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The ability to regulate the survival and death of a cell is paramount throughout the lifespan of a multicellular organism. Apoptosis, a main physiological form of programmed cell death, is regulated by the Bcl-2 family proteins that are either pro-apoptotic or pro-survival. The in vivo functions of distinct Bcl-2 family members are largely unmasked by genetically engineered murine models. Mcl-1 is one of the two Bcl-2 like pro-survival genes whose germline deletion causes embryonic lethality in mice. Its requisite for the survival of a broad range of cell types has been further unraveled by using conditional and inducible deletion murine model systems in different tissues or cell lineages and at distinct developmental stages. Moreover, genetic mouse cancer models have also demonstrated that Mcl-1 is essential for the survival of multiple tumor types. The MCL-1 locus is commonly amplified across various cancer types in humans. Small molecule inhibitors with high affinity and specificity to human MCL-1 have been developed and explored for the treatment of certain cancers. To facilitate the pre-clinical studies of MCL-1 in cancer and other diseases, transgenic mouse models over-expressing human MCL-1 as well as humanized MCL-1 mouse models have been recently engineered. This review discusses the current advances in understanding the physiological roles of Mcl-1 based on studies using genetic murine models and its critical implications in pathology and treatment of human diseases.
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INTRODUCTION

Apoptosis is an evolutionary conserved form of cell death that removes unhealthy and superfluous cells (Kerr et al., 1972). This form of programmed cell death is tightly regulated and is essential for tissue development, homeostasis, and surveillance (Green, 2019; Singh et al., 2019). Consequently, maladaptation in the apoptotic pathway is detrimental, leading to various diseases including autoimmunity (Strasser et al., 1991), degenerative diseases (Bouillet et al., 2001), and cancer (Vaux et al., 1988; Strasser et al., 1990).

The intrinsic pathway of apoptosis (also known as “Bcl-2 pathway” or “mitochondrial pathway”) is regulated by the Bcl-2 family of proteins. These proteins are characterized by Bcl-2 homology (BH) domains (Czabotar et al., 2014). They can be functionally and structurally organized into three groups: (i) Bcl-2 like pro-survival proteins [Bcl-2 (Vaux et al., 1988), Bcl-xL (Boise et al., 1993), Bcl-w (Gibson et al., 1996), Mcl-1 (Kozopas et al., 1993), and A1/Bfl-1 (Lin et al., 1993)] (Figure 1A), (ii) multidomain pro-apoptotic effectors [Bax (Oltvai et al., 1993), Bak (Kiefer et al., 1995), and Bok (Ke et al., 2012)], and (iii) the largely unstructured BH3-only pro-apoptotic initiators [Bim (O’Connor et al., 1998), Bid (Wang et al., 1996), Puma (Han et al., 2001; Nakano and Vousden, 2001), Noxa (Oda et al., 2000), Bad (Yang et al., 1995), Bik (Boyd et al., 1995), Hrk (Inohara et al., 1997), Bmf (Puthalakath et al., 2001), and Moap-1 (Tan et al., 2001; Fu et al., 2007, 2009)] (Figure 1B). Together, they form a tripartite regulatory system that governs the intrinsic apoptotic pathway. The interplay between members of this family of proteins through physical interaction dictates the cell fate, whether to survive or commit cell suicide (Kale et al., 2018; Singh et al., 2019).
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FIGURE 1. Interactions among Bcl-2 family of proteins confer regulation of the intrinsic apoptotic pathway. Bcl-2 family of proteins are characterized by the presence of Bcl-2 homology (BH) domains. (A) Bcl-2 like pro-survival proteins (Bcl-2, Bcl-xL, Bcl-w, Mcl-1, and A1/Bfl-1) form a hydrophobic groove that interacts with the BH3 domain of pro-apoptotic proteins. The unique Mcl-1 pro-survival protein is labile and contains a 5’ unstructured region with multiple PEST motifs that are targets for post-translational regulation. (B) The pro-apoptotic proteins can be subgrouped into (i) multidomained proteins (Bak, Bax, and Bok) or (ii) BH3-only proteins (Bid, Bim, Bik, Bad, Bmf, Hrk, Noxa, and Puma). (C) BH3-only proteins are activated upon stress signals. While Bim, Puma, and Bid are able to bind to all pro-survival proteins, Bad binds specifically to and neutralizes Bcl-2, Bcl-xL, and Bcl-w, and Noxa binds to A1/Bfl-1 and Mcl-1. Bcl-xL and Mcl-1 preferentially restrain Bak, while all pro-survival proteins are able to bind to Bax. Importantly, all breaks need to be released from Bax and Bak in order for cells to commit to cell death.


B-cell lymphoma 2 (Bcl-2) like pro-survival proteins prevent cell death by sequestering multidomain pro-apoptotic effector proteins Bax/Bak/Bok, thereby preventing downstream cell demise (Willis et al., 2005; Figure 1C). Distinct stress signals activate the apoptotic pathway by engaging different BH3-only proteins either transcriptionally or post-translationally (Adams and Cory, 2007). This in turn either neutralizes Bcl-2 like pro-survival proteins, releasing Bax and Bak, or directly activates Bax and Bak (Letai et al., 2002; Kuwana et al., 2005). Unleashed or activated Bax and Bak subsequently form homo- or hetero-oligomers in the outer mitochondrial membrane (OMM) (Chen et al., 2005; Willis et al., 2007; O’Neill et al., 2016). This compromises the OMM integrity, resulting in the efflux of cytochrome c and other apoptogenic factors from the mitochondrial intermembrane space into the cytosol (Kluck et al., 1997). A cascade of caspase activation is subsequently triggered, which culminates in cell demolition.

Myeloid cell leukemia-1 (Mcl-1) was first identified in 1993 from a screen for genes induced by phorbol 12-myristate 13-acetate in a ML-1 human myeloid leukemia cell line (Kozopas et al., 1993). Mcl-1 protein exhibits significant sequence similarity to Bcl-2 and functions to protect cells from undergoing cell death under various apoptosis-inducing conditions (Kozopas et al., 1993; Reynolds et al., 1994; Zhou et al., 1997). Importantly, the Mcl-1 locus was shown to be recurrently amplified across multiple tumor types (∼10%) in a large-scale cancer genome study (Beroukhim et al., 2010), and Mcl-1 was found to be highly expressed across a panel of 729 human cancer cell lines (Wei et al., 2012). Subsequently, Mcl-1 was found to be an essential pro-survival molecule in multiple tumor types, warranting the recent advancements of Mcl-1 specific BH3-mimetics in clinical trials, including AMG-176 (Amgen) (Caenepeel et al., 2018), S64315 (Servier) (Szlavik et al., 2020), and AZD5991 (AstraZeneca) (Tron et al., 2018) [reviewed in detail elsewhere (Xiang et al., 2018; Kelly and Strasser, 2020)].

Whole-body deletion of Mcl-1 in mice results in peri-implantation fatality at E3.5 (Rinkenberger et al., 2000), clearly demonstrating that Mcl-1 is indispensable for very early embryonic development. Interestingly, the importance of Mcl-1 extends beyond embryonic development. Using conditional genetic mouse model systems, Mcl-1 has been shown to be critical for the survival of various cell types in postnatal mice, including hematopoietic cells, thymic epithelial cells, neurons, cardiomyocytes, hepatocytes, mammary epithelial cells, and reproductive cells. Here, we review the comprehensive genetic mouse model studies on Mcl-1 in more than two decades and discuss the critical insights and implications generated from these studies.



MCL-1, A UNIQUE BCL-2 LIKE PRO-SURVIVAL PROTEIN

Pro-survival Bcl-2 like proteins contain four BH domains and adopt a similar globular structure with a hydrophobic groove that forms an interface critical for its interactions with other pro-apoptotic proteins. Like other pro-survival Bcl-2 like molecules, Mcl-1 contains a 150 a.a. Bcl-2 like region (i.e., BH1–BH3 domains forming the hydrophobic grove) that interacts with the BH3 domain of pro-apoptotic proteins (Czabotar et al., 2007). Interestingly, Mcl-1 seems to preferably restrain Bak while it also binds to Bax (Willis et al., 2005; Simmons et al., 2008; Figure 1C). Cellular levels of Mcl-1 are regulated transcriptionally, post-transcriptionally, translationally, and post-translationally [reviewed in detail elsewhere (Thomas et al., 2010; Senichkin et al., 2020)]. Different cytokines and growth factors including IL-3 (Wang et al., 1999) and epidermal growth factor (EGF) (Fu et al., 2015; Jain et al., 2018) regulate the expression of Mcl-1. Moreover, the abundance of Mcl-1 protein can be tightly controlled through the translational regulation of Mcl-1 mRNA by the mTOR pathway (Mills et al., 2008; Coloff et al., 2011; Fu et al., 2015). Unlike other pro-survival proteins, the N-terminus of Mcl-1 possesses an additional 170 a.a. extension which contains of multiple PEST motifs (Kozopas et al., 1993). PEST motifs are known to be targeted for protein degradation (Rechsteiner and Rogers, 1996). Indeed, Mcl-1 is a labile protein with a short half-life of ∼30–90 min in most cell types. Accordingly, the basal levels of Mcl-1 protein in cells are regulated in part by the ubiquitin-proteasomal degradation pathway [reviewed in detail elsewhere (Mojsa et al., 2014)]. Currently, there are several known E3 ubiquitin ligases that were found to regulate Mcl-1: Mule (Zhong et al., 2005), βTRcP (Zhong et al., 2005), Fbxw7 (Inuzuka et al., 2011), March5 (Djajawi et al., 2020), and Trim17 (Magiera et al., 2013). Interestingly, the N-terminus of Mcl-1 also contains a mitochondria targeting sequence which directs a truncated form of Mcl-1 to the mitochondrial matrix to promote normal inner mitochondrial membrane structure and mitochondrial respiration (Perciavalle et al., 2012).



MCL-1 HAPLOINSUFFICIENCY IN MICE

Although complete ablation of Mcl-1 in mice leads to embryonic lethality, Mcl-1 haploinsufficiency is well tolerated (Brinkmann et al., 2017). In Mcl-1+/– mice, the total body weight, lean mass weight, kidney weight, spleen weight were all reduced when compared to wild type mice. This is more pronounced in males than females, suggesting that males may be more sensitive to the loss of Mcl-1. Moreover, the testicular weight of Mcl-1+/– male mice was significantly reduced compared to controls. In addition to macroscopic changes, loss of one Mcl-1 allele led to a reduction in total dendritic cells (DC), particularly in both plasmacytoid DC and conventional DC subpopulations (Carrington et al., 2015). Moreover, the total cellularity of B cells, NK cells and Treg cells were also reduced. To address the requirement of Mcl-1 in different cell types in postnatal mice, a plethora of conditional knock-out models with specific deletion of Mcl-1 in different tissues and cell compartments have been developed and extensively studied, which will be summarized and discussed in the following sections.



FLOXED MCL-1 MODELS FOR CONDITIONAL KNOCKOUT

As Mcl-1 germline deletion causes very early embryonic lethality (Rinkenberger et al., 2000), Mcl-1 conditional knock-out models become valuable tools to elucidate the functions of Mcl-1 in postnatal mice. Three different floxed Mcl-1 mouse strains have been reported in literature. In the first floxed Mcl-1 model generated by Opferman et al. (2003), the Mcl-1 locus was targeted with LoxP sites upstream of the ATG start codon and between exon 1 and exon 2 (Figure 2A). Another floxed Mcl-1 model was generated by Bouillet et al. (2001), wherein LoxP sites were targeted upstream of the ATG start codon and between exon 3 and exon 4 (Vikstrom et al., 2010; Glaser et al., 2012). In this strain, a truncated and non-functional form of hCD4 was also inserted downstream of the LoxP sites. Upon Cre recombination, the truncated form of hCD4 is expressed under the control of the endogenous Mcl-1 promoter (Figure 2B). This serves as a surrogate indicator for successful deletion and also as a reporter for the activity of the Mcl-1 promoter. Interestingly, homozygous Mcl-1flox/flox males in the above two different floxed Mcl-1 models were found to be infertile while both males and females did not show overall abnormality over their lifespan. Further studies suggested that the placement of the LoxP element at the 5′ UTR in the floxed Mcl-1 model generated by Bouillet et al. (2001) inadvertently created a new start codon upstream of, and in frame with, the native start codon (Okamoto et al., 2014). This resulted in the production of a stabilized form of Mcl-1 protein with extra 13 a.a. at the N-terminus from the floxed Mcl-1 allele in the model (Figure 2C). It was initially proposed that the stabilized mutant form of Mcl-1 protein in the model impairs male fertility due to the inhibition of apoptosis, resulting in severe defects in spermatogenesis. However, a recent study indicated that infertility in males could not be rescued when the sequence encoding the additional 13 a.a. in the mutant Mcl-1 protein was removed using CRISPR/Cas9 (Ah-Cann et al., 2016). In the third floxed Mcl-1 model, LoxP sites were placed to flank exon 1 of Mcl-1 (Dzhagalov et al., 2007; Figure 2D), but the upstream LoxP element was integrated into a site with a longer distance from the Mcl-1 gene, in comparison to the other floxed Mcl-1 lines. Interestingly, this strategy did not seem to affect male fertility as reported in the other two models. Together, this suggests that minor genomic modification by insertion of a LoxP site to the proximal region or 5′ UTR of the murine Mcl-1 locus can affect spermatogenesis while the underlying mechanism remains unclear. Nevertheless, these various floxed Mcl-1 knock-out models have been crossed with different Cre mouse model systems to delete Mcl-1 in a cell-type or tissue- specific manner. We summarize the consequence of deleting Mcl-1 in different tissue using various Cre-recombinase mouse model systems below.
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FIGURE 2. Established floxed Mcl-1 mouse model systems. (A) Opferman et al. introduced two LoxP sites to the Mcl-1 locus upstream of the ATG start codon, and between exon 1 and exon 2, respectively. (B,C) In the second floxed Mcl-1 model, Bouillet et al. introduced two LoxP sites upstream of the ATG start codon of the Mcl-1 gene, and between exon 3 and 4, respectively. A truncated and non-functional form of hCD4 is introduced downstream of exon 4, which can be subsequently expressed under the control of the endogenous Mcl-1 promoter upon Cre-induced recombination (B). A serendipitous introduction of 13 extra amino acid in the 5’UTR region of the Mcl-1 locus resulted in a more stable form of Mcl-1 protein (C). (D) Dzhagalov et al. introduced LoxP sites flanking exon 1, but the first LoxP site is much further upstream of exon 1 in comparison with the other two floxed Mcl-1 models.




MCL-1 IS CRITICAL FOR MULTIPLE CELL LINEAGES WITHIN THE HEMATOPOIETIC SYSTEM


Hematopoietic Stem Cells and Progenitor Cells

By using floxed Mcl-1 systems, Mcl-1 was found to be essential for multiple cell lineages in the hematopoietic stem cell hierarchy. The Mx dynamin-like GTPase 1 (Mx1) promoter is activated in response to type 1 interferon, which is commonly induced by intraperitoneal administration of polyinosinic-polycytidylic (poly IC) (Kuhn et al., 1995). Ablation of Mcl-1 in hematopoietic compartment was achieved in the Mx1-Cre/Mcl-1flox/null model (Opferman et al., 2003). This resulted in an overall reduced bone marrow (BM) cellularity with significant depletion of hematopoietic stem cells (HSC) as defined by lineage–/cKit+/Sca-1+ and early hematopoietic progenitors (lineage–/cKit+/Sca-1–). While Mx1-Cre is able to mediate Mcl-1 deficiency in multiple lineages, adoptive transfer of BM cells from this model provided evidence suggesting that the essential role of Mcl-1 for maintaining cell survival in HSC and progenitor cells is intrinsic. Moreover, BM progenitors lacking Mcl-1 were not viable and unable to form colonies in culture. Collectively, these results demonstrate that Mcl-1 is indispensable for the survival of HSC and hematopoietic progenitor cells (Figure 3).
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FIGURE 3. Mcl-1 is an essential pro-survival Bcl-2 protein for hematopoietic stem cells (HSC), progenitor cells, and subsets of B lymphocytes. Using multiple conditional knock-out (red solid line) and inducible conditional knock-out systems (blue solid line), Mcl-1 was found to be crucial for the survival of HSC and all the subsets of B cells, including immature and mature B cells, recirculating B, plasma B, and memory B cells.




B-Cell Lymphocytes

Mcl-1 transcription levels were shown to decrease as HSC differentiate and commit to either lymphoid or myeloid cell lineages. Nonetheless, Mcl-1 deletion in BM cells from Mx1-Cre/Mcl-1flox/null mice impaired the growth of HSC, common myeloid progenitor cells and common lymphoid progenitor cells ex vivo (Opferman et al., 2005). This suggests that Mcl-1 may also play a critical role in the more differentiated cell types. To interrogate the role of Mcl-1 in B-cell subsets, the CD19-Cre transgenic system was employed to achieve Mcl-1 excision specifically in the B-cell compartment, as early as the pro-B stage (Rickert et al., 1997; Opferman et al., 2003). This resulted in a significant reduction in cellularity in all B-cell subsets. However, this model was unable to discern whether the defect in B-cell compartment is due to the depletion of Mcl-1 in pro-B-cell subpopulation or the survival of subsequent B-cell stages.

To address this, the tamoxifen-inducible Rosa26-CreERT2/Mcl-1flox/flox system was used to efficiently and acutely delete Mcl-1 in all cell types in adult mice upon tamoxifen administration (Vikström et al., 2016). Although the total cellularity of immature B cells (B220+/IgM+/IgD–) was not significantly reduced when Mcl-1 deletion was induced, both transitional B cells (B220+/IgMhi/IgDint) and recirculating mature B cells (B220+/IgMint/IgDhi) were significantly reduced in the BM. In the spleen, transitional T1 B cells (CD23–/IgM+/CD21lo), marginal zone B cells (CD23–/IgMhi/CD21hi), and mature follicular B cells (CD23+/IgM+/CD21+) were all significantly reduced when Mcl-1 was deleted. Temporal deletion of Mcl-1 in B-cell compartment can also be achieved using lethally irradiated BM reconstituted with Rosa26-CreERT2/Mcl-1flox/flox tamoxifen-inducible cells. Upon acute deletion of Mcl-1, total naïve B cells were significantly reduced (Peperzak et al., 2013; Vikström et al., 2016).

B cells undergo extensive proliferation and affinity maturation, and form transient microstructures known as germinal centers (GC) (MacLennan, 1994) where somatic hypermutation and class-switch recombination occur. To examine the role of Mcl-1 at this stage, the activation-induced cytidine deaminase-driven Cre (Aicda-Cre) transgenic system was crossed with Mcl-1flox/flox mice (Kwon et al., 2008; Vikstrom et al., 2010). The phenotypes observed in Mcl-1-deficient mice in this model revealed that GC formation relied on Mcl-1 in a gene dosage dependent manner. Loss of both alleles of Mcl-1 resulted in the complete absence of GC formation and the ablation of antigen specific IgG1 B cells in the BM and spleen. GC formation is required for the generation of memory B cells. Accordingly, deletion of Mcl-1 also resulted in the lack of the memory B-cell population. Significant reduction of serum titers of antigen specific IgG1, but not IgM, suggested that class-switch recombination was severely affected. Notably, loss of one allele of Mcl-1 resulted in partial loss of these compartments. When the tamoxifen-inducible Rosa26-CreERT2/Mcl-1flox/flox model was utilized to address the function of Mcl-1 in B-cell regulation after GC formation, it was found that antigen specific B cells and the persistence of GC were both profoundly impaired. Fine-tuned regulation of apoptosis is vital for the selection of high-affinity effector cells. The expression level of Mcl-1 was found to be enhanced via the PI3K signaling pathway in response to the upregulation of cytokine B-cell activating factor (BAFF), which positively correlates with the antigen binding affinity. The B cells with low affinity had limited access to BAFF and were eliminated through apoptosis due to the low expression level of Mcl-1 (Wensveen et al., 2012, 2016). Moreover, in the mice lacking Noxa, an BH3-only antagonist of Mcl-1, low-affinity cells persist with increased immunoglobulin diversity and thus mounts suboptimal humoral immune responses (Wensveen et al., 2012).

Most long-lived plasma cells are generated from GC and persist in the BM. These cells can live up to decades in humans. Extracellular cues from their specialized niche are necessary for their longevity. B-cell maturation antigen (BCMA) serves as a receptor for a proliferation-inducing ligand (APRIL) and BAFF that are essential for the survival of the BM plasma cells. It was shown that mRNA and protein expression levels of Mcl-1 were significantly reduced in BM plasma cells in the absence of BCMA (Peperzak et al., 2013). After (4-hydroxy-3-nitrophenyl) acetyl (NP)-keyhole limpet hemocyanin (KLH) immunization, acute deletion of Mcl-1 using the tamoxifen-inducible Rosa26-CreERT2 system led to significant reduction of percentage and cellularity of both total and antigen-specific plasma cells (Peperzak et al., 2013; Vikström et al., 2016). Taken together, Mc1-1 is critical for multiple stages of B-cell development and for the establishment and maintenance of humoral immunity (Figure 3).



T-Cell Lymphocytes

Hematopoietic progenitor cells migrate from the BM to the thymus, where thymocytes undergo a series of maturation steps to become T cells. To specifically delete Mcl-1 in the T-cell compartment, floxed Mcl-1 mice were crossed with lymphocyte-specific protein kinase-Cre (Lck-Cre) transgenic mice (Lee et al., 2001; Opferman et al., 2003; Dunkle et al., 2010). In this system, Mcl-1 was efficiently deleted in the CD4–/CD8– double negative (DN) thymocytes. As a result, thymic cellularity was dramatically reduced to only about 5% in comparison to control counterparts, with significant reduction in DN3 (CD44–/CD25+), DN4 (CD44–/CD25–), CD4+/CD8+ double positive (DP), CD4+ single positive (SP), CD8+ SP cells in the thymus (Opferman et al., 2003). Moreover, the overall cellularity of peripheral T cells was also significantly reduced after Mcl-1 deletion. A significant proportion of cells were found to undergo apoptosis during the DN2 and DN3 developmental stages in the absence of Mcl-1. It is important to note that DN2 cells undergo T-cell receptor rearrangement and are highly dependent upon cytokine signaling for survival. Interestingly, the expression of exogenous Bcl-2 by crossing Lck-Cre/Mcl-1flox/flox mice with Bcl-2 transgenic mice was unable to rescue the loss of T cells in Lck-Cre/Mcl-1flox/flox mice, thus highlighting the unique role of Mcl-1 in maintaining T-cell survival (Dunkle et al., 2010). To address which of Bak and Bax is important to mediate apoptosis in Mcl-1-deficient T cells, Lck-Cre/Mcl-1flox/flox mice were also crossed with Bak and Bax null mice, respectively (Dunkle et al., 2010). Interestingly, deletion of Bak, but not Bax, was able to completely restore the DN thymocyte cellularity. However, the absence of Bax partially restored the cellularity of thymocytes at subsequent developmental stages, suggesting that Bax may also play a role in mediating apoptosis in DP and SP T-cell developmental stage.

To examine the role of Mcl-1 in later stages of thymocyte development, CD4-Cre mice were crossed with floxed Mcl-1 mice. The total thymic cellularity in the CD4-Cre/Mcl-1flox/flox mice was comparable to that of control mice (Lee et al., 2001; Dzhagalov et al., 2008; Dunkle et al., 2010). In this conditional knockout model, Mcl-1 was only deleted from the DN4 stage, thereby bypassing the essential requirement for Mcl-1 in the DN1-DN3 stages. Interestingly, the frequency and cellularity of mature CD4+ SP and CD8+ SP T cells (TCRβ+/Q2+/CD69lo) were substantially reduced in the thymus and periphery of the knockout mice. Notably, the frequency of CD4+/CD8+/TCRβlo DP cells, which represents a transitional immature stage between DN and DP, was slightly increased in the Mcl-1-deficient mice. Importantly, T-cell lymphopenia observed in the CD4-Cre/Mcl-1flox/flox mice was completely rescued by deficiency of Bak but not Bax (Dunkle et al., 2010). Once again, Mcl-1 maintains the survival of both CD4+ and CD8+ T cells by preventing Bak-promoted apoptosis. Additionally, it was shown that pI-pC induced Mcl-1 excision in Mx1-Cre/Mcl-1flox/null mice resulted in the depletion of T cells in the BM, LN and spleen in a cell intrinsic manner (Opferman et al., 2003). Taken together, Mcl-1 is not only required for developing T cells, but also for the maintenance of peripheral naïve T cells.

The expression level of Mcl-1 undergoes dynamic changes during T-cell activation. T-cell receptor engagement rapidly induced the upregulation of Mcl-1 via IL-2 signaling (Dzhagalov et al., 2008; Kim et al., 2016). However, 3–5 days after T-cell activation, Mcl-1 protein levels gradually decreased, which was accompanied by a profound induction of Noxa (Chen et al., 2005; Willis et al., 2005; Wensveen et al., 2010). Downregulation and neutralization of Mcl-1 by Noxa in low-affinity T cells also led to the elimination of subdominant clones. Correspondingly, in Noxa null mice, Mcl-1 may sustain the survival and expansion of suboptimal T cells with more clonal diversity and low-affinity (Wensveen et al., 2010).

By using the truncated hCD4 as reporter in the floxed Mcl-1 model (Bouillet et al., 2001), the dynamics of the endogenous Mcl-1 promoter activity during T-cell development can be monitored. CD127 (IL-7R)-Cre transgenic mouse model was widely used to delete a floxed gene in common lymphoid progenitors in the BM and T-cell progenitors in the blood and thymus (Krueger and von Boehmer, 2007; Schlenner et al., 2010). Using the CD127-Cre/Mcl-1flox/flox mouse model, the highest Mcl-1 expression was found in the DP stage (Schlenner et al., 2010; Pierson et al., 2013). Interestingly, Mcl-1 expression was maintained in Foxp3+/CD4+ T cells while it decreased in conventional CD4+ SP T cells (Schlenner et al., 2010). Specific ablation of Mcl-1 in regulatory T cells by using the Foxp3-Cre system resulted in the rapid loss of Foxp3+ Treg cells (Gavin et al., 2007; Rubtsov et al., 2008; Pierson et al., 2013). The knockout mice succumbed to fatal immunopathology within ∼4–8 weeks. Moreover, Foxp3-Cre/Mcl-1flox/flox mice exhibited immunological dysregulation, inflammatory infiltrate, hyper-IgE phenotype, elevated mounts of antibodies against dsDNA, abnormally high proliferation of CD8+ SP T cells, greater activation of CD4+ SP T cells and spontaneous differentiation into TH1, TH2, and TH17 effector cells. These are all the hallmarks of the autoimmune phenotype seen in the Foxp3–/– mice (Brunkow et al., 2001; Fontenot et al., 2005).

The function of Mcl-1 in T-cell regulation has also been addressed by challenging the IFN inducible Mx1-Cre/Mcl-1flox/null mice with lymphocytic choriomeningitis virus (LCMV). The cellularity of activated CD4+ SP and CD8+ SP T cells were significantly reduced. This led to a slight reduction in viral load clearance efficiency. Nonetheless, the viral load was completely cleared subsequently due to the persistence of activated T cells that have escape Mcl-1 deletion. Concomitant loss of both Bax and Bak were able to rescue the loss of LCMV-specific CD4+ SP T cells and CD8+ SP T cells (Tripathi et al., 2013). Collectively, data from these studies suggest that Mcl-1 is crucial for survival throughout T-cell development.



Natural Killer Cells

Natural Killer (NK) cells are the most prevalent innate lymphoid cells that are capable of spontaneous cytokine, chemokine, and granulitic production upon activation (Guillerey et al., 2016). The expression of Mcl-1 is increased in NK cells when they differentiate from immature to mature cells. IL-15 is required for the survival of NK cells and induces the expression of Mcl-1 mRNA at least partially via Stat5 (Huntington et al., 2007). Consequently, withdrawal of IL-15 leads to the upregulation of Noxa which binds preferentially to Mcl-1 and A1, hence implying that Mcl-1 may be essential for the survival of NK cells (Huntington et al., 2007). When Mcl-1 was deleted in NK cells using the Ncr1-Cre system, both Mature 1 (Mac1+/CD27+/KLRG1–) and Mature 2 (Mac1+/CD27–/KLRG1+) NK cells were completely ablated in all lymphoid organs as well as in the liver (Figure 4; Narni-Mancinelli et al., 2011; Sathe et al., 2014). Ncr1-Cre/Mcl-1flox/flox mice were protected from lethal sepsis when challenged with cecal ligation in puncture, the most common murine model of bacterial sepsis. Due to the NK lymphogenic phenotype, this mouse model may be instrumental to permit further interrogation into the role of Mcl-1 in NK cells in the context of different diseases. For example, it was found that tumor cells metastasized more easily and extensively when NK cells were absent, but the role of Mcl-1 in NK cells during tumor initiation and progression remains to be determined.
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FIGURE 4. Multiple T lymphocyte lineages and thymic epithelial cells (TEC) rely on Mcl-1 for survival. Conditional knockout (red solid line in the middle panel) and inducible knock-out (blue solid line) models showed that double negative 3 and 4 (DN3 and DN4), double positive (DP), CD4 single positive (SP), CD8 SP, mature T cells, activated T cells, and several subsets of T helper cells are dependent on Mcl-1 for their survival. FoxN1-Cre or Krt5-Cre mediated Mcl-1 deletion in TEC (red solid line in the bottom panel) substantially affected the survival of cortical TEC (cTEC) and medullary TEC (mTEC) and led to a significant decrease of all T cell subsets as the consequence of the disruption of thymic microenvironment (red dashed line).




Myeloid Cells

To examine the role of Mcl-1 in maintaining the survival of myeloid cells, Mcl-1flox/flox mice were crossed with transgenic mice where the Cre expression is driven by the promoter of Lysozyme M (LysM-Cre) (Clausen et al., 1999) to specifically delete Mcl-1 in the myeloid compartment including monocytes, macrophages and granulocytes (Dzhagalov et al., 2007; Steimer et al., 2009). LysM-Cre/Mcl-1flox/flox mice showed severe neutropenia due to excessive apoptosis, which was rescued by the co-deletion of both Bax and Bak, but not either alone (Steimer et al., 2009). Remarkably, neutrophils were ablated, but monocytes, macrophages, and eosinophils were normal in the BM of this conditional Mcl-1 knockout model (Figure 4; Dzhagalov et al., 2007; Steimer et al., 2009; Csepregi et al., 2018). Moreover, monocytes and macrophages were efficiently recruited to sites of inflammation, whilst mature granulocytes were completely absent. Interestingly, the number of splenic macrophages was significantly increased in LysM-Cre/Mcl-1flox/flox mice while Mcl-1 deletion rendered macrophages more susceptible to cell death induced by bacterial phagocytosis. This model has been utilized to evaluate the role of neutrophils in various disease contexts. For example, it was found that autoantibody-induced arthritis and anti-CVII antibody-induced dermatitis, which are both known to be dependent on neutrophils, were completely blocked in LysM-Cre/Mcl-1flox/flox mice (Csepregi et al., 2018). When the more neutrophil-specific Mrp8-Cre transgenic system was used to delete Mcl-1 in neutrophils (Figure 4; Passegué et al., 2004; Csepregi et al., 2018), ablation was achieved in up to 99.1% of the neutrophil population. Mcl-1 deletion in this transgenic model resulted in a reduction in survival, severe wasting phenotype, and compromised breeding productivity.

Other than neutrophils, mast cells and basophils were also shown to rely on Mcl-1 for survival. Carboxypeptidase A3-Cre (Cpa3-Cre) mediated Mcl-1 deletion led to a significant loss of mast cells and basophils but sparing all other myeloid cells (Figure 4; Lilla et al., 2011; Min, 2011). As Cpa3 is expressed at high levels in mast cells and low levels in basophils, eosinophils, and neutrophils, the Cpa3-Cre/Mcl-1flox/flox model serves as a cKit independent mouse model to uncover the integral role of mast cells in various diseases, including passive cutaneous anaphylaxis, allergen induced skin inflammation, peanut induced anaphylaxis, IgE response to honeybee venom, gram-positive bacteria colonization and infection response, graft versus host disease and osteoarthritis (Lilla et al., 2011; Leveson-Gower et al., 2013; Marichal et al., 2013; Reber et al., 2013; Ando et al., 2015; Gendrin et al., 2015; Wang et al., 2019). To specifically investigate the role of Mcl-1 in mucosal mast cells, the Chymase-Cre (Chym-Cre) system has be utilized (Figure 4; Luo et al., 2019). The number of gastric, duodenal mucosal and uterus mast cells was all found to decrease in Chym-Cre/Mcl-1flox/flox mice.



Dendritic Cells

Dendritic cells (DCs) are specialized antigen-presenting cells that are necessary for inducing an effective adaptive immune response. There are broadly two major subsets of DCs: conventional DCs (cDCs) and plasmacytoid DCs (pDCs) (Liu, 2005; Steinman, 2012). Given that Mcl-1 haploinsufficiency led to a reduction in the total numbers of both cDCs and pDCs (Carrington et al., 2015), it is likely that Mcl-1 is necessary for the survival of both populations. Mcl-1 can be deleted restrictedly in DCs using CD11c-Cre/Mcl-1flox/flox mice (Vikstrom et al., 2010; Premsrirut et al., 2011). Deletion of Mcl-1 led to dramatic reduction in cellularity of pDCs and cDCs in all lymphoid organs in a cell intrinsic manner (Figure 5; Carrington et al., 2015). In these Mcl-1-deficient mice, antigen presentation, T-cell priming, and cytokine production were attenuated, suggesting that Mcl-1 is necessary for the survival of cDCs and pDCs survival and for mounting an effective adaptive immune response.
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FIGURE 5. Mcl-1 is indispensable for mature natural killer cells, mast cells, neutrophils, basophils, conventional dendritic cells, and plasmacytoid dendritic cells.




THE ROLE OF MCL-1 IN OTHER TISSUES


Thymic Epithelial Cells

Thymic epithelial cells (TEC) form the specialized niche required for proper T-cell maturation in the thymus (Kumar et al., 2018). Given that FoxN1 is highly expressed in TEC, FoxN1-Cre transgenic mice were used to explore the role of Mcl-1 in TEC. FoxN1-Cre driven Mcl-1 deletion in mice led to severe thymic atrophy with a substantial decrease in the cellularity of major TEC sub-populations (cTEC, mTEClo, AIRE–/mTEChi, and AIRE+/mTEChi) (Zuklys et al., 2009; Jain et al., 2018). This impacted the overall thymic architecture, with an extensive presence of ER–TR7+ thymic fibroblast and progressive disruption of the cortical and medullary regions. The disruption in thymic microenvironment significantly impaired T-cell development, resulting in severe T-cell lymphopenia, with significant reduction in the total cellularity of DN, DP, and SP populations. Importantly, co-deletion of Bak alone was able to rescue thymic atrophy, all TEC cellularity and compositional changes and thymic function in the FoxN1-Cre/Mcl-1flox/flox mice (Figure 4). In parallel, when deletion of Mcl-1 mediated by a Cre system where the expression of Cre was driven by the promoter of a broad epithelial cell marker Krt5 (Krt5-Cre), similar phenotypes in the thymus were observed (Figure 4). Collectively, these suggest that Mcl-1 is critical for maintaining the survival of TEC compartment throughout thymus development.



Mammary Epithelial Cells

Mammary glands undergo extensive proliferation and remodeling during different stages of postnatal development (Fu et al., 2020). Deletion of Mcl-1 in both luminal and basal epithelial compartments of the mammary gland by either MMTV-Cre or Krt5-Cre system profoundly delayed the epithelium expansion and ductal tree extension during puberty (Fu et al., 2015). Notably, Mcl-1-deficient mammary glands in adult female mice lack mammary stem cells thus impairing alveolar expansion during pregnancy. Consequently, neither MMTV-Cre/Mcl-1flox/flox nor Krt5-Cre/Mcl-1flox/flox dams were able to nurse their pups due to their inability to produce milk, leading to the death of newborn pups within 12–24 h after birth. As expected, excessive apoptosis was readily detected in Mcl-1-deficient mammary glands during puberty or pregnancy while proliferation rates of mammary epithelial cells were normal.

At the onset of lactation, Mcl-1 protein expression was dramatically upregulated in the alveolar luminal cells in the mammary gland, which is mediated by the EGF/mTOR signaling axis. However, upon the initiation of involution, the expression level of Mcl-1 protein was rapidly downregulated and the apoptosis cascade was activated in these no longer needed milk-producing cells. The tamoxifen-inducible Rosa26-CreERT2 system was used to delete Mcl-1 at early lactation stage. In this model, mammary glands exhibited signs of involution shortly after Mcl-1 was acutely deleted. Moreover, deletion of Mcl-1 specifically in milk-producing cells in lactating mammary glands after the formation of mature alveolar units by using the WAP-iCre system resulted in stunted pups with little milk in their stomachs (Wintermantel et al., 2002). In this model, severe premature involution at early lactation was detected. Taken together, Mcl-1 is the essential member among the Bcl-2 pro-survival proteins required for the survival of mammary epithelial cells across all stages during postnatal development of the mammary gland.



Liver

Mcl-1 deletion in the liver epithelium (i.e., hepatocytes and cholangiocytes) using the Albumin-Cre (Alb-Cre)/Mcl-1flox/flox system resulted in spontaneous induction of apoptosis with evidence of liver damage (Postic and Magnuson, 2000; Vick et al., 2009). Interestingly, more than 50% of the Alb-Cre/Mcl-1flox/flox mice developed spontaneous hepatocellular carcinoma around the age of 8–12 months, independent of overt hepatitis (Weber et al., 2010). The underlying mechanism for liver tumorigenesis caused by Mcl-1 deficiency is likely due to excessive apoptosis in hepatocytes, which is known to induce overwhelming inflammation responses and promote cancer development in the liver (Boege et al., 2017; Hirsova et al., 2017). More recently, Mcl-1 deficiency in the liver was shown to exacerbate the non-alcoholic steatohepatitis (NASH) phenotype with progression to liver cirrhosis and/or liver tumor in an obesity induced NASH model (Hirsova et al., 2020). In contrast, overexpression of a human MCL-1 minigene rendered hepatocyte resistant to apoptosis, livery injury and subsequent liver fibrosis induced by bile duct ligation (Zhou et al., 1998; Kahraman et al., 2009).



Oocytes

During the transition from primordial follicle to primary follicle, Mcl-1 expression increases and accumulates with sustained follicle growth. Moreover, downregulation of Mcl-1 expression precedes oocyte atresia, indicating its role in sustaining the survival of oocytes. To interrogate the requirement of Mcl-1 in oocytes, Mcl-1 was efficiently and specifically deleted using the zona pellucida 3 (Zp3)-Cre/Mcl-1flox/flox model (Lewandoski et al., 1997; Opferman et al., 2003; Omari et al., 2015). At the onset of puberty, although the number of oocytes was comparable to the counterparts, females lacking Mcl-1 showed a significant reduction in growing follicle numbers and the overall ovarian size, likely due to excessive apoptosis in primordial follicles. Consequently, Zp3-Cre/Mcl-1flox/flox females were unable to breed by the age of 4 months. The defects in oocytes caused by Mcl-1 deficiency could be rescued by co-deleting Bax. Together, these data suggest that Mcl-1 is critical for the survival of growing follicles and hence the maintenance of ovarian reserve.



Endothelial Cell Survival During Angiogenesis

The importance of Mcl-1 for survival extends beyond its role in the immune system and epithelial cells. The Tie2-Cre system has been applied to excise Mcl-1 specifically in endothelial cells (EC) in multiple studies (Kisanuki et al., 2001; Vikstrom et al., 2010; Watson et al., 2016). Homozygote embryos could only survive up to E15.5 in these models, showing signs of edema, hemorrhage, lack of heartbeat, and embryo reabsorption. Mcl-1-deficiency in endothelial cells delayed vascularization in the subcutaneous dorsal skin. Importantly, when both Bax and Bak were absent in this conditional Mcl-1 knockout model, pups were born at the mendelian ratio and survived up to 6 weeks of age without overt phenotype. Moreover, the extent of vasculature in the Mcl-1-deficient mice was normal when both Bax and Bak were absent. To overcome embryonic lethality associated with Tie2-Cre/Mcl-1flox/flox mice, the tamoxifen-inducible Cdh5(PAC)-CreERT2 system was used to delete Mcl-1 in endothelial cells in different postnatal stages (Vikstrom et al., 2010; Wang et al., 2010; Watson et al., 2016). Neonatal Mcl-1 deletion led to a gene-dosage dependent effect on vascular density, with significantly less vessel surface area, segments, and branch points. Moreover, an increased apoptotic rate was observed amongst ECs lacking Mcl-1 in both the remodeling and sprouting zones, where ECs proliferate and sprout to form new vessels.



Cardiomyocytes

Muscle creatine kinase (Ckmm) is expressed in both skeletal and cardiac muscles (Li et al., 2000). Ckmm-Cre mediated deletion of Mcl-1 caused fatality within 10 days post-birth with evidence of rapid and fatal cardiomyopathy, including thinning of the heart walls, cardiac dilation, thrombus deposition, and interstitial fibrosis (Wang et al., 2013). Intriguingly, skeletal muscles were normal in these mice, suggesting that Mcl-1 is crucial for the survival of cardiac muscle, but not skeletal muscle cells. The cardiac function was improved when both Bax and Bak were absent in the Ckmm-Cre/Mcl-1flox/flox mice. However, given that Ckmm is expressed in cardiac and skeletal muscles at as early as E14, it is uncertain whether the cardiomyopathy phenotypes observed in Ckmm-Cre/Mcl-1flox/flox pups were due to defects during embryonic development. To ascertain the role of Mcl-1 in cardiac muscles in adult mice, Mcl-1 was deleted by using the tamoxifen-inducible Myh6-CreER mouse model (Sohal et al., 2001; Thomas et al., 2013; Wang et al., 2013). Remarkably, adult mice also showed severe cardiomyopathy, including cardiac dilation, decrease in cardiac wall thickness, cardiac fibrosis and inflammation. Moreover, the majority of knockout mice experienced cardiac failure within 3 weeks. All these phenotypes were rescued by the co-deletion of both Bax and Bak, suggesting that Mcl-1 is critical for the survival and function of adult cardiac muscle.



Nervous System

Mcl-1 is highly expressed in proliferating neural precursor cells in the ventricular zone and postmitotic neurons in the developing cortical plate (Arbour et al., 2008). Nestin is expressed through the developing nervous system at E7.5 after preplate formation (Dahlstrand et al., 1995). Nestin-Cre mediated Mcl-1 deletion in progenitor cells in the neuroectoderm resulted in embryonic lethality before E15 with evidence of impaired cortex development with elevated levels of apoptosis in neural progenitor cells, newly committed neurons, and migratory neuroblast (Figure 6; Bérubé et al., 2005; Arbour et al., 2008). Similarly, Foxg1-Cre-mediated Mcl-1 deletion in neural progenitors throughout the developing telencephalon caused embryonic lethality at around E16–17 (Hébert and McConnell, 2000; Arbour et al., 2008). The developing brain in homozygote mutant embryos was dramatically smaller in comparison to controls, likely attributed to the increased apoptotic events. Additionally, increased rates of apoptosis were detected in post-mitotic neurons in CamKIIα-Cre/Mcl-1flox/flox mice (Figure 6; Casanova et al., 2001; Germain et al., 2011). Of note, the alpha-isoform of calcium/calmodulin-dependent protein kinase II (CamKIIα) is abundantly expressed in the forebrain and has an essential role in synaptic integrity and plasticity (Arruda-Carvalho et al., 2014). Hence, Mcl-1 is crucial for the survival of neurons during development as well as post-mitotic neurons in brain.
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FIGURE 6. Mcl-1 plays an important role for the survival of neurons and neural progenitor cells. In several conditional knock-out models (red solid line), Mcl-1 was shown to be crucial for the survival of neurons in both the developing and post-mitotic neurons in brain.




HYPOMORPHIC MCL-1 PROMOTER KNOCK-IN MOUSE MODEL

It has been shown that IL-3 promotes the transcription of Mcl-1 via two promoter elements: sis-inducible element (SIE) and cAMP response elements (CRE) sites (Wang et al., 1999). Targeted mutations in these sites in the mouse model resulted in a hypomorphic phenotype specifically in the thymus, but sparing all other organs (Yang et al., 2009). Whilst the expression of Mcl-1 was reduced in the thymus in this model, Mcl-1 levels remained the same in other organs, suggesting the expression of Mcl-1 is regulated through different mechanisms in different tissues. Although total thymic cellularity was comparable with the control mice, the number of CD4–/CD8–, CD4+, CD8+, CD4+/CD8+ expressing TCRβ+ and CD69+, was significantly decreased in mutant mice comparing to the controls. However, T-cell receptor (TCR-α) rearrangement was unaffected.



MCL-1 TRANSGENIC MOUSE MODELS

In view of the importance of Mcl-1 in maintaining the survival of multiple cell types, the impacts of overexpression of Mcl-1 in transgenic mice were also investigated. Exogenous expression of Mcl-1 in mice harboring a mini human MCL-1 transgene and its presumed regulatory elements led to an enhanced viability of hematopoietic cells of various lineages (Zhou et al., 1998). Moreover, transgenic mice had enlarged spleens with fairly normal splenic architecture. Nonetheless, total splenic cellularity of B and T cells was increased in this transgenic model. Immunophenotypic analyses revealed that the proportions of B and T cells were normal without preferential skewing of any subpopulation. When activated, the viability of antigen-specific CD8+ SP T cells was enhanced, during acute phase viral infection, memory precursor cell formation, and viral-specific memory T-cell formation (Gui et al., 2015; Kim et al., 2016). Consequently, this led to an increase in the cellularity of antigen-specific CD8+ SP T cells upon secondary challenge. Overexpression of Mcl-1 was also predisposed these transgenic mouse model to late-onset of B-cell lymphoma with a spectrum of histological subtypes including follicular lymphoma and diffuse large B-cell lymphoma (Zhou et al., 2001). Importantly, the disease developing in this model was widely disseminated and was of clonal B-cell origin. In line with the role of endogenous Mcl-1 in maintaining the survival of multiple myeloid cell types, expression of exogenous Mcl-1 resulted in the enhanced survival of these myeloid cells. Interestingly, HSC and hematopoietic progenitor cells from the transgenic mice showed enhanced capacity to form lymphoid, myeloid and erythroid colonies in vitro.

To clarify the role of Mcl-1 overexpression in hematopoietic cells, a mouse strain where mouse Mcl-1 cDNA transgene is driven by promoter/enhancer elements of the vav gene was generated (Ogilvy et al., 1999; Campbell et al., 2010). The vavP-Mcl-1 transgenic mice displayed elevated white blood cell counts, mature B and T lymphocytes, and monocytes. Interestingly, granulocytes, red blood cells and platelet counts were comparable to those of controls. Both splenomegaly and lymphadenopathy were observed in this Mcl-1 transgenic model. Elevated B and T cells were also evident in these lymphoid organs due to enhanced survival rather than proliferation. Overexpression of Mcl-1 also provided protection to lymphocytes and granulocytes against cellular stress such as cytokine deprivation and DNA damage agents. Interestingly, there was not any overt phenotype in the BM and thymus in this model. Unlike the vavP-Bcl-2 model that develops autoimmune kidney disease, the vavP-Mcl-1 transgenic mice did not develop signs of autoimmunity. Nonetheless, the overexpression of Mcl-1 exacerbated lpr autoimmune phenotypes and accelerated the morbidity with excessive weight loss, breathing difficulties and severe lymphadenopathy in the Faslpr/lpr mouse model (non-functional Fas death receptor) (Cohen and Eisenberg, 1991; Anstee et al., 2017).



ROLE OF MCL-1 IN MOUSE CANCER MODELS

The Mcl-1 locus was found to be somatically amplified and its expression found to be elevated in multiple human tumor types and cancer cell lines (Beroukhim et al., 2010; Schwickart et al., 2010; Zack et al., 2013). Indeed, increasing evidence suggests that Mcl-1 is important in melanoma (Sale et al., 2019), hepatocellular carcinoma (Sieghart et al., 2006), breast cancer (Campbell et al., 2018), and various hematological malignancies (Wei et al., 2020). Numerous genetic mouse models have been developed to address the role of Mcl-1 in tumor initiation and progression. In the vavP-Mcl-1 transgenic mice, overexpression of Mcl-1 in all hematopoietic compartment predisposes these mice to late onset lymphoma with a phenotype resembling hematopoietic stem cells/progenitor cells expressing both B- and T-cell markers. While some developed pre- B-, B-cell tumors and less frequently, myeloid tumors. The late onset of these tumors suggests that additional mutations are required for malignant transformation in this mouse model. Nevertheless, the tumor types in this model differ from those developed in mice harboring a human MCL-1 minigene, which displayed tumors resembling follicular lymphoma and diffuse large B-cell lymphoma (Zhou et al., 1998). It is likely that their distinct expression patterns regulated by distinct promoters contributed to the differences in the development of tumor types between the two distinct models.

Mcl-1 is critical for the survival of rapidly proliferating hematopoietic progenitors and non-transformed pro-B and pre-B cells, which are thought to be the cells of origin in the Eμ-Myc driven lymphoma mouse model (Adams et al., 1985). To test the role of Mcl-1 in this model, Mcl-1 was specifically depleted in the B-cell lineage by crossing Eμ-Myc transgenic mice with mice where Mcl-1 was deleted by the CD19-Cre or Rag-Cre system (Grabow et al., 2016). Mcl-1 deletion in the late pro-B-cell stage by the CD19-Cre system slightly delayed Eμ-Myc lymphomagenesis. Remarkable, all tumors that arose in Eμ-Myc/CD19-Cre/Mcl-1flox/flox mice retained Mcl-1 expression due to the silencing of Cre expression or mutations in the floxed Mcl-1 allele to escape deletion. Thus, it is likely that there is a selection against Mcl-1 loss in Eμ-Myc tumors, which suggests Mcl-1 dysregulation is prerequisite for tumor development in this model. The Rag-Cre system is commonly used to mediates gene deletion in the common lymphoid progenitor cells. Interestingly, deletion of even one allele of Mcl-1 by Rag-Cre in the Eμ-Myc mouse model led to a significant delay in the onset of lymphomagenesis. In line with this, the overexpression of Mcl-1 dramatically accelerated the onset of lymphoma developed in the Eμ-Myc tumor model and were resistant to in vivo treatment using cyclophosphamide (Adams et al., 1985; Campbell et al., 2010). To address the role of Mcl-1 in the maintenance of Eμ-Myc driven tumor, Mcl-1 was deleted by using the tamoxifen-inducible Rosa26-CreERT2 system after the tumors have established in mice. Mice with Mcl-1 deletion displayed improved survival, with 30% of these mice experiencing tumor regression (Kelly et al., 2014). Collectively, this suggest that Mcl-1 is critical for both the initiation and progression of tumor in Eμ-Myc mice.

Mcl-1 was also found to be a critical survival protein for other AML mouse models. Lethally irradiated mice transplanted with MLL-ENL oncogene transduced Rosa26-CreERT2/Mcl-1flox/flox BM cells develop monocytic and myelomonocytic AML in mice. Mcl-1 deletion resulted in abundant apoptosis in the BM burdened with MLL-ENL induced AML (Lavau et al., 2000; Glaser et al., 2012). This led to the clearance of leukemic blast cells and prolonged survival of mice lacking Mcl-1. This strongly suggests that Mcl-1 is a critical pro-survival molecule for the establishment and maintenance of Myc- and MLL-ENL- driven AML. Interestingly, even the loss of one Mcl-1 allele was sufficient to block the establishment of Myc induced AML (Xiang et al., 2010; Grabow et al., 2016). Furthermore, deletion of a single allele of Mcl-1 in secondary transplanted Myc-induced AML was also able to significantly prolong the survival of secondary recipient mice. Importantly, transcriptional profiling showed that MCL-1 expression is consistently elevated in primary human AML samples (Kaufmann et al., 1998).

In addition, the loss of a single Mcl-1 allele was sufficient to delay the onset of and reduce the incidences of thymic T-cell lymphoma driven by the absence of p53 (Grabow et al., 2014). Similarly, loss of a single Mcl-1 allele also delayed tumor onset and impaired the survival of T-cell lymphomas developed in a T lymphocyte non-Hodgkin’s lymphoma (T-NHL) mouse model driven by the fusion kinase ITK-SYK signaling. Moreover, it was found that Mcl-1 was highly expressed in tumor lesions in a genetic mouse model of breast cancer, MMTV-PyMT. Importantly, there was a strong selection against the loss of Mcl-1 when this model was crossed with MMTV-Cre/Mcl-1flox/flox model (Campbell et al., 2018). Together, these data highlight the integral role of Mcl-1 not only for maintaining the survival of established malignancies, but also for driving tumorigenesis (Spinner et al., 2016). It is plausible to speculate that many of the malignancies with elevated expression of Mcl-1 will benefit from treatment with Mcl-1 specific inhibitors either alone or in combination with other anti-cancer agents (Merino et al., 2018; Xiang et al., 2018; Kelly and Strasser, 2020).



HUMANIZED MCL-1 MOUSE MODELS

BH3-mimetics are a class of small molecules that initiate the apoptotic pathway by mimicking the action of BH3-only proteins, the natural inhibitors of Bcl-2 pro-survival proteins. Given the remarkable clinical success of the Bcl-2 specific inhibitor, venetoclax or venclaxta, in treating relapsed or refractory chronic lymphocytic leukemia (CLL), many have sought to develop a Mcl-1 specific inhibitor. Recently, several small molecule Mcl-1 specific inhibitors, S63945 and S64315 (Servier), AMG-176 (Amgen), and AZD5991 (AstraZeneca) have been developed and shown to be efficacious in a broad panel of cell lines in vitro and in xenograft models. Interestingly, these compounds were found to bind to human MCL-1 (huMCL-1) with considerably higher affinity than mouse Mcl-1 (6–1000 folds for different inhibitors). Thus, to model the efficacies and determine the on-target toxicity of these agents with more accuracy, humanized MCL-1 mouse models were generated by two independent groups. In these mouse models, the native mouse Mcl-1 locus was replaced with human homolog, maintaining the flanking 5′ and 3′ UTR (Brennan et al., 2018; Caenepeel et al., 2018). Phenotypically, the humanized Mcl-1 mouse models were indistinguishable to wild-type mice under normal physiological condition. The proportions and numbers of lymphoid cells, myeloid cells were comparable between huMCL-1 mouse models and wild-type controls. huMCL-1 is able to bind to murine Bak and Bax and the overall apoptotic machinery remains largely intact in these models. Thus, these models would serve as useful tools for pre-clinical validation and to determine the efficacies and tolerability of Mcl-1 inhibitors for treating cancer and other diseases (Kotschy et al., 2016).



NON-APOPTOTIC ROLES OF MCL-1

Although the canonical role of Mcl-1 is to promote cell survival by neutralizing multidomain proapoptotic protein Bax/Bak, non-apoptotic roles have recently been attributed to Mcl-1 [reviewed in detail elsewhere (Perciavalle and Opferman, 2014)]. Two distinct forms of Mcl-1 protein have been shown to reside in different locations of the mitochondria (OMM and matrix) and may contribute differently to the proper mitochondria function. Whilst Mcl-1 in the OMM seem to only interact with the Bcl-2 family proteins, Mcl-1 in the matrix contributes to mitochondrial fusion, ATP production, mitochondrial membrane potential and structure, mitochondrial respiration and maintaining oligomeric ATP synthase (Perciavalle et al., 2012). Interestingly, the deletion of Mcl-1 in cardiac muscles caused mitochondrial abnormalities including disrupted myocardium with disorganized mitochondria with abnormal cristae structure (Thomas et al., 2013; Wang et al., 2013). Electron microscopy showed that the cardiac mitochondria were swollen at baseline and exhibited modest calcium-induced swelling. Whilst the co-deletion of both Bax and Bak rescued the cardiomyopathy associated with the loss of Mcl-1, it did not reverse the mitochondrial abnormalities in cardiac muscles. Similarly, mitochondrial dysfunction associated with Mcl-1-deficiency in oocytes was not rescued by Bax deletion (Omari et al., 2015).

In addition, the isoform of Mcl-1 present in the mitochondria matrix was found to interact with very long-chain acyl-CoA dehydrogenase (VLCAD) (Escudero et al., 2018), which is important for catalyzing fatty acid β-oxidation, converting energy stored in fats into ATP. Mice lacking Mcl-1 in the liver were reconstituted with either the OMM isoform (Mcl-1OMM) or matrix isoform (Mcl-1matrix) and subjected to murine liver proteomics analysis (Perciavalle et al., 2012; Escudero et al., 2018). Whilst Mcl-1OMM expectedly interacted with members of the Bcl-2 family (Bim and Puma), there was a selective enrichment of VCLAD in the Mcl-1matrix pull down (Escudero et al., 2018). As the BH3 domain of Mcl-1 was found to modulate the enzymatic activity of VLCAD, the absence of the Mcl-1matrix resulted in a hyperactive fatty acid β-oxidation, which may cause substrate overconsumption and/or co-factor depletion.

Interestingly, Mcl-1 protein has also been found to localize in the nucleus and affect cell cycle progression. Mechanistically, physical interaction of Mcl-1 with the important cell cycle regulator, proliferating cell nuclear antigen (PCNA), may contribute to its inhibition of cell cycle progression through S-phase (Fujise et al., 2000). Moreover, a shortened nuclear form of Mcl-1 protein was also found in to interact with and dampen the kinase activity of cyclin-dependent kinase 1 (Cdk1), thus reducing the proliferation rate in cells (Jamil et al., 2005). Additionally, Mcl-1 was also found to have a role in ATR (AT mutated and Rad3 related)- dependent DNA damage response, by regulating the phosphorylation and activation of DNA damage checkpoint kinase, Chk1 (Jamil et al., 2005). When Mcl-1 is knock-down, Chk1 phosphorylation in response to DNA damage was completely blocked. All together, these studies suggest that Mcl-1 may not only function as an anti-apoptotic Bcl-2 molecule but also play a role in mitochondrial activity, proliferation and DNA damage response.



NON-REDUNDANCY IN THE PHYSIOLOGICAL FUNCTION OF PRO-SURVIVAL BCL2 MEMBERS

Unlike the effector Bcl-2 members Bax/Bak, studies of genetic mouse models suggest that the physiological functions of different pro-survival Bcl-2 members are not redundant in many contexts. Although the expression of different pro-survival proteins can be detected within the same cell type, certain members may play a more dominant role over others during early development as well as later tissue homeostasis and regeneration. Deletion of Mcl-1 and Bcl-x causes embryonic lethality at E3.5 and E13.5, respectively. In contrast, Bcl-2, Bcl-w, and A1 deficient mice are able to complete embryonic development. Apart from its critical role in spermatogenesis, the pro-survival function of Bcl-w is otherwise dispensable in most cell types (Print et al., 1998; Ross et al., 1998). Whilst A1 is largely expressed in the hematopoietic system, complete loss of A1 is well tolerated with only minor defects in unconventional TCRγδ T cells, regulatory T cells, memory CD4+ T cells, and conventional dendritic cells (Schenk et al., 2017). Although normal at birth, however, Bcl-2 null mice showed growth retardation and hypopigmentation due to the loss of melanocytes. Moreover, early mortality was observed amongst a significant proportion of Bcl-2-deficient pups, mainly due to polycystic kidney disease as a consequence of excessive apoptosis in the kidney epithelium (Veis et al., 1993). While all hematopoietic lineages in the Bcl-2-deficient mice were comparable to control counterparts at birth, the percentage and absolute number of lymphocytes decreased along with significant thymic and splenic atrophy in aging Bcl-2-deficient mice, suggesting that Bcl-2 is required for the maintenance of the lymphoid compartment, but not for hematopoietic cell maturation (Nakayama et al., 1993; Veis et al., 1993). Interestingly, mouse models with Bcl-2 deficiency or hypomorphism in NK cells revealed that Bcl-2 is important for the survival of resting NK cells, but it becomes dispensable in cycling NK cells which can reply on Mcl-1 for survival (Viant et al., 2017).

As described in the sections above, the physiological roles of Mcl-1 have been explored extensively in numerous conditional knockout models. Conditional knock-out mouse models have also been employed to address the in vivo role of Bcl-2 and Bcl-x in postnatal mice under the physiological condition (Wagner et al., 2000; Thorp et al., 2009). Remarkably, while Mcl-1 is crucial for multiple B-cell subsets, Bcl-x deficiency only impacted immature B cells sparing all other B-cell subsets (Vikström et al., 2016). In activated B cells, Bcl-x was also found to be dispensable for GC formation, memory B cells, antigen-specific B-cell expansion, and plasma cells (Vikstrom et al., 2010; Peperzak et al., 2013). During T-cell development, cells displayed a dynamic expression of Bcl-2 and Bcl-xL protein. Whilst Bcl-xL was upregulated in DP cells but downregulated in SP cells, Bcl-2 was downregulated in DP cells but upregulated in SP positive cells (Gratiot-Deans et al., 1993, 1994; Grillot et al., 1995). As expected, deficiency of Bcl-x led to a decrease in DP population (Zhang and He, 2005; Dzhagalov et al., 2008). In contrast, Mcl-1 plays a crucial role throughout T-cell development as reviewed in a previous section. While the loss of Mcl-1 severely affected the survival of thymic epithelial cells and hence, T-cell development, Bcl-2 and Bcl-x were found to be dispensable for these cells (Jain et al., 2018). In the mammary gland, the tissue function and structure are normal in Bcl-x-deficient mice across different developmental stages, which is in a striking contrast to the indispensable role of Mcl-1 in the mammary epithelium (Walton et al., 2001; Fu et al., 2015). Although Mcl-1 plays non-redundant roles in various tissues, Bcl-xL is the key pro-survival Bcl-2 member for the survival of mature megakaryocytes and platelets in postnatal mice (Mason et al., 2007; Josefsson et al., 2011; Debrincat et al., 2012, 2015). In line with this, pharmacological inhibition of Bcl-xL by Navitoclax in adult mice caused on-target thrombocytopenia (Roberts et al., 2012). Notably, the compound deletion of both Mcl-1 and Bcl-x resulted in preweaning lethality due to severely compromised megakaryocyte development, suggesting a redundant role of Mcl-1 and Bcl-x during early megakaryocyte development (Debrincat et al., 2012).



CONCLUSION

Mcl-1 has long been recognized as a unique molecule among the pro-survival Bcl-2 family members (i.e., Bcl-2, Bcl-xl, A1, Bcl-w, and Mcl-1) for its molecular features, including its tight control at transcription levels, distinct primary protein sequence, short half-life, special interaction profile with the BH3-only molecules. Extensive genetic mouse model studies in the past more than two decades have clearly shown that Mcl-1 plays non-redundant and essential physiological roles in the survival of a wide variety of cell types, including stem cells, progenitor cells and fully differentially cells, in many different tissues even when other pro-survival Bcl-2 family members are highly expressed in the same cells. However, the underlying molecular mechanisms for the dominant role of Mcl-1 over other pro-survival Bcl-2 members unraveled by mouse models remain largely unclear. It has been proposed that, compared to other Bcl-2 pro-survival members, Mcl-1 seems to preferably sequester the function of Bak, but not Bax. But whether the phenotypes caused by Mcl-1 deletion in different cellular contexts are due to the dysregulation of either Bax or Bak alone, or both remains obscure. While certain BH3-only molecules, such as Noxa, may only interact with Mcl-1, but not other pro-survival Bcl-2 family member, the contribution of such BH3-only molecules to the non-redundant role of Mcl-1 in distinct cellular contexts also needs to be investigated further by using new genetic mouse models. Further elucidation of the key up- and down-stream regulators of Mcl-1 function may lead to new insights into alternative and more specific strategies for manipulation of the Mcl-1 pro-survival activity in distinct defined cellular contexts. Non-apoptotic functions of Mcl-1 have been reported recently. Most of those studies, however, were mainly based on in vitro cell culture systems. Feasible mouse models need to be developed in future to formally address the importance of these functions under physiological and pathological conditions. Moreover, given the important role of Mcl-1 in cancer, Mcl-1 is regarded as a valid therapeutic target for treatment of certain cancer types, and several inhibitors with high binding affinity and specificity for human MCL-1 protein have been recently developed and showed promising effects in blocking tumor development in mouse models. However, the toxicity of these inhibitors needs to be evaluated carefully in appropriate pre-clinical mouse models expressing human MCL-1 and in patients as Mcl-1 is an essential pro-survival Bcl-2 member in many tissues and cell types under physiological condition. Fortunately, multiple genetic studies provide convincing evidence that knockout of one allele of Mcl-1 is sufficient to block tumor development, but did not cause severe overall phenotypes in mice, implying the possibility that partial inhibition of Mcl-1 function by specific inhibitors at a right range of dosage could be an effective way for cancer treatment without significant side effect. Notably, the current literature on the role Mcl-1 in cancer mainly focuses on tumor cells. The potential function of Mcl-1 in the establishment and maintenance of tumor microenvironment, including tumor-associated immune cells and fibroblasts, for tumor initiation and progression in different cancer types would be an interesting avenue for future research.
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 a.a., Amino acids; A1, Bcl-2-related protein A1; AML, Acute myeloid leukemia; Bad, Bcl-2 associated agonist of cell death; Bak, Bcl-2 antagonist killer; Bax, Bcl-2 associated X; Bcl-2, B-cell lymphoma 2; Bcl-w, Bcl-2-like protein 2; Bcl-xL, B-cell lymphoma extra large; Bfl-1, Bcl-2 related protein A1; BH, Bcl-2 homology domain; Bid, BH3 interacting domain death protein; Bik, Bcl-2-interacting killer; Bim, Bcl-2 interacting mediator of cell death; BM, Bone marrow; Bmf, Bcl-2 modifying factor; Bok, Bcl-2 related ovarian killer; cDC, Conventional dendritic cells; cTEC, Cortical thymic epithelial cells; DC, Dendritic cells; DN, Double negative; DP, Double positive; EGF, Epidermal growth factor; GC, Germinal centers; Lck, Lymphocyte-specific protein kinase; hCD4, Human CD4; Hrk, Harakiri; HSC, Hematopoietic stem cells; LN, Lymph node; Mcl-1, Myeloid cell leukemia sequence 1; MLL-ENL, Mixed-lineage leukemia – eleven nineteen leukemia fusion protein; Moap-1, Modulator of apoptosis 1; MOM, Mitochondria outer membrane; mTEC, Medullary thymic epithelial cells; Mx1, Mx dynamin-like GTPase 1; NK, Natural killer cells; pDC, Plasmacytoid dendritic cells; PEST, proline, glutamic acid, serine, theonine; poly IC, Polyinosinic-polycytidylic; Puma, p53 upregulated modulator of apoptosis; SP, Single positive; TCR, T-cell receptor; TEC, Thymic epithelial cells; Treg, T regulatory cells.
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