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The cyclin D-CDK4/6 complexes play a pivotal role in controlling the cell cycle. Deregulation in cyclin D-CDK4/6 pathway has been described in many types of cancer and it invariably leads to uncontrolled cell proliferation. Many efforts have been made to develop a target therapy able to inhibit CDK4/6 activity. To date, three selective CDK4/6 small inhibitors have been introduced in the clinic for the treatment of hormone positive advanced breast cancer patients, following the impressive results obtained in phase III clinical trials. However, since their approval, clinical evidences have demonstrated that about 30% of breast cancer is intrinsically resistant to CDK4/6 inhibitors and that prolonged treatment eventually leads to acquired resistance in many patients. So, on one hand, clinical and preclinical studies fully support to go beyond breast cancer and expand the use of CDK4/6 inhibitors in other tumor types; on the other hand, the question of primary and secondary resistance has to be taken into account, since it is now very clear that neoplastic cells rapidly develop adaptive strategies under treatment, eventually resulting in disease progression. Resistance mechanisms so far discovered involve both cell-cycle and non-cell-cycle related escape strategies. Full understanding is yet to be achieved but many different pathways that, if targeted, may lead to reversion of the resistant phenotype, have been already elucidated. Here, we aim to summarize the knowledge in this field, focusing on predictive biomarkers, to recognize intrinsically resistant tumors, and therapeutic strategies, to overcome acquired resistance.
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Introduction

The correct progression through the cell cycle is a tightly controlled process that ensures that one cell properly divides into two daughter cells carrying the exact same genetic material.

Cells irreversibly commit to enter the mitotic cell cycle during the G1 phase and this commitment depends on the phosphorylation and degradation of the retinoblastoma protein (Rb) that, in turn, releases the transcription factor E2F1. Phosphorylation of Rb is a key event, tightly regulated by the sequential action of the cyclin-dependent kinase 4 and 6 (CDK4, CDK6) complexed with a positive regulatory D-type cyclin subunit, followed by activation of cyclin E/CDK2 complexes. Extracellular signals and several different molecular pathways regulate the expression of cyclins, CDK and CDK inhibitors, particularly p16ink4, p21Cip1 and p27Kip1. The dysregulation of this circuit often drives the uncontrolled proliferation, observed in many human cancers (1).

Therefore, components of the cell-cycle machinery have been longstanding seen as optimal targets in the field of oncology.

However, initial attempts to block CDK activity in patients were definitely unsuccessful, due to both the low therapeutic index and the high toxicity profiles that these pan-CDK inhibitors displayed, severely lowering the expectations for this type of targeted therapy (2).

The advent of the first CDK4/6 specific inhibitor (i.e. PD0332991, then renamed Palbociclib) has drastically changed this view when preclinical data demonstrated that this compound was able to block cancer cells in G1 phase of the cell cycle, inhibiting CDK4/6-cyclin D complexes with exquisite selectivity and displaying very promising antitumor activities in mice (3–6). Notwithstanding these very promising results obtained in laboratory, when the activity of Palbociclib in combination with anti-estrogen therapy in patients with metastatic hormone receptor positive (HR+) breast cancer (BC) was firstly reported, it was unexpected and impressive, stimulating the rapid design and clinical development of other CDK4/6 inhibitors (CDK-i) (7–9). Currently, three selective CDK-i are FDA-approved for the treatment of HR+ advanced BC: Palbociclib, Ribociclib and Abemaciclib, and active clinical trials are ongoing to test their efficacy in other settings of BC, as well as in other neoplasms, based on the encouraging results obtained in a wide spectrum of preclinical settings (2, 10, 11).

However, now that a long enough follow-up of the patients is available, clinical data reveal that about 30% of patients with advanced stage BC do not respond to CDK-i and a very large proportion of the patients eventually acquire resistance. In vitro, neoplastic cells that acquire CDK-i resistance become more aggressive, displaying a distinct genomic, transcriptomic and proteomic profile that results in the upregulation of epithelial-mesenchymal transition (EMT), appearance of stem-like features, increased migratory and invasive capacity (12, 13).

To date, many studies have contributed to clarify how CDK-i exert their anti-tumor effect and, also, the molecular mechanisms governing CDK-i resistance, in the attempt to identify predictive biomarkers of response and pharmacological strategies to overcome it (14). From these studies, we have learned that CDK-i molecules are quite dissimilar from each other, differing for their affinity to CDK4 and CDK6 (i.e. Ribociclib and Abemaciclib are more active against CDK4, Palbociclib has similar activity against both kinases), pharmacokinetics and spectrum of toxicity (14). Despite these differences, acquired resistance to one CDK-i confers cross-resistance to the others (15), at least if we consider their canonical function of controlling CDK4/6-Rb-E2F axis.

It is known that CDK-i do not trigger apoptosis, but significantly induce cell cycle arrest and senescence in Rb-proficient cells (16). However, several studies in HR+ breast and lung cancer models indicate that Palbociclib interacts also with lipid kinases, suggesting that it may affect multiple signaling pathways, including the one of PI3K/AKT/mTOR, even if their inhibition, at least in vitro, is weak (17, 18). Moreover, Palbociclib indirectly stabilizes and activates the proteasome, via reduction of ECM29, a protein that disassembles the proteasome contributing to the induction of a senescent phenotype (18). In bladder cancer models, Palbociclib impinges on FOXM1 phosphorylation and activation, exerting its anti-tumor activity independently from Rb-status (19). Also, Abemaciclib has been reported to interact with the transporters ATP-binding cassettes ABCB1 and ABCG2, which play a pivotal role in chemo-resistance, pumping drugs out of cancer cells. In this context, Abemaciclib is able to inhibit ABCB1 and ABCG2-mediated drug efflux resulting in an increased intracellular concentration of therapeutic compounds that could revert the phenotype of tumors with multidrug resistance (20).

Even if the significance of this non-canonical functions will need to be assessed in the clinical setting, these studies clearly indicate that CDK-i activity is not limited to lowering Rb phosphorylation and blocking the cell cycle, but it involves pathways that could be exploited by resistant tumors to overcome CDK4/6 inhibition (20).

Aim of this review is to recapitulate the recent insights into the interaction between CDK-i and other antitumor agents, the mechanisms of CDK-i resistance, and the upcoming approaches to overcome it. As summarized in Table 1, neoplastic cells may adopt different strategies to overcome pharmacological inhibition of CDK4/6, involving both cell cycle specific and nonspecific mechanisms, eventually resulting in phosphorylation and re-activation of Rb (68). Cell cycle-specific mechanisms encompass the incomplete inactivation of CDK4/6, the capability of cyclin E1/E2-CDK2 complex to initiate the phosphorylation of Rb and the direct inactivation of Rb (69), while cell cycle-nonspecific mechanisms rely on different pathways, especially like Receptor Tyrosine Kinases (RTK) and PI3K-AKT-mTOR axis (68). As discussed below in more detail, CDK-i resistance could also be the result of de novo mutations, such as the inactivation of Rb (70), the amplification of cyclin E1 (CCNE1) (23), CDK4 (25) or CDK6 (27).


Table 1 | Table summarizes the combination therapies comprising a CDK4/6-inhibitor plus another compound, tested in either clinical trials or preclinical models, described in the text.





CDK-i and Endocrine Therapy

Cyclin D–CDK4/6 complexes are hyperactivated and drive uncontrolled tumor proliferation in many cancer types and many preclinical studies demonstrated that, while they are relevant for the growth of many tumor types, they often become essential in breast cancer (BC) (26, 28, 71, 72).

BC is not a single disease, but rather a collection of mammary pathologies heterogeneous in terms of histology, genetic and genomic variations, therapeutic response and clinical outcome. Multiple classifications have been proposed to a better stratification of BC patients, in the attempt to understand the intricate biological mechanisms driving these tumors and to enable more effective clinical trials and treatments. Thanks to gene expression profiling studies (29), surrogate intrinsic subtypes have been established and are typically used in the clinical routine, based on the expression of few key proteins: estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2) and the proliferation marker Ki67. Tumors expressing ER and/or PR are termed hormone receptor positive (HR+) or luminal BC, accounting for over 70% of all BC; tumors expressing HER2 are called HER2-enriched BC, accounting for 10-20% of BC; and tumors that do not express ER, PR and HER2 are called triple negative (TN) BC, accounting for 10-15% of BC (30, 73). When CDK4/6i were developed and tested in preclinical studies, cell lines and xenografts representing the luminal BC subtype were shown to be most susceptible to proliferation arrest and tumor shrinkage (31, 74).

Accordingly, when CDK4/6i (Palbociclib, Abemaciclib and Ribociclib) were introduced to the clinic they represented a real breakthrough for treatment of HR+/HER2- luminal BC patients. The addition of CDK4/6i to the standard endocrine therapy showed impressive results, extending median progression free survival and prolonging median overall survival of advanced/metastatic luminal BC patients. Thus, in 2016, PALOMA trials led to the FDA approval of Palbociclib in combination with Letrozole (PALOMA-1, -2, -4) or Fulvestrant (PALOMA-3). In 2017, MONALEESA and MONARCH trials opened the way to the use of Ribociclib and Abemaciclib, in the same clinical setting (36, 47–49). The benefit of CDK4/6i in combination with standard endocrine therapy remains unfortunately still controversial for early stage BC patients and is being investigated in ongoing clinical trials (PALLAS, PENELOPE-B, EarLEE-1, MonarchE) (75).

However, although CDK4/6i offered an improvement in disease control in luminal BC patients, not all women respond to these drugs and many of them develop a secondary resistance.

So, many efforts have been made to identify mechanisms underlying CDK4/6i resistance and to understand if resistance to endocrine-therapy could also affect sensitivity to CDK-i. Evidence collected in in vitro settings suggests that Palbociclib resistant cells are cross-resistant to endocrine therapy (13), due to the fact that CDK inhibition acts directly downstream of endocrine therapy (20) (Figure 1). However, this is not so straightforward in clinical settings: patients with BC harboring mutations in estrogen receptor maintain a general sensitivity to CDK-i (76). In some cases, treatment with CDK-i results even more effective, possibly taking advantage from the same mechanism that leads to endocrine-therapy resistance. For instance, the dysregulation of the mismatch repair complex in BC abrogates the suppression of CDK4 induced by endocrine therapy via ATM/CHK2. Thus, the resulting activation of CDK4 determines a resistance to endocrine-therapy but, concomitantly, a higher sensitivity to CDK-i (77). In an opposite way, ectopic overexpression of cyclin E1 or E2 reduced the sensitivity to CDK-i (78) and, in particular, high expression of cyclin E2, was also linked to the tamoxifen-resistant phenotype in HR+ BC cell lines. Interestingly, PALOMA-3 patients with high cyclin E mRNA levels evaluated in metastatic tissue correlated with lower efficacy of the combination of Palbociclib with Fulvestrant (79). Furthermore, CCNE1 gene was found amplified in ctDNA from HR+ patients who do not benefit from the addition of Palbociclib to hormonal therapy (80).




Figure 1 | Key mechanisms of action of endocrine therapy and CDK4/6-i in HR+ breast cancer. Created with BioRender.com.



Altogether, combined endocrine and CDK4/6i therapy has certainly changed the course of advanced luminal BC, but new strategies to overcome resistance and reduce recurrence and mortality of these patients are urgently needed.



CDK-i and Conventional Chemotherapy

Combination of CDK-i with conventional chemotherapeutic drugs has been long debated, due to the fact that cell cycle arrest induced by CDK-i seems in clear conflict with the aim of conventional chemotherapy, which is the targeting of proliferating cells (81).

First evidences accumulated in this field seemed to support this incompatibility. A study conducted in a genetically-engineered mouse model of BC reported that CDK-i impinged on carboplatin efficacy in Rb-proficient tumors (32).

A drug screening performed in pancreatic cancer cell lines, comprising more than 300 anti-cancer compounds combined with Palbociclib, revealed that CDK4/6 inhibition protected cancer cells from chemotherapeutic drugs that targeted mitotic machinery and, thus, require an active cell cycle progression for their action (82). As a consequence, Palbociclib antagonized effects of anti-mitotic agents, such as docetaxel and paclitaxel, the anti-metabolite Gemcitabine and PLK1-inhibitors, a kinase that plays an essential role during mitosis (82). In the same direction, a study conducted on triple negative BC cell lines, showed that administration of Palbociclib together with the genotoxic agent doxorubicin (anthracycline) mitigated the efficacy of the chemotherapy, protecting Rb-proficient cells from the cytotoxic effects of doxorubicin (83).

Altogether, these works strongly indicate that a careful evaluation of the combination treatment, in a schedule-specific and context-specific manner, is needed, in order to avoid possible unwanted interactions between drugs that may eventually lower, instead of heighten, the clinical benefit for the patients.

However, recent studies have partially subverted previous conclusions, demonstrating that the combination between conventional cytotoxic agents and CDK-i can be feasible and effective if administered in the appropriate sequence of time. In this context, our group was among the first demonstrating that sequential administration of carboplatin followed by Palbociclib resulted in synergistic ovarian cancer cell killing, while the same was not true when Palbociclib was administered together or before carboplatin (50). Similarly, administration of CDK-i after antimitotic agents, like taxanes, prevented cellular recovery in different models of pancreatic cancer (52). At mechanistic level, when CDK-i was administered after taxanes, not only it did not interfere with mitotic entry, but it also prevented the expression of PARP induced by E2F, leading to a repression of DNA-repair machinery and a persisting DNA damage, even after taxane suspension (52).

From a totally different perspective, these evidences also led to hypothesize an off-label use of CDK-i to prevent cytotoxicity induced by chemotherapy in highly proliferating normal tissues that harbor an intact Rb pathway. Hematopoietic progenitor cells are highly sensitive to genotoxic agents and their exhaustion (myelosuppression) represents a major adverse effect of many conventional therapeutics, such as ionizing radiation and 5-Fluorouracil. By lengthening the G1-phase of the cell cycle, administration of CDK-i mitigates the toxicity induced by DNA-damage and protects hematopoietic cells (34, 84). This use of CDK-i is largely supported by data in literature and may represent another possibility to combine CDK-i with other drugs (32, 69).



CDK-i Resistance: Targeting the DNA Damage Response

As previously discussed, some conventional chemotherapeutics specifically work as genotoxic agents and their efficacy is refrained by the capability of neoplastic cells to cope with DNA-damage by activating the DNA-damage response (DDR). DDR pathway is driven by the activity of the protein kinases ATM and ATR, which target checkpoint kinases (Chk1 and Chk2), acting to reduce CDK activity and delaying the cell cycle progression. The arrest of cell cycle eventually creates an extended time window that allows neoplastic cells to recruit DNA-repair-proteins.

Many works have recently highlighted the crosstalk existing between CDK-i and the DDR pathway.

Platinum exposure induces DNA single and double strand breaks that, in turn, elicits DDR pathway activation. In epithelial ovarian cancer, our group has recently demonstrated that CyclinD3-CDK6 complex stabilizes the transcription factor FOXO3 and promotes transcription of ATR, contributing to DDR activation and, eventually, to cell survival. Significantly, CDK6 expression was higher in recurrent tumor collected from patients who had received platinum-based therapy. CDK6 inhibition counteracted the increased expression of ATR induced by platinum and combination of platinum with Palbociclib resulted in synthetic lethality (50) (Figure 2). This observation was confirmed in another work on ovarian cancer, demonstrating that concurrent administration of Ribociclib with cisplatin, followed by maintenance with Ribociclib, was strongly effective in arresting cell growth, preventing Chk-1 activation (51).




Figure 2 | The figure depicts the interactions occurring in the cell nucleus between the activity of CDK4/6-i, DNA damage repair and other molecular pathways. Mechanisms of resistance to CDK4/6-i (orange) and therapeutic strategies to overcome them (red) are reported. Created with BioRender.com.



Other evidences highlighted the efficacy of CDK-i in combination with inhibitors of Wee-1, a tyrosine kinase that exerts a regulatory role on the timing of mitosis, by inhibiting CDK1 and allowing time for DNA repair (53). Interestingly, in Rb-proficient sarcoma cells, the G1 arrest and release induced by intermittent administration of Palbociclib made cells more sensitive to agents that exert their activity during S-G2 phase. In this context, Wee1-inhibitor Adavosertib (AZD1775) improved efficacy of Palbociclib when administered in a sequential combination treatment (53). The same was observed in HR+ BC cells cross-resistant to both CDK-i and endocrine-therapy, in which administration of Wee1-inhibitor was effective in inducing cell apoptosis due to a strict dependency of these cells from the G2 checkpoint and from repairing DNA damage (54) (Figure 2).

Another study identified IL6/STAT3 pathway and DDR deficiency as common tracts among Palbociclib resistant BC cell lines (13). Induction of IL-6 led to phosphorylation of STAT3 via JAK, resulting in downregulation of ER, occurrence of EMT and cancer stem-like phenotype that could be counteracted by Napabucasin, a newly developed small inhibitor of STAT3. On the other hand, DDR deficiency sensitized CDK-i resistant cells to either PARP-inhibitors, olaparib and niraparib, or, again, to the Wee1-inhibitor Adavosertib (13).

Another interesting interaction between CDK-i and DDR pathway was shown in melanoma cells, via p53. In TP53 wild-type cells, p53 activation contributes to the DDR by inducing the expression of p21cip1 (hereafter p21). Suppression of protein arginine methyltransferase 5 (PRMT5) activity by CDK-i represented a key step for the efficacy of these drugs, leading to p53 activation and induction of p21 (55). PRMT5 is an epigenetic modifier that regulates gene expression through methylating arginine residues of histones and non-histone proteins, like several spliceosomal proteins that, in turn, regulate pre-mRNA splicing of the p53-inhibitor MDM4. The inhibition of PRMT5 induced by Palbociclib resulted in pre-mRNA splicing of MDM4, a decreased expression of MDM4 protein and a consequent activation of p53. In melanoma CDK-i resistant cells, Palbociclib failed to decrease MDM4 via PRMT5 and, in turn, p53 remained inactive. Administration of PRMT5 inhibitor (Pemrametostat) enhanced the efficacy of Palbociclib in resistant cells and delayed the insurgence of CDK-i resistant phenotype in naïve cells (55).

These evidences were partially confirmed in melanoma patient-derived xenograft (PDX) model, where administration of Nutlin-3, an antagonists of the p53-inhibitor MDM2, was effective in stabilizing p53, restoring p21 expression and counteracting resistance to CDK-i (56, 85). These findings provide the mechanism through which melanomas harboring mutation of TP53 appeared intrinsically resistant to CDK-i. In this model, p21 was sequestered by cyclinD1 overexpression, thereby abrogating its inhibitory activity on CDK2 (56). As discussed below, among the cell cycle-specific mechanisms of CDK-i resistance, hyperactivation of CDK2 is a major one, leading to Rb phosphorylation and cell cycle entry.



CDK-i Resistance: Targeting the Phosphorylation of p27kip1

In literature, one of the first mechanisms reported for CDK-i resistance is the reactivation of CDK2 following down-regulation of p27kip1 (hereafter p27), in acute myeloid leukemia (33). Since then, many studies investigating CDK-i resistance have reported the central role of p27, a member of the CIP/KIP family of cyclin-dependent kinase inhibitors, physiologically involved in the regulation of both CDK2 and CDK4/6 complexes (37). p27 is promptly and efficiently downregulated, mainly by degradation, upon mitogenic stimulation. One of the pathways that leads to p27 downregulation is the phosphorylation on its tyrosines 74 and 88 by Src family members. Phospho-p27 has a shorter half-life compared to the unphosphorylated one, reducing its inhibitory activity on cyclin-CDK2 complex (35, 39). Moreover, when phospho-p27 is associated with cyclin D1-CDK4, the resulting complex retains the capability to phosphorylate Rb and is not recognized by CDK-i (38). Intriguingly, in breast cancer biopsies, the immunohistochemical expression of both total p27 and its pY88 form stratified the tumor sensitivity to Palbociclib, supporting the correlation between pY88-p27, CDK4 activity and Palbociclib sensitivity (86).

Taking into account these evidences, blocking the phosphorylation of p27 may represent a valuable strategy to overcome Palbociclib resistance. An extensive screening revealed that, in BC cell lines, Breast tumor-related kinase (Brk) bound p27 with higher affinity than other kinases of the Src family and modulation of Brk affected p27 phosphorylation and Palbociclib sensitivity (87). Furthermore, BC cell lines that expressed an ALTernatively-spliced form of Brk (ALT), lacking the SH1 kinase domain, failed to phosphorylate p27 on its tyrosine residues, resulting in increased CDK4 and CDK2 inhibition following Palbociclib administration (88). Finally, a recent study from our group demonstrated that high levels of phosphorylated Y88 p27 led to increased resistance to Palbociclib, in KRAS-mutated colorectal cancer, but administration of the Src-inhibitor Saracatinib was able to restore Palbociclib sensitivity, both in vitro and in vivo (57) (Figure 2). Interestingly, our study highlighted that regulation of Palbociclib sensitivity by p27 was dependent from the presence of KRAS mutation. This finding is particularly interesting if we consider that upregulation of the Ras pathway represents one of the main cell cycle-nonspecific mechanism of CDK-i resistance (see below).



CDK-i Resistance: Targeting the Ras-MEK-ERK Axis

The Ras-MEK-ERK axis is a signal transduction pathway that acts downstream of several receptors, contributing to the transcriptional and functional regulation of D-type cyclins and CDK4/6. Aberrant activation of Ras pathway plays a crucial role in malignant transformation, in a large number of human tumors. Recently, clinical evidences have highlighted the possible involvement of Ras proteins in inducing resistance to CDK-i (Figure 3). In fact, the analysis of circulating tumor DNA collected from patients with BC at baseline and after treatment with CDK-i and endocrine-therapy revealed acquired mutations of different oncogenic drivers and, among others, of RAS (40).




Figure 3 | Cytoplasmic cascades involved in the resistance to CDK4/6-inhibitors (orange) and targeted therapies to counteract them (red). Created with BioRender.com.



Whole exome sequencing of tumors from BC patients treated with CDK-i in combination with endocrine-therapy (Fulvestrant), revealed that about 10% of CDK-i resistant cases harbored activating mutation of RAS. More importantly, RAS mutations were absent in CDKi-sensitive tumors (89).

RNAseq data from prostate cancer cellular models identified KRAS and RAF overexpression as a hallmark of CDK-i resistance and, accordingly, mass spectrometry profiling identified an enrichment in MAPK activation supported by increased expression of EGF and paracrine activation of EGFR. Noteworthy, the acquired resistance described in this model reflected a kinome rewiring that bypassed CDK-inhibition, without involvement of genomic alterations. As a consequence, CDK-i resistant cells appeared more reliant on MAPK signaling and, consequently, more sensitive to combination treatment with MEK inhibitors (59).

In KRAS-mutated colorectal cancer, combination of MEK and CDK4/6 inhibitors provided a synergistic antitumor activity, both in vitro and in PDX models. At mechanistic level, tumor growth impairment was coupled with a decrease in cyclin B1, Rb, Foxm1, Plk1 and phosphorylation of the ribosomal protein S6, a protein phosphorylated by the mTOR pathway and tightly associated with cell cycle progression (90).

Interestingly, a combined genome-scale ORF overexpression screen and a CRISPR knockout screen, performed on melanoma cell lines dependent from NRAS mutation, revealed that the co-occurrence of KRAS mutation drives the resistance to Palbociclib, either when administered as a single agent or in combination with the MEK inhibitor Trametinib (41). This study also highlights that combined inhibition of CDK4/6 and MEK may elicit increased expression or mutation of EGFR-PI3K-AKT-mTOR signaling cascade members, eventually resulting in restored levels of cyclins and/or S6 phosphorylation (41).

Finally, it was also reported that, in Rb-proficient TNBC cells, combination of CDK-i and Raf inhibitor Sorafenib was an effective strategy to induce synthetic lethality (58).



CDK-i Resistance: Targeting the PI3K-Akt-mTOR Pathway

The serine/threonine kinase mTOR integrates a wide variety of cellular stimuli, including mitogen and nutrient signals to control cell proliferation, cell cycle, cell size and autophagy. One of the main activators of mTOR is the PI3K/AKT axis that forms, together with mTOR, a pathway frequently hyperactivated in cancer and also involved in CDK-i resistance (22) (Figure 3).

In preclinical models of BC, CDK-i resistant cells showed a decreased ER expression and a reduced efficacy of anti-estrogen drugs, but a preserved sensitivity to the PI3K-inhibitor Alpelisib and the mTOR-inhibitor Everolimus (21). A synergistic effect of Alpelisib in combination with Ribociclib was observed in Rb-proficient TNBC cell lines, in which PI3K inhibition reduced mTOR activity, inducing cell-cycle arrest and apoptosis (60). Moreover, in a syngeneic murine model of TNBC, combined inhibition of both PI3K and CDK4/6 induced increased activation of tumor-infiltrating T-cells, also suggesting an immunogenic effect, as discussed below (60).

A sensitization screening, aimed at identifying compounds that synergize with Palbociclib in HR+ BC cell lines, revealed that several cytotoxic chemotherapy drugs (paclitaxel, camptothecin, vinorelbine, etc) showed an antagonistic interaction, while PI3K- (GDC-0941), AKT- (MK2206), mTOR- (Everolimus) and IGF1R-inhibitors displayed a synergistic effect (23). Particularly, this study identified two different phases of CDK-i resistance: an early phase, in which cyclin D1 directly interacted with CDK2 instead of CDK4/6, determining a downstream expression of cyclin E2; and a late phase, in which overexpression of cyclin E1 or loss of Rb expression led to cell cycle entry, regardless of the inhibition of cyclin D1-CDK4/6. Importantly, PI3K-inhibition was effective in the early “adaptive phase” of CDK-i resistance, not only impinging on cyclin D1 expression and inducing cell apoptosis, but also delaying the insurgence of the late phase of resistance (23).

In pancreatic cancer cells, it was observed that Palbociclib induced an increase in cyclin D1and E1 levels and resistance was efficiently counteracted by both MEK and mTOR inhibitors (82).

In vitro, combined administration of mTOR inhibitor Vistusertib (AZD2014) and Palbociclib induced a durable growth arrest, but not apoptosis, and a delay in the onset of resistance in HR+ BC cells. Vistusertib was also able to induce a reduction of Rb phosphorylation in CDK-i resistant cells, suggesting a possible efficacy in both Palbociclib sensitive and resistant cells (22).

Also in glioblastoma, Palbociclib administration induced an early suppression of downstream mediators of mTOR, like S6, and, as rebound effect, an increased mTOR activity (24). Therefore, the addition of Everolimus to Palbociclib increased benefits against glioblastoma at multiple levels, 1) favoring brain delivery of Palbociclib by impingement on the activity of transporters deputed to the efflux from the blood brain barrier, 2) increasing cytostatic to cytotoxic conversion and 3) blockade of cellular metabolism (24).



CDK-i Resistance: Targeting the Receptor Tyrosine Kinase (RTK) Pathways

The activation of receptor tyrosine kinases, acting upstream of both Ras and mTOR pathways, represents a crucial signal for neoplastic cell growth, also involved in the resistance to CDK-i. In Palbociclib resistant lung cancer cells, an increased activation of several receptor kinases was observed, such as epidermal growth factor receptor (EGFR), ephrin type-A receptor 1/2 (EphA1/2) and fibroblast growth factor receptor (FGFR) (42). Compared to the naïve cells, Palbociclib resistant cells maintained the same sensitivity to EGFR inhibition, but became significantly more sensitive to FGFR inhibition (42).

Clinical evidences have highlighted the role of FGFR family members in the progression of HR+ BC and in determining the cross-resistance to endocrine therapy and CDK-i (43). Approximately 15% of HR+ BC harbors a FGFR1 amplification that sustains ER pathway activation, even in presence of endocrine therapy (91). A genomic profiling conducted on HR+ BC biopsies collected before and after endocrine-therapy, revealed that endocrine-resistant tumors are enriched in amplification/mutation of FGFR family members (61). In vitro, activation of FGFR pathway, either by addition of FGF ligand in the culture medium or by FGFR overexpression, induced cross-resistance to Palbociclib and endocrine-therapy in HR+ BC cell lines. This effect was mediated by activation of Ras-MEK-ERK pathway and thus efficiently counteracted by administration of either MEK- or FGFR-inhibitors (61). Importantly, different FGFR inhibitors showed variable degrees of efficacy, depending on which member of FGFR was mutated and what type of mutation was found. This finding suggests the need for the development of different therapeutic strategies based on the FGFR specific status to overcome FGFR-induced drug resistance.

Recent data collected by our group also supports the interaction between CDK-i and EGFR pathway, in HR+ BC, via the modulation of miR-223. Treatment with Palbociclib restrains E2F1 transcriptional activity, which normally acts as a repressor of the miR-223 promoter, thereby restoring miR-223 expression. Since miR-223 then targets EGF expression, Palbociclib treatment eventually results in autocrine and paracrine dampening of EGFR pathway in tumor cells as well as in the tumor microenvironment (44, 92).

Not only the use of RTK-inhibitors may represent a valuable strategy to counteract acquired resistance to CDK-i, but also the concomitant administration of CDK-i and RTK-i is strongly encouraged for the treatment of naïve tumors. In esophageal squamous cell carcinoma, CDK-i attenuated cell growth in monotherapy, but was more effective in combination with pan-ERBB inhibitor, afatinib (62). In a PDX model of pediatric neuroblastoma harboring mutations of anaplastic lymphoma kinase (ALK), CDK-i synergized with the ALK inhibitor, Ceritinib, inducing cell-cycle arrest and cell death (63).



CDK-i and Immune Checkpoint Inhibition

Several recent studies highlight that treatment with CDK-i may induce an immunomodulation of the tumor, thus suggesting the possibility to combine CDK-i with immune checkpoint inhibitors. Among the first evidences of a direct interaction between CDK-i and immunomodulation, there is the observation that CDK4 regulates PD-L1 protein stability and that combining CDK-i treatment with anti-PD-1 immunotherapy enhanced tumor regression and improved overall survival rates in mouse tumor models (64). Since then, many other studies supported an interaction between immunotherapy and CDK-I activity. As discussed above, mTOR activation plays a central role in determining CDK-i resistance. However, a recent study puts mTOR pathway in a different light, highlighting how it may indirectly reinforce the lymphocytic response against tumor cells, eventually contributing to CDK-i efficacy. Under CDK-i treatment, an increase in cellular metabolic activity is registered in neoplastic cells, mainly due to the dysregulation of PI3K/mTOR pathway (93). As a consequence, neoplastic cells become hypertrophic, increase their mitochondrial content and oxidative stress. These processes eventually determine the production of chemokines, like CCL5, CXCL9 and CXCL10, eventually leading to a greater T cell recruitment in the tumor microenvironment (93).

By indirectly reducing E2F activity, CDK-i can lead to a decrease of DNA methyl-transferase-1 (DNMT1) expression in neoplastic cells and, as a consequence, re-expression of endogenous retroviral genes by reduced methylation. This event closely mimics a viral process and results in activation of the interferon (IFN) signaling pathway, antigen presentation and recruitment of cytotoxic T cells in tumor microenvironment. However, DNMT1 also limits the expression of p21 by methylation of its coding gene CDKN1A in T-reg cells. Therefore, the inhibition of E2F-DNMT1 axis by CDK-i administration acts on one side on tumor cells, making them more antigenic, but, on the other, also on T-reg cells in tumor microenvironment, reducing their number by increasing p21 expression (94). These findings have been recently extended in a study that has demonstrated a positive modulation of antigen presentation mechanisms induced by Abemaciclib and a reciprocal synergy with anti-PD-L1 therapy (65).

Despite other small inhibitors, like MEK-inhibitors, have demonstrated only a transient benefit in combination with PD1-blockade, due to the unwanted prevention of priming of naïve T cells, Abemaciclib, probably thanks to its minor effect on CDK6 compared to CDK4, showed limited suppression of T-cells (65).

Moreover, it has been demonstrated that the immunogenic effect of CDK-i can be enhanced by concomitant administration of PI3K inhibitors. As previously mentioned, combination of PI3K-i and CDK-i has been demonstrated to be effective in preventing insurgence of resistance and inducing apoptosis (23). Moreover, in an in vitro model of TNBC, dual treatment with Alpelisib/Ribociclib evoked an increased tumor immunogenicity due to overexpression of both HLA antigens and CTLA-4 on tumor cell-surface and decreased expression of PD-L1, which is known to be regulated by the PI3K pathway (95). Therefore, double inhibition of PI3K and CDK4/6 in a syngeneic mouse model of TNBC was followed by a switch in the tumor-associated immune cells, with an increase in T-cells and mature NK cells, and a decrease of immunosuppressive monocytic myeloid-derived suppressor cells (mMDSC) and Tregs. As a consequence, combined inhibition of PI3K and CDK4/6, along with monoclonal antibody against immune checkpoints like PD-1 and CTLA-4, induced complete and durable regression of established TNBC mouse tumors, in vivo (60).

In BC, a transcriptomic analysis of parental cell lines and their endocrine-resistant and Palbociclib resistant derivatives, revealed that CDK-i resistant phenotype inversely correlated with an aberrant IFN/STAT1 pathway (96). Furthermore, a so called IFN-related Palbociclib-resistance signature was identified and validated in two neoadjuvant trials, in which patients were treated with CDK-i and endocrine therapy (96). Considering that IFNγ signaling pathway induces the expression of immune checkpoints, such as PD-L1 and CTLA-4, these results support once more the possibility to administer anti-immune checkpoint compound in combination with CDK-i, not only to improve the efficacy of CDK-i but also to tackle CDK-i resistance.



CDK-i and Autophagy Inhibition

As mentioned before, CDK4/6 inhibition triggers both cell cycle arrest and senescence. As a stress tolerance mechanism, neoplastic cells may activate autophagy, a catabolic process of cellular recycle that reduces reactive oxygen species (ROS), produces energy for cell survival and mediates resistance to several therapeutics. BC cell lines treated with low doses of Palbociclib preserved an intact autophagic flux and relied on its activation for reverting G1 arrest. In this context, autophagy inhibitors, like chloroquine and hydroxychloroquine, synergized with CDK-i inducing ROS accumulation, growth inhibition, irreversible G1 arrest and then senescence. Interestingly, combination of CDK-i and autophagy-inhibitors was also effective in other tumor cell lines, if RB1 was intact and no oncogenic form of cyclin E was present (16). To note, as much as CDK-i, also MEKi elicited resistance mechanisms mediated by autophagy that were efficiently counteracted by administration of autophagy inhibitors (45).



CDK-i and Hippo Pathway Inhibition

The Hippo pathway is dysregulated in different cancer types (46) and the alteration of YAP, a Hippo pathway effector, leads to overexpression and activation of CDK6. Therefore, it is not surprising that YAP inhibitors have been proposed in combination therapy with CDK-i, although very little is known about the effects of this combination, so far. One study reported that combination of CDK-i with YAP inhibitors counteracted tumor growth and overcame radiation-resistance in esophageal cancer models (66). Another study reported that chronic treatment with Abemaciclib did not decrease the sensitivity to YAP inhibitors in pancreatic cancer cells (67).

It has also been reported that the activation of the Hippo pathway may confer resistance to CDK-i. In fact, a genomic analysis performed on CDK-i resistant HR+ BC samples identified loss of FAT1, member of the cadherin superfamily that exerts a regulatory role on Hippo pathway, as a common event. FAT1 loss caused YAP activation, CDK6 upregulation and resistance to CDK-i (97). Altogether, these results strongly support the need for further testing the combination of CDK-i and YAP-inhibitors.



CDK-i and AP-1 Inhibition

Activator protein-1 (AP-1) is a heterodimeric transcription factor, primarily composed of proteins belonging to the Fos and Jun families that exerts a regulatory role on many physiological and pathological processes (98). In the past 10 years, small molecules able to inhibit the chromatin-binding capability of Fos proteins have been developed, showing interesting results in the therapy of both inflammatory disease and cancer (99). In BC cells, administration of Palbociclib reduces expression and activation of c-Jun, followed by a reduction of EMT-associated proteins expression (98). Therefore, Palbociclib administration impinges on motility, invasive capability and metastatic potential of BC cells. However, another study reports that CDK-i resistant cells show increasing levels of c-Fos and c-Jun that, in turn, determine a higher AP-1 transcriptional activity responsible for, at least in part, the resistant phenotype insurgence (100). In this model, AP-1 blockade strongly inhibits the growth of CDK-i resistant cells (100).

The possible interplay between CDK-i and AP-1 activity appears even more interesting when AP-1 functions are taken into account. On one hand, AP-1 is responsible for the activation of therapy-induced senescence program in neoplastic cells that, as we discussed above, represents one of the main consequences of Palbociclib administration (101). On the other, the aberrant expression of AP-1 also determines a re-wiring of the transcriptional program of BC cells, promoting cellular plasticity and resistance to endocrine-therapy, an event closely connected to the CDK-i resistant phenotype (102). Altogether, these data support the central role of AP-1 in the adaptive strategy of neoplastic cells under CDK-i treatment and provide a rationale for the combined administration of CDK- and AP-1 inhibitors.



Conclusions

The introduction of CDK-i has drastically changed the clinical approach to HR+ BC and their use is expected to be extended to many other tumor types. If we consider that CDK-i induce growth arrest but not apoptosis and that intrinsic and acquired resistance are common events in clinical practice, combining CDK-i with other compounds appears to be a reasonable and necessary strategy, in order to improve their efficacy and prevent or revert a resistant phenotype.

In this context, it is now clear that, when administered in combination with conventional chemotherapy, their efficacy strictly depends on the treatment schedule, since only CDK-i administration after the chemotherapeutic drug may refrain neoplastic cells recovery and results in a synergistic action. Otherwise, cell-cycle blockade induced by CDK-i may even protect tumor cells from the cytotoxic effects of the chemotherapy.

Combination of CDK-i with other targeted therapies is still an emerging but rapidly expanding field. At least in preclinical models, several inhibitors have shown to improve CDK-i sensitivity, counteracting the mechanisms responsible for the CDK-i resistant phenotype. In this context it will be of outmost importance to precisely identify the patients who might benefit from specific combination therapies, identifying reliable biomarkers. Similarly, promising evidences support the possibility that CDK-i might potentiate the activity of immunotherapy with checkpoint inhibitors. Again, which patients might benefit from these new combinations has still to be precisely defined.

We have to face the emerging notion that the phenotype of CDK-i resistance is not a permanent status, but a dynamic process in which at least two steps, not necessarily consequent one to another, are definable. Therefore, targeting CDK-i resistance still appears a challenging task to be achieved. Rb inactivation is often involved in this process and, to date, it remains a major limit for CDK-i administration, further raising the question of how it will be possible to bypass this type of genomic alteration and restore Rb functionality.

Further, if the status of CDK-i resistance can not be successfully targeted, more effort should be made to prevent the onset of CDK-i resistance. This will be possible by the precocious identification of the mechanisms on which the resistance relies, that will lead to the prompt identification of tumors that will become potentially resistant. The identification of such escaping pathways could lead the choice of the best companion for CDK-i, to achieve a more successful combined therapy.
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