases the accessibility of the activation loop 

on PLK1, thus facilitates Aurora A to phosphorylate T210 before mitotic entry (44, 45). Although 

Aurora A and Bora accumulate in the late G2 phase, they degrade and decrease drastically by 

proteasomes in mitosis, leaving the question of how PLK1 remains activated during mitosis (49, 
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50). A study has demonstrated that once PLK1 is fully activated, minimal amounts of Aurora 

A/Bora complex could maintain PLK1’s activity until the end of mitosis (49).  Interestingly, during 

mitosis, the proteolysis of Bora requires phosphorylation by PLK1, which could enhance its 

interaction with SCF-β-TrCP and promote degradation (50). Once the PLK1 phosphorylation site 

is mutated, Bora would be stabilized in the mitosis, leading to prolonged metaphase and delayed 

anaphase in cell division (50). Apart from T210, phosphorylation at S137 is another important 

post-translational modification found in PLK1, regarded as the prerequisite for the appropriate 

mitotic progression. Unlike T210, the phosphorylation of S137 occurs in late mitosis (51). 

Expression of S137D in cells results in improper activation of APC/C (anaphase-promoting 

complex) and eventually leads to mitotic catastrophe (51). However, further investigation is 

indispensable to validate and understand the role of S137 in PLK1’s function. Moreover, Pak1 

(p21-Activated kinase1) has been reported to phosphorylate PLK1 at S49, which is essential for 

the establishment of a functional bipolar spindle and maintenance of proper spindle tension (52). 

Besides, another study based on mass spectrometry has identified additional phosphorylation sites 

on the catalytic domain of PLK1 showing a robust induction during mitosis, while the regulator 

and function of which are still unclear (46). Distinct from phosphorylation, the study of how 

phosphatases control PLK1 spatiotemporal activity is limited. MYPT1/PP1C and MYPT1/PP1β 

could bind to PLK1 to diminish its phosphorylation at T210, thus tightly control PLK’s activity 

during mitosis as previously demonstrated (53, 54). Besides, cyclin A/ CDK1 could negatively 

modulate the activity of PLK1 in prometaphase by priming its binding with MYPT1, which 

destabilizes the KT-MT attachment and ensures faithful chromosome segregation (55). Moreover, 

PP2A binding with different regulatory subunits could dephosphorylate PLK1 in distinct stages 

and exhibit divergent effects. PP2A / B56 regulates PLK1 to maintain the balance of kinetochore-

microtubule attachments during mitosis (56), whereas PP2A/B55α associates with PLK1 to 

regulate checkpoint recovery after DNA damage (57).  

 

Similar to phosphorylation, ubiquitination is a reversible protein modification to regulate the 

spatially and temporally activity of PLK1 (58). During the G2/M transition, PLK1 would be 

ubiquitinated by the checkpoint protein Chfr and finally subject to degradation under the mitotic 

stress, therefore prevent Cdc25C from activation and delay the mitotic entry (59). On the contrary, 

once cells proceed to normal G2/M transition, USP16 (ubiquitin-specific peptidase 16) would 
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deubiquitinate PLK1 to ensure its recruitment and activity on kinetochores. Consequently, proper 

kinetochore-microtubule (KT-MT) attachment and accurate chromosome alignment could be 

established and guaranteed in the metaphase (60). Interestingly, cullin3 (CUL3) based E3 ligase 

antagonizes to USP16 and contributes to PLK1’s dynamic cellular localization instead of 

degradation (61). Once the chromosome is properly aligned, CUL3/KLHL22 ubiquitinates K492 

at PBD of PLK1 and disassociates PLK1 from kinetochores, thus satisfies the spindle assembly 

checkpoint (SAC) and promotes mitotic progression (61). Most importantly, PLK1’s expression 

and activity maintain high in the early mitosis, however, PLK1 has to go through proteolysis in 

anaphase to ensure successful cytokinesis and proper mitotic exit (62). It is well established that 

APC/C, an E3 ligase of diverse mitotic proteins, also contributes to the proteolysis of PLK1 in 

anaphase (62, 63). Cdc20 binds with APC/C to initiate mitotic exit by targeting mitotic proteins 

containing a destruction box (D box), such as securin (64, 65). Hereafter, Cdc20 is degraded by 

itself and substituted by Cdh1, through which APC/C gains a broader specificity toward mitotic 

protein (63, 65). PLK1 contains a conserved RxxL D-box-like motif that could be recognized and 

ubiquitinated by APC/CCdh1. Subsequently, PLK1 goes through proteasome degradation to achieve 

a proper mitotic exit eventually (62, 66). Moreover, CHIP (C-terminal Hsc70-interacting protein) 

is also reported as an E3 ligase to modulate PLK1’s homeostasis during mitosis in prostate cancer 

(67). 

 

Recently, innovative post-translational modifications of PLK1, other than phosphorylation and 

ubiquitination, have also been revealed. After phosphorylation and activation by CDK1/cyclin B1, 

SUMO-conjugating enzyme UBC9 interacts with PLK1 to conjugates SUMOs (small ubiquitin-

like modifiers) (68). This SUMOylation of PLK1 enhances its nuclear translocation and prevents 

it from proteasome degradation (68). Besides, SUMO-1 could regulate PLK1in microtubules and 

the spindle pore, while SUMO-2/3 is related to PLK1’s localization on kinetochores, as reported 

recently (69). Moreover, monomethylation at K209 by methyltransferase G9a silences PLK1 

through antagonizing T210 phosphorylation under DNA damage stress (70). PLK1 with methyl-

deficient K209A mutant results in defects in DNA damage repair and DNA replication, whereas 

cells with methyl-mimic K209M mutant PLK1 exhibit prolonged metaphase-to-anaphase 

transition due to the improper separation of the chromosome (70). Furthermore, SET7/9 could 
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suppress PLK1 kinase activity through methylation of PLK1 at K191 in early mitosis, promoting 

a dynamic attachment of KT-MT for error correction (71).  

1.3 PLK1’s Biological Function 

1.3.1 PLK1 in cell cycle 

PLK1 is a well-known cell cycle regulating kinase and plays a vital role in regulating cell division. 

Collective data have demonstrated that PLK1 is critical for the early development of mouse 

embryos, the complete depletion of which causes extensive mitotic aberrations and embryonic 

lethal (72, 73). Pre-clinical studies have revealed that PLK1 participates in multiple cell-cycle 

related processes, involving mitotic entry, centrosome maturation, spindle assembly, chromosome 

aggregation, and cytokinesis (74). 

1.3.1.1  PLK1 with CDK1/cyclin B1 

It is well established that the activity of the CDK1/cyclin B1 complex is crucial for the G2/M 

transition and is precisely mediated by a protein network to ensure the appropriate commitment to 

a mitotic state (75). Intriguingly, CDK1-mediated phosphorylation can not only directly regulate 

the stability and activity of its substrate but may provide a docking site of PBD to prime the further 

phosphorylation by PLK1 (76, 77). At the onset of mitosis, Wee1, the CDK1 inhibitory kinase, 

could be phosphorylated by CDK1 and PLK1 at S123 and S53 separately to generate a phosphor-

degron (78). As a consequence, Wee 1 is recognized and ubiquitinated by β-TrCP to degradation, 

leading to the rapid activation of CDK1 (78). Similarly, the Myt1-mediated inhibition toward 

CDK1 would diminish once dual-phosphorylated by CDK1 and PLK1 (79, 80). In parallel, PLK1-

dependent phosphorylation of Cdc25c enhances its translocation to the nucleus, thus 

dephosphorylating and activating in CDK1 during the prophase (81). Besides, PLK1 

phosphorylates cyclin B1 during prophase to stimulate its rapid nuclear entry (82, 83). Moreover, 

FOXM1, function as a master transcriptional factor of multiple mitotic genes including cyclin B1 

and PLK1 itself, is also demonstrated as a substrate of PLK1, which would dramatically enhance 

its transcriptional activity and promote mitotic progression (84).  
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1.3.1.2 PLK1 at centrosomes 

In the G2 phase, PLK1 is recruited by Gravin to localize at the centrosomes, a prerequisite for the 

formation of mature centrosomes (85, 86). Henceforward, the pericentriolar matrix (PCM) of 

centrosomes undergoes a dramatic expansion to organize spindle microtubules in advance of the 

formation of a bipolar spindle (87). Ninein-like protein (NLP) plays a crucial role in microtubule 

organization and interacts with γ-tubulin ring complexes (γ-TuRCs) to stimulate microtubule 

nucleation (88). Once phosphorylated by PLK1, NLP fails to associate with either centrosomes or 

γ-tubulin, thus grants the proper establishment of the mitotic spindle (88). In parallel, PLK1 

phosphorylates Pericentrin (PCNT) to initiate the centrosomes maturation, enhance recruitment of 

centrosomal proteins, and ensure fidelity of centriole separation as well (89, 90). Recently, Sas-4 

is identified as a novel PLK1 substrate in Drosophila, related to the expansion of PCM (91). At 

the onset of mitosis, the phosphorylation of PLK1 is essential for Sas-4 to recruit γ-tubulin and 

Cnn and enable its localization to expand outward from the centrosome (91). 

 

Except for centrosome maturation, PLK1 also participates in the centrosome disjunction and 

separation during late G2/prophase (6). PLK1-dependent phosphorylation of Mst2 could enhance 

the activity of its downstream Nek2A to remove C-Nap1 and Rootletin from centrioles, 

consequently activating centrosome disjunction (92, 93). In addition, Kinesin family member 11 

(KIF11), a key factor to drive apart duplicated centrosomes, is activated indirectly by PLK1 

through Nek9 and Nek6/7 kinase cascade (94). Once centrosomes are separated, PLK1 contributes 

to the nuclear envelope breakdown (NEBD) via phosphorylating p150Glued, to allow the interplay 

between chromosome and spindle (95). Furthermore, centrosomal PLK1 is a mediator of switching 

dynein/dynactin through regulating dynactin members and NuMA (nuclear mitotic apparatus 

protein 1) to establish a dictated mitotic spindle (96). Last but not least, the sequential 

phosphorylation of Aurora A and PLK1 stabilizes 53BP1 (p53-binding protein 1) to facilitate the 

maintenance of centrosome integrity (97).  

1.3.1.3 PLK1 at kinetochores 

Except for centrosomes, PLK1 locates at kinetochores and plays a crucial role in the regulation of 

KT-MT attachment (98). In the interphase and early mitosis, PLK1 binds with PBIB1 via PBD 
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and subsequently could be recruited to kinetochores (99). Intriguingly, PLK1 phosphorylates 

PBIB1 at T78 to induce its degradation at kinetochores, thereby enabling PLK1 to associate with 

other components (99). To maintain localization and function in kinetochores, PLK1 interacts with 

several scaffold proteins after PBIB1 degradation, including INCENP (inner centromere protein), 

BUB1 (benzimidazole 1), BUBR1, and RSF1 (100-103). BUBR1 could be phosphorylated by 

PLK1 during prometaphase, thus promotes the enrichment of PP2A/B56α phosphatase by BUBR1 

at kinetochores (102, 104). PP2A/B56α complex mediates the dephosphorylation of Aurora B to 

counter its activity on the outer kinetochores, leading to the stability of MT-KT attachment (104). 

Interestingly, PLK1 could also phosphorylate BRCA2 and facilitate it to form a complex with 

BUBR1 and PP2A, to establish a stable KT-MT interaction and ensure the proper chromosome 

alignment (105, 106). Besides, PLK1 could promote the establishment of proper KT-MT 

attachment by phosphorylating CLIP-170 (107). The knockdown of CLIP-170 results in the 

defects of KT-MT attachment in human cells and leads to mitotic arrest (108). CK2 (Casein kinase 

2)-induced phosphorylation of CLIP-170 is essential for its dynein/dynactin‐dependent 

kinetochore localization, the process of which is facilitated and enhanced by PLK1 (107). 

Moreover, Tex14 (testis expressed protein 14) is recruited to kinetochores by PLK1 to regulate the 

KT-MT attachment during early mitosis (109). Hereafter, the PLK1-mediated phosphorylation of 

Tex14 also results in its ubiquitination by APC/C and subsequent degradation, to guarantee the 

proper transition from metaphase to anaphase (109). Also, PLK1 phosphorylates MDC1 to 

promote prometaphase-metaphase transition and maintain genomic stability, independent of 

MDC1’s role in DNA damage repair (110). Furthermore, PLK1 positively regulates Sgt1 and 

enhances its association with MIS12 complex at kinetochores, thereby promotes the recruitment 

of NDC80 and promises efficient microtubule-binding sites (111). Above all, both unstable KT-

MT attachment and centromere disintegration are demonstrated as the mechanisms of chromosome 

alignment defects induced by PLK1 inhibition, suggesting PLK1’s essential function in both 

centrosome and kinetochores during mitosis (112). 

1.3.1.4 PLK1 in spindle formation and chromosome segregation 

For accurate chromosome segregation, the formation of KT-MT attachment is tightly controlled 

and under the surveillance of the spindle assembly checkpoint (113). Monopolar spindle 1 (MPS1) 

is the principal organizer of the SAC signaling cascade, which could bind to the unattached 
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kinetochores and recruit SAC-related proteins, thus prevents the activation of APC/C and exit of 

mitosis (113). It has been well established that PLK1 cooperates with MPS1 to initiate, maintain, 

and regulate the activity of SAC (114-117). PLK1 directly phosphorylates MPS1 to enhance its 

catalytic activity and initiate SAC signaling (117). Meanwhile, PLK1-phosphorylated BUB1 and 

KNL1 facilitate the recruitment of other SAC components to kinetochores (115-117). Besides, 

PLK1 is necessary for the localization and activity of Aurora B at kinetochores during SAC (114) 

but also contributes to its removal after KT-MT formation as previously described (104).  

 

Once SAC is satisfied, mitotic checkpoint complex (118), the inhibitory machinery of APC/C, is 

disassembled due to PLK1’s negative regulation of p31comet (119). Significantly, PLK1 initiates 

the E3 ligase activity of APC/C through dual phosphorylation along with CDK1/cyclin B1, leading 

to the degradation of cyclins and other mitotic regulators (120). In parallel, PLK1 controls the 

destruction of APC/C inhibitor EMI1 (early mitotic inhibitor 1) as well, inducing rapid activation 

of APC/C and entry to anaphase (121). In addition, sister chromatids experience segregation and 

have to be distributed equally to different poles in anaphase, the process of which is also mediated 

by PLK1 (122). Cohesin functions to hold two sister chromatids together since the S phase, the 

deactivation of which is the fundamental basis for chromatids separation (122). In the prophase 

and prometaphase, PLK1 phosphorylates the subunits of cohesin, subsequently disassociates 

cohesin from chromosome arms and enhances its cleavability, contributing to the proper separation 

of chromosomes (122, 123). 

1.3.1.5 PLK1 in cytokinesis  

After chromosome segregation, cells must undergo cleavage under the guidance of the midzone to 

achieve a successful cell division (124). During anaphase, PLK1 could translocate from 

centrosomes and kinetochores to the mitotic midzone with the facilitation of PRC1 (protein 

regulator of cytokinesis 1) (125). CDK1 involves in the PRC1 regulation and acts as an inhibitor 

toward the interaction between PRC1 and PLK1 before anaphase, as previously reported (125). 

However, another study proposes that PLK1 is the dominant regulator of PRC1’s activity in both 

pre-anaphase and post-anaphase, instead of CDK1 (124). The phosphorylation of PLK1 could 

inhibit PRC1’s activity in organizing the midzone complex, preventing the pre-mature of the 

midzone for cells in metaphase (124). Another well studied target of PLK1 during cytokinesis is 
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RhoA signaling. In late mitosis, RhoGEF ECT2 is recruited and activated by HsCyk-4 to the 

central spindle, thus facilitating the targeting and activation of RhoA GTPase, which is crucial for 

the maintenance of cortical contractility and the specification of cleavage plane (126). 

Significantly, PLK1 promotes the central spindle recruitment of ECT2 through phosphorylation, 

triggering the initiation of cytokinesis and the integration of cleavage furrow (126, 127). As a 

consequence, the inhibition of PLK1 abolishes the localization of RhoA GTPase at the equatorial 

cortex, eventually fails cytokinesis (128-130). Besides, PLK1 and RhoA function together to 

maximize the activity of ROCK2 kinase, thus promoting the contraction of actomyosin during 

cleavage (131). In the meantime, PLK1 also associates with other proteins located at the central 

spindle, including MKLP2 (mitotic kinesin-like protein2), NUDC (nuclear distribution gene C), 

SVIL (supervillin), and CEP55 (centrosomal protein of 55 kDa), to ensure appropriate cytokinesis 

(132-135). 

1.3.2 PLK1 in DNA Damage 

Due to its crucial role in cell cycle regulation, it is not surprising that PLK1 is inactivated and 

subjected to degradation after DNA damage in G2 and mitosis (30, 136). Once DNA damage repair 

is completed, PLK1 is also responsible for shutting down the DNA damage checkpoint and 

promoting mitotic progression (6).  

 

As previously mentioned, Aurora A and Bora phosphorylate PLK1 at T210 to enhance its activity 

and promote mitotic entry (44). Under DNA double-strand break in the G2 phase, Bora is 

phosphorylated at T501 by ATM/ATR directly, then ubiquitinated by E3-ligase SCF-β-TrCP and 

degraded (137). As a consequence, the degradation of Bora finally leads to the inhibition of PLK1, 

which would be further enhanced by phosphatase PP2A/B55α (57, 137). In parallel, G9A 

monomethylates PLK1 at Y209 to antagonize the T210 phosphorylation and contributes to the 

PLK1 inhibition as well. (70). Meanwhile, in response to DNA damage in the G2 phase, Cdc14B 

translocates to the nucleoplasm and activates E3 ligase APC/CCdh1 to degrade PLK1 and induce 

arrest (136). Recently, a study has shown that ATM spreads all over the chromatin and prevents 

mitotic progression under DNA damage, but its inhibition toward PLK1 could counteract by 

chromatin-bound phosphatase Wip1 (138). Wip1 antagonizes ATM’s activity to re-active PLK1 

and allows the cell cycle to restart even though ATM is still present at DNA lesions (138). Besides, 
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Claspin is stabilized and activated dependent on ATR/CHK1 activity, triggering the DNA damage 

checkpoint (139, 140). Once PLK1's activity recuperates, PLK1 phosphorylates Claspin, thus 

promotes its degradation via E3-ligase SCF-β-TrCP, to recover from the DNA damage checkpoint 

and move forward to mitosis (140). Moreover, PLK1 and CK2 sequentially phosphorylate Rad51 

to enhance its recruitment to the damage site and promote DNA damage repair through HR 

(homologous recombination) (141). Also, PLK1 phosphorylates Mre11, a component of MRN 

(Mre11/Rad50/Nbs1), to prevent the loading of the MRN complex to damaged DNA and 

subsequently inhibit DNA damage repair (142). Furthermore, under DNA replication stress, PLK1 

suppresses DNA damage checkpoint through its interaction with RAD9 (143). Recently, it has also 

been indicated that PLK1 cooperates with CDK1/cyclin B1 in targeting CtIP to induce the error-

prone microhomology-mediated end joining and recover from the G2/M checkpoint (144).  

 

In addition to the DNA damage signaling cascade, PLK1 also involves in the regulation of p53, a 

key mediator of DNA damage checkpoint (145). Upon DNA damage, p53 is activated and 

stabilized by ATM/ATR and CHK1/CHK2, either inducing the cell cycle arrest or leading to the 

cell apoptosis (146-148). As previously discussed, p53 and its downstream p21 could inhibit the 

transcription of PLK1 (33-37, 39, 52), while reactivated PLK1 diminishes p53’s activity to enter 

the mitosis after DNA damage repair. PLK1 co-localizes with and directly phosphorylates p53 in 

the nucleus, thereby abrogates its transcription activity, facilitates its nuclear export, and induces 

its degradation (149, 150). Besides, Topors (topoisomerase I-binding protein), function as 

ubiquitin and SUMO-1 E3 ligase to stabilize p53, is a substrate of PLK1, which would be inhibited 

and led to degradation by PLK1’s phosphorylation (151, 152). Moreover, PLK1 phosphorylates 

GTSE1 (G2 and S-phase-expressed 1) to induce its nuclear translocation and activity, shuttling 

p53 out of the nucleus (153). Furthermore, Numb is identified as a novel substrate of PLK1, the 

phosphorylation of which uncouple Numb from p53 and causes the proteasome degradation of p53 

(154).  

1.4 Conclusion 

PLK1 is the prerequisite in the regulation of multiple cell processes, the functions of which are 

vital and irreplaceable for cell proliferation and cancer progression. Recently, except for its 

classical role in cell cycle and DNA damage, plenty of reports also reveal PLK1’s role in cancer 
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cell metabolism, metastasis, and progression, targeting at SREBP1, MTHFR, TSC1, G6PD, PTEN, 

CRAF, FBW7, etc. (155-161). Consequently, PLK1 appears to be a promising and feasible target 

for cancer therapy, and the inhibitors aiming at PLK1 are under investigation and clinical trials 

(74, 162). However, there is still a lot to learn about PLK1’s function and regulation in the cell 

cycle, as well as cancer progression. For instance, epigenetic, immunology, and microenvironment 

affect gene expression drastically and control tumor development dominantly. PLK1's role in these 

cellular processes remains unclear and needs further investigation, which is essential for 

understanding PLK1’s role in tumor progression and the application of PLK1 inhibitors. With the 

development of innovative tools and technologies, such as PLK1 mice models and FRET 

(Fluorescence Resonance Energy Transfer)-biosensors (163), it is possible to further investigate 

and understand PLK1’s interaction with other molecules within cells.  
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CHAPTER. 2 MATERIAL AND METHODS 

2.1 Cell culture and drugs 

LNCaP, 22Rv1, and TRAMP-C2 cells were purchased from ATCC in 2016. C4-2 was obtained 

from M.D. Anderson Cancer Center. A375 and A375R cells were kindly provided by Dr. Nihal 

Ahmad from the University of Wisconsin. The human prostate cell lines were cultured in 

RPMI1640 medium supplemented with 10% (v/v) FBS, 100 Units/mL penicillin, and 10 ug/mL 

streptomycin at 37°C in 5% CO2. TRAMP-C2 cell was cultured in DMEM (Dulbecco's modified 

Eagle's medium) with 0.005 mg/ml bovine insulin, 10 nM dehydroisoandrosterone, 5% fetal 

bovine serum, 5% Nu-Serum IV, 100 Units/mL penicillin, and 10 ug/mL streptomycin at 37°C in 

5% CO2. The melanoma cell lines were cultured in DMEM with 10% fetal bovine serum, 100 

Units/mL penicillin, and 10 ug/mL streptomycin at 37°C in 5% CO2. All the cells were within 50 

passages and Mycoplasma was detected every 3 months using MycoAlert™ PLUS Mycoplasma 

Detection Kit (Lonza, Cat No. LT07-705). For cell 3D culture, DMEM/F12 medium was used and 

supplemented with 20 ng/mL EGF, 20 ng/mL bFGF, 10% B27, 0.4% BSA, and 4 ug/mL insulin. 

The 96-well plate was treated with 50 ul Matrigel (Corning, Cat No. 356234) and incubated in 

37°C for 1h. At the same time, the cells were digested into single cells, counted and suspended 

using DMEM/F12 medium. The cell suspension was then mixed with Matrigel at 1:1 to 100uL in 

total and seeded into the pre-coated 96-well plates. Finally, 50 ul DMEM/F12 medium will be 

added in the top and the cells were cultured at 37°C in 5% CO2. 

GSK461364A, JQ1, BI2536, BI6727, and PLX-4032 were purchased from Selleckchem. 

TanespiMycin was obtained from Medchem Express and Diptoindonesin G was kindly provided 

by Dr. Wei Xu from the University of Wisconsin. 

2.2 Cell viability assay 

Cells were seeded with 2 x 103 -1 x 104 per well in 96-well plates, cultured for 12h, and treated 

with different concentrations of drugs. After 72h of incubation, cells were treated with MTT (3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) for 4h. Upon resolving the crystal 

with 100 L of DMSO, cells were subjected to a plate reader to measure the absorbance at 570 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
https://en.wikipedia.org/wiki/MTT_assay
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nm. The IC50 values were obtained from the average viability curves generated by four 

independent measurements of each condition.  

2.3 Combination index 

The combination index (CI) was calculated with the Chou-Talalay method by using the following 

equation (164, 165): CI =  
(Am)50

(As)50
+

(Bm)50

(Bs)50
. The IC50 of two drugs was measured respectively and 

indicated as (As)50 and (Bs)50. Subsequently, the two drugs were mixed at the (As)50/(Bs)50 ratio 

to treat the cells, to get the parameters of (Am)50 and (Bm)50 when the mixture achieves a 50% 

inhibitory effect. Antagonism is indicated when CI > 1, CI = 1 indicates an additive effect, and CI 

< 1 indicates synergy. 

2.4 Transwell migration and invasion assay 

Cells were cultured in the serum-free medium for 24h. For migration assay, cells were suspended 

in serum-free medium and seeded with 2 x 104 -4 x 104 per well into 24-well transwell insert, then 

medium containing 10% FBS were added into the receiver well. After 24h incubation, the cells 

were fixed with 10% formalin for 30 min and stained with 0.5% crystal violet for 30 min. For 

invasion assay, the Matrigel was diluted with the serum-free medium in the ratio of 1:40. The 

transwell inserts were treated with the diluted Matrigel for 1h under 37°C. Cells (2 x 104 -4 x 104) 

in serum-free medium were planted into the Matrigel-treated transwell inserts. The inserts were 

harvested after 48h, fixed with 10% formalin for 30 min, and stained with 0.5% crystal violet for 

30 min (166). The photos were taken with a Nikon microscope. 

2.5 Wound healing assay 

Cells were seeded into 6-well plates and incubate for 24h to achieve 100% confluence. A 200 uL 

pipette tip was used to make a vertical wound down through the cell monolayer, and the cell debris 

was washed out by PBS. Then cells continued to culture in the medium containing 1% serum, with 

or without drugs. The pictures were taken at 12h or 24h with the Nikon microscope to monitor the 

wound closure (166). 
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2.6 Antibodies 

Antibodies against SOX 10 and HSP90 were products of Santa Cruz Biotechnology. Anti-PLK1 

was obtained from Millipore. Antibodies against Axin2 and Ki67 were purchased from Abcam, 

whereas antibodies against β-actin and c-Myc were obtained from Sigma. Antibodies against 

CD45, CD8, Foxp3, PD-L1, CD4, CD25, CD11b, Ly6C, and Ly6G were purchased from 

Biolegend. All other antibodies were purchased from Cell Signaling Technology. 

2.7 Immunoblotting (IB) 

Cells were washed by PBS twice after harvest and then re-suspended with TBSN or RIPA buffer 

with protease inhibitors and phosphatase inhibitors. After sonication, cell lysates were collected, 

and protein concentrations were measured by using Protein Assay Dye Reagent (Bio-Rad, Cat No.  

5000006) or Pierce™ BCA Protein Assay Kit (ThermoFisher, Cat No. 23225). Mix the proteins 

from each group with SDS-PAGE loading respectively and boil it for 5 min. Upon transferring to 

polyvinylidene difluoride membranes, proteins were probed with indicated antibodies (167). The 

primary antibodies were diluted in 5% milk in a 1:1000 ratio and incubated at 4°C overnight. Then 

the membrane was washed 3 times X 5 min with TBST and incubated with diluted second 

antibodies (1:3000) in the room temperate for 1 h. Before exposure, the membrane was washed 3 

times X 5 min with TBST, and then the signal will be detected with the Clarity Western ECL 

Substrate (BIO-RAD, Cat No. 1705061). 

2.8 RNA isolation and quantitative real-time PCR (qRT-PCR) 

Total RNA was extracted from either tissues or cells by using the RNeasy® mini kit (Qiagen) and 

subsequently subjected to reverse transcription using the QuantiTect Reverse Transcription Kit 

(Qiagen). The PCR program for the reverse transcription is 42 for 2 min, 42°C for 15 min, and 

95°C for 3 min. FastStart Universal SYBR Green Master (130) was used to measure the expression 

level of indicated mRNA and was normalized to β-actin, respectively. The PCR program for qRT-

PCR is 95°C for 10min, and repeat 40 cycles of 95°C for 15 s and 60°C for 30 s. The primers used 

to detect mouse Plk1 and Actb are listed. Plk1-F: CCATCTTCTGGGTCAGCAAGTG; Plk1-R: 

CCGTCATTGTAGAGAATCAGGCG; Actb-F: CATTGCTGACAGGATGCAGAAGG; Actb-R: 

TGCTGGAAGGTGGACAGTGAGG 
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2.9 Histology and H&E staining 

Tumors were fixed in 10% neutral buffered formalin, paraffin-embedded, and sectioned to 5 mm 

by the histology research laboratory of Purdue University. After murine or human paraffin-

embedded slides were deparaffinized and rehydrated, the slides were stained with Hematoxylin 

and Eosin Stain kit (Vector Laboratories, Cat No. H-3502), and the procedures were performed 

following the protocol of the kit. The pictures were taken with a Nikon microscope. 

2.10 Immunofluorescence (IF) and Immunohistochemistry (IHC) staining 

After murine or human paraffin-embedded slides were deparaffinized and rehydrated, antigens 

were retrieved in antigen unmasking solution (Vector Laboratories, Cat No. H-3301-250). Samples 

were then blocked, incubated with indicated primary antibodies in a 1:200 ratio, followed by 

incubation with secondary antibodies. For IF staining, the slides were mounted by 

VECTASHIELD® Antifade Mounting Medium with DAPI (Vector Laboratories, Cat No. H-1200). 

For IHC staining, the slides were stained with VECTASTAIN® Elite® ABC Universal Plus kit 

(Vector Laboratories, Cat No. PK-8200). The pictures were taken with a Nikon microscope. 

2.11 Colony formation assay 

Cells (500-5000/well) were seeded in 6-well plates and cultured in medium alone or containing 

different drugs for 14 days, with the medium change every 2 days. After culturing, cells were fixed 

in 10% formalin and stained with 0.5% crystal violet for 30 minutes, followed by counting of 

colony numbers. 

2.12 Annexin V/ PI staining 

Cells (5 x 105/well) were seeded in 6-well plates, cultured in medium alone or containing different 

drugs, and subjected to the procedure using the Annexin V apoptosis kit (BioVision, K101-25), 

followed by analysis with Flowjo. 
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2.13 Cell cycle analysis 

Cells (5 x 105/well) were seeded in 6-well plates, cultured in medium alone or containing different 

drugs, and harvested. Cells were then fixed in 70% ethanol, stained with 50 mg/mL PI (propidium 

iodide), and subjected to flow cytometry analysis. 

2.14 Flow cytometry analysis 

Cells (1 x 105/well) were seeded in 12-well plates and cultured in normal medium overnight. For 

2-NBDG staining, the cells were washed with PBS twice and incubated with the glucose-free 

medium containing 100 ug/mL 2-NBDG (Cayman, Cat No. 11046) for 1 h. For MitoSOX 

(ThermoFishes, Cat No. M36008) and MitoTracker Green FM (Cell signaling Technology, Cat 

No. 9074), the probes were added into the medium at a final concentration of 5uM for MitoSox 

and 100nM for MitoTracker Green FM, followed by 15 min incubation. Cells were then harvested, 

stained with DAPI (ThermoFisher, Cat No. D1306), and subjected to flow cytometry analysis. 

2.15 Patient-derived xenograft model 

Mice carrying LuCaP35CR tumors were obtained from Dr. Robert Vessella at the University of 

Washington (168). Tumors were cut into 20-30 mm3 pieces and then were implanted into pre-

castrated NSG mice. When tumors’ size reached 250-300 mm3, mice were randomly separated 

into four groups for control, two single treatments, and the combination treatment, respectively. 

The experiment was approved by the Institutional Animal Care and Use Committee (IACUC). The 

protocol No. is 2018-3023. 

2.16 22Rv1-derived mouse xenograft model 

22Rv1 cells were transfected with Flag-Axin2-WT and Flag-Axin2-311A plasmids and selected 

with 500 µg/mL G418 for 4 weeks. Cells (2.5 x 105 cells/mouse) were mixed with an equal volume 

of Matrigel (Corning, Cat No. 356234) and inoculated into the right flank of NSG mice (Harlan 

Laboratories). One week later, animals were randomized into treatment and control groups with 4 

mice each.  JQ1 was delivered via gavage, twice a week. Tumor volumes were estimated from the 

formula: V = L x W2/2 [V is volume (mm3); L is length (mm); W is width (mm)]. The experiment 
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was approved by the Institutional Animal Care and Use Committee (IACUC). The protocol No. is 

2018-3023. 

2.17 TRAMP-C2-derived mouse allograft model 

TRAMP-C2 cells (1x105 cells/mouse) were mixed with an equal volume of Matrigel 

(Collaborative Biomedical Products) and inoculated into the right flank of C57BL/6 wild type 

mice (Envigo). One week later, animals were randomized for control, GSK461364A alone, JQ1 

alone, combination treatment, and BI2536 alone, respectively. Tumor volumes were estimated 

from the formula: V = L x W2/2 [V is volume (mm3); L is length (mm); W is width (mm)]. After 

10 days of treatment, mice (5 mice/group) were sacrificed and the tumors were obtained. The 

proportion of PD-L1+/CD45- cell, T regulatory cells (Treg, CD4+CD25+FoxP3+), and Myeloid-

derived suppressor cells (MDSC, CD45+Gr-1+CD11b+) were analyzed by flow cytometry. The 

experiment was approved by the Institutional Animal Care and Use Committee (IACUC). The 

protocol No. is 2018-3023. 

2.18 Serum prostate-specific antigen (PSA) measurement 

After blood was collected from tumor-carrying mice twice per week, serum PSA levels were 

measured by using a PSA ELISA kit (Abnova, Cat No. KA0208) (25). 

2.19 Seahorse analysis 

Cells (1 x 104-4 x 104 per well) were seeded in XFe96 cell culture microplates in RPMI 1640 

medium or DMEM (10% FBS with antibiotics). After 12h of incubation, cells were treated with 

the corresponding drug(s) for 24h. Cartridges were hydrated in calibrant buffer in a non-CO2 

incubator at 37℃ for at least 12h before analysis. Before being subjected to seahorse analysis, 

cells were washed with the corresponding medium twice and incubated in a non-CO2 incubator for 

1 hour. For glycolysis stress test (GST), the GST medium was prepared by supplementing XF base 

Medium with 2 mM glutamine, and pH was adjusted to 7.4. For mitochondrial stress test (MST), 

MST medium was prepared by supplementing XF base Medium with 2 mM glutamine, 1 mM 

pyruvate, and 10 mM glucose, and pH was adjusted to 7.4. The drugs from the XF GST kit and 

MST kit were diluted with the corresponding medium into designed concentrations and then added 
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into corresponding ports of the cartridge. After calibration of the cartridge, cells went through GST 

or MST programs. Data were analyzed by using the Seahorse XF Cell GST Report Generator and 

Seahorse XF Cell MST Report Generator, respectively. 

2.20 Statistical analysis 

Data are presented as mean ± standard derivation of the mean (s.d.). Reproducibility was ensured 

by performing more than three independent experiments. The statistical significance of the results 

was analyzed by the two-tailed, unpaired Student’s t-test. The statistical analysis was performed 

with StatView (Abacus Concepts Inc.) or Prism 7 (GraphPad). A P value of less than 0.05 indicates 

statistical significance. The statistical information are presented in each figure legend. 
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CHAPTER. 3 PLK1 INHIBITION ENHANCES THE EFFICACY OF 

BRD4 BLOCKADE IN CASTRATION-RESISTANT PROSTATE CANCER 

3.1 Introduction 

Prostate cancer (PCa) is one of the most frequently diagnosed cancers among men and the leading 

causes of cancer-related death worldwide (169). According to the American Cancer Society, there 

will be 191,930 newly diagnosed PCa cases, as well as 47,050 deaths in the United States in 2020 

(170). Due to its critical role in PCa development, Androgen receptor (AR) signaling is the 

dominant target to treat PCa patients initially. Androgen deprivation therapy (ADT) functions 

effectively and systematically to suppress both local and metastatic PCa, thus is broadly used in 

the clinical. Unfortunately, most PCa patients eventually gain resistance to ADT and develop into 

castration-resistant prostate cancer (CRPC), which lacks efficient treatment and significantly 

shortens the survival period of patients (171, 172). Consequently, it is urgently required for novel 

therapies to treat CRPC patients in clinical. 

 

Polo-like kinase 1(PLK1), a serine-threonine kinase and essential regulator of mitosis, has been 

proven as a potential and novel target for cancer therapy (162). PLK1 involves multiple aspects of 

mitosis, from mitotic entry to cytokinesis (173). Compared to the adjacent normal tissues, PLK1 

is highly expressed in the tumors and negatively correlated with the patients’ survival (14, 162, 

174). Due to its critical role in cell proliferation, several specific inhibitors targeting PLK1 are 

under investigation and in clinical trials to determine their efficacy and safety profiles (175). 

GSK461364A (thiophene derivative) is a highly potent PLK1 inhibitor, showing a strong 

inhibitory effect in multiple cancers, and currently under Phase 1 clinical trial (118, 176-180). 

  

Bromodomain-containing protein 4 (BRD4), the most extensively investigated member of the 

bromodomain and extraterminal domain (BET) family, functions as an epigenetic reader to 

regulate transcription (181). It is well established that BRD4 could facilitate RNA polymerase II 

to initiate the transcription, subsequently promote the expression of multiple oncogenes, including 

Fos, Jun, and c-Myc (182). Most importantly, BRD4 could directly recruit AR to its target loci and 

function as a co-activator of AR signaling (183). JQ1 is a highly specific inhibitor for BRD4, which 



 

 

 

34 

could bind competitively to the acetyl-lysine recognition motif of BRD4 and disrupts its 

recruitment during transcription, thus effectively suppresses tumor growth (184, 185). 

 

In this study, we have validated the efficacy of the novel treatment strategy combining PLK1 

inhibitor GSK461364A and BRD4 inhibitor JQ1 in two aggressive human CRPC cell lines, 22Rv1 

and C4-2, as well as a patient-derived xenograft model. This innovative combination treatment 

could induce G2/M arrest, promote cell apoptosis, suppress tumor proliferation, and inhibit cellular 

metabolism both in vitro and in vivo. Based on the previous publication of our lab, we have shown 

that PLK1 could regulate the β-catenin pathway through direct phosphorylation of Axin2, which 

stabilizes the binding between GSK3β and β-catenin, leading to the degradation of β-catenin in the 

cytoplasm. Conversely, Plk1 inhibition would induce the activation of Wnt/β-catenin signaling, 

resulting in the expression of c-Myc (175, 186, 187). Meanwhile, PLK1 could enhance AR 

signaling in prostate cancer (188, 189), while JQ1 could effectively antagonize AR signaling and 

repress c-Myc transcription through inhibiting BRD4 (183). Therefore, we propose that the 

observed synergistic effect for GSK461364A and JQ1 is through regulating c-Myc and AR 

signaling. 

3.2 Results 

3.2.1 GSK461364A and JQ acts synergistically in vitro 

To investigate whether GSK461364A and JQ1 could work synergistically in human CRPC cell 

lines, 22Rv1 and C4-2 cells were under the treatment of either DMSO, GSK461364A, JQ1, or the 

combination of GSK461364A and JQ1, and then harvested for IB to detect the expression of the 

apoptotic indicator, cleaved-PAPR (Figures 1A and 1B). As shown in Figure 1A, the treatment of 

low-dosage JQ1 (100nM) or GSK461364A (lane 2 and 3) only led to a weak apoptotic response 

in 22Rv1 cells after 48h, whereas combining GSK461364A and JQ1 (lane 5) could robustly induce 

the cell apoptosis. Similarly, the dramatic elevation of apoptosis also could be observed in C4-2 

cells under the combination treatment (Figure 1B). Consistently, the analysis of Annexin V/PI 

staining also revealed a significant increase in the apoptotic cell population under co-treatment of 

GSK461364A and JQ1 (Figure 1C), suggesting GSK461364A and JQ1 acts cooperatively in 

inducing cell apoptosis. Besides, GSK461364A and JQ1 showed a significant synergistic 
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suppression in cell proliferation and colony formation in 22Rv1 and C4-2 cells (Figures 1D-1G). 

Furthermore, the cell cycle defects have been monitored by flow cytometry upon drug treatment 

in 22Rv1 cells. Intriguingly, based on the cell cycle analysis, the presence of JQ1 could 

dramatically enhance the efficacy of GSK461364A to arrest the cells at the G2/M phase, 

potentiating JQ-1 related cell death in 22Rv1 cells (Figure 1H). To further confirm the synergy 

between GSK461364A and JQ1, the combination index (CI) has been calculated through the 

Chou-Talalay method (163, 164). The IC50 value of JQ1 for 22Rv1 and C4-2 was measured to be 

400 nmol/L and 300 nmol/L, respectively, while it dramatically reduced to 50 nmol/L and 75 

nmol/L under the presence of GSK461364A. Based on the equation, the CI value was calculated 

as 0.625 and 0.750, respectively, in 22Rv1 and C4-2 cells (Tables 1 and 2), indicating a strong 

synergistic effect between GSK461364A and JQ1. Above all, we have demonstrated that JQ1 and 

GSK461364A function cooperatively in vitro to inhibit CRPC proliferation and progression. 

3.2.2 GSK461364A plus JQ synergistically inhibit the growth of PDX-derived tumors  

To confirm the efficacy of this novel combination therapy in vivo, we next utilized the LuCaP35CR, 

a patient-derived xenograft (PDX) mouse model. Compared to the control group, the JQ1-treated 

group has shown a slight inhibition in the tumor size without significant difference (Figure 2A). 

However, the efficacy of JQ1 was remarkably elevated after combination with GKS61364A, 

showing a dramatic decrease in tumor volume and weight in contrast to either the control or mono-

treatment group (Figures 2B and 2C). Most importantly, it also could be observed that the apoptotic 

bodies with condensed cytoplasm and pyknotic notably increased under the co-treatment of 

GSK461364A and JQ1, based on the histology staining (Figure 3A). Consistent with the previous 

findings, increasing cleaved-Caspase 3-positive cells could be detected, together with the robust 

reduction of Ki-67-positive cells in the co-treatment group (Figure 3B). Altogether, we have 

demonstrated that GSK461364A and JQ1 could function synergistically and effectively both in 

vivo and in vitro, providing a novel therapeutic strategy to CRPC patients.  

3.2.3 The synergy between PLK1 and BRD4 inhibition is due to the suppression of AR and 

c-Myc signaling 

To further investigate the mechanism underlying this synergy, AR and c-Myc, two critical 

molecules for CRPC development and progression, were detected by IB under the drug treatment 
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(Figures 4A and 4B). After combination treatment, the expression of c-Myc, AR full length, AR 

variants, and AR downstream target PSA significantly reduced in both 22Rv1 and C4-2 cells 

compared to the single treatment. Interestingly, a previous publication of our lab has demonstrated 

Axin2, a key regulator of Wnt/β-catenin signaling, as a PLK1’s substrate (175). PLK1 could 

phosphorylate Axin2 at S311 to stabilize the binding between GSK3β and β-catenin, eventually 

leading to the degradation of β-catenin in prostate cancer cells. As such, the inhibition of PLK1 

could prevent β-catenin from degradation and activate its downstream signaling, including the 

expression of c-Myc (175). Meanwhile, PLK1 could regulate AR to enhance its signaling and 

promote PCa proliferation (188, 189). BRD4 binds to the promoter region of c-Myc and regulates 

AR signaling directly, indicating the synergy may due to the regulation of c-Myc and AR signaling. 

To further understand how JQ1 enhances GSK461364A’s efficacy, we constructed the cells 

expressing different forms of Axin2 (WT or S311A) to compare their responses toward JQ1 

treatment. Of note, the Axin2-S311A mutant mimics the condition of PLK1 inhibition, as it is 

unable to be phosphorylated by PLK1 anymore. Subsequently, 22Rv1 and C4-2 cells, expressing 

either WT or S311A Axin2, were treated with JQ1 and subjected to IB. Not surprisingly, cells 

expressing S311A mutant has been more sensitive to the treatment of JQ1 in contrast to cells 

expressing WT Axin2, showing a dramatic induction in cell apoptosis, as well as a robust decrease 

in c-Myc and AR signaling (Figures 4C-4E). In summary, these data supported our hypothesis that 

JQ1 could enhance PLK1’s efficacy through targeting AR and c-Myc signaling.  

3.2.4 22Rv1-derived tumors expressing Axin2-S311A are more sensitive to JQ1 

To further test our hypothesis in vivo, 22Rv1 cells stably expressing either Axin2-WT or Axin2-

S311A were implanted into NSG mice to test their response to JQ1 treatment. As expected, the 

22Rv1 cell expressing Axin2-S311A was more aggressive and showed an elevated proliferative 

rate compared to the cell expressing Axin2-WT (Figure 5A). Consistently, a low dosage of JQ1 

(6.25mg/kg body weight) could remarkably repress tumor proliferation, and a dramatic reduction 

of tumor volume could be observed (Figures 5A and 5B). Serum PSA levels also dropped 

significantly in the Axin2-S311A group under JQ1 treatment, indicating the suppression of AR 

signaling (Figure 5C). Morphologically, increasing apoptotic bodies, as well as reduced Ki-67 and 

elevated cleaved-Caspase 3, had been observed in Axin2-S311A expressing tumors after JQ1 
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treatment. Taken together, JQ1 could overcome the side effects of the PLK1 inhibitor, which 

causes β-catenin nuclear accumulation, thus enhance the efficacy of PLK1 inhibition in CRPC.   

3.2.5 Co-treatment of GSK461364A and JQ1 inhibits cell metabolism 

Due to the critical role of AR and c-Myc in CRPC development and metabolism regulation, it is 

possible that the combination treatment of GSK461364A and JQ1 significantly affect cell 

metabolism and cause severe metabolic defects, finally leading to cell death. Aerobic glycolysis 

and mitochondrial oxidative phosphorylation are the two major pathways to produce ATP in cells. 

Consequently, we measured the rate of glycolysis and oxidative phosphorylation under drug 

treatment in 22Rv1 cells using Seahorse. As shown in Figures 6A and 6B, mono-treatment could 

slightly inhibit glycolytic ability compared to the non-treated cells. As expected, JQ1 cooperating 

with GSK461364A further reduced the glycolytic rate, as well as the glycolytic capacity and 

glycolytic reserve after 24h treatment. Moreover, we have also measured the rate of oxidative 

phosphorylation in 22Rv1 cells (Figures 6C and 6D), showing the combination treatment of 

GSK461364A and JQ1 significantly inhibited the basal oxidative phosphorylation and ATP 

production. Interestingly, there were no appreciable differences in spare respiratory capacity and 

proton leakage between each group, indicating that neither monotherapy nor combination therapy 

could influence mitochondrial function. In summary, our data has indicated that GSK461364A 

and JQ1 could act synergistically in inhibition of both glycolysis and oxidative phosphorylation of 

CRPC cells. 

3.2.6 Combination treatment of GSK461364A and JQ1 has a minor impact on PD-L1 

expression 

Recently, a study reported BRD4 as a positive regulator of PD-L1 (190). Therefore, we aimed to 

validate whether the combination therapy has any impact on the expression of PD-L1 expression 

in PCa cells. TRAMP-C2, an aggressive mouse prostate cell line expressing high-level PD-L1, 

was utilized to address this question. As shown in Figure 7A, the treatment of interferon-gamma 

(10 ug/mL) induced the expression of PD-L1. In contrast, both mono- and dual- treatment slightly 

induced PD-L1 expression, but the co-treatment of the two drugs did not show a synergistic effect. 

To further evaluate this finding in vivo, TRAMP-C2 cells were implanted in C57/B6 wild type 

mice and treated with vehicle, GSK461364A, JQ1, the combination of GSK461364A and JQ1, or 
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BI2536. As BI2536 is a dual inhibitor of Plk1 and BRD4 (191), it represented a positive control in 

this allograft experiment. Compared to the control group, there was no significant difference in 

tumor volumes in all treated groups (Figure 7B), while tumor weight significantly decreased after 

the combination treatment (Figures 7C and 7D). Tumors were digested into single cells right after 

harvest and stained with corresponding antibodies to detect proportions of specific cell populations 

by flow cytometry. Based on the results, none of the drug treatment showed a significant impact 

on the PD-L1 expression level in tumor cells (Figure 7E), Myeloid-derived suppressor cells 

population (Figure 7F), or the percentage of T regulatory cells (Figure 7G). Concisely, our data 

have indicated that the combination of GSK46164A and JQ1 may have a limited effect on the 

immune system upon this experimental condition.  

3.3 Discussion 

BRD4 functions as a critical epigenetic reader, which could directly recruit P-TEFb (positive 

transcription elongation factor complex b), the mediator complex, and multiple transcription 

factors to the promoter regions to facilitate functions of RNA polymerase II (192, 193). As a 

consequence, BRD4 not only marks selected M/G1 genes in mitotic chromatin as transcriptional 

memory but direct post-mitotic gene transcription, including c-Myc as well (194). Due to the 

essential role of c-Myc in cancer proliferation and progression, BRD4 is considered a potential 

and promising target for novel cancer therapies. Based on the previous observation, the efficacy 

of JQ1, a highly specific inhibitor of BRD4, has been tested in multiple cancer cells, showing acute 

repression of c-Myc, induction of apoptosis, and inhibition of growth (183, 195). Most importantly, 

JQ1 could inhibit PCa proliferation in an AR-dependent manner by disrupting the binding between 

AR and chromatin (183). Herein, we presented a novel therapeutic strategy to combine JQ1 with 

PLK1 inhibitor GSK461364A, thus significantly increasing the efficiency of JQ1 (Figure 6E).  

 

PLK1 is crucial for cell cycle progression, especially during mitosis, participating in several 

processes from mitotic entry to cytokinesis. To date, abundant researches have pointed out PLK1 

is overexpressed in multiple cancer types and cross-interacts with cancer-associated pathways (74). 

Emerging evidence supports that PLK1 contributes to the acquisition of drug resistance, suggesting 

it as a potential target for novel cancer therapies. For example, PLK1 phosphorylates Orc2 to 

induce continued DNA replication, therefore leading to the gemcitabine resistance in pancreatic 
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cancer (196). Besides, the PLK1-dependent phosphorylation of CLIP-170 and p150Glued affects the 

microtubule dynamics, thus resulting in the docetaxel resistance in PCa (107, 197). Furthermore, 

the inhibition toward PLK1 could enhance the efficiency of metformin and β-catenin inhibitor in 

CRPC (175, 198). Therefore, PLK1 seems to be a promising target in CRPC treatment. 

 

Herein, we investigated the efficacy of PLK1 inhibitor GSK461364A and BRD4 inhibitor JQ1, as 

well as the dual treatment combining GSK461364A and JQ1, in human CRPC cells 22Rv1 and 

C4-2. We have revealed that GSK461364A and JQ1 act synergistically from multiple aspects, 

including inhibition of proliferation, promotion of apoptosis, and arrest of the cell cycle (Figures 

1A-1H). In parallel, GSK461364A could dramatically enhance the efficacy of JQ1 in the 

LuCaP35CR PDX model, confirming the efficiency of this novel therapeutic strategy in vivo 

(Figures 2A-2C and 3A-3B). Intriguingly, the combination of GSK461364A and JQ1 not only 

inhibited c-Myc expression but also suppress the expression and function of AR, both full length 

and variants. Moreover, the dual treatment could further inhibit glycolysis and oxidative 

phosphorylation in 22Rv1 cells compared to the single treatment. Furthermore, considering that 

BRD4 is related to the expression of PD-L1 (190), we tested the effects of the combination 

treatment on the immune system. As indicated in Figure 7A, the combination treatment showed 

no synergistic effect on the PD-L1 expression in TRAMP-C2 cells in vitro. Besides, TRAMP-C2 

derived allograft model was treated with indicated drugs, showing that the combination therapy 

did have synergistic inhibition on tumor growth (Figure 7B) but had a limited effect on the immune 

system (Figures 7E-7G). However, to further confirm the impacts of combination treatment on the 

immune system, more experiments are required by using other prostate cancer models. 

 

In summary, our in vitro and in vivo data suggested the strong synergy between PLK1 inhibitor 

GSK61364A and BRD4 inhibitor JQ1 in CRPC from two aspects: 1) JQ1 suppresses c-Myc 

expression, thus decreasing the side effects of PLK1 inhibitor, and 2) PLK1 inhibitor along with 

BRD4 inhibitor represses AR signaling synergistically. Consequently, this novel therapeutic 

strategy can be considered for clinical trials to treat CRPC patients.  
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Table 1 The IC50 values of GSK461364A and JQ1 in 22Rv1 cells 

 

 Table 2 The IC50 values of GSK461364A and JQ1 in C4-2 cells 

 

  

Drugs IC50 CI 

GSK461364A 12nM  

JQ1 400nM  

GSK461364A (in combination 200nM/L JQ1) 3nM  

JQ1(in combination 6nM/L GSK461364A) 50nM CI=0.625 

Drugs IC50 CI 

GSK461364A 7nM  

JQ1 300nM  

GSK461364A (in combination 150nM/L JQ1) 2nM  

JQ1(in combination 3.5nM/L GSK461364A) 75nM CI=0.750 
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Figure 1. GSK461364A and JQ1 acts synergistically in CRPC cells 

(A-B) 22Rv1 cells and C4-2 cells were treated with DMSO, JQ1, GSK461364A, or the 

combination of JQ1 and GSK461364A, respectively, for 48h, followed by IB to detect the 

expression of cleaved-PARP. (C) 22Rv1 cells (2.5 x 105) were treated with DMSO, 500nM JQ1, 

10 nM GSK461364A, or JQ1 plus GSK461364A, respectively. After 48h, cells were collected, 

stained with Annexin V/PI for 15 minutes and 2,0000 cells were analyzed per sample by flow 

cytometry. (D-E) 22Rv1 cells (0.5 x 103) and C4-2 cells (1 x 103) were seeded in 6-well plates and 

treated with indicated drugs. The fresh medium containing drugs was changed every 3 days for 2 

weeks in total, then the cells were fixed with formalin and monitored by crystal violet staining. 

The experiments shown are representatives of 3 repeats. (F-G) 22Rv1 and C4-2 cells (5 x 103) 

were seeded in 6-well plates and treated with indicated drugs, followed by the counting of cell 

numbers for five days. (H) 22Rv1 cells (2.5 x 105) were treated with DMSO, 500 nM JQ1, 10 nM 

GSK461364A, or JQ1 plus GSK461364A, respectively. After 24h of treatment, cells were 

collected, fixed with 70% ethanol, stained with PI for 30 minutes, and analyzed with flow 

cytometry.
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Figure 1 continued 



 

 

 

43 

 

Figure 2. GSK461364A with JQ synergistically inhibits the growth of PDX-derived tumors.  

(A) Growth curves of the PDX model. LuCaP35CR tumors were implanted into pre-castrated NSG 

mice, administered with GSK461364A (12 mg/kg body weight, intravenous injection, twice a 

week), JQ1 (25 mg/kg body weight, oral gavage, twice a week), or a combination of both drugs. 

The sizes of the tumors in each group were measured every 3 days (mean ± SEM; n = 4 mice from 

each experiment group). **, P < 0.01. (B) Representative images of the fresh tumors at the end of 

the study. (C) Tumor weight was measured after being freshly removed from the bodies. **, P < 

0.01. 
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Figure 3. Histologic analysis of LuCaP35CR-derived xenograft tumors. 

 (A) Representative images of H&E staining on LuCaP35CR tumor sections from different 

treatment groups. (B) Top: Representative images of IF staining for Ki67 and cleaved caspase 3. 

Bottom: Quantification of Ki67- or cleaved caspase-3-positive cells within total cells. For 

quantification, at least 300 cells were scored within each field (x 20 fields, more than 3 sections at 

different tumor depths/mouse) as the percentages of Ki67- or cleaved caspase 3-positive cells. *, 

P < 0.05; **, P < 0.01.  
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Figure 4. The synergistic effect of GSK461364A plus JQ1 in 22Rv1 and C4-2 cells is due to 

suppression of AR signaling and c-Myc. 

 (A-B) 22Rv1 cells and C4-2 cells (3 x 105) were treated for 48h with indicated drugs, followed 

by IB to detect AR, c-Myc, and PSA.  (C-E) 22Rv1 cells (3 x 105) and C4-2 cells (2 x 105) were 

transfected with Flag-Axin2 plasmids (WT or S311A) and treated with 500 nM JQ1 for 48h, 

followed by IB to detect the levels of Flag, cleaved PARP, AR, c-Myc, and PSA.   
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Figure 5. Xenograft tumors derived from 22Rv1 cells expressing Axin2-S311A mutant are more 

sensitive to JQ1 treatment than those expressing WT Axin2.  

(A) Growth curves of tumors derived from 22Rv1 cells expressing different forms of Axin2 (WT 

or S311A). 22Rv1 cells (2.5×105) expressing either Axin2-WT or Axin2-S311A were implanted 

into pre-castrated NSG mice for 22 days and administrated with JQ1 (6.25 mg/kg body weight) by 

oral gavage every 3 days, followed by measurement of tumor sizes (mean ± SEM; n = 4 mice from 

each experiment group). **, P < 0.01. (B) Representative images of the fresh tumors were taken 

at the end of the study. (C) Serum PSA levels were measured for tumor-bearing mice using a PSA 

Elisa Kit (mean ± SEM; n=4 mice from each experiment group). **, P < 0.01. (D) Representative 

images of H&E staining and IF staining for Ki67 and cleaved caspase-3 on formaldehyde-fixed, 

paraffin-embedded tumor sections from different treatment groups as in (A).   
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Figure 6. Co-treatment with GSK461364A and JQ1 dramatically inhibits cell metabolism.  

(A) Glycolytic rate was measured under single or dual treatment by Seahorse. 22Rv1 cells were 

treated with indicated drugs for 24h and subjected to the protocol in which glucose, oligoMycin, 

and 2-deoxyglucose (2-DG) were added at the time points indicated. (B) Calculated glycolysis 

rates, glycolysis capacity, and glycolytic reserve. The data were normalized by the relative cell 

number. (C) Oxidative phosphorylation under single or dual treatment was measured by Seahorse. 

22Rv1 cells were treated with GSK461364A, JQ1, or both for 24h and subjected to the protocol 

in which oligoMycin, FCCP, and Rotenone/antiMycin A were added at the time points indicated. 

(D) Calculated basal respiratory rate, spare respiratory capacity, proton leak, and ATP production. 

The data were normalized by the relative cell number. (E) Proposed working model for JQ1 and 

GSK461364A.   
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Figure 7. Co-treatment of GSK461364A and JQ1 has a minor effect on PD-L1 expression 

(A) TRAMP-C2 cells were treated with indicated drugs for 72h, followed by flow cytometry to 

detect the PD-L1exrpession level. (B) Growth curve of TRMAP-C2 derived tumors. C57/B6 mice 

inoculated with TRAMP-C2 cells and randomly assigned into 5 groups, administered with either 

vehicle, GSK461364A (12 mg/kg body weight, intravenous injection), JQ1 (25 mg/kg body weight, 

oral gavage), a combination of both drugs, or BI2536 (18 mg/kg body weight, intravenous 

injection). The sizes of the tumors in each group were measured along with every treatment (mean 

± SEM; n = 5 mice from each experiment group). (C) Tumors weighed right after being freshly 

removed from the bodies. **, P < 0.01. (D) Representative images of the tumors at the end of the 

study. (E-G) Tumors were digested into single cells after harvest and stained with corresponding 

antibodies for 30 min. 100,000 cells were analyzed per sample by flow cytometry. E) 

Quantification of PD-L1-positive cells in cancer cells. F) Quantification of MDSC cells within live 

cells. G) Quantification of T-reg cells within total immune cells.   
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CHAPTER. 4 PLK1 FUNCTIONS AS AN ONCOGENE TO PROMOTE 

THE PROGRESSION AND METASTASIS IN MELANOMA 

4.1 Introduction 

Melanoma is one of the most frequently diagnosed cancers in the Caucasian population of both 

genders, representing the most aggressive and deadliest form of skin cancer (199, 200). According 

to the American Cancer Society, the 5-year-survival rate for localized melanoma patients could 

achieve as high as 98.7%. In contrast, once melanoma develops into higher grade and metastasizes 

to distant organs, the patient survival will be exceedingly poor, as low as 27.3% (201, 202). 

Melanoma arises from the melanocytes carrying genetic mutations (203). As reported, over 50% 

of patients with advanced melanoma harboring activating mutations in BRAF oncogene (204, 205). 

Importantly, BRAF V600E is the most common mutation found clinically, resulting in the robust 

increase of kinase activity and constitutive activation of MAPK (mitogen-activated protein kinase) 

signaling pathway (206-208). PLX-4032 (Vemurafenib) (209), a specific inhibitor of mutant 

BRAF, has shown an impressive response in phase 3 clinical trial and has been approved for the 

treatment of metastatic malignant melanoma by FDA in 2011 (210). However, due to the rapid 

development of resistance, the duration of response under the single treatment is frequently short 

(overall ~6 months) (210, 211), highlighting the urgent requirement for the novel therapy in 

melanoma treatment.  

 

Polo-like kinase 1 (PLK1) has been demonstrated as a novel target in cancer treatment recently 

(162). PLK1, a crucial cell cycle regulator, participates in multiple mitotic processes, including 

centrosome maturation, mitotic entry, spindle assembly, sister chromatid segregation, mitotic exit, 

and cytokinesis (212). Compared to the normal tissues, the expression level of PLK1 is 

significantly elevated in multiple cancers (174). Most importantly, the expression level of PLK1 

negatively correlates with the melanoma patients’ survival period based on the TCGA database 

(213). Furthermore, PLK1 has been identified as an oncogene to promote proliferation, motility, 

and resistance to various drugs, including doxorubicin, gemcitabine, and taxol, in a variety of 

cancers (107, 160, 214, 215). Above all, accumulating evidence has indicated PLK1 as a potent 

and promising target in cancer treatment. Currently, various PLK1 inhibitors are under clinical 

trials to validate their efficacy and safety profiles in several cancer types (74). BI6727 (volasertib), 
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a highly potent ATP-competitive inhibitor of PLK1 (216), has been shown to impede cell 

proliferation, induce cell cycle arrest, and promote cell death (217, 218).  

 

In our study, we have shown a strong synergistic effect in the combined treatment of BI6727 and 

PLX-4032 in BRAF V600E mutant A375 and PLX-4032-resistant A375R cells. This novel 

combination therapy has shown an improved efficacy on inhibition of cell proliferation, induction 

of cell death, and suppression of cell metastasis in vitro compared to mono-treatment. Further, it 

has been validated in vivo by the A375R-derived xenograft model. Importantly, overexpression of 

PLK1 promotes tumor growth and metastasis in BrafCA/+ / Ptenloxp/loxp mouse model, whereas 

knocking out PLK1 would dramatically suppress melanoma progression.  

4.2 Results 

4.2.1 Plk1 is involved in melanoma progression 

It has been well established that higher PLK1 expression is negatively associated with survival 

prognoses of patients in multiple cancer types (14). Based on the analysis of the TCGA database 

(14), patients with higher PLK1 expression showed a dramatic reduction in overall survival period 

(Figure 8A), as well as disease-free survival, compared to patients with low-PLK1 expression. To 

further confirm PLK1’s role in melanoma progression, we have crossed the existing melanoma 

mouse model BrafCA/+ / Ptenloxp/loxp (219, 220) with either Plk1-KI (221) or Plk1loxp/loxp mice (72), 

respectively. 4-OH-Tamoxifen was applied to the flank region of the female mice at 4 to 6-week-

old to induce the expression of transgenes (Figure 8B). Consistent with human patients, 

overexpression of Plk1 significantly shortened the survival period in the melanoma mouse model, 

and the median survival length decreased from 59 d to 44 d compared to BrafCA/+ / Ptenloxp/loxp mice 

(Figure 8C). Moreover, the size of primary tumors significantly increased in BrafCA/+ / Ptenloxp/loxp 

/ Plk1-KI mice (Figure 8D). Meanwhile, the expression level of Plk1 was dramatically elevated in 

BrafCA/+ / Ptenloxp/loxp / Plk1-KI mice in both mRNA (Figure 8E) and protein levels (Figure 8F). On 

the contrary, although BrafCA/+ / Ptenloxp/loxp / Plk1loxp/loxp mice could eventually develop tumors, 

the tumor formation and progression were significantly delayed, as well as prolonged survival 

period, as indicated in Figures 8G and 8H. Interestingly, one allele knockdown of Plk1 has shown 
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no significant effect on tumor formation compared to BrafCA/+ / Ptenloxp/loxp mice. Overall, the 

expression level of Plk1 is tightly related to the progression of melanoma.   

4.2.2 Plk1 induces melanoma metastasis in BrafCA/+ / Ptenloxp/loxp mouse model 

Previously, abundant researches have demonstrated that PLK1 is related to cancer metastasis in 

multiple cancers (160, 222, 223). Similarly, Plk1 promoted metastasis in BrafCA/+ / Ptenloxp/loxp mice. 

As indicated in Figures 9A and 9B, a dramatic increase in the metastasis to draining lymph nodes 

has been observed in mice with higher Plk1 expression. Besides, the frequency of distant 

metastasis had elevated upon the overexpression of Plk1 (Figure 9C). Histologically, robust 

invasion across the muscle layer under the skin and increasing metastatic loci in lymph nodes were 

present in BrafCA/+ / Ptenloxp/loxp / Plk1-KI mice compared to BrafCA/+ / Ptenloxp/loxp mice (Figures 

9D and 9E). Intriguingly, Sox10, a melanoma marker to promote melanoma progression (224), 

was expressed excessively in BrafCA/+ / Ptenloxp/loxp / Plk1-KI mice (Figure 9F).  

4.2.3 Plk1 promotes melanoma progression in vitro 

To further investigate the role and function of Plk1 in melanoma, the mouse melanoma tumors 

were digested and cultured in vitro to establish mouse melanoma cell lines mMC (BrafCA/+ / 

Ptenloxp/loxp) and mMPI (BrafCA/+ / Ptenloxp/loxp / Plk1-KI). In contrast to mMC, mMPI showed a 

higher level of Plk1 expression, as well as a larger cell volume and different morphology (Figures 

10A and 10B). Meanwhile, the ability of migration and colony formation has also robustly 

increased in mMPI cells (Figures 10C and 10D). To assess whether Plk1 impacts sphere formation 

ability, we cultured mMC and mMPI cells in a 3D environment and found a dramatic elevation in 

the sphere size upon Plk1 expression (Figures 10E and 10F). Based on previous publications (225, 

226), the morphology of tumorspheres could reflect the gene expression profile of distinct cell 

types. Compared to mass-shaped tumorsphere, the stellate-shape usually indicates a lack of robust 

cell-cell adhesion and represents an invasive phenotype. Significantly, as high as 75% of mMPI 

tumorspheres exhibited the stellate shape, 3-fold compared to mMC, suggesting an intensive 

metastatic capability (Figure 10G) (225). Furthermore, Plk1 also promoted cell invasive ability, as 

well as drug resistance to PLX-4032 treatment (Figures 10H and 10I). 
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4.2.4 Plk1 affects the metabolism of mouse melanoma cells 

As melanoma metastasis is tightly related to metabolic adaption (227), metabolic activity was 

evaluated by the use of mMC and mMPI cells. Based on the seahorse analysis, higher Plk1 

expression induces both basal and compensatory glycolysis (Figure 11A). However, treatment 

with 2-NBDG, a fluorescent glucose analog, showed that the glucose uptake was decreased in 

mMPI cells, suggesting that the portion of glycolysis in glucose utilization increased (Figure 11B). 

Besides, as indicated by Mitotraker Green, the active mitochondrial mass was significantly 

decreased in mMPI cells (Figure 11C). Intriguingly, although there was no significant difference 

in the basal respiration level, the maximal oxidative phosphorylation rate and coupling efficiency 

were significantly increased in mMPI cells compared to mMC cells (Figures 11D and 11E), 

arguing that the mitochondrial activity was much higher and more efficient in mMPI cells. 

Furthermore, a previous publication has demonstrated that oxidative stress could suppress distant 

metastasis of melanoma (228). In agreement, the percentage of high oxidative stress population 

was dramatically decreased in mMPI cells as indicated in Figure 11F. In summary, Plk1 

overexpression significantly elevates both glycolysis and oxidative phosphorylation in mouse 

melanoma cells.  

4.2.5 PLK1 induces metastasis and drug resistance in human melanoma cells 

To further confirm PLK1’s role in human melanoma cells, we have first tested the expression of 

PLK1 in A375 cells and PLX-4032-resistant A375R cells. Compared to A375, there was a 

significant elevation of PLK1 expression level in A375R cells, as well as the metastatic marker N-

Cadherin, as indicated in Figure 12A (comparing lane 1 vs lane 4), suggesting that higher PLK1 

may contribute to metastasis and drug resistance. To test such a hypothesis, we manipulated the 

expression levels of PLK1 in A375 and A375R cells. Knocking down of PLK1 inhibited 

expression of two metastatic markers N-Cadherin and Vimentin in both mouse melanoma B16-

F10 cells and A375 cells (Figures 12B and 12C). Besides, the ability to heal the wound was 

diminished considerably upon PLK1 knockdown in A375R cells (Figure 12D). Moreover, lower 

PLK1 expression significantly sensitized the cells toward PLX-4032 treatment in both A375 and 

A375R cells (Figures 12E and 12F). Remarkably, stably overexpression of PLK1 leads to the 

increased metastasis and resistance to PLX-4032 in A375 cells, but such an effect was not as 
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dramatic as A375R cells that have an elevated level of PLk1 to begin with (Figures 12G-12J). In 

summary, our data has demonstrated that PLK1 could promote metastasis and drug resistance in 

human melanoma cells. 

4.2.6 PLK1 inhibitor acts synergistically with PLX-4032 in human melanoma cells 

Because PLK1 overexpression resulted in resistance to PLX-4032 in A375 cells, which carry 

BRAF V600E mutation, we asked whether inhibition of PLK1 is a new approach to enhance the 

efficacy of PLX-4032 in melanoma cells. Combination indices of two inhibitors (BI6727 and PLX-

4032) were calculated to be 0.667 and 0.750 in A375 and A375R cells, respectively, suggesting a 

synergistic effect of two inhibitors (Tables 3 and 4). To further assess the efficiency of the 

combination of BI6727 and PLX-4032, we analyzed cell death induced by drug treatment and 

showed that the combination treatment could robustly induce cell apoptosis compared to the single 

drug-treated groups (Figures 13A-13D). Interestingly, the co-treatment induced cell cycle arrest at 

the G1 phase in A375 cells, whereas it caused the G2/M phase arrest in A375R cells (Figures 13E 

and 13F), indicating the differences in the cell cycle regulation between A375 and A375R cells. 

Moreover, even under low drug concentration, BI6727 and PLX-4032 could act cooperatively in 

the inhibition of cell proliferation (Figures 13G and 13H) and the ability to form colonies as well 

(Figures 13I and 13J), in comparison to the mono-therapies. To investigate whether the metastatic 

ability is affected by the combination therapy, we performed wound healing assays and transwell 

migration assays (Figures 13K and 13L). As expected, metastasis was dramatically diminished in 

both A375 and A375R cells upon the combination treatment, compared with either the control, 

PLX-4032-treated, or BI6727-treated group. In conclusion, our in vitro experiments have indicated 

that BI6727 and PLX-4032 could act cooperatively in the treatment of human melanoma cells, 

leading to the suppression of cell proliferation, induction of apoptosis, arrest of the cell cycle, and 

repression of metastasis.  

4.2.7 BI6727 and PLX-4032 cooperatively inhibit A375R-derived xenograft in vivo 

To better validate our previous finding in vitro, we have evaluated whether BI6727 and PLX-4032 

act synergistically in vivo by using an A375R-derived xenograft model. Compared to the control 

group, A375R-derived tumors have exhibited a very limited response toward the single treatment 
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of PLX-4032, as shown in Figure 14A. Significantly, even though BI6727 itself has shown 

dramatic suppression, PLX-4032 could further facilitate and greatly enhance the efficiency of 

BI6727 in the inhibition of cell proliferation and tumor weights (Figures 14A-14C). Furthermore, 

as a result of the combination treatment of BI6727 and PLX-4032, several key regulators have 

been significantly repressed compared to either control or single drug-treated groups, including 

MAPK signaling pathway (p-BRaf and p-ERK), metastatic markers (N-Cadherin and Vimentin), 

proliferative marker PCNA, and melanoma-related transcription factor SOX10 (Figure 14D). 

Histologically, the remarkable decrease in cell content and dramatic elevation in apoptotic bodies 

have been detected in the tumor samples under the treatment of dual inhibitors, in comparison to 

control and mono-treated groups (Figure 14E). To conclude, it has been well demonstrated that 

PLK1 inhibitor BI6727 and BRAF V600E inhibitor PLX-4032 cooperatively suppress the growth 

of the A375R-derived xenograft model in vivo. 

4.3 Discussion 

It has been well documented that PLK1 is tightly related to multiple steps of the cell cycle and 

participates in the regulation of various cancer-related signaling pathways (74). Accumulating 

evidence has shown that PLK1 is highly expressed in multiple cancer types and negatively 

correlated with the patients’ survival (14). To evaluate Plk1’s role and function in melanoma 

progression, we have crossed the existing melanoma mouse model BrafCA/+ / Ptenloxp/loxp with either 

Plk1-KI or Plk1loxp/loxp mice (219, 220), followed by the monitoring of melanoma progression as 

indicated in Figure 8B. Significantly, in comparison to BrafCA/+ / Ptenloxp/loxp mice, overexpression 

of Plk1 accelerated melanoma progression and metastasis (Figures 8C, 8D, and 9A-9F), whereas 

knocking out of Plk1 significantly improved the overall survival (Figures 8G and 8H). Moreover, 

mMPI cells, derived from BrafCA/+ / Ptenloxp/loxp / Plk1-KI  mice, showed a robust increase in the 

metastatic capability, as well as resistance to PLX-4032, compared to mMC cells derived from 

BrafCA/+ / Ptenloxp/loxp mice in both 2D and 3D culture (Figures 10A-10I). Intriguingly, a higher 

expression level of Plk1 also contributes to the metabolic reprogramming, not only promoting 

glycolysis but also elevating the capacity and efficiency of oxidative phosphorylation (Figures 

11A-11E). In parallel, oxidative stress also has been dramatically suppressed in mMPI cells 

compared to mMC cells, suggesting a potential mechanism for the Plk1-induced metastasis (Figure 
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11F). Overall, Plk1 functions as an oncogene to induce the progression and metastasis of mouse 

melanoma, likely via regulating energy metabolism.  

 

PLX-4032 (Vemurafenib), a well-established and FDA-approved drug, has been the most effective 

therapy to treat the malignant melanoma patients harboring BRAF V600E mutation (210). Due to 

the fast emergence of resistance, a novel therapeutic strategy is urgently needed in the treatment 

of localized and metastatic melanoma. In our study, compared to parental A375 cells, PLX-4032-

resistant A375R cells exhibit a higher expression level of PLK1, indicating that PLK1 may 

contribute to the drug resistance of PLX-4032 (Figure 12A). To validate our hypothesis, we 

compared responses to PLX-4032 in isogenic melanoma cells with different levels of PLK1. We 

found that PLK1 depletion inhibited the metastasis and sensitized the cells to PLX-4032 and that 

overexpression of PLK1 significantly increased the expression level of metastatic markers and 

rendered the cells to be resistant to PLX-4032 (Figures 12G and 12J). Further, we have 

demonstrated that PLK1 inhibitor BI6727 could cooperate with PLX-4032 to treat melanoma 

(Figure 13). The combination of BI6727 and PLX-4032 could act synergistically from multiple 

aspects, including proliferation, apoptosis, cell cycle arrest, and metastasis. Moreover, the efficacy 

of BI6727 and PLX-4032 has been further confirmed in the A375R-derived xenograft model 

(Figure 14), showing the inhibition of tumor growth, induction of apoptosis, and suppression of 

cancer-associated signaling pathway. In conclusion, our in vitro and in vivo data had demonstrated 

that BI6727 could robustly enhance the efficacy of PLX-4032 in both sensitive and resistant human 

melanoma cells.  

 

To summarize, our data has indicated that PLK1 functions as a critical regulator to promote 

progression, metastasis, and drug resistance in melanoma, making it a potential and promising 

target to be further tested and applied in clinical.  
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Table 3. The IC50 values of BI6727 and PLX-4032 in A375 cells 

 

 

 

 Table 4. The IC50 values of BI6727 and PLX-4032 in A375R cells 

 

 

 

Drugs IC50 CI 

BI6727 6nM  

PLX-4032 100nM  

BI6727 (in combination 50nM/L PLX-4032) 1nM CI=0.667 

Drugs IC50 CI 

BI6727 11nM  

PLX-4032 10uM  

BI6727 (in combination 2.5uM/L PLX-4032) 5.5nM CI=0.750 
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Figure 8. Plk1 involves in mouse melanoma progression 

(A) Plk1 expression is negatively correlated to human melanoma patient survival. The plot was 

generated by OncoLnc based on the TCGA survival data (213). (B) Schematic showing the 

breeding strategy and inducing method. (C) The survival curve of BrafCA/+ / Ptenloxp/loxp / Plk1-KI 

mice versus BrafCA/+ / Ptenloxp/loxp mice. The mice were euthanized when the tumor diameters 

reached 15mm. The median survival period is 44 and 59, respectively, in BrafCA/+ / Ptenloxp/loxp / 

Plk1-KI mice and BrafCA/+ / Ptenloxp/loxp mice. (D) After 40d of localized induction, the mice were 

euthanized and tumor diameter was measured. (E) The mRNA level of Plk1 in melanoma was 

harvested from mice with indicated genotypes. (F) Representative IHC staining for Plk1in the 

locally induced melanoma. (G) The survival curve of BrafCA/+ / Ptenloxp/loxp mice versus BrafCA/+ / 

Ptenloxp/loxp / Plk1loxp/- mice versus BrafCA/+ / Ptenloxp/loxp / Plk1loxp/loxp mice. The mice were 

euthanized when the tumor diameters reached 15mm. The median survival period is 59, 62, and 

131 respectively. (H) Representative images of localized melanoma tumors formed in BrafCA/+ / 

Ptenloxp/loxp / Plk1loxp/- mouse and BrafCA/+ / Ptenloxp/loxp / Plk1loxp/loxp mouse after 59d and 129d 

induction, respectively. P>0.05, N.S.; P<0.05, *; P<0.01, ** by student t-test.   
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Figure 8 continued 
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Figure 9. Plk1 induces metastasis in BrafCA/+ / Ptenloxp/loxp mouse model 

(A) Representative images of lymph nodes exhibiting the different extent of metastatic melanoma 

loci. (B) Quantification of metastasis to lymph nodes in BrafCA/+ / Ptenloxp/loxp and BrafCA/+ / 

Ptenloxp/loxp / Plk1-KI mice. The localized tumors were induced in the mice with indicated genotype. 

After 40d, the mice were sacrificed and the lymph nodes were harvested for histology staining. (C) 

Representative images and quantification of distant metastasis found in indicated mice. (D)  H&E 

stained sections of locally induced tumors from a BrafCA/+ / Ptenloxp/loxp mice and a BrafCA/+ / 

Ptenloxp/loxp / Plk1-KI mouse. The Blue arrow indicates the muscle layer. Compared to the BrafCA/+ 

/ Ptenloxp/loxp mouse, melanoma cells had crossed the muscle layer and showed an elevated invasive 

ability in PLK1 overexpressed mice. (E) Representative images of H&E stained tumor-draining 

lymph node from a BrafCA/+ / Ptenloxp/loxp mouse and a BrafCA/+ / Ptenloxp/loxp / Plk1-KI mouse. (F) 
Representative images of IHC staining for Sox10 of primary tumor from a BrafCA/+ / Ptenloxp/loxp 

mouse and a BrafCA/+ / Ptenloxp/loxp / Plk1-KI mouse. P>0.05, N.S.; P<0.05, *; P<0.01, ** by student 

t-test.   
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Figure 9 continued  
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Figure 10. Plk1 promotes mouse melanoma progression in vitro 

(A) Western blots showing the Plk1 expression level of mMC (derived from BrafCA/+ / 

Ptenloxp/loxp mouse) and mMPI (derived from BrafCA/+ / Ptenloxp/loxp / Plk1-KI mouse). (B) 

Representative images of the morphology of mMC and mMPI. (C) Representative images of 

transwell migration assay to analyze the metastatic ability using mMC and mMPI cells. (D) 

Representative images (Left) and quantification (Right) of colony formation assay using mMC 

and mMPI cells. (E and F) Representative images (Left) and quantification (Right) of sphere 

formation in the 3D matrix using mMC and mMPI cells in day 3 (E) or day 5 (F), respectively. 

(G) Quantification of sphere morphology formed in the 3D matrix.  (H) Representative images of 

transwell invasion assay to assess the metastatic ability using mMC and mMPI cells. (I) Relative 

cell viability under the treatment of PLX-4032 at different concentrations in mMC and mMPI 

cells. P>0.05, N.S.; P<0.05, *; P<0.01, ** by student t-test. 
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Figure 10 continued
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Figure 11. Plk1 impacts the metabolism of mouse melanoma cells 

(A) Glycolytic rate of mMC and mMPI cells was measured by seahorse. (B) Glucose 

uptake was measured using the 2-NBDG probe in mMC and mMPI cells by flow 

cytometry. (C) Mitochondria mass was measured using MitoTrakcer Green FM dye in 

mMC and mMPI cells by flow cytometry. (D) Mitochondrial oxidative phosphorylation 

was measure by seahorse. (E) Calculated values for respiratory parameters in the 

indicated cells. (F) Mitochondria oxidative stress of mMC and mMPI was measured 

using the MitoSOX superoxide indicator by flow cytometry. Left: MitoSOX signal 

detected by flow cytometry; Right: percentage of MitoSOX-high population among all 

the cells.  

P>0.05, N.S.; P<0.05, *; P<0.01, ** by student t-test.   
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Figure 11 continued 
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Figure 12. PLK1 overexpression promotes metastasis and PLX-4032 resistance in human 

melanoma cell lines 

(A) Western analysis of PLK1 and N-cadherin expression level in A375 and A375R cells after 24 

h treatment of either DMSO or BI6727. (B) The Plk1 was stably knocked down in mouse 

melanoma cell line B16-F10, in which PLK1 and N-cadherin expression levels were detected by 

western blot. (C) A375 cells either stabling expressing shCtrl or shPLK1 were treated with 

indicated PLX-4032 for 72h, then the PLK1 and Vimentin were measured by western. (D) The 

wound healing assay was conducted using A375R-shCtrl and A375R-shPLK1 cells. The relative 

distance was measured and quantified after 12h. (E-F) The relative cell viability of A375 (E) and 

A375R (F), expressing either shCtrl or shPLK1, was measured under the 72h treatment of PLX-

4032 with various drug concentrations. (G-H) PLK1 was stably overexpressed in A375 cells and 

then subjected to either western analysis of Vimentin (G), or measurement of cell viability (H), 

under the treatment of PLX-4032. (I-J) A375R cells expressing either empty vector (Control) or 

PLK1 (PLK1-OE) were treated with the indicated concentrations of PLX-4032, then subjected to 

either western blot to detect the expression of the indicated proteins (I) or MTT assay to evaluate 

its sensitivity toward PLX-4032 treatment (J). P>0.05, N.S.; P<0.05, *; P<0.01, ** by student t-

test.   
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Figure 12 continued 
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Figure 13. BI6727 and PLX-4032 acts synergistically in human melanoma cell lines 

(A-B) A375 (A) and A375R (B) cells were treated with PLX-4032 and BI6727 at the indicated 

concentrations for 48h and harvested for western blot, respectively, to measure cleaved-PARP 

level. (C-D) The quantification of apoptotic cell percentage measured by Annexin V/PI assay. 

A375(C) and A375R (D) cells were treated with DMSO, PLX-4032, BI 6727 or both at the 

indicated concentrations for 24h, collected and stained with Annexin V and PI, followed by flow 

cytometry to detect cell apoptotic population (**, P<0.01; n = 3 independent experiments). (E-F) 

A375 (E) and A375R (F) were treated with indicated drugs, respectively, for 24h. Then, cells were 

collected, fixed with 70% ethanol, stained with PI for 30 minutes, and then the cell cycle was 

analyzed with flow cytometry (n = 3 independent experiments). (G-H) A375 (G) and A375R (H) 

cells were treated with indicated drugs, followed by measurement of cell numbers for six days. (I 

and J) A375 (I) and A375R (J) cells were treated with DMSO, BI6727, PLX-4032or a combination 

of the two drugs, respectively. After changing fresh media containing drug(s) every 3 days for two 

weeks, cells were fixed with formalin, and colony formation was monitored by crystal violet 

staining. The experiments shown are representatives of 3 repeats. (K) A375 and A375R cells were 

seeded in the 6-well plate. Once reaches 100% confluence, a wound was made in the attached cells 

and its closure was monitored under the microscope upon the treatment of indicated drugs. Left: 

the quantification of relative gap distance in 24h post scratch (**, P<0.01; n = 3 independent 

experiments); Right: the representative images of 3 repeats. (L) A375 and A375R cells were 

seeded into the transwell chamber of a 24-well plate and treated with DMSO, BI 6727, PLX-4032, 

or both at the indicated concentrations in RPMI-1640 without FBS. The lower chambers were 

filled with RPMI-1640 containing 10% FBS. After 24h, the cells were fixed with methanol and 

stained with crystal violet. Photos were taken by the Nikon microscope. 
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Figure 13 continued 



 

 

 

69 

Figure 14. BI6727 and PLX-4032 cooperatively inhibit tumor growth in A375R-derived 

xenograft 

(A) Growth curves of A375R-derived tumors. Female nude mice were inoculated with A375R 

cells (2×106) and administered with PLX-4032 (50 mg/kg body weight, oral gavage, once daily), 

BI6727 (10 mg/kg body weight, intraperitoneal injection, every two days), or a combination of 

both drugs. The sizes of the tumors in each group were measured every 2 days (mean ± SEM; n 

= 4 mice from each experiment group).  (B) Tumor weight measurement right after being freshly 

removed from the bodies. (C) Representative images of the tumors at the end of the study. (D) 

A375R-derived tumors from each group were collected and subjected to western blot to detect 

the expression of indicated proteins. (E)  The representative images of H&E staining to show the 

pathologic structure of A375R-derived tumors from each group.  P>0.05, N.S.; P<0.05, *; 

P<0.01, **; P<0.001, *** by student t-test.  
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Figure 14 continued 
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CHAPTER. 5 SUMMARY AND FUTURE DIRECTIONS 

5.1 Improved treatment of PCa 

Due to the critical role of AR in PCa, blocking the function of the AR signaling pathway is the 

major therapeutic strategy to treat either primary or metastatic PCa patients in the clinic (171). 

Consequently, ADT has been widely used to treat the early stage PCa patient for decades due to 

its strong efficiency, whereas patients would develop into CRPC eventually (171). Based on the 

current circumstance, it is urgently required for the novel therapy to improve the life span and 

quality of CRPC patients. In this study, we have developed an effective combination strategy to 

treat CRPC and confirmed its efficacy using in vitro cell culture and in vivo xenograft models. In 

conclusion, PLK1 inhibitor GSK461364A and BRD4 inhibitor JQ1 act cooperatively from various 

aspects to inhibit the progression of human CRPC, including proliferation and apoptosis. 

Mechanistically, PLK1 could active the Wnt/β-Catenin signaling through phosphorylating Axin2. 

Thus, the inhibition of PLK1 could elevate β-Catenin and induce the expression of c-Myc, which 

could sensitize cells to the treatment of JQ1, as BRD4 is the direct regulator of c-Myc. Moreover, 

GSK461364A and JQ1 cooperate to suppress AR signaling, further enhancing the efficacy of 

combining GSK461364A and JQ1. Interestingly, we do find that the combination treatment could 

inhibit both glycolysis and oxidative phosphorylation, while the underlying mechanism remains 

elusive. It requires further investigation to figure out whether the treatment could affect the 

metabolism directly through regulating metabolic enzymes or indirectly by targeting metabolic-

related transcription factors. On the other hand, the immune system participates in cancer treatment 

and influences the efficacy of drug treatment to a large degree. Consequently, it is necessary to 

evaluate the role of the immune system in the treatment of GSK461364A and JQ1. In our study, 

we utilized the TRAMP-C2-derived allograft model to investigate the efficacy of co-treatment and 

evaluate its influence on the immune system as well. However, due to the limitation of 

experimental settings, we could not draw a confident conclusion to address these questions, and 

more experiments must be conducted to confirm the response of the immune system to the dual 

treatment. To accomplish this goal, the TRAMP mice will be treated with the novel combination 

therapy, and the tumor progression will be tightly monitored as well.   
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5.2 PLK’s role in melanoma 

Malignant melanoma is the most aggressive and dangerous form of skin cancers, frequently 

diagnosed among whites than any other racial group. Due to its strong metastatic ability, the five-

year survival rates of distant melanoma is as low as 27.3% in the US (170, 202). Over half of the 

patients contain BRAF mutations, particularly BRAF V600E, to cause the constitutive activation 

of the MAPK signaling pathway, thus making BRAF a primary therapeutic target in clinical (204). 

PLX-4032 is an FDA-approved drug to treat melanoma patients with BRAF V600E mutation, 

exhibiting a profound therapeutic efficiency only for a relatively short period. Consequently, it is 

worthwhile to identify a novel target in the treatment of melanoma to enhance the efficacy of PLX-

4032 in clinical. 

 

PLK1, beyond its well-documented roles in the cell cycle, is overexpressed in cancers and 

negatively correlated with patient survival (14). To investigate its role in melanoma, we have 

generated mouse melanoma models, either overexpressing or knocking out Plk1. Significantly, 

Plk1 could promote the progression and metastasis of melanoma but also contribute to the 

metabolic remodeling and drug resistance to PLX-4032 as well in the BrafCA/+ / Ptenloxp/loxp mouse 

model. In parallel, the expression of PLK1 is much higher in the PLX-4032-resistant A375R cells 

compared to its parental sensitive A375 cells. Manipulating PLK1 in A375 and A375R cells 

significantly impact their sensitivity to PLX-4032 and the ability of metastasis. Moreover, PLK1 

inhibitor BI6727 could act cooperatively with PLX-4032 to suppress melanoma progression and 

metastasis in vitro and in vivo. To summarize, PLK1 has been regarded as an oncogene in the 

progression of melanoma, as well as a promising therapeutic target in clinical.  

 

However, the mechanisms of how PLK1 functions in melanoma development are still unclear. To 

address this question, we will harvest the mouse tumors from BrafCA/+ / Ptenloxp/loxp mice and 

BrafCA/+ / Ptenloxp/loxp / Plk1-KI mice, respectively, for the RNA-Seq to analyze the alterations of 

the cancer-related signaling. Subsequently, we will perform experiments to validate the role of 

molecules or signaling pathways that are tightly related to the phenotype. Most importantly, how 

PLK1 regulated these key molecules will be deeply investigated. Moreover, the efficacy of the 

dual treatment, BI6727 and PLX-4032, would be further validated using the transgenic mouse 

model.   
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