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Abstract

:

Simple Summary


The retinoblastoma-like (RBL)1/p107 protein is a member of the retinoblastoma (RB) family including the retinoblastoma (RB)1/p105 protein and RBL2/p130. They are key regulators of the cell cycle and play a central role in regulating cell proliferation. RB proteins act as tumor suppressors and their dysregulation is associated with tumor initiation. However, the mechanisms regulating RB protein actions are still very poorly characterized. We previously demonstrated that RBL2/p130 is a direct target of AKT and it is a key mediator of apoptosis associated with AKT inhibition. Here we demonstrated that RBL1/p107 levels are instead not directly modulated by AKT and discovered that RBL1/p107 levels are regulated by multiple pathways linked directly or indirectly to Ca2+-dependent signaling. These novel observations suggest a complex regulation of RBL1/p107 expression involving different components of signaling pathways controlled by Ca2+ levels, pointing out a significant difference with the mechanisms modulating the close family member RBL2/p130.




Abstract


The members of the retinoblastoma (RB) protein family, RB1/p105, retinoblastoma-like (RBL)1/p107 and RBL2/p130 are critical modulators of the cell cycle and their dysregulation has been associated with tumor initiation and progression. The activity of RB proteins is regulated by numerous pathways including oncogenic signaling, but the molecular mechanisms of these functional interactions are not fully defined. We previously demonstrated that RBL2/p130 is a direct target of AKT and it is a key mediator of the apoptotic process induced by AKT inhibition. Here we demonstrated that RBL1/p107 levels are only minorly modulated by the AKT signaling pathway. In contrast, we discovered that RBL1/p107 levels are regulated by multiple pathways linked directly or indirectly to Ca2+-dependent signaling. Inhibition of the multifunctional calcium/calmodulin-dependent kinases (CaMKs) significantly reduced RBL1/p107 expression levels and phosphorylation, increased RBL1/p107 nuclear localization and led to cell cycle arrest in G0/G1. Targeting the Ca2+-dependent endopeptidase calpain stabilized RBL1/p107 levels and counteracted the reduction of RBL1/p107 levels associated with CaMKs inhibition. Thus, these novel observations suggest a complex regulation of RBL1/p107 expression involving different components of signaling pathways controlled by Ca2+ levels, including CaMKs and calpain, pointing out a significant difference with the mechanisms modulating the close family member RBL2/p130.
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1. Introduction


The retinoblastoma-like (RBL)1/p107 protein is a member of the family of pocket proteins which includes the retinoblastoma (RB)1/p105 protein and RBL2/p130. RB proteins are key components of the cell cycle machinery and play a central role in regulating cell proliferation [1]. RB proteins restrain the cell cycle and act as tumor suppressors by interacting with the E2F transcription factors and, in the case of RBL2/p130 and RBL1/p107, by binding to the Multivulva class B (MuVB) core to form the transcriptional repressor DREAM (DP, Rb-like, E2F and MuvB) complex [2,3]. In addition, RB proteins antagonize the function of cycling-dependent kinases (CDK)s and regulate chromatin organization by interacting with histone-modifying enzymes and chromatin-regulating proteins [4]. RB proteins are often dysregulated in cancer and their dysregulation has been associated with tumor initiation and progression. However, deciphering the molecular mechanisms underlying the function of a specific RB protein has been complicated by their functional redundancy [5,6].



RBL1/p107 is structurally related to RBL2/p130 and has both overlapping and distinct functions with the other two RB protein family members [6]. Unlike RB1 and RBL2/p130, RBL1 is considered a G1/S gene whose expression is low in quiescent cells and high during the G1-to-S phase transition [5,7]. However, in S phase, similarly to RB1/p105 and RBL2/p130, the RBL1/p107 protein is hyperphosphorylated and inactivated by cyclin-cyclin-dependent kinase (CDK) complexes [8,9]. Multiple studies support the role of RBL1/p107 as a tumor suppressor [10,11,12,13]. However, it is a weaker tumor suppressor when compared to RB1/p105, and its role as a tumor suppressor is often context-dependent [10]. In addition, it has been recently reported that variants mapping to RBL1 correlated with tumor T cell subset abundance [14]. Similarly to RBL2/p130, RBL1/p107 binds to the repressors E2F4 and E2F5 [15] and, in the absence of RBL2/p130, it is able to assemble into DREAM-like complexes but it is not clearly defined whether these repressor complexes are functional [2,16,17]. In addition, it has been demonstrated that upon DNA damage and p53 activation, RB1/p105 and RBL2/p130 repress the expression of G1/S genes whereas RBL2/p130 and RBL1/p107 repress G2/M genes [16]. However, in the absence of RB1/p105 and RBL2/p130, RBL1/p107 can also repress G1/S genes [16].



Our laboratories have recently demonstrated that RBL2/p130 is a direct AKT target and mediates apoptosis induced by AKT inhibition in lung cancer and mesothelioma cells [18]. These findings demonstrated that RB protein stability and activity are not exclusively controlled by CDKs and that oncogenic pathways might play a crucial role in modulating RB family member expression and action. Accordingly, additional reports indicated that the mitogen-activated protein kinase p38 phosphorylates RB1/p105 and modulates RB1/p105 stability [19].



Dysregulation of Ca2+ signaling has been implicated in tumor initiation and progression. Indeed, aberrant Ca2+ signaling is recognized as one of the hallmarks of cancer [20]. Calcium/calmodulin-stimulated protein kinases (CaMKs) are key mediators of Ca2+ action [21]. CaMKs are multifunctional serine/threonine protein kinases including CaMKI, CaMKII and CaMKIV. CaMKI and CaMKII constitute two different families each composed of four members encoded by four different genes, whereas CaMKIV is encoded by a single gene [21]. Alternative splicing modulates pre-mRNA processing for all CaMKs, further increasing the number of CaMKs proteins. All CaMKs require Ca2+ for their activity but they differ in the mechanisms of activation. CaMKII, upon Ca2+/calmodulin binding, undergoes autophosphorylation at Thr286, which renders CaMKII activity independent from Ca2+/calmodulin binding [22]. In contrast, CaMKI and CaMKIV activity is dependent on the phosphorylation status of their activation loop by Ca2+/calmodulin-dependent protein kinase kinases (CaMKK) [23,24].



Growing evidence suggests a role for CaMKs in tumorigenesis [25]. CaMKs are either upregulated or dysregulated in many tumor types and modulate key cellular process including proliferation, survival and cell motility [25]. Previously published data have reported that CaMKs play an important role in the regulation of the cell cycle, affecting every phase of the cell cycle [26].



Here, we investigated the mechanisms regulating RBL1/p107 protein levels and demonstrated that multiple pathways connected to Ca2+ signaling and CaMKs play a critical role in modulating RBL1/p107 protein levels and phosphorylation. Several studies demonstrated that CaMKs modulate the cells cycle by affecting cyclin D1 expression, CDK4 activation, p27 binding to CDK2 and RB1/p105 phosphorylation [27]. Here, we show that CaMK activity might also affect RBL1/p107. Indeed, CaMK inhibition modulated RBL1/p107 levels, phosphorylation status and subcellular distribution. In addition, we demonstrated that the inhibition of calpain, an endopeptidase whose activity relies on Ca2+ signaling, also affected RBL1/p107 levels and subcellular distribution. Notably, our data ruled out a direct major role of AKT in modulating RBL1/p107, pointing out a significant difference with the mechanisms modulating the close family member RBL2/p130.




2. Materials and Methods


2.1. Cell Culture and Reagents


A549 and MSTO-211H cells were provided by ATCC and cultured in DMEM and RPMI (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% FBS (R&D Systems, Minneapolis, MN, USA) and 1% L-glutamine (Thermo Fisher Scientific), respectively. Cells were treated with the AKT inhibitor AKTi VIII (Calbiochem, San Diego, CA, USA), epidermal growth factor (EGF) (Invitrogen, Carlsbad, CA, USA), insulin growth factor (IGF)2 (Peprotech, Rocky Hill, NJ, USA), the lysosome inhibitor bafilomycin A1 (Sigma-Aldrich, St. Louis, MO, USA), the CDK4/CDK6 inhibitor Abemaciclib (Selleckchem, Huston, TX, USA), and the following compounds from Cayman Chemicals (Ann Arbor, MI, USA): the MEK1/2 inhibitor U0126, the proteasomal inhibitor MG-132, the CaMK inhibitor KN-93, the KN-93 inactive derivative KN-92, the CaMKK inhibitor ST-609 and the calpain inhibitor 1/ALLN.




2.2. Immunoblot


Cells were lysed in RIPA buffer (Thermo Fisher Scientific) supplemented with the halt protease and phosphatase inhibitors cocktail (Thermo Fisher Scientific). Nuclear and cytoplasmic fractions were obtained using the NE-PER nuclear and cytoplasmic extraction reagents kit (Thermo Fisher Scientific). Immunoblot analysis was performed using the following primary antibodies: RBL1/p107 (13354-I-AP, Proteintech, Rosemont, IL, USA), RBL2/p130 (610262, BD, Franklin Lakes, NJ, USA), pRBL1/pp107 Ser975 (MBS9214765, Mybiosource, San Diego, CA, USA), HA (Rockland, Limerick, PA, USA), the antibodies from Santa Cruz Biotechnology (Santa Cruz, Dallas, TX, USA) GAPDH (sc-365062), beta-actin (sc-47778), alpha-tubulin (sc-398103), c-myc (sc-40), cyclin D3 (sc-182), and GFP (sc-9996), and the antibodies from Cell Signaling Technology (Danvers, MA, USA) pAKT Ser473 (4060), pan-AKT (4691), pERK1/2 (9160), ERK1/2 (9102), cyclin D1 (55506), lamin A/C (2032), CamKII (4436). The following secondary antibodies were used: mouse anti-rabbit IgG-HRP (sc-2357, Santa Cruz Biotechnology) and m-IgGk BP-HRP (sc-516102, Santa Cruz Biotechnology).




2.3. Gene Depletion and Expression


Transient gene depletion was performed by siRNAs using 25 nM ON-TARGET plus, small interfering RNA (siRNA) targeting AKT1 L-003000-00-0005 (Dharmacon, Lafayette, CO) and the Dharmafect transfection reagent according to the manufacturer’s instructions. A549 and MSTO-211H cells were transiently transfected using the Lipofectamine 3000 (Invitrogen) and the TransIT-2020 (Mirus, Madison, WI, USA) reagents, respectively, according to the manufacturers’ recommendation.



To generate A549 cells with RBL1/p107 knock-out, we used CRISPR/Cas9 strategies. The sequence of the sgRNA GAGGACAAGCCCCACGCTGA specific for RBL1/p107 exon 1 [28] was inserted in the lentiviral vector lentiCRISPR v2-Blast, a gift from Mohan Babu (Addgene plasmid #83408, Addgene, Wartertown, MA, USA). Lentiviral particles were generated by transfecting HEK-293FT cells with the pMD2-G envelope plasmid and the psPAX2 packaging plasmid. HEK-293FT supernatants were used to transduce A549 cells in the presence of 8 µg/mL polybrene (Sigma-Aldrich).



To generate lentiviral particles for CDK6 and CDK6 S178P expression, HEK-293FT cells were transfected with the pMD2-G envelope plasmid, the psPAX2 packaging plasmid and the plasmid pHAGE/CDK6, a gift from Gordon Mills and Kenneth Scott (Addgene plasmid #116725) [29] or the following described plasmid pHAGE/CDK6 S178P. HEK-293FT supernatants were used to transduce A549 and MSTO-211H cells in the presence of 8 µg/mL polybrene (Sigma-Aldrich).




2.4. cDNA Constructs


pcDNA3 Myr HA Akt1 (Addgene plasmid #9008) and pcDNA3 Myr HA Akt2 (Addgene plasmid #9016) were a gift from William Sellers [30].



The following plasmids were used to obtain the cDNAs encoding CaMKIα, CaMKIIα and CaMKIV: pDONR223-CAMK1 (Addgene plasmid # 23544), pDONR223-CAMK2A (Addgene plasmid # 23408) and pDONR223-CAMK4 (Addgene plasmid # 23812). All plasmids were a gift from William Hahn and David Root [31]. cDNAs were obtained by PCR or by two-step PCR to insert desired mutations by using Phusion high-fidelity DNA polymerase (New England Biolabs, Ipswich, MA, USA) following the manufacturer’s instructions and primers reported in the Supplemental Table S1. All the cDNAs encoding CaMKs were digested with the restriction enzymes NcoI and NotI (New England Biolabs) and ligated into NcoI/NotI digested pENTR11 vector (Invitrogen), by using the T4 DNA ligase (Roche, Basel, Switzerland). In the case of CaMKI- and CaMKIV-based constructs, the cDNAs were fused to their 3′ terminus to the sequence encoding the c-myc tag, by ligating the cDNAs with a previously prepared NcoI/NotI-digested pENTR11 vector including the c-myc tag sequence. The cDNA encoding the various CaMKs was then cloned into the pLenti CMV Puro DEST vector, a gift from Eric Campeau and Paul Kaufman (Addgene plasmid # 17452) [32], by DNA recombination using the Gateway LR Clonase II (Invitrogen) according to the manufacturer’s instructions.



RcCMV/CycD1 and RcCMV/CycD3 were previously described. CDK6-HA (Addgene plasmid #1868) and CDK6-DN-HA (Addgene plasmid #1869) were a gift from Sander van den Heuvel [33]. Site-directed mutagenesis to generate pHAGE/CDK6 S178P was performed by two-step PCR, using the above mentioned plasmid pHAGE/CDK6 and the primers reported in Supplemental Table S1.




2.5. RT-PCR


RT-PCR was performed using the delta-CT method, RBL1/p107 forward and reverse primers and β-actin as a house-keeping gene. Primer sequences are reported in the Supplemental Table S1.




2.6. Cell Cycle Analysis


Cells were fixed with ice-cold 70% ethanol and stained with propidium iodide using the propidium iodide flow cytometry kit (Abcam, Cambridge, UK). Cell DNA content was determined by FACS analysis at the Wistar Institute Cytofluorimetry Core Facility.




2.7. Statistical Analysis


All experiments were performed at least twice. Data are shown as the mean ± the standard deviation.





3. Results


We have recently demonstrated that in lung cancer and mesothelioma cells RBL2/p130 is a direct AKT target and mediates the apoptotic process induced by AKT inhibition [18]. However, whether AKT signaling might modulate the levels or activity of the related RBL1/p107 protein is not established. Thus, we first tested in A549 lung cancer and MSTO-211H mesothelioma cells whether AKT inhibition by the specific AKT inhibitor VIII (AKTi VIII) might affect also RBL1/p107 protein levels. In both cell lines, AKT inhibition determined a dose-dependent decrease in RBL1/p107 protein levels as well as RBL1/p107 dephosphorylation as suggested by a slight reduction in the molecular mass of RBL1/p107 detected in AKTi VIII-treated versus untreated cells (Figure 1A,B). Indeed, RBL1/p107 was detectable as two major bands (Figure 1B, arrows). Importantly, these bands are specific for RBL1/p107 forms, as in fact they are not detectable in A549 cells with RBL1/p107 knock-out by CRISPR/Cas9 strategies (Figure 1C). The slower migrating form was not detectable in cells exposed to the CDK4/CDK6 inhibitor Abemaciclib, suggesting that this form corresponds to hyperphosphorylated RBL1/p107 (Figure 1B), as in fact CDK4/CDK6, along with CDK2, are the main kinases responsible for RBL1/p107 phosphorylation [8,34]. In agreement, CDK4/CDK6 inhibition led to a reduction in pRBL1/pp107 (Ser975) levels (Figure 1B). Upon cell exposure to AKTi VIII, total levels of RBL1/p107 were reduced and the reduction of RBL1/p107 levels was more pronounced for the slower migrating, hyper-phosphorylated form of RBL1/p107. Accordingly, pRBL1/pp107 (Ser975) was undetectable in AKTi VIII-treated cells (Figure 1B). The effect of AKTi VIII on RBL1/p107 levels was post-translational, as in fact RBL1/p107 mRNA levels were only minimally affected by AKTi VIII treatment (Figure 1D). Importantly, pharmacological inhibition of MEK (U0126) or p38 (SB202190), alone or in combination with AKTi VIII, had no significant effect on RBL1/p107 protein levels (Figure 1E) indicating that MAPK and p38 do not directly.



Contribute to the regulation of RBL1/p107 levels in this setting. Surprisingly, while pharmacological AKT inhibition decreased RBL1/p107 levels, AKT activation induced by growth factors did not affect RBL1/p107 levels, either after short EGF stimulation (Figure 1F) or chronic exposure to either EGF or IGF2 (Figure 1G).



To further define the role of AKT in modulating RBL1/p107 levels, we used two additional pharmacological inhibitors of the AKT signaling pathway, the PI3K inhibitors LY294002 and Wortmannin. All the compounds were effective in inhibiting the AKT pathway, as demonstrated by the reduction of AKT activation after 1 h of cell treatment with either AKTi VIII, LY294002 or Wortmannin (Figure 2A, left panel). However, in A549 cells treated with LY294002 and Wortmannin AKT activation was restored after 16 h of incubation with the inhibitors whereas AKT activity was still undetectable in AKTi VIII-treated cells, suggesting different time-dependency in the effects of the three compounds on the AKT signaling pathway (Figure 2A, right panel). Despite these differences, LY294002 induced a reduction of RBL1/p107 levels, which was instead not evident in Wortmannin-treated A549 cells (Figure 2A). To additionally confirm the role of AKT in modulating RBL1/p107 levels, we used siRNA approaches to transiently deplete AKT1 in A549 and MSTO-211H cells. Surprisingly, AKT1 depletion did not significantly affect RBL1/p107 levels in spite of a significant reduction of AKT1 protein (Figure 2B). The overexpression of constitutively active myristoylated AKT1 led to a minor increase in RBL1/p107 levels (Figure 2C). Accordingly, the overexpression of constitutively active myristoylated AKT2 led to an increase in RBL1/p107 levels (Figure 2C). However, when constitutively active AKT1 and AKT2 were expressed in combination, the levels of RBL1/p107 were not significantly affected and even showed a slight decrease in MSTO-211H cells (Figure 2C). All together, these results challenge the potential role of AKT in directly modulating RBL1/p107 levels, suggesting only a minor regulation of RBL1/p107 by AKT and the involvement of different pathways, which may be affected upon AKT inhibition.



Since short-term treatment with AKTi VIII did not affect RBL1/p107 levels (Figure 2A), we ruled out a direct effect of AKT on RBL1/p107 protein degradation. However, because AKT signaling might indirectly modulate the activity of the proteasome [35], we investigated whether RBL1/p107 downregulation associated with AKT inhibition was proteasome-dependent by exposing A549 cells to the proteasome inhibitor MG-132, alone or in combination with AKTi VIII. As shown in Figure 3A, the proteasomal inhibitor did not impact on AKTi VIII-induced RBL1/p107 downregulation, indicating that the proteasomal pathway is likely not involved in the process. Thus, we alternatively investigated a potential role of the lysosomes, since lysosomal-dependent protein degradation is in part controlled by AKT signaling [35]. However, cell exposure to the lysosome inhibitor bafilomycin A1 did not affect RBL1/p107 levels (Figure 3B) indicating that the lysosomal compartment does not clearly contribute to the AKTi VIII-induced regulation of RBL1/p107 protein levels.



Since it has been reported that the calcium-dependent endopeptidase calpain might regulate RBL1/p107 protein levels [36,37], we exposed A549 cells to the calpain inhibitor 1/ALLN, which did not change the total levels of RBL1/p107, but enhanced the relative levels of hypo-phosphorylated RBL1/p107 (Figure 3C, left panel). Importantly, in the context of calpain inhibition, AKTi VIII had no effect on RBL1/p107 levels (Figure 3C, left panel). In MSTO-211H cells, the calpain inhibitor did not alter RBL1/p107 phosphorylation, but increased the total levels of RBL1/p107, and, as in A549, counteracted the reduction of RBL1/p107 levels caused by AKTi VIII exposure (Figure 3C, right panel). Thus, these data suggest that the decrease of RBL1/p107 associated with AKT inhibition might be partially dependent on calpain activity.



Because the inhibitor AKTi VIII might also affect the activity of the calcium-dependent protein kinase (CaMK)1α [38] and LY294002 and Wortmannin might differ in their abilities to interfere with Ca2+ levels [39], we hypothesized that the observed reduction in RBL1/p107 levels might be derived from the inhibition of the CaMKIα cascade rather than AKT. Thus, we investigated a potential role of CaMKIα signaling in modulating RBL1/p107, by exposing both A549 and MSTO-211H cells to the CaMK inhibitor KN-93 and to the CaMKK inhibitor ST-609. Notably, KN-93 but not ST-609 decreased RBL1/p107 protein levels as well as RBL1/p107 phosphorylation (Figure 4A,B) and led to a reduction in mRNA levels of RBL1/p107 of ~30% (Figure 4C). Since CaMKIs and CaMKIVs depend on CaMKK activity for their activation whereas CaMKIIs do not [22,23,24,40,41,42,43], these results point out a putative role for CaMKs and more likely CaMKIIs in modulating RBL1/p107 levels. Significantly, the effect of KN-93 on RBL1/p107 was specific as in fact KN-92, an inactive derivative of KN-93, had no effect in modulating RBL1/p107 levels (Figure 4D). Notably, the effect of KN-93 was specific for RBL1/p107 as it did not affect the levels of RBL2/p130 (Figure 4D), indicating that the CaMK signaling cascade might specifically regulate RBL1/p107 levels and not the closely related RBL2/p130.



To identify the putative CaMK responsible for KN-93-dependent effects on RBL1/p107 levels, we transiently overexpressed in A549 and MSTO-211H cells different members of the CaMK family, including wild type CaMKIα, CaMKIIα and CaMKIV and their respective kinase-inactive mutants (CaMKIα K49A, CaMKIIα K42R, CaMKIV K75M) as well as the constitutive active mutant of CaMKIIα (CaMKIIα T286D).



We selected CaMKIα because an AKTi VIII inhibitory activity on CaMKIα has been already described [38]. In addition, previously published work has reported that CaMKIα might play a role in regulating cell cycle and RB1/p105 activity [26]. On the other hand, we selected CaMKIIα based on the results obtained with the inhibitors KN-93 and STO-609 and on its known role as a cell cycle regulator [27,44]. Lastly, we chose CaMKIV because it might modulate the activity of the other CaMKs, thereby indirectly affecting cell cycle progression [45]. We reached considerable transient expression of all transfected constructs with the only exception of CaMKIIα T286D and CaMKIV K75M, which were expressed at low levels, as demonstrated by immunoblots with specific antibodies (Figure 4E). However, none of the expressed CaMKs affected RBL1/p107 levels, suggesting a complex and possibly redundant role for multiple CaMKs in modulating RBL1/p107 (Figure 4E).



Because KN-93 as AKTi VIII reduced the levels of RBL1/p107 and affected the relative amount of hyperphosphorylated RBL1/p107, we assessed the effect of these inhibitors on the subcellular distribution of RBL1/p107, as in fact RBL1/p107 cytoplasmic/nuclear distribution is dependent on the status of RBL1/p107 phosphorylation. As shown in Figure 4F, both inhibitors decreased the levels of cytoplasmic RBL1/p107 and relatively enhanced the levels of nuclear RBL1/p107 in cell fractions from A549 and MSTO-211H cells. This result reflects the observed reduction of RBL1/p107 levels and hypophosphorylation of RBL1/p107 in AKTi VIII- and KN-93-treated cells. Notably, in both cases, the reduction of cytosolic RBL1/p107 levels was counteracted by the combined inhibition of calpain while the increase of nuclear RBL1/p107 was enhanced in cells treated with the combination of AKTi VIII/ALLN or KN-93/ALNN when compared to cells treated with the inhibitors alone. These results suggest a complex regulation of RBL1/p107 levels/activity and cellular distribution involving the action of multiple CaMKs and calpain.



Because it has been previously reported that KN-93 might affect the cell cycle of several cell types [27] by possibly interfering with G1/S-specific cyclin-CDK complexes thereby promoting a G0/G1 arrest [26], we investigated the effect of KN-93 on the cell cycle of A549 and MSTO-211H cells. As shown in Figure 5A, KN-93 but not KN-92 led to an increase in the fraction of cells in the G0/G1 phase, suggesting a KN-93-evoked cell cycle arrest in G0/G1. In agreement, cells treated with KN-93 showed reduced levels of G1/S-specific cyclin D1 and cyclin D3 (Figure 5B). Notably, a similar effect on cell cycle, i.e., arrest in G0/G1, was previously demonstrated for the AKT inhibitor AKTi VIII in the same cellular models [18]. These results suggest that the effect of AKTi VIII and KN-93 on RBL1/p107 levels/phosphorylation might be associated with the inhibitory effect of the inhibitors on cell cycle progression. Accordingly, transient co-expression of cyclin D1 and CDK6 in A549 and MSTO-211H cells increased the basal levels of RBL1/p107 and partially reverted AKTi VIII and KN-93 actions on RBL1/p107 levels and phosphorylation (Figure 5C). The overexpression of cyclin D1 and of a dominant negative (DN) mutant of CDK6 mostly increased basal level of RBL1/p107, but did not compensate the inhibitory effect of AKTiVIII and KN-93 in A549 cells, whereas it partially compensated the effect of the two inhibitors in MSTO-211H cells, suggesting that in this cell line the forced expression of cyclin D1 might be enough to compensate the effects of the two inhibitors on RBL1/p107.



Similarly, the co-expression of cyclin D3 and of a constitutive active CDK6 mutant, CDK6 S178P [46], increased the basal level of RBL1/p107 and partially counteracted the effect of AKTi VIII and KN-93 on RBL1/p107 levels and phosphorylation in A549 cells (Figure 5D, left panel). In MSTO-211H cells, cyclin D3 and CDK6 S178P co-expression increased RBL1/p107 basal levels and partially compensated the effect of the AKTi VIII inhibitor (Figure 5D, right panel). These results suggest that the effects of AKTi VIII and KN-93 on RBL1/p107 levels and phosphorylation might be indirect and linked to reduced activity of G1/S cyclins/CDK complexes associated with cell cycle arrest in G0/G1 phase (Figure 5D).




4. Discussion


The three members of the RB family, RB1, RBL1/p107 and RBL2/p130, are key regulators of the cell cycle [47] and their dysregulation is strongly associated with tumor initiation and progression [1,48]. RB proteins restrain the cell cycle and inhibit the G1/S phase transition by interacting with the E2F transcription factors or forming the DREAM complex [2,17]. RB1/p105 binds and inhibits the transcriptional activators E2F1, E2F2 and E2F3, whereas RBL1/p107 and RBL2/p130 recruit the transcriptional repressors E2F4 and E2F5 to the nucleus. Binding of RB proteins to the E2F transcription factors is modulated by RB protein phosphorylation. Upon phosphorylation mediated by cyclin-CDK complexes, E2F factors are released with the consequent expression of genes regulating cell cycle progression. In addition to regulating the cell cycle, there is growing evidence suggesting that RB proteins might modulate other processes whose dysregulation is associated with tumorigenesis, such as chromosomal stability, cell senescence, apoptosis, and cell differentiation [4,49,50,51]. Thus, it is pivotal to better understand how RB protein levels/activities are modulated and the role that oncogenic pathways play in this process.



RBL1/p107 is phosphorylated by the cyclinD-CDK4/CDK6 complex [9,34] and its phosphorylation status is dependent on the dynamic equilibrium between the activity of cyclinD-CDK4/CDK6 complexes and the action of phosphatase 2A (PP2A) [34,52,53,54,55,56]. In spite of many indications supporting the notion that RBL1/p107 is mainly regulated on a transcriptional level [57], there are also evidences demonstrating that RBL1/p107 levels are modulated post-translationally. Indeed, RBL1/p107 protein degradation has been shown to occur in both a calpain- and proteasome-dependent manner [36,37]. Notably, Sengupta et al. identified a C-terminal sequence in RBL1/p107 whose phosphorylation by CDK4/CDK6 prevents proteasomal-dependent degradation of RBL1/p107 [58]. Here, we made the novel observation that in lung cancer and mesothelioma cells, RBL1/p107 levels and phosphorylation are modulated by a complex network of signaling pathways including CaMKs and calpain, the activity of which is Ca2+-dependent [21,59,60].



Because recent work from our laboratories demonstrated that RBL2/p130 is a direct target of AKT and AKT-dependent phosphorylation of RBL2/p130 is crucial in regulating RBL2/p130 stability [18], we initially sought to determine whether the AKT signaling pathway might play a similar role in regulating the stability/activity of the closely related RBL1/p107. The results of initial experiments with the AKT inhibitor AKTi VIII suggested a role of AKT in modulating RBL1/p107 levels/activity in lung cancer and mesothelioma cells, as in fact AKT inhibition affected RBL1/p107 levels as well as phosphorylation. However, the results of additional experiments ruled against a direct major role of AKT in regulating RBL1/p107 levels in these models. First, AKT activation by cell stimulation with different growth factors, including EGF, IGF-2, insulin (data not shown) and TGF-beta (data not shown), both in early as well as in chronic exposure regimens, did not affect RBL1/p107 levels, suggesting that RBL1/p107 stability is not strictly dependent on signals triggered by growth factors, whose action in regulating RBL1/p107 protein levels is still controversial [61,62]. Accordingly, RBL1/p107 levels were not significantly affected by additional growth factor-evoked signaling pathways, such as the ERK1/2 and the p38 signaling cascades. Second, the potential role of AKT in modulating RBL1/p107 was further challenged by the observation that additional PI3K inhibitors, such as LY294002 and Wortmannin, were inconsistent in reducing RBL1/p107 levels. More importantly, AKT1 depletion by siRNA approaches or exogenous expression of constitutively active AKT1 and AKT2 proteins had only minor effects in modulating RBL1/p107 levels/phosphorylation, suggesting that the mechanisms regulating RBL1/p107 stability are not directly dependent on AKT activation and considerably differ from the regulation of RBL2/p130 action.



Because the AKT inhibitor AKTi VIII might also inhibit CaMKIα [38] and LY294002, but not wortmannin, might affect intracellular Ca2+ levels [39], we then hypothesized that the effect of these inhibitors on RBL1/p107 protein levels might have actually worked by modulating Ca2+-dependent networks and CaMKs signaling. Indeed, cell exposure to the CaMK inhibitor KN-93, but not the inactive derivative KN-92, reduced RBL1/p107 phosphorylation and levels supporting a previously uncharacterized role of this family of protein kinases in modulating RBL1/p107 expression.



Several studies have previously demonstrated a role for Ca2+/calmodulin-dependent pathways, particularly the multifunctional protein family of CaMKs, in cell cycle regulation [26,27]. CaMKI is an important modulator of the G1 phase, whereas CaMKII plays an important role in regulating the G2/M and the metaphase/anaphase transitions [27]. In addition, there are many reports demonstrating that the CaMK inhibitor KN-93 might arrest the cell cycle and lead to G1 block [27]. Reports suggest that CaMKs inhibition might modulate the cell cycle by lowering cyclin D1 levels [63,64], reducing the activity of CDK2 and CDK4 [26,63], affecting the levels of p21 [44] or p27 [63] and negatively modulating the phosphorylation of RB1/p105 [44,63,64]. Our results suggest that CaMKs might affect RBL1/p107 function at multiple levels, as in fact cell exposure to KN-93 reduced both levels and phosphorylation of RBL1/p107 protein. Significantly, RBL2/p130 levels were not affected by CaMK inhibition, demonstrating a different regulatory mechanism for the two related RB proteins and that CaMKs might specifically regulate RBL1/p107 but not RBL2/p130.



In order to identify the specific CaMK responsible for the regulation of RBL1/p107 levels, we transiently expressed several CaMK proteins, including the CaMKI K49A mutant, which was previously reported to control RB1/p105 phosphorylation [26]. However, we were not able to identify a single CaMK activity directly affecting RBL1/p107 levels, suggesting a more complex regulation of RBL1/p107 levels, which might rely on the action of multiple redundant CaMKs.



AKTi VIII and KN-93 inhibitors not only decreased the total levels of RBL1/p107, but also increased the levels of nuclear RBL1/p107, which is consistent with a reduction in RBL1/p107 phosphorylation. Interestingly, the inhibition of the calcium-dependent endopeptidase calpain counteracted the reduction in the cytoplasmic levels caused by AKTi VIII or KN-93 and increased the fraction of nuclear RBL1/p107, suggesting that another Ca2+-regulated protein might contribute to the regulation of RBL1/p107 protein levels. Previously published data have indicated a possible role for calpain in controlling RBL1/p107 protein degradation [36,37], thereby suggesting that the effect of CaMK inhibition on RBL1/p107 levels might be connected to calpain-dependent protein degradation. In addition, several studies indicated that calpain activity can modulate the cell cycle by affecting cyclins levels and CDK activity and promoting RB1/p105 hyperphosphorylation [65]. Since RBL1/p107 activity, including the regulation of gene expression and CDK activity or the modulation of chromatin packing, might also rely on RBL1/p107 subcellular localization [5,66], these data suggest that calpain might modulate RBL1/p107 functions by interfering with its nuclear-cytoplasmic distribution. The nuclear function of RBL1/p107 is not fully elucidated. However, it has been suggested that RBL1/p107 can bind to the repressor E2F4, forming DREAM-like complexes [2] and might contribute to the repression of both G1/S and G2/M genes [16]. An increase in nuclear and hypophosphorylated RBL1/p107 might contribute to enhance RBL1/p107 binding to transcriptional repressors and their localization at promoters of G1/S genes or G2/M genes (Figure 6).



We observed that KN93 induced a cell cycle block and enriched the cells in the G0/G1 phase associated with a reduction in cyclin D1 and cyclin D3 levels. These results are in agreement with data reported in other cellular models [27] and suggest a possible scenario where the observed reduction in the total levels of RBL1/p107 and increase in its hypo-phosphorylated form might be in part due to cell cycle arrest in G0/G1, since in G0/G1 the levels and phosphorylation of RBL1/p107 decrease [67,68,69]. Accordingly, when we overexpressed cyclin D1 and CDK6 or cyclin D3 and a constitutively active mutant of CDK6, the effect of both AKTi VIII and KN93 on RBL1/p107 levels was partially reversed. Collectively, these data suggest that the effect of CaMK inhibition on RBL1/p107 could be partially secondary to the induction of cell cycle arrest in the G0/G1 phase. In turn, RBL1/p107 dephosphorylation and nuclear accumulation might contribute to the cell cycle arrest induced upon CaMK inhibition by repressing genes that modulate cell cycle progression (Figure 6).




5. Conclusions


In summary, in the present work we demonstrated that in lung cancer and mesothelioma cells, RBL1/p107 levels and phosphorylation are modulated by a complex network of functional interactions involving Ca2+-dependent signaling, CaMKs, calpain and their ability to directly or indirectly regulate the cell cycle, pointing out a substantial difference with the mechanisms regulating RBL2/p130 stability. Importantly, the identification of novel regulators of the tumor suppression function of RB proteins might open new strategies for therapy.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/cancers13195025/s1. Table S1: Primers used in the study. The uncropped blots are shown in supplementary materials.





Author Contributions


Conceptualization: E.V., C.A.I., F.P., A.G. and A.M.; methodology, E.V. and A.M.; software, E.V.; validation, E.V., A.M. and A.G.; formal analysis, E.V. and C.A.I.; investigation, E.V.; resources, A.G.; data curation, E.V., A.M. and A.G; writing—original draft preparation, E.V. and A.M.; writing—review and editing, E.V., A.M., C.A.I., F.P. and A.G.; visualization, E.V.; supervision, A.M., F.P. and A.G.; project administration, A.G. and A.M.; funding acquisition, A.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Sbarro Health Research Organization www.shro.org. accessed on: 20 July 2021.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in this article and in supplemental material.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Henley, S.A.; Dick, F.A. The retinoblastoma family of proteins and their regulatory functions in the mamma-lian cell division cycle. Cell Div. 2012, 7, 10. [Google Scholar] [CrossRef] [PubMed]

	



Perampalam, P.; Hassan, H.M.; Lilly, G.E.; Passos, D.T.; Torchia, J.; Kiser, P.K.; Bozovic, A.; Kulasingam, V.; Dick, F.A. Disrupting the DREAM transcriptional repressor complex induces apolipoprotein overexpression and systemic amyloidosis in mice. J. Clin. Investig. 2021, 131. [Google Scholar] [CrossRef]

	



Sadasivam, S.; DeCaprio, J.A. The DREAM complex: Master coordinator of cell cycle-dependent gene ex-pression. Nat. Rev. Cancer 2013, 13, 585–595. [Google Scholar] [CrossRef] [PubMed]

	



Dick, F.A.; Rubin, S.M. Molecular mechanisms underlying RB protein function. Nat. Rev. Mol. Cell Biol. 2013, 14, 297–306. [Google Scholar] [CrossRef] [PubMed]

	



Wirt, S.; Sage, J. p107 in the public eye: An Rb understudy and more. Cell Div. 2010, 5, 9–13. [Google Scholar] [CrossRef]

	



Lee, M.H.; Williams, B.; Mulligan, G.; Mukai, S.; Bronson, R.T.; Dyson, N.; Harlow, E.; Jacks, T. Targeted disruption of p107: Functional overlap between p107 and Rb. Genes Dev. 1996, 10, 1621–1632. [Google Scholar] [CrossRef]

	



Hurford, R.K.; Cobrinik, D.; Lee, M.H.; Dyson, N. pRB and p107/p130 are required for the regulated expres-sion of different sets of E2F responsive genes. Genes Dev. 1997, 11, 1447–1463. [Google Scholar] [CrossRef]

	



Farkas, T.; Hansen, K.; Holm, K.; Lukas, J.; Bartek, J. Distinct Phosphorylation Events Regulate p130- and p107-mediated Repression of E2F-4. J. Biol. Chem. 2002, 277, 26741–26752. [Google Scholar] [CrossRef]

	



Topacio, B.R.; Zatulovskiy, E.; Cristea, S.; Xie, S.; Tambo, C.S.; Rubin, S.M.; Sage, J.; Kõivomägi, M.; Skotheim, J.M. Cyclin D-Cdk4,6 Drives Cell-Cycle Progression via the Retinoblastoma Protein’s C-Terminal Helix. Mol. Cell 2019, 74, 758–770.e4. [Google Scholar] [CrossRef]

	



Ng, S.R.; Iii, W.M.R.; Akama-Garren, E.H.; Bhutkar, A.; Mercer, K.L.; Schenkel, J.; Bronson, R.T.; Jacks, T. CRISPR-mediated modeling and functional validation of candidate tumor suppressor genes in small cell lung cancer. Proc. Natl. Acad. Sci. USA 2019, 117, 513–521. [Google Scholar] [CrossRef]

	



Wei, R.; Ren, X.; Kong, H.; Lv, Z.; Chen, Y.; Tang, Y.; Wang, Y.; Xiao, L.; Yu, T.; Hacibekiroglu, S.; et al. Rb1/Rbl1/Vhl loss induces mouse subretinal angiomatous proliferation and hemangio-blastoma. JCI Insight 2019, 4, e127889. [Google Scholar]

	



Lázaro, S.; Pérez-Crespo, M.; Lorz, C.; Bernardini, A.; Oteo, M.; Enguita, A.B.; Romero, E.; Hernández, P.; Tomás, L.; Morcillo, M.; et al. Differential development of large-cell neuroendocrine or small-cell lung carcinoma upon inactivation of 4 tumor suppressor genes. Proc. Natl. Acad. Sci. USA 2019, 116, 22300–22306. [Google Scholar] [CrossRef]

	



Gala, M.K.; Mizukami, Y.; Le, L.P.; Moriichi, K.; Austin, T.; Yamamoto, M.; Lauwers, G.Y.; Bardeesy, N.; Chung, D.C. Germline Mutations in Oncogene-Induced Senescence Pathways Are Associated With Multiple Sessile Serrated Adenomas. Gastroenterology 2014, 146, 520–529.e6. [Google Scholar] [CrossRef]

	



Sayaman, R.W.; Saad, M.; Thorsson, V.; Hu, D.; Hendrickx, W.; Roelands, J.; Porta-Pardo, E.; Mokrab, Y.; Farshidfar, F.; Kirchhoff, T.; et al. Germline genetic contribution to the immune landscape of cancer. Immunity 2021, 54, 367–386.e8. [Google Scholar] [CrossRef]

	



Liban, T.J.; Medina, E.M.; Tripathi, S.; Sengupta, S.; Henry, R.W.; Buchler, N.E.; Rubin, S.M. Conservation and divergence of C-terminal domain structure in the retinoblastoma protein family. Proc. Natl. Acad. Sci. USA 2017, 114, 4942–4947. [Google Scholar] [CrossRef]

	



Schade, A.E.; Fischer, M.; DeCaprio, J.A. RB, p130 and p107 differentially repress G1/S and G2/M genes af-ter p53 activation. Nucleic. Acids Res. 2019, 47, 11197–11208. [Google Scholar] [CrossRef]

	



Schade, A.; Oser, M.G.; Nicholson, H.E.; DeCaprio, J.A. Cyclin D–CDK4 relieves cooperative repression of proliferation and cell cycle gene expression by DREAM and RB. Oncogene 2019, 38, 4962–4976. [Google Scholar] [CrossRef] [PubMed]

	



Pentimalli, F.; Forte, I.M.; Esposito, L.; Indovina, P.; Iannuzzi, C.A.; Alfano, L.; Costa, C.; Barone, D.; Rocco, G.; Giordano, A. RBL2/p130 is a direct AKT target and is required to induce apoptosis upon AKT inhibition in lung can-cer and mesothelioma cell lines. Oncogene 2018, 37, 3657–3671. [Google Scholar] [CrossRef] [PubMed]

	



Gubern, A.; Joaquin, M.; Marquès, M.; Maseres, P.; Garcia-Garcia, J.; Amat, R.; González-Nuñez, D.; Oliva, B.; Real, F.X.; de Nadal, E.; et al. The N-Terminal Phosphorylation of RB by p38 Bypasses Its Inactivation by CDKs and Prevents Proliferation in Cancer Cells. Mol. Cell 2016, 64, 25–36. [Google Scholar] [CrossRef] [PubMed]

	



Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646–674. [Google Scholar] [CrossRef]

	



Swulius, M.T.; Waxham, M.N. Ca(2+)/calmodulin-dependent protein kinases. Cell Mol. Life Sci. 2008, 65, 2637–2657. [Google Scholar] [CrossRef]

	



Skelding, K.; Suzuki, T.; Gordon, S.; Xue, J.; Verrills, N.; Dickson, P.W.; Rostas, J.A. Regulation of CaMKII by phospho-Thr253 or phospho-Thr286 sensitive targeting alters cellular function. Cell. Signal. 2010, 22, 759–769. [Google Scholar] [CrossRef]

	



Okuno, S.; Kitani, T.; Fujisawa, H. Regulation of Ca2+/calmodulin-dependent protein kinase IV (CaM-kinase IV) by changing its susceptibility to phosphorylation by CaM-kinase kinases. J. Biochem. 1997, 122, 897–900. [Google Scholar] [CrossRef]

	



Okuno, S.; Kitani, T.; Fujisawa, H. Studies on the Substrate Specificity of Ca2+/Calmodulin-Dependent Protein Kinase Kinase. J. Biochem. 1997, 122, 337–343. [Google Scholar] [CrossRef] [PubMed]

	



Brzozowski, J.S.; Skelding, K.A. The Multi-Functional Calcium/Calmodulin Stimulated Protein Kinase (CaMK) Family: Emerging Targets for Anti-Cancer Therapeutic Intervention. Pharmaceuticals 2019, 12, 8. [Google Scholar] [CrossRef] [PubMed]

	



Kahl, C.R.; Means, A.R. Regulation of cyclin D1/Cdk4 complexes by calcium/calmodulin-dependent protein kinase I. J. Biol. Chem. 2004, 279, 15411–15419. [Google Scholar] [CrossRef] [PubMed]

	



Skelding, K.A.; Rostas, J.A.; Verrills, N.M. Controlling the cell cycle: The role of calci-um/calmodulin-stimulated protein kinases I and II. Cell Cycle 2011, 10, 631–639. [Google Scholar] [CrossRef] [PubMed]

	



Wang, T.; Yu, H.; Hughes, N.W.; Liu, B.; Kendirli, A.; Klein, K.; Chen, W.; Lander, E.S.; Sabatini, D.M. Gene Essentiality Profiling Reveals Gene Networks and Synthetic Lethal Interactions with Oncogenic Ras. Cell 2017, 168, 890–903.e15. [Google Scholar] [CrossRef] [PubMed]

	



Ng, P.K.; Li, J.; Jeong, K.J.; Shao, S.; Chen, H.; Tsang, Y.H.; Sengupta, S.; Wang, Z.; Bhavana, V.H.; Tran, R.; et al. Sys-tematic Functional Annotation of Somatic Mutations in Cancer. Cancer Cell 2018, 33, 450–462.e10. [Google Scholar] [CrossRef] [PubMed]

	



Ramaswamy, S.; Nakamura, N.; Vazquez, F.; Batt, D.B.; Perera, S.; Roberts, T.M.; Sellers, W.R. Regulation of G1 progression by the PTEN tumor suppressor protein is linked to inhibition of the phosphatidylinositol 3-kinase/Akt pathway. Proc. Natl. Acad. Sci. USA 1999, 96, 2110–2115. [Google Scholar] [CrossRef] [PubMed]

	



Johannessen, C.M.; Boehm, J.S.; Kim, S.Y.; Thomas, S.R.; Wardwell, L.; Johnson, L.A.; Emery, C.M.; Stran-sky, N.; Cogdill, A.P.; Barretina, J.; et al. COT drives resistance to RAF inhibition through MAP kinase pathway reactivation. Nature 2010, 468, 968–972. [Google Scholar] [CrossRef]

	



Campeau, E.; Ruhl, V.E.; Rodier, F.; Smith, C.L.; Rahmberg, B.L.; Fuss, J.O.; Campisi, J.; Yaswen, P.; Cooper, P.K.; Kaufman, P. A Versatile Viral System for Expression and Depletion of Proteins in Mammalian Cells. PLoS ONE 2009, 4, e6529. [Google Scholar] [CrossRef]

	



Heuvel, S.V.D.; Harlow, E. Distinct roles for cyclin-dependent kinases in cell cycle control. Science 1993, 262, 2050–2054. [Google Scholar] [CrossRef]

	



Anders, L.; Ke, N.; Hydbring, P.; Choi, Y.J.; Widlund, H.R.; Chick, J.M.; Zhai, H.; Vidal, M.; Gygi, S.P.; Braun, P.; et al. A systematic screen for CDK4/6 substrates links FOXM1 phosphorylation to senescence suppression in cancer cells. Cancer Cell 2011, 20, 620–634. [Google Scholar] [CrossRef]

	



Noguchi, M.; Hirata, N.; Suizu, F. The links between AKT and two intracellular proteolytic cascades: Ubiquiti-nation and autophagy. Biochim. Biophys. Acta. 2014, 1846, 342–352. [Google Scholar] [CrossRef]

	



Jang, J.S.; Lee, S.J.; Choi, Y.H.; Nguyen, P.M.; Lee, J.; Hwang, S.G.; Wu, M.L.; Takano, E.; Maki, M.; Henkart, P.A.; et al. Posttranslational regulation of the retinoblastoma gene family member p107 by calpain prote-ase. Oncogene 1999, 18, 1789–1796. [Google Scholar] [CrossRef]

	



Jang, J.S.; Choi, Y.H. Proteolytic degradation of the retinoblastoma family protein p107: A putative coopera-tive role of calpain and proteasome. Int. J. Mol. Med. 1999, 4, 487–492. [Google Scholar] [CrossRef] [PubMed]

	



Gilot, D.; Giudicelli, F.; Lagadic-Gossmann, D.; Fardel, O. Akti-1/2, an allosteric inhibitor of Akt 1 and 2, effi-ciently inhibits CaMKIα activity and aryl hydrocarbon receptor pathway. Chem. Biol. Interact. 2010, 188, 546–552. [Google Scholar] [CrossRef] [PubMed]

	



Ethier, M.F.; Madison, J.M. LY294002, but not wortmannin, increases intracellular calcium and inhibits cal-cium transients in bovine and human airway smooth muscle cells. Cell Calcium. 2002, 32, 31–38. [Google Scholar] [CrossRef]

	



Anderson, K.A.; Means, R.L.; Huang, Q.H.; Kemp, B.E.; Goldstein, E.G.; Selbert, M.A.; Edelman, A.M.; Fremeau, R.T.; Means, A.R. Components of a calmodulin-dependent protein kinase cascade. Molecular cloning, functional characterization and cellular localization of Ca2+/calmodulin-dependent protein kinase kinase beta. J. Biol. Chem. 1998, 273, 31880–31889. [Google Scholar] [CrossRef] [PubMed]

	



Haribabu, B.; Hook, S.S.; Selbert, M.A.; Goldstein, E.G.; Tomhave, E.D.; Edelman, A.M.; Snyderman, R.; Means, A.R. Human calcium-calmodulin dependent protein kinase I: cDNA cloning, domain structure and activa-tion by phosphorylation at threonine-177 by calcium-calmodulin dependent protein kinase I kinase. EMBO J. 1995, 14, 3679–3686. [Google Scholar] [CrossRef] [PubMed]

	



Takemoto-Kimura, S.; Terai, H.; Takamoto, M.; Ohmae, S.; Kikumura, S.; Segi, E.; Arakawa, Y.; Furuyashiki, T.; Narumiya, S.; Bito, H. Molecular cloning and characterization of CLICK-III/CaMKIgamma, a novel mem-brane-anchored neuronal Ca2+/calmodulin-dependent protein kinase (CaMK). J. Biol. Chem. 2003, 278, 18597–18605. [Google Scholar] [CrossRef]

	



Meyer, T.; Hanson, P.I.; Stryer, L.; Schulman, H. Calmodulin trapping by calcium-calmodulin-dependent pro-tein kinase. Science 1992, 256, 1199–1202. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, K.; Chung, L.W.; Siegal, G.P.; Zayzafoon, M. alpha-CaMKII controls the growth of human osteosar-coma by regulating cell cycle progression. Lab. Investig. 2007, 87, 938–950. [Google Scholar] [CrossRef] [PubMed]

	



Monaco, S.; Rusciano, M.R.; Maione, A.S.; Soprano, M.; Gomathinayagam, R.; Todd, L.R.; Campiglia, P.; Salzano, S.; Pastore, L.; Leggiero, E.; et al. A novel crosstalk between calcium/calmodulin kinases II and IV regulates cell proliferation in myeloid leukemia cells. Cell. Signal. 2014, 27, 204–214. [Google Scholar] [CrossRef]

	



Bockstaele, L.; Bisteau, X.; Paternot, S.; Roger, P.P. Differential Regulation of Cyclin-Dependent Kinase 4 (CDK4) and CDK6, Evidence that CDK4 Might Not Be Activated by CDK7, and Design of a CDK6 Activating Mutation. Mol. Cell. Biol. 2009, 29, 4188–4200. [Google Scholar] [CrossRef]

	



Cobrinik, D. Pocket proteins and cell cycle control. Oncogene 2005, 24, 2796–2809. [Google Scholar] [CrossRef]

	



Burkhart, D.L.; Sage, J. Cellular mechanisms of tumour suppression by the retinoblastoma gene. Nat. Rev. Cancer 2008, 8, 671–682. [Google Scholar] [CrossRef]

	



Indovina, P.; Marcelli, E.; Casini, N.; Rizzo, V.; Giordano, A. Emerging roles of RB family: New defense mecha-nisms against tumor progression. J. Cell Physiol. 2013, 228, 525–535. [Google Scholar] [CrossRef]

	



Porras, D.P.; Abbaszadeh, M.; Bhattacharya, D.; D’Souza, N.C.; Edjiu, N.R.; Perry, C.G.R.; Scimè, A. p107 Determines a Metabolic Checkpoint Required for Adipocyte Lineage Fates. Stem Cells 2017, 35, 1378–1391. [Google Scholar] [CrossRef] [PubMed]

	



Flowers, S.; Patel, P.J.; Gleicher, S.; Amer, K.; Himelman, E.; Goel, S.; Moran, E. p107-Dependent recruit-ment of SWI/SNF to the alkaline phosphatase promoter during osteoblast differentiation. Bone 2014, 69, 47–54. [Google Scholar] [CrossRef]

	



Garriga, J.; Jayaraman, A.L.; Limón, A.; Jayadeva, G.; Sotillo, E.; Truongcao, M.; Patsialou, A.; Wadzinski, B.E.; Grana, X. A Dynamic Equilibrium between CDKs and PP2A Modulates Phosphorylation of pRB, p107 and p130. Cell Cycle 2004, 3, 1320–1330. [Google Scholar] [CrossRef] [PubMed]

	



Jayadeva, G.; Kurimchak, A.; Garriga, J.; Sotillo, E.; Davis, A.J.; Haines, D.S.; Mumby, M.; Graña, X. B55alpha PP2A holoenzymes modulate the phosphorylation status of the retinoblastoma-related protein p107 and its activa-tion. J. Biol. Chem. 2010, 285, 29863–29873. [Google Scholar] [CrossRef]

	



Kurimchak, A.; Haines, D.S.; Garriga, J.; Wu, S.; De Luca, F.; Sweredoski, M.J.; Deshaies, R.J.; Hess, S.; Graña, X. Activation of p107 by fibroblast growth factor, which is essential for chondrocyte cell cycle exit, is mediated by the protein phosphatase 2A/B55α holoenzyme. Mol. Cell Biol. 2013, 33, 3330–3342. [Google Scholar] [CrossRef] [PubMed]

	



Kolupaeva, V.; Daempfling, L.; Basilico, C. The B55α Regulatory Subunit of Protein Phosphatase 2A Mediates Fibroblast Growth Factor-Induced p107 Dephosphorylation and Growth Arrest in Chondrocytes. Mol. Cell. Biol. 2013, 33, 2865–2878. [Google Scholar] [CrossRef] [PubMed]

	



Leng, X.; Noble, M.; Adams, P.D.; Qin, J.; Harper, J.W. Reversal of Growth Suppression by p107 via Direct Phosphorylation by Cyclin D1/Cyclin-Dependent Kinase 4. Mol. Cell. Biol. 2002, 22, 6906–6912. [Google Scholar] [CrossRef] [PubMed]

	



Burkhart, D.L.; Wirt, S.E.; Zmoos, A.-F.; Kareta, M.S.; Sage, J. Tandem E2F Binding Sites in the Promoter of the p107 Cell Cycle Regulator Control p107 Expression and Its Cellular Functions. PLoS Genet. 2010, 6, e1001003. [Google Scholar] [CrossRef]

	



Sengupta, S.; Lingnurkar, R.; Carey, T.S.; Pomaville, M.; Kar, P.; Feig, M.; Wilson, C.A.; Knott, J.G.; Arnosti, D.N.; Henry, R.W. The Evolutionarily Conserved C-terminal Domains in the Mammalian Retinoblastoma Tumor Sup-pressor Family Serve as Dual Regulators of Protein Stability and Transcriptional Potency. J. Biol. Chem. 2015, 290, 14462–14475. [Google Scholar] [CrossRef]

	



Khorchid, A.; Ikura, M. How calpain is activated by calcium. Nat. Genet. 2002, 9, 239–241. [Google Scholar] [CrossRef]

	



Hanna, R.A.; Campbell, R.; Davies, P.L. Calcium-bound structure of calpain and its mechanism of inhibition by calpastatin. Nature 2008, 456, 409–412. [Google Scholar] [CrossRef]

	



Basu, A.; Rodeck, U.; Prendergast, G.C.; Howe, C.C. Loss of insulin-like growth factor I receptor-dependent expression of p107 and cyclin A in cells that lack the extracellular matrix protein secreted protein acidic and rich in cysteine. Cell Growth Differ. Mol. Boil. J. Am. Assoc. Cancer Res. 1999, 10. [Google Scholar]

	



Kuemmerle, J.F.; Zhou, H.; Bowers, J.G. IGF-I stimulates human intestinal smooth muscle cell growth by regulation of G1 phase cell cycle proteins. Am. J. Physiol. Liver Physiol. 2004, 286, G412–G419. [Google Scholar] [CrossRef] [PubMed]

	



Morris, T.A.; DeLorenzo, R.J.; Tombes, R.M. CaMK-II inhibition reduces cyclin D1 levels and enhances the association of p27kip1 with Cdk2 to cause G1 arrest in NIH 3T3 cells. Exp. Cell. Res. 1998, 240, 218–227. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez-Mora, O.G.; LaHair, M.M.; McCubrey, J.A.; Franklin, R.A. Calcium/calmodulin-dependent kinase I and calcium/calmodulin-dependent kinase kinase participate in the control of cell cycle progression in MCF-7 hu-man breast cancer cells. Cancer Res. 2005, 65, 5408–5416. [Google Scholar] [CrossRef] [PubMed]

	



Storr, S.; Carragher, N.; Frame, M.; Parr, T.; Martin, S. The calpain system and cancer. Nat. Rev. Cancer 2011, 11, 364–374. [Google Scholar] [CrossRef]

	



Zini, N.; Trimarchi, C.; Claudio, P.P.; Stiegler, P.; Marinelli, F.; Maltarello, M.C.; La Sala, D.; De Falco, G.; Russo, G.; Ammirati, G.; et al. pRb2/p130 and p107 control cell growth by multiple strate-gies and in association with different compartments within the nucleus. J. Cell. Physiol. 2001, 189, 34–44. [Google Scholar] [CrossRef]

	



Kiess, M.; Gill, R.M.; Hamel, P.A. Expression and activity of the retinoblastoma protein (pRB)-family pro-teins, p107 and p130, during L6 myoblast differentiation. Cell Growth Differ. 1995, 6, 1287–1298. [Google Scholar]

	



Beijersbergen, R.L.; Carlée, L.; Kerkhoven, R.M.; Bernards, R. Regulation of the retinoblastoma pro-tein-related p107 by G1 cyclin complexes. Genes Dev. 1995, 9, 1340–1353. [Google Scholar] [CrossRef]

	



Garriga, J.; Limón, A.; Mayol, X.; Rane, S.G.; Albrecht, J.H.; Reddy, E.P.; Andrés, V.; Grana, X. Differential regulation of the retinoblastoma family of proteins during cell proliferation and differentiation. Biochem. J. 1998, 333, 645–654. [Google Scholar] [CrossRef]








[image: Cancers 13 05025 g001 550] 





Figure 1. The AKT inhibitor AKTi VIII reduces RBL1/p107 levels in A549 and MSTO-211H cells. (A). A549 and MSTO-211H cells were treated with the indicated concentrations of the AKT inhibitor AKTi VIII for 16 h. RBL1/p107 levels were analyzed in cell lysates by immunoblot. (B). A549 and MSTO-211H cells were treated with 0.2 µM Abemaciclib or 12.5 µM AKTi VIII for 16 h. Levels of total and phosphorylated p107 (ser975) were analyzed by immunoblot. Arrows indicate the two major bands corresponding to hyper- and hypo-phosphorylated RBL1/p107. (C). RBL1/p107 levels were analyzed in cell lysates of parental and A549 cells with RBL1/p107 knock-out by CRISPR/Cas9. MM: molecular mass. (D). RBL1/p107 mRNA levels were determined by RT-PCR in A549 and MSTO-211H cells treated with 12.5 µM AKTi VIII for the indicated time points. (E). RBL1/p107 levels were determined by immunoblot in A549 and MSTO-211H cells preincubated with the MEK1/2 inhibitor U0126 or the p38 inhibitor SB202190, at the concentration of 10 and 20 µM, respectively, for 2 h and then treated with the same concentrations of U0126 or SB202190 alone or in combination with 12.5 µM AKTi VIII for 16 h (F). A549 cells were treated with 50 ng/mL EGF for the indicated time and RBL1/p107 protein levels analyzed by immunoblot. (G). RBL1/p107 levels were analyzed in cell lysates of A549 cells treated for the indicated time with 50 ng/mL EGF or 10 nM IGF-2. Western blot quantification was performed using the ImageJ program, normalized to β-actin, α-tubulin or GAPDH expression and reported as % of control (CTR). All experiments were performed three times. 
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Figure 2. The modulation of AKT expression does not significantly affect RBL1/p107 levels. (A). A549 cells were treated with 12.5 µM AKTi VIII, 20 µM LY294002 or 1 µM Wortmannin for 1 h (left panel) or 16 h (right panel). RBL1/p107 levels were analyzed by immunoblot. (B). A549 and MSTO-211H cells were transfected with siRNA targeting AKT1 or non-targeting control siRNA and the levels of RBL1/p107 assessed by immunoblot. (C). RBL1/p107 levels as determined in A549 and MSTO-211H cells expressing myristoylated AKT1, AKT2, the combination of myristoylated AKT1 and AKT2 or an empty plasmid. AKT1 and AKT2 were detected using an anti-pan AKT antibody recognizing both AKT1 and AKT2. Quantification was performed by densitometric analysis using the ImageJ program and expressed as % of control. All experiments were performed three times. 
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Figure 3. The inhibition of calpain stabilizes RBL1/p107 protein levels, which is not affected by either proteosomal or lysosomal inhibitors. (A–C). RBL1/p107 levels and RBL1/p107 phosphorylation at Ser975 (C) were determined by immunoblot in A549 cells and MSTO-221H cells (C) preincubated with the proteasome inhibitor MG-132 (1 µM) (A), the lysosome inhibitor bafilomycin A1 (0.1 µM) (B) or the calpain inhibitor ALLN (100 µM) (C), for 1 h and then treated for 16 h with 12.5 µM AKTi VIII alone or in combination with MG-132 (A), bafilomycin A1 (B), or ALLN (C). Quantification was performed by densitometric analysis using the ImageJ program and expressed as % of control. All experiments were performed three times. 
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Figure 4. The CaMK inhibitor KN-93 reduces RBL1/p107 levels in A549 and MSTO-211H cells. (A). A549 and MSTO211H cells were treated for 16 h with the CaMK inhibitor KN-93 (20 µM) or the CaMKK inhibitor ST-609 (20 µM) and RBL1/p107 levels assessed by immunoblot. (B). A549 and MSTO-211H cells were treated with 0.2 µM Abemaciclib or 20 µM KN-93 for 16 h. Levels of total and phosphorylated RBL1/p107 (Ser975) were analyzed by immunoblot. (C). mRNA levels of RBL1/p107 relative to β-actin were assessed by qPCR in A549 and MSTO-211H treated with 20 µM KN-93 or control for 16 h. Mean ± SD. (D). Protein levels of RBL1/p107 and RBL2/p130 were analyzed in A549 and MSTO211H cells treated with the CaMK inhibitor KN-93 (20 µM) or with the inactive derivative of KN-93, KN-92 (20 µM), for 16 h. * Indicates an unspecific band recognized by the anti-RBL2/p130 antibody. (E). A549 and MSTO-211H cells were transiently transfected with plasmids encoding wild type (WT) CaMKI, CaMKI kinase-inactive mutant K49A, WT CaMKII, CaMKII kinase-inactive mutant K42R, CaMKII constitutively active mutant T286D, WT CaMKIV, CaMKIV kinase-inactive mutant K75M, or an empty vector used as control. 6 h post transfection, cells were transferred in serum free-media and incubated for additional 24 h. Cells were then serum-stimulated for 16 h. RBL1/p107 levels were analyzed from cell lysates by immunoblot. CamKII was detected using an anti-CaMKII antibody, while CamKI and CaMKIV were assessed using an anti-c-myc tag antibody. (F). RBL1/p107 levels were analyzed in cytoplasmic (C) and nuclear (N) fractions of A549 and MSTO-211H cells pre-incubated with the calpain inhibitor ALLN (100 µM) or a solvent control for 1 h and then incubated for 16 h with 100 µM ALLN, 12.5 µM AKTi VIII, 20 µM KN-93 alone or the indicated combination. Quantification was performed by densitometric analysis using the ImageJ program and expressed as % of control. All experiments were performed three times. 
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Figure 5. KN-93 effect on cell cycle of A549 and MSTO-211H cells. (A). The cell cycle was analyzed by FACS in A549 and MSTO-211H cells treated with 20 µM KN-93 or 20 µM KN-92 for 16 h. (B). Protein levels of cyclin D1 (CycD1) and cyclin D3 (CycD3) were assessed in A549 and MSTO-211H cells treated for 16 h with 20 µM KN-93. (C). A549 and MSTO-211H cells were co-transfected with plasmids coding for cyclin D1, CDK6-HA, CDK6-DN-HA or an empty vector as control and then treated with 12.5 µM AKTi VIII or 20 µM KN-93 for 16 h. RBL1/p107 levels were assessed by immunoblot. CDK6 was detected using an anti-HA antibody. (D). RBL1/p107 protein levels in A549 and MSTO-211H cells transduced with a lentivirus expressing CDK6 S178P or control lentivirus and transfected with plasmids coding for cyclin D3 or empty vector and then treated with 12.5 µM AKTi VIII or 20 µM KN-93 for 16 h. The expression of exogenous CDK6 S178P was monitored by detecting enhanced green fluorescent protein (EGFP), encoded by the bicistronic IRES pHAGE vector. Quantification was performed by densitometric analysis using the ImageJ program and expressed as % of CTR (B) or, for each treatment condition, as % empty vector (e. v.)-transfected respective control cells. All experiments were performed three times. 
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Figure 6. Schematic representation of the model of RBL1/p107 regulation by calpain and CaMKs. In cycling cells RBL1/p107 is phosphorylated by cyclin-CDK complexes, promoting RBL1/p107 cytoplasmic localization (left panel). Calpain inhibition or CaMK inhibition promote RBL1/p107 dephosphorylation and nuclear accumulation by directly or indirectly affecting its stability or the activity/levels of cyclins and CDKs. RBL1/p107 nuclear accumulation might increase the localization of transcriptional repressors at the promoters of genes controlling cell cycle progression, contributing to cell cycle arrest (right panel). 
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