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INTRODUCTION
The transition of a linear polypeptide chain into a functional, 3-dimensional protein is fraught with dangers, but a successful outcome is critical to all aspects of life. To assist and monitor this process, all cells and organism are endowed with a cadre of molecular chaperones, their co-factors and folding enzymes (Balchin et al., 2016). The ability of the cell to rapidly regulate the availability of these chaperones and folding enzymes is necessary to maintain cellular and organellar homeostasis in response to changes in secretory capacity or alterations in the cellular environment that adversely affect protein folding (Richter et al., 2010; Walter and Ron, 2011). Imbalances in these can lead to disease. In addition to these ubiquitously expressed components of protein folding and quality control systems, tissue-specific factors exist that are more restrictive in their clients and are often important in developmental and differentiation processes. This Research Topic is comprised of a combination of original research articles and reviews that address cutting edge work in this field.
Generalist chaperones
As polypeptide chains emerge from the ribosome, they can begin to fold co-translationally, which could inhibit appropriate interactions with more distal sequences needed to reach their native states. Chaperone families including Hsp70, Hsp90 and the cage-like chaperonins are found in all lineages of organisms (bacteria, archaea, and both plant and animal eukaryotes) and serve to protect reactive regions on nascent proteins. They are particularly non-selective and can recognize a vast number of sequence unrelated proteins and can therefore be considered generalists. Hsp70s recognize linear stretches of amino acids that are hydrophobic in nature and will ultimately be buried upon correct protein folding and/or assembly (Blond-Elguindi et al., 1993). They prevent misfolding by protecting these regions but do not directly contribute to folding. Conversely, the chaperonins are multi-subunit ring structures that provide a protective cavity that accommodates partially folded clients and drives their proper maturation through nucleotide-dependent interactions between the various subunits and the incompletely folded client (Gestaut et al., 2019). One review in this series addresses recent findings that contribute to our understanding of how the mammalian chaperonin TRiC (Tailless complex polypeptide 1 (TCP-1) Ring Complex) is able to contribute to the folding of proteins too large to fit into its central cavity (Ghozlan et al.). Another review focuses on prefoldin, an adapter that conveys clients to TRiC to maintain protein homeostasis in physiological and pathological conditions (Tahmaz et al.). A third review summarizes studies revealing the role of generalist chaperones in protecting the proteome of the parasite and in renovating the host proteome to its own benefit (Blatch).
Quality control in the endoplasmic reticulum
The endoplasmic reticulum (ER) is the gateway into the secretory pathway and is responsible for the biosynthesis of 1/3 of the proteins encoded in the mammalian genome, which includes proteins that are secreted, expressed on the cell surface, or that populate all organelles of the secretory pathway (Dancourt and Barlowe, 2010). Stringent quality control programs comprised of molecular chaperones and folding enzymes aid and monitor the maturation of nascent proteins entering this organelle (Wiseman et al., 2022). While bound to the chaperone, incompletely folded clients are prevented from moving further along the secretory pathway due to retention sequences on the chaperones. In the case of most soluble chaperones, the tetrapeptide sequence, KDEL, is encoded at their C-terminus. Should the chaperone exit the ER incorrectly it encounters a KDEL receptor in the intermediate compartment or cis Golgi, which returns it and any bound client to the ER (Lewis et al., 1990). A review in this Research Topic discusses variations in recycling rates that alter the concentration of individual soluble chaperones in specific proximal regions of the secretory pathway, as well as examples where capture and return fails allowing specific soluble chaperones to be secreted (Palazzo et al.). Equally important to maintaining the secretory proteome is the ability to identify proteins that ultimately fail to mature and/or assemble properly and target them for degradation. In most cases this involves extracting the protein from the ER for degradation by cytosolically localized proteasomes in a process referred to as ER-associated degradation (ERAD) (Vembar and Brodsky, 2008; Hwang and Qi, 2018). The presence of a single unfolded domain or region necessitates that the protein be degraded raising the question of how folded regions are accommodated for passage through an intermembrane channel. An original research study identifies the checkpoints in this process and the components that execute them (Mann et al.).
Regulating chaperone levels to accommodate secretory loads during differentiation
An ER stress-sensing response termed the Unfolded Protein Response (UPR) transcriptionally adjusts chaperone levels to the secretory capacity of the cell (Walter and Ron, 2011). As such the UPR provides an essential function during the differentiation of highly secretory cells like plasma cells (Iwakoshi et al., 2003), and in response to environmental cues received by insulin-secreting β islet cells (Scheuner et al., 2005) to enhance and populate the secretory pathway. An original research paper in this Research Topic explores temporal changes in the proteostasis network and their triggers, which provide massive reshaping of the secretory pathway during the progesterone-stimulated differentiation of endometrial stromal cells allowing allows them to secrete large quantities of factors necessary for embryo implantation (Pittari et al.).
Tissue-specific chaperones and differentiation
The chaperone system is extremely plastic. For example, generalist chaperones, like those of the Hsp70 family, can cooperate with different co-chaperones, changing their substrate specificity (Kampinga and Craig, 2010). Higher eukaryotes, composed of many different cell types, tissues, and organs, present different folding demands that must be specifically addressed. A recent systematic analysis of the basal chaperone network in a variety of human tissues experiencing normal physiological conditions showed that most chaperones have tissue-specific behaviors, and this organization is established during organ development, maintained through adulthood, and altered in aging (Shemesh et al., 2021). The same research group contributed to this Research Topic with two original papers focusing on tissue-specific regulation of chaperone expression. In one they identified a neural G protein coupled receptor as a key regulator of proteostasis in different somatic tissues, which is required to transfer resources to progeny production during the transition to adulthood in Caenorhabditis elegans (Kishner et al.). In the other they show that the C. elegans ortholog of the main muscle transcription factor MyoD, is essential to preserve proper expression of the muscle specific chaperone system not only during differentiation but also in adulthood (Nisaa and Ben-Zvi).
Chemical manipulation of proteostasis for therapeutic interventions
Whereas the core proteostasis network consists of the mechanisms driving protein translation, folding and degradation, stress response pathways such as the UPR, the Heat Shock Response (HSR), the Integrated Stress Response (ISR) and the oxidative stress response add levels of regulation that allow the cell to cope with and survive situations that unbalance proteostasis (Brehme et al., 2019). Cancer cells are able to survive under prolonged conditions of proteotoxic stress that is due to an unfavorable environment, including hypoxic and insufficient nutrients, by activating pro-survival stress responses. When these mechanisms of adaptation are not sufficient to handle proteostasis alterations, cells undergo apoptosis. Thus, there is a growing interest in targeting proteostasis to induce death of cancer cells (Marciniak et al., 2022; Wolska-Washer and Smolewski, 2022; Śniegocka et al., 2022). In this context, a review article in this Research Topic discusses the potential of using ascorbic acid (Vitamin C) as an adjuvant therapy for acute myeloid leukemia on the basis of its role in epigenetics and of its pro-oxidant properties (Travaglini et al.).
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Cellular functions are largely performed by proteins. Defects in the production, folding, or removal of proteins from the cell lead to perturbations in cellular functions that can result in pathological conditions for the organism. In cells, molecular chaperones are part of a network of surveillance mechanisms that maintains a functional proteome. Chaperones are involved in the folding of newly synthesized polypeptides and assist in refolding misfolded proteins and guiding proteins for degradation. The present review focuses on the molecular co-chaperone prefoldin. Its canonical function in eukaryotes involves the transfer of newly synthesized polypeptides of cytoskeletal proteins to the tailless complex polypeptide 1 ring complex (TRiC/CCT) chaperonin which assists folding of the polypeptide chain in an energy-dependent manner. The canonical function of prefoldin is well established, but recent research suggests its broader function in the maintenance of protein homeostasis under physiological and pathological conditions. Interestingly, non-canonical functions were identified for the prefoldin complex and also for its individual subunits. We discuss the latest findings on the prefoldin complex and its subunits in the regulation of transcription and proteasome-dependent protein degradation and its role in neurological diseases, cancer, viral infections and rare anomalies.
Keywords: prefoldin, molecular chaperone, proteostasis, TRIC, PFDN, neurodegenerative diseases, cancer
INTRODUCTION
Protein homeostasis (proteostasis) plays a vital role in various biological processes. Proteostasis is facilitated by the correct folding of proteins and removal of misfolded proteins to avoid protein aggregation, which can be toxic for the cell. To maintain proteostasis, cells contain various protein chaperones to check protein quality and conformation. A large family of chaperones, collectively called heat shock proteins (HSPs), are involved in the surveillance of misfolded and unfolded proteins in both the nucleus and cytosol (Hartl and Hayer-Hartl, 2002; Jones and Gardner, 2016). Non-native polypeptides must be sensed by chaperones and assisting proteins to assure correct folding. Disruption of the cooperation of chaperones and their assisting co-chaperones can result in protein misfolding and aggregation. Consequently, proteostasis can be impaired and drive the development of various pathologies (Hartl and Hayer-Hartl, 2002; Jones and Gardner, 2016).
Monomeric molecular chaperones are well established to assist in the folding of proteins into their native structure and responsible for the remodeling of proteins with erroneous conformations (Saibil, 2013). In addition to monomeric molecular chaperones, oligomeric chaperonins contribute to protein folding. Chaperonins can be divided into two groups. Group I chaperonins are found in bacteria and organelles of endosymbiotic origin (e.g., chloroplasts and mitochondria). Group II chaperonins exist in eukaryotes and archaea (Russmann et al., 2012). One well-known member of Group II chaperonin is tailless complex polypeptide 1 ring complex (TRiC)/chaperonin containing tailless complex polypeptide 1 (CCT). TRiC/CCT localizes to both the nucleus and cytosol (Marracci et al., 2015).
Unlike prokaryotes, eukaryotes and archaea have another chaperone-assisted protein (Sahlan et al., 2018). Prefoldin is a co-chaperone of TRiC/CCT (Millan-Zambrano and Chavez, 2014; Zhang J. et al., 2020). It is a heterohexameric protein complex (Glover and Clark, 2015) that is composed of two α subunits (PFD3 and PFD5) and four β subunits [PFD1, PFD2, PFD4, and PFD6; (Siegert et al., 2000; Whitehead et al., 2007). All subunits differ in their amino acid sequence. In contrast, archaea prefoldin complex consists of six subunits composed of two identical α and four identical β subunits (Sahlan et al., 2018). Although prefoldin was not found in prokaryotes, its genetic origin is similar to chaperones that were found in prokaryotes (Bogumil et al., 2014). Likewise, the prefoldin complex is evolutionarily conserved in higher eukaryotes, including humans and plants (Siegert et al., 2000; Cao, 2016).
The prefoldin complex assists in the folding of newly synthesized polypeptides that are produced on ribosomes (Figure 1). In archaea, prefoldin exerts this function in combination with group II chaperonin. In eukaryotes, the canonical function of prefoldin is thought to be more specialized. In eukaryotes, prefoldin transfers mainly the cytoskeletal proteins actin and tubulin to TRiC/CCT (Abe et al., 2013; Povarova et al., 2014; Zhang et al., 2016). This transfer is also supported by cooperation with the monomeric chaperones HSP40 and HSP70 in a co-translational manner (Millan-Zambrano and Chavez, 2014; Gestaut et al., 2019) and required for accelerating the maturation of cytoskeletal proteins (Gestaut et al., 2019). During this process, nascent polypeptide chains bind to prefoldin in the initial phase (Kabir et al., 2011) and are transferred to TRiC/CCT in late stages of protein folding (Comyn et al., 2016; Gestaut et al., 2019). Binding of prefoldin subunits with TRiC/CCT subunits decreases the association of nascent chain with prefoldin (Gestaut et al., 2019; Liang et al., 2020). Thus, nascent chains are released from prefoldin and folded in an adenosine triphosphate (ATP)-dependent manner by TRiC/CCT. The holdase function of prefoldin is ATP-independent, similar to stress-inducible small HSPs (Webster et al., 2019). Its ATP independence raises the question of whether prefoldin has additional functions under conditions of low cellular energy levels such as mitochondrial dysfunction and metabolic disorders, aging, or chronic stress (Chaudhari and Kipreos, 2018; Andreasson et al., 2019; Fang et al., 2021).
[image: Figure 1]FIGURE 1 | Canonical and non-canonical functions of prefoldin. Nascent chains that emerge from actively translating ribosomes are subjected to protein folding that is mediated by the protein chaperones RAC, NAC, Hsp70, Hsp40, and TRiC. Some newly synthesized proteins utilize the co-chaperone prefoldin to guide substrates directly to its downstream folding chaperone TRiC. The canonical function of prefoldin results in substrate proteins with the native fold. Under stress conditions and potentially during aging, prefoldin is associated with misfolded and unfolded proteins. Mostly unknown are the nature of such cellular substrates in vivo and cellular consequences and mechanisms that may be necessary to recover from cellular stress conditions to restore cellular homeostasis.
Actin comprises 5–10% of cellular protein mass (Cooper, 2000). Thus, prefoldin is thought to be abundant with constitutive expression. However, the regulation of prefoldin expression has been scarcely addressed in the literature. The turnover of prefoldin subunits is regulated by ubiquitin-dependent degradation. However, prefoldin can become resistant to ubiquitination by forming a β-hairpin and coil-coil structure (Liang et al., 2020). Since the discovery of prefoldin in 1998 (Vainberg et al., 1998), much research has been performed to elucidate the prefoldin structure (Hansen et al., 1999) and describe its canonical functions as a co-chaperone (Sahlan et al., 2018). However, recent research has indicated involvement of the prefoldin complex and its subunits in withstanding cellular stress and maintaining protein homeostasis. Research on the non-canonical function of prefoldin is still scattered, consisting of the regulation of transcription, the regulation of protein aggregate formation, and protein degradation (Figure 1).
Alongside fundamental research describing various functions of prefoldin it is suggested that prefoldin is a potential biomarker and therapeutic target for human diseases that are associated with the disruption of protein homeostasis. The present review discusses non-canonical functions of prefoldin in eukaryotes and the involvement of prefoldin in human diseases.
NON-CANONICAL FUNCTIONS OF THE PREFOLDIN COMPLEX
Apart from the canonical function of the cytosolic prefoldin complex as a co-chaperone for the co-translational folding of cytoskeletal proteins, all prefoldin subunits were found to have unique and specific interactors. These interactions presumably allow prefoldin subunits to engage in non-canonical cellular functions (Simons et al., 2004), but describing all of these interactions is beyond the scope of this review. Table 1 summarizes the identified interactors with different prefoldin subunits. A recent review described links between interactors of prefoldin subunits and the progression of cancer (Liang et al., 2020; Herranz-Montoya et al., 2021). The sections below focus on the involvement of prefoldin subunits in transcription, protein aggregation, and degradation.
TABLE 1 | Interactions between prefoldin subunits and other proteins.
[image: Table 1]Regulation of Transcription
Prefoldin was described to be a cytoplasmic protein complex (Geissler et al., 1998). The deletion of PFD1 in yeast resulted in unexpected defects in transcription elongation (Millan-Zambrano et al., 2013), but these findings complemented other studies and suggested a role for prefoldin in the nucleus (Millan-Zambrano and Chavez, 2014; Mousnier et al., 2007; Watanabe et al., 2002) (Figure 2). All prefoldin subunits were found to exhibit nucleo-cytoplasmic localization in the yeast Saccharomyces cerevisiae (Millan-Zambrano et al., 2013). This newly identified transcriptional function of prefoldin subunits was independent of actin assembly in the cytoplasm and independent of the involvement of nuclear actin in transcription elongation. The deletion of PFD1 decreased the RNA polymerase II occupancy of gene bodies (Figure 2A). This was explained by the role of prefoldin in the removal of histones from chromatin. These data were supported by numerous genetic interactions between prefoldin subunits and chromatin factors (Millan-Zambrano et al., 2013; Ming Sun et al., 2020). Genetic interactions between prefoldin and TRiC/CCT components and chromatin factors were similar and suggested a combined action of chaperonin and its co-chaperone in transcription regulation in the nucleus. Furthermore, the physical interaction between histone deacetylase 1 (HDAC1) and prefoldin and TRiC/CCT suggested the requirement for chaperone-mediated folding before its assembly into the active complex (Banks et al., 2018) (Figure 2B). This further strengthened the involvement of prefoldin in the remodeling of chromatin and transcription regulation. A recent study in Arabidopsis showed that PFD4 mediates the chaperone-client interaction between Hsp90 and LSM8, a central component of the spliceosome core complex. Prefoldin was shown to be important for maintaining adequate levels of the spliceosome core complex (Esteve-Bruna et al., 2020) (Figure 2C). A strong genetic interaction between pfd4Δ (gim3 in yeast) and lsm8Δ in yeast (Costanzo et al., 2016) prompted Esteve-Bruna et al to the notion that the functional interaction between prefoldin and the spliceosome could be conserved. The implication of prefoldin in the regulation of co-translational splicing effects was also recently demonstrated for human prefoldin (Payán-Bravo et al., 2021). The binding of prefoldin to transcribed genes was detected genome-wide. The loss of prefoldin function led to a decrease in the phosphorylation of elongating polymerase II and decrease in the binding of splicing factors to chromatin. Links between prefoldin and cellular splicing machinery thus add another level of complexity to the ways in which prefoldin influences transcriptional processes in the nucleus.
[image: Figure 2]FIGURE 2 | Function of prefoldin complex in the cell nucleus. (A) Prefoldin stimulates transcription elongation by promoting binding of RNA Polymerase II (RNAPII) to euchromatin. (B) Prefoldin interacts with HDAC1 and supports incorporation of it into its active complex via TRiC/CCT complex. The interaction favors chromatin remodeling. (C) The PFD4 subunit is required for the incorporation of the spliceosome core complex subunit, LSM8, into the spliceosome.
Role in Cellular Stress Defense
The importance of prefoldin-dependent regulation of gene expression became eminent under cellular stress conditions. The green fluorescent protein-tagged Pfd1 exhibited an increase in nuclear staining when cells were shifted to a restrictive growth temperature (Millan-Zambrano et al., 2013). This finding in yeast was consistent with studies in plants that investigated the regulated migration of prefoldin from the cytoplasm to the nucleus (Locascio et al., 2013). Here, the shuttling of plant prefoldin complex depended on the interaction of PFD3 and PFD5 with the transcriptional regulator DELLA under conditions of environmental and endogenous cue exposure (Figure 3A). A mutant of Arabidopsis that harbored deletions of all six prefoldin subunits was viable, and loss of the prefoldin complex did not significantly alter plant development under normal growth conditions. The prefoldin complex knockout mutant performed better than the wild type under osmotic stress conditions (Blanco-Touriñán et al., 2021). This indicates that prefoldin is needed to respond to stress conditions and/or environmental changes. Consistent with recent findings in plants are findings in yeast, in which Pfd3 (also called Gim2 or Pac10), Pfd4 (also called Gim3), and Pfd1 (also called Gim6) were shown to be involved in oxidative and osmotic stress-activated transcription (Amorim et al., 2017) (Figure 3B).
[image: Figure 3]FIGURE 3 | Prefoldin complex is involved in transcriptional regulation upon cellular stress. (A) In Arabidopsis, endogenous and environmental stimulators control the growth rate of a plant by inducing the DELLA-mediated accumulation of prefoldin complex in the cell nucleus. PFD3 and PFD5 interact directly with DELLA, but integrity of the prefoldin complex during the translocation remains unaffected. In the nucleus, prefoldin complex or some of its subunits activate the transcription of α-tubulin encoding genes (TUA). (B) In response to exposure of yeast Saccharomyces cerevisiae to stress stimuli such as restrictive temperature, oxidative and osmotic stress, Pfd1, Pfd3 and Pfd4 subunits localize to the nucleus to facilitate the transcription elongation of some stress-response genes. Pfd1, Pfd3 and Pfd4 may form a distinct complex from the hexameric prefoldin complex because the absence of other prefoldin subunits and consequent disruption of the prefoldin complex does not suppress the stress response in S. cerevisiae.
The deletion of prefoldin also affected yeast viability upon exposure to other exogenous stressors. A genome-wide screen of haploid deletion mutants found that subunits of the prefoldin complex were among the most sensitive mutants to arsenite treatment (Pan et al., 2010). Exposure to high temperatures decreased the growth of a PFD5 deletion mutant in yeast (Gestaut et al., 2019). The induction of endoplasmic reticulum stress by thapsigargin treatment decreased cell viability in the absence of the prefoldin complex in mammalian cells (Abe et al., 2013). These stressors generally increase proteostatic stress in the cell, which might be an indication that prefoldin is required for the maintenance of protein homeostasis under conditions of high protein burden.
Influence on Protein Turnover and Quality Control
Protein turnover defines the balance between protein production and protein degradation. Importantly, the correct folding of newly synthesized polypeptides is a limiting factor of both fundamental cellular processes (Rothman, 2010). Defects in the folding process can stall translation and require an increase in the removal of unfolded or misfolded proteins from the cell (Goldman et al., 2015). Nascent chains that emerge from the actively translating ribosome are passed to chaperones of the ribosome-associated complex (RAC) and nascent polypeptide-associated complex (NAC), which assist the folding of ∼70% of polypeptides (Balchin et al., 2016). Downstream of ribosomes (i.e., the hub of the chaperone network), Hsp70, together with Hsp40s, folds ∼20% of the proteome (Balchin et al., 2016). Ten percent of these proteins are passed further downstream to multi-domain cylindrical complexes, group II chaperonins [TRiC/CCT; Hsp60 chaperones in archaea and the eukaryotic cytosol (Thulasiraman et al., 1999; Yam et al., 2008);]. Some proteins bypass Hsp70 and are directly transferred to chaperonins via the prefoldin chaperone complex (Balchin et al., 2016) (see also Figure 1). The prefoldin structure was determined in archaea, revealing a jellyfish-shaped complex where the six subunits form six long coiled coils that are attached to a base of β barrels (Leroux et al., 1999; Fandrich et al., 2000; Siegert et al., 2000; Ohtaki et al., 2008). Biochemical experiments and low-resolution electron microscopy studies confirmed this structural arrangement for human prefoldin (Martin-Benito et al., 2002; Simons et al., 2004; Aikawa et al., 2015; Gestaut et al., 2019). In eukaryotes, charged residues in the distal end of coiled coils of certain prefoldin subunits bind to actin and tubulin, and defined residues in each of these substrates are necessary for this interaction. Thus, prefoldin binding is specific and may involve the combinatorial binding of different subunits for different targets. However, in contrast to archaeal prefoldin, which was shown to interact with numerous non-native substrates (Arranz et al., 2018), knowledge of the substrate landscape in eukaryotic prefoldin is limited. Interestingly, genome-wide genetic interaction screens in yeast revealed a large variety of genes that when deleted in the background of deletions of single prefoldin subunits result in a synthetic lethal phenotype (Goehring et al., 2003; Krogan et al., 2003; Tong et al., 2004; Friesen et al., 2006; Mitchell et al., 2008). This might indicate that prefoldin has a broader cellular function than previously anticipated.
A few findings suggest a link between the prefoldin complex and the removal of proteins that are targeted to the proteasome (Abe et al., 2013; Comyn et al., 2016) (Figure 4A). In a mammalian cell culture model, the prefoldin complex co-localized with ubiquitinated proteins that were found in aggregates upon proteasome inhibition. Intriguingly, lower levels of the prefoldin complex resulted in the higher accumulation of poly-ubiquitinated proteins that were resistant to detergent. This effect depended on concomitant inhibition of the proteasome. A decrease in prefoldin function that was associated with an insufficient protein degradation system most likely overwhelmed the cellular proteostasis system, consequently leading to an increase in cell death (Abe et al., 2013).
[image: Figure 4]FIGURE 4 | Role of prefoldin complex in protein quality control and degradation. (A) Prefoldin is required for polypeptides to gain native fold and loss of prefoldin function causes protein misfolding. Misfolded proteins that cannot be refolded are polyubiquitinated. Prefoldin complex co-localizes with the polyubiquitinated proteins and presumably facilitates their degradation by the ubiquitin-proteasome system. (B) Prefoldin complex prevents aggregation of α-synuclein at initial steps of oligomerization. If α-synuclein oligomers form aggregates, they will be ubiquitinated and in proximity to prefoldin complex delivered to the lysosome in which aggregates can be degraded in an autophagy-dependent manner.
Overexpression of the prefoldin complex lowered levels of detergent-insoluble ubiquitinated protein species upon proteasome inhibition, but this conferred only a minimal beneficial effect on cell viability. A mouse model that expressed PFDN5 with a point mutation (MM-1α/PFDN5) showed normal PFDN5 expression and no detectable differences in expression of the prefoldin complex (Lee et al., 2011). However, cells that were derived from this MM-1α/PFDN5 mouse model accumulated more poly-ubiquitinated proteins and were more sensitive to proteasome inhibition. Superficially, no defect in the prefoldin complex was observed, but amino acid substitution in PFDN5 changed the structure of the subunit and altered its affinity for substrates (Abe et al., 2013). These findings demonstrated that the prefoldin complex is an important component of the protein quality control system and performs functions beyond simply acting as a co-translational holdase of newly synthesized polypeptides of cytoskeletal proteins. However, the mechanistic role of the prefoldin complex with regard to the proteasome remained unclear.
Revealing the extended landscape of prefoldin substrates in eukaryotes could shed light on the function of prefoldin during stress conditions, such as limited availability of the protein degradation system. To identify factors that promote the proteasomal degradation of misfolded proteins in yeast, the function of Pfd4 was characterized (Comyn et al., 2016). In the absence of PFD4, the model protein Guk1-7, which is thermally unstable and is a substrate of the proteasome, were partially protected from degradation. The inhibition of Guk1-7 turnover occurred independently of functionality of the proteasome complex and its ubiquitination levels. Importantly, Pfd4 was shown to interact with the mutant form of Guk1 but not the wildtype version. Thus, Pfd4 acts as a holdase for Guk1-7 to ensure its solubility. In the absence of PFD4, Guk1-7 localized in distinctive foci that were also positive for the aggregation markers Hsp42 and Hsp104. Other thermosensitive alleles were also tested. Different prefoldin subunits stabilized various model proteins to different extents. This indicates that each prefoldin subunit has differential affinity for their substrates (Comyn et al., 2016). This work opens the field for further exploration of a wider range of substrates. Much more work is needed to decipher interactions between single prefoldin subunits and specific substrates and substrate classes. Moreover, remaining unclear are whether the function of this holdase depends on a functional prefoldin complex or whether individual subunits act independently from their incorporation in the complex.
The involvement of the prefoldin complex and individual prefoldin subunits in protein quality control seems convincing, but unclear are how its function changes from being a canonical co-translational holdase to a translation-independent chaperone with holdase and disaggregase activity and whether this non-canonical function is independent of TRiC/CCT. Inhibition of the proteasome results in lower levels of amino acids, which in turn activates the integrated stress response. This universal response to unfavorable environmental conditions results in the attenuation of global translation by phosphorylation of eukaryotic initiation factor 2α (eIF2α) (Suraweera et al., 2012). Under such cellular conditions, co-translational chaperones might be free to perform other cellular tasks. Such a scenario was described for the ribosome-associated NAC and RAC-Ssb chaperone systems (Olzscha et al., 2011; von Plehwe et al., 2009; Wang et al., 2009).
Implication in the Amelioration of Disease-Associated Protein Aggregation
Given the emerging role of prefoldin as a factor in maintaining protein solubility under physiological and cellular stress conditions, consistent observations have been made in model systems in which prefoldin can protect from toxic aggregates that are linked to human diseases.
The knockdown of PFDN2 in undifferentiated neuronal cells increased the formation of aggregates of polyQ stretches and polyQ-expanded huntingtin (HTT), gene defects that are related to the neurodegenerative Huntington’s disease (Tashiro et al., 2013). The knockdown of PFDN5 also affected aggregation but to a much lesser extent. Importantly, only the aggregation of pathogenic forms was enhanced and not healthy forms. The knockdown of PFDN2 or PFDN5 did not influence the expression of other chaperones, such as HSP70, HSC70, HSP40, and CCTα, suggesting that prefoldin could be a limiting factor to prevent aggregate formation. The overexpression of prefoldin reduced the aggregated form of pathogenic huntingtin. In vitro single-molecule observation by total internal reflection fluorescence microscopy showed that prefoldin suppressed the dimer-to-tetramer stage of HTT aggregation. This indicates that prefoldin inhibits the elongation stage of large oligomers of pathogenic HTT rather than inclusion formation per se (Tashiro et al., 2013).
Similar to HTT aggregation, the formation of α-synuclein aggregates increased upon the knockdown of prefoldin expression in a neuronal cell culture model (Takano et al., 2014). Moreover, ubiquitinated forms of fluorescently tagged wildtype and mutant α-synuclein co-localized with prefoldin (Figure 4B). This observation is consistent with the finding that prefoldin co-localizes with poly-ubiquitinated protein species (Abe et al., 2013). The co-localization of α-synuclein with prefoldin was detected in the lysosome, an organelle that can mediate α-synuclein clearance under normal conditions but also under conditions of high protein burden (Mak et al., 2010). Notably, only a small percentage of prefoldin was detected in the lysosome, whereas most remained in the cytoplasm. One unanswered question is whether the effect of prefoldin knockdown on α-synuclein aggregation and toxicity is a direct effect or a consequence of exhaustion of overall folding capacity of the cell. In either case, this work demonstrates that prefoldin might assist with the transfer of misfolded proteins to the autophagy-dependent degradation pathway (Takano et al., 2014) (Figure 4B).
The effect of prefoldin on the oligomerization of amyloid-β (Aβ) peptides was also investigated. The fibrillation of Aβ was inhibited in the presence of archaeal prefoldin (Sakono et al., 2008). A similar observation was made in an in vitro model (Sorgjerd et al., 2013). Deposits of Aβ are found in the brain cortex and hippocampus. Prefoldin was detected in both brain regions, but its expression was elevated in a mouse model that exhibited an increase in Aβ deposition. Amyloid-β cytotoxicity was reduced in a cell culture model when Aβ oligomers were formed in the presence of human prefoldin. However, the addition of recombinant human prefoldin did not prevent the toxic effect of preformed toxic Aβ oligomers lending further weight to the hypothesis that prefoldin acts on pre-oligomeric misfolded species (Sorgjerd et al., 2013).
In contrast to higher prefoldin expression in brain regions that exhibit an increase in Aβ deposition, a mouse model that expressed a mutant version of Tau exhibited a decrease in PFDN5 expression, which was age-dependent (Kadoyama et al., 2019).
Little is known about prefoldin function during biological aging. However, considering accumulating evidence that prefoldin function can have beneficial effects on the aggregation and toxicity of proteins that are linked to age-associated diseases, further efforts need to be made to elucidate the potential role of prefoldin during aging. The nematode Caenorhabditis elegans was proven to be a useful model organism for understanding the biology of aging. In C. elegans, prefoldin is essential in early development of the embryo because of the need for cytoskeletal structures (Lundin et al., 2008). The use of RNA interference (RNAi) technology allows the knockdown of genes in C. elegans. RNAi against prefoldin subunits is lethal when applied throughout development of the worm. RNAi targeting at later stages of development allows the observation of phenotypes in adult worms. The knockdown of pfd-6 did not alter lifespan per se, but pfd-6 was partially necessary for the long-lived phenotype of a daf-2 mutant of the insulin/insulin-like growth factor 1 (IGF-1) pathway (Son et al., 2018). Essentially, this effect was dependent on heat shock factor 1 (HSF-1) and forkhead box O (FOXO/DAF-16) transcription factors, which mediate lifespan extension in daf-2 mutant animals. Moreover, the action of HSF-1 increased the expression of PFD-6 protein levels, possibly by activating the expression of hsp-70 and hsp-90, which in turn bind and stabilize PFD-6. PFD-6 expression in the daf-2 mutant was necessary for the upregulation of a subset of DAF-16 target genes in daf-2 mutants. The role of PFD-6-dependent lifespan extension in daf-2 mutants is likely related to its non-canonical function in the R2TP (Rvb1-Rvb2-Tah1-Pih1)/prefoldin-like complex rather than the canonical prefoldin complex (Son et al., 2018). This single study in C. elegans demonstrates that we are only in the incipient stages of understanding prefoldin function within a stress-loaded milieu, such as during aging. Much more work needs to be dedicated to unravelling stress-dependent functions of prefoldin.
IMPLICATIONS OF PREFOLDIN IN PATHOLOGICAL CONDITIONS
Cytoskeletal proteins, such as actin and tubulin, are fundamental to some cellular processes, such as signal transduction, macromolecular trafficking, cell migration, and cell division (Small et al., 1999). Given the role of the prefoldin complex in the biogenesis of cytoskeletal proteins and its additional roles in the cell nucleus (Millan-Zambrano and Chavez, 2014), the prefoldin complex has been speculated to contribute to various disorders. The abnormal expression and function of the prefoldin complex are linked with various disorders, including neurodegenerative diseases, cancer, and viral infections (Figure 5 and Table 2).
[image: Figure 5]FIGURE 5 | Overview of prefoldin-mediated diseases in humans and mouse models. Prefoldin subunits are involved in various pathologies other than cancer. PFDN2 and PFDN5 were linked with neurodegenerative diseases. PFDN2 and PFDN3 mediate some virus infections. Moreover, prefoldin subunits have distinct roles in the progression of rare anomalies. Changes in prefoldin subunit regulation in human diseases are indicated with arrowhead (green, upregulation; violet, downregulation).
TABLE 2 | Altered expression of prefoldin subunits in human cancer.
[image: Table 2]Neurodegenerative Diseases
Neurodegenerative diseases are characterized by the progressive dysfunction of specific neurons and loss of their connections, mainly through the formation of long-insoluble protein fibrils and aggregates (Vaquer-Alicea and Diamond, 2019). Alzheimer’s disease is a major neurodegenerative disease that is characterized by progressive memory failure and age-related dementia, which are mainly caused by the aggregation of Aβ protein and formation of amyloid plaques in brain cells (Guo et al., 2020). Autopsies of human brain tissues and cDNA microarray analysis revealed the upregulation of PFDN2 transcript in Alzheimer’s disease brains compared with controls (Loring et al., 2001). The association between the prefoldin complex and Alzheimer’s disease was also confirmed by single-nucleotide polymorphism analysis and pathway assays (Broer et al., 2011). Interestingly, a study analyzing human whole blood mRNA expression data revealed downregulation of PFDN5 in samples of Alzheimer’s patients, which could suggest a link to increased toxicity of Aβ (Tao et al., 2020). The prefoldin complex has also been shown to exert a protective effect against the pathogenesis of Huntington’s disease, a progressive neurodegenerative disorder, among a large family of proteopathies. Repeats of the CAG codon (which encodes glutamine) that are greater than 40 in exon 1 of the huntingtin gene elevate the risk of Huntington’s disease at age 65 (Langbehn et al., 2004; Langbehn et al., 2019). The extension of polyglutamine regions alters the length and oligomerization of pathogenic huntingtin that subsequently form β-sheet-rich fibrils and large toxic aggregates (Davies et al., 1997; DiFiglia et al., 1997). Unexpectedly, transgenic mice that carried an integrated human HTT gene with 300 CAG repeats (Q300) had a prolonged lifespan and longer disease onset compared with their parental mice with shorter CAG repeats (Q150). Transcription studies revealed that phenotype amelioration in Q300 mice was associated with the overexpression of Pfdn5 and other genes that are involved in protein folding and localization (Tang et al., 2011). These genes could be therapeutic targets for improving symptoms of Huntington’s disease.
PFDN2 has been suggested to be involved in the pathogenesis of the most common neurodegenerative disease, Parkinson’s disease. miR-153–3 p microRNA downregulated α-synuclein, one protein that is associated with Parkinson’s disease, and decreased the abundance of PFDN2 in neuronal SH-SY5Y cells (Patil et al., 2015), suggesting a possible link between Parkinson’s disease and the prefoldin complex.
Cancer
Cancer refers to a group of disorders that are caused by the uncontrolled division of cells that may start in every organ of the body and, in severe cases, spread to other organs (Hausman, 2019). Several studies reported the contribution of the prefoldin complex and its subunits to the onset and progression of some cancers (Table 2) (Liang et al., 2020; Herranz-Montoya et al., 2021). Higher prefoldin expression was observed in cancer cell lines compared with non-cancerous cells (Boudiaf-Benmammar et al., 2013). Additionally, all prefoldin subunits were found to be involved in the development of gastric cancer (Yesseyeva et al., 2020).
The role of cytoskeleton remodeling in cancer metastasis has been confirmed by numerous studies (Aseervatham, 2020). Therefore, one can speculate that prefoldin mediates cancer progression through its role in cytoskeletal proteostasis. Much evidence confirmed that high PFDN1 expression is associated with the metastasis and poor prognosis of gastric cancer, lung cancer, and colorectal cancer (Wang P. et al., 2015; Wang et al., 2017; Zhou et al., 2020; Kwon et al., 2021). High levels of PFDN1 activates the epithelial-mesenchymal transition (EMT), which is necessary for the initiation of metastasis. The mechanism by which PFDN1 initiates activation of the EMT is different in various tumors. For example, in gastric cancer cells, PFDN1 activates alterations of the EMT through Wnt/β-catenin signaling (Zhou et al., 2020). In lung tumors, PFDN1 contributes to growth and metastasis by suppressing the transcription of cyclin A. PFDN1 directly interacts with the cyclin A promoter at the transcription initiation site and inhibits cyclin A expression, which eventually activates the EMT and facilitates the migration of lung cancer cells (Wang et al., 2017). A study of PFDN1 mRNA and protein levels in clinical specimens from patients with colorectal cancer showed higher levels of PFDN1 in colorectal cancer samples, particularly the invasive form of the disease, compared with healthy tissues. PFDN1 promotes the proliferation and metastasis of colorectal cancer by maintaining cytoskeletal proteins, particularly F-actin and α-tubulin (Wang P. et al., 2015). Clinical specimens of non-small cell lung cancer revealed that the overexpression of PFDN1, PFDN3, and PFDN5 are significantly associated with higher mortality and metastasis in non-small cell lung cancer (Peñate et al., 2020). In contrast, microarray data revealed that PFDN1 had stable expression levels in nasopharyngeal carcinoma samples, making it a suitable reference gene for expression studies (Guo et al., 2010).
PFDN1 functions as a tumor promoter, and its inhibition has a favorable effect in controlling the progression of some cancers. PFDN1 has been proposed as a target for the treatment of lung cancer (Wang et al., 2017). The silencing of PFDN1 decreased the expression of downstream proteins of Wnt/β-catenin signaling, suggesting that PFDN1 may be a specific target to attenuate the development of gastric cancer (Zhou et al., 2020). PFDN1 may also be a diagnostic biomarker and potential candidate for the treatment of colorectal cancer (Wang P. et al., 2015).
PFDN2 is located on chromosome 1q23.3, and increases in its copy number are associated with a poor prognosis and treatment outcome of urothelial carcinoma (López et al., 2013; Riester et al., 2014). The amplification and overexpression of PFDN2 were detected in high-grade tumors of the bladder. Additionally, high levels of PFDN2 were detected in urinary specimens from bladder cancer patients, suggesting that it may be a biomarker for prognosis, tumor staging, and clinical outcome (López et al., 2013). PFDN2 has been shown to interact with most α-tubulin and β-tubulin isoforms, and its genetic alterations are detected in 20% of breast tumors (Nami and Wang, 2018). Several studies indicated an association between PFDN2 and liver cancer. The alteration of one actin isoform, κ-actin, was discovered in some hepatocellular carcinoma tissues, with a decrease in its interaction with PFDN2. κ-Actin rearranges the actin cytoskeleton by replacing β-actin and becoming a dominant component of the actin cytoskeleton in cancerous hepatoma tissues (Chang et al., 2006). Interactions between F protein in hepatitis C virus with PFDN2 promote chronic infection (Tsao et al., 2006), which is known as a predominant risk factor for hepatocellular carcinoma (El-Serag, 2012; Dash et al., 2020). Additionally, alterations of histone deacetylase 1 protein expression were found in hepatocellular carcinoma, and this protein was shown to interact with prefoldin subunits in HepG2 human liver cancer cells (Farooq et al., 2013).
Low levels of the prefoldin complex, particularly the PFDN3 subunit, are associated with the severe phenotype of von Hippel-Lindau (VHL) syndrome (Chesnel et al., 2020). von Hippel-Lindau syndrome is a dominant cancer syndrome that predisposes to various familial or sporadic neoplasms of the central nervous system, adrenal glands, pancreas, retina, and kidney, including clear cell renal cell carcinoma. VHL syndrome is reviewed elsewhere (Varshney et al., 2017). von Hippel-Lindau syndrome is caused by mutations of the VHL tumor suppressor gene and the subsequent loss of its native protein product, pVHL. Tsuchiya and colleagues initially isolated PFDN3, also called von Hippel-Lindau binding protein 1 (VBP1), as a C-terminal binding partner of pVHL (Tsuchiya et al., 1996). PFDN3 was shown to stabilize pVHL and contribute to the pVHL-mediated degradation of hypoxia-inducible factor-1α, ultimately leading to the suppression of cancer metastasis (Kim et al., 2018). Although the main focus of the study by Kim and colleagues was on the PFDN3 subunit, recent research confirmed that the whole prefoldin complex is required to protect pVHL against aggregation. Lower levels of PFDN3 reduce stabilization of the whole prefoldin complex, eventually leading to the poor survival of clear cell renal cell carcinoma patients who harbor VHL missense mutations (Chesnel et al., 2020).
PFDN4, also known as protein C-1, was initially described as a transcription factor that regulates the cell cycle (Iijima et al., 1996). The expression of PFDN4 is regulated by TWIST transcription factor, which plays an important role in the tumorigenesis and metastasis of gastric cancer. The silencing of TWIST increased PFDN4 gene expression levels in gastric cancer cell lines, indicating that PFDN4 might be related to gastric cancer (Feng et al., 2009). Accumulating evidence shows that the genetic locus of PFDN4 confers potential susceptibility to breast cancer. The PFDN4 gene is located on chromosome 20q13.2. A human genome sequence analysis of the 1.2 Mb amplified region of chromosome 20q13.2 showed that the PFDN4 gene is located in the breast cancer amplicon. Amplification of this chromosome region increased PFDN4 expression, suggesting that PFDN4 is an oncogene that is associated with the development of breast cancer (Collins et al., 2001). However, quantitative polymerase chain reaction analysis of archival tissue samples from 54 patients with invasive ductal carcinoma of the breast did not show the significant overexpression of PFDN4 in breast tumors (Born et al., 2005). These disparate results indicate the need for further studies to elucidate the role of PFDN4 in the development of breast cancer.
The gain of whole chromosome 20q or specific regions therein also plays a role in progressive hepatocellular carcinoma. Analyses of copy number variations of chromosome 20q in hepatocellular carcinoma tumor samples and expression studies revealed that 20q13.12–13.33 gain correlates with the invasiveness of hepatocellular carcinoma. Moreover, PFDN4 is among the genes whose higher expression is associated with a greater risk of extrahepatic metastasis and poor survival (Wang D. et al., 2015). Surgical specimens from 129 patients with colorectal cancer were assessed by Miyoshi et al. (2010) to determine PFDN4 expression and its correlation with clinicopathological futures of colorectal cancer. Higher PFDN4 expression was associated with better survival in colorectal cancer patients. This suggests that in the context of colorectal cancer, PFDN4 functions as a tumor suppressor and may serve as a marker of favorable prognosis (Miyoshi et al., 2010). In breast and liver cancers, high PFDN4 expression promoted carcinogenesis, suggesting that it is an oncogene (Collins et al., 2001; Wang D. et al., 2015). These findings indicate that the impact of PFDN4 in the development of various cancers is tissue-specific.
PFDN5, also known as Myc modulator 1 (Mm-1), was shown to inhibit the transcriptional activity of c-MYC through various mechanisms (Mori et al., 1998; Yoshida et al., 2008). PFDN5 has been suggested to have a tumor-suppressing function. PFDN5 deficiency was shown to be associated with leukemia, lymphoma, and tongue cancer in humans and mammary cancer in canines (Fujioka et al., 2001; Hennecke et al., 2015).
The results of a cDNA microarray analysis of clinical colorectal cancer samples suggested that PFDN5 may be a useful tumor histology and prognosis marker (Tsunoda et al., 2003). The high expression of an alternative splicing variant of PFDN5 was detected in malignant thyroid neoplasms compared with benign lesions and normal thyroid tissues (Guimarães et al., 2006). Moreover, low PFDN5 expression was found to correlate with advanced parathyroid hyperplasia (Santamaría et al., 2005).
The low protein and mRNA expression of PFDN6 was reported to be associated with resistance to the chemotherapy drug dexamethasone in pediatric acute lymphoblastic leukemia. Additionally, low mRNA levels of PFDN6 were detected in bone marrow samples from high-risk cases of pediatric acute lymphoblastic leukemia compared with the low risk and control healthy groups, suggesting that PFDN6 may be a predictive and treatment biomarker of pediatric acute lymphoblastic leukemia (Dehghan-Nayeri et al., 2017).
Viral Infections
Prefoldin subunits were found to promote some viral infections. The co-chaperone function of the prefoldin complex can be utilized to accelerate the folding of reovirus capsid protein (Knowlton et al., 2021). Reoviruses are rarely pathogenic in early human life but are associated with infection of the respiratory system (Jackson and Muldoon, 1973) and central nervous system (Tyler, 1998), gastroenteritis (Giordano et al., 2002), and celiac disease (Bouziat et al., 2017). The prefoldin complex was shown to augment the TRiC-mediated folding of σ3 reovirus capsid protein and enhance efficiency of σ3/μ1 assembly to form a heterohexameric proteinic capsid (μ13σ33). In this process, PFDN2 directly interacts with reovirus σ3 protein (Knowlton et al., 2021) (Figure 6A). Frameshift protein (F protein) of hepatitis C virus has been shown to bind to PFDN2 and impair function of the prefoldin complex. The F protein-PFDN2 interaction disturbs organization of the tubulin cytoskeleton, subsequently leading to the attenuation of hepatitis C virus replication and onset of chronic infection (Tsao et al., 2006) (Figure 6B).
[image: Figure 6]FIGURE 6 | Prefoldin is linked to viral infections. (A) PFDN2 subunit of the prefoldin complex interacts with reovirus σ3 protein and increases the efficiency of TRiC/CCT -mediated μ13σ33 assembly, which promotes reovirus infection. (B) The Hepatitis C virus (HCV) F protein interacts with PFDN2 and disturbs the normal function of prefoldin complex in microtubule organization. This leads to persistence of virus in chronic HCV infection. (C) PFDN3 specifically interacts with HIV-1 integrase (IN) and mediates its interaction with cullin 2/VHL (Cul2/VHL) ubiquitin ligase, which subsequently leads to integrase “polyubiquitination” and proteasome-dependent degradation. This process promotes HIV-1 gene expression at a post-integration step.
PFDN3 has been shown to play a role in human immunodeficiency virus (HIV) infection. HIV-1 viral integrase is required for the integration of proviral DNA into the host genome, but after integration it remains bound to proviral DNA. PFDN3 was shown to bind to the viral integrase (Rain et al., 2009) and mediate its degradation through the ubiquitin-proteasome pathway, which facilitates the transcription of a viral gene. The prefoldin complex and cullin2/VHL ubiquitin ligase are required for appropriate expression of the HIV-1 gene and its post-integration replication (Mousnier et al., 2007) (Figure 6C).
Autoimmune Response and Other Diseases
Clinical research has focused on the implications of prefoldin in tumor progression and as a diagnostic biomarker, but other medical conditions have also been related to prefoldin. Results of a mouse study showed that the loss of PFDN1 caused severe phenotypes that were related to cytoskeletal deficiencies, such as lymphopoiesis defects, neuronal loss, and ciliary dyskinesia (Cao et al., 2008). High plasma levels of PFDN2 antibody were reported in patients with type 2 diabetes, especially young adults, suggesting that it may be a clinical biomarker for this disease (Chang et al., 2017). PFDN3 is known to control the level of MutS homologue 4 (MSH4) protein by promoting its poly-ubiquitination in mitotic cells and subsequent degradation (Xu and Her, 2013). MSH4 is essential for meiotic recombination and proper gametogenesis. Lower expression levels of MSH4 were reported to be linked with human male infertility and primary ovarian insufficiency in women (Carlosama et al., 2017; Tang et al., 2020). A genome-wide association study found that the PFDN4 gene was a novel disease-susceptibility locus for atopic dermatitis, an inflammatory skin disorder, in the Japanese population (Hirota et al., 2012). To identify a diagnostic biomarker for uveitis in ankylosing spondylitis, an inflammatory disorder that usually affects the axial spine, Kwon et al. found higher serum levels of anti-PFDN5 antibody in ankylosing spondylitis patients with uveitis. The upregulation of PFDN5 was also confirmed in ocular lesions in a mouse model of this disorder, which was associated with high serum levels of anti-PFDN5 autoantibody. In uveitis, PFDN5 upregulation might be involved in protecting retinal cells against cell death. These observations indicate that serum levels of anti-PFDN5 antibody could be a predictive marker of the development of uveitis in ankylosing spondylitis patients (Kwon et al., 2019).
The PFD6 subunit of Plasmodium falciparum (Pf), a eukaryotic parasite that causes malaria, promotes its pathogenesis. Merozoite surface protein-1 (MSP-1) of Pf plays an essential role in the binding of merozoites to human erythrocytes and infecting erythrocytes. Pf PFD6 was shown to interact with MSP-1 suggesting that Pf PFD6 might stabilize and assist the trafficking of MSP-1, which indirectly promotes erythrocyte invasion and pathogenicity of malaria (Kumar et al., 2020).
PREFOLDIN AS A PROMISING CANDIDATE IN NANOMEDICINE
Several studies investigated the ability of the prefoldin complex to serve as a nanorobot for the intelligent delivery of nano cargo, such as nano drugs. The special structure of prefoldin, which consists of six long coiled-coil tentacles with a flexible central cavity, and the fact that it does not need to utilize ATP to capture and deliver substrates make it an attractive candidate for designing a nano actuator. By introducing amino acid substitutions, a novel prefoldin nano actuator (PNA) was designed that could manipulate hydrophobic nano cargo and inhibit the formation of pathogenic Aβ oligomers. The latter ability suggests that the designed PNA can be effective for the treatment of Alzheimer’s disease (Sacks et al., 2018). The binding and release of nano cargo to the PNA cavity can be controlled by pH and temperature. High temperature decreases the area of the central cavity without affecting the overall conformation of prefoldin. The central cavity of PNA is able to capture a positively charged nano cargo at neutral pH and release it at acidic pH (Ghaffari et al., 2012; Shokuhfar et al., 2012). Given the higher temperature and lower pH of the tumor microenvironment compared with normal tissues (Zhang W. et al., 2020), utilization of the PNA may be a site-specific therapeutic strategy whereby an anti-tumor drug is released only at the tumor site while other normal tissues remain unaffected.
PERSPECTIVES
The molecular co-chaperone prefoldin is a multifaceted protein complex, but the molecular pathways to which it is linked remain poorly described. The diverse involvement of prefoldin in various interconnected cellular functions, ranging from transcriptional regulation to co-translational holdase and post-translational degradation processes, hamper rapid progress in this research field. One future research direction will be to elucidate the cellular and environmental conditions that allow the prefoldin complex to switch between its various functions. Understanding the involvement and regulation of prefoldin under both acute and chronic stress conditions requires further effort. Accumulating evidence suggests that specific prefoldin subunits have functions that are separate from the canonical complex. It is unclear how the balance between formation of the complex and functions of single subunits is regulated. Proteomics approaches that compare landscapes of prefoldin subunit interactions with each other could shed light on independent subunit functions. Pleiotropic positive and negative genetic interactions that are revealed in large-scale screens, mostly in yeast, suggest the existence of extended prefoldin interactors. More efforts should be made to determine whether prefoldin can fulfil its functions without its downstream chaperone TRiC/CCT. Other chaperones could also function together with prefoldin or direct the role of prefoldin under certain cellular conditions.
Finally, the prefoldin complex and its subunits appear to be promising for the discovery of biomarkers for human diseases, including various cancers. More basic research is needed to understand the cause of alterations of prefoldin regulation under pathological conditions to verify whether prefoldin can be a target for treating these diseases.
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Maintenance of the cellular proteome or proteostasis is an essential process that when deregulated leads to diseases like neurological disorders and cancer. Central to proteostasis are the molecular chaperones that fold proteins into functional 3-dimensional (3D) shapes and prevent protein aggregation. Chaperonins, a family of chaperones found in all lineages of organisms, are efficient machines that fold proteins within central cavities. The eukaryotic Chaperonin Containing TCP1 (CCT), also known as Tailless complex polypeptide 1 (TCP-1) Ring Complex (TRiC), is a multi-subunit molecular complex that folds the obligate substrates, actin, and tubulin. But more than folding cytoskeletal proteins, CCT differs from most chaperones in its ability to fold proteins larger than its central folding chamber and in a sequential manner that enables it to tackle proteins with complex topologies or very large proteins and complexes. Unique features of CCT include an asymmetry of charges and ATP affinities across the eight subunits that form the hetero-oligomeric complex. Variable substrate binding capacities endow CCT with a plasticity that developed as the chaperonin evolved with eukaryotes and acquired functional capacity in the densely packed intracellular environment. Given the decades of discovery on the structure and function of CCT, much remains unknown such as the scope of its interactome. New findings on the role of CCT in disease, and potential for diagnostic and therapeutic uses, heighten the need to better understand the function of this essential molecular chaperone. Clues as to how CCT causes cancer or neurological disorders lie in the early studies of the chaperonin that form a foundational knowledgebase. In this review, we span the decades of CCT discoveries to provide critical context to the continued research on the diverse capacities in health and disease of this essential protein-folding complex.
Keywords: cytoskeleton, cell cycle, cancer, neurological disorder, chaperonin, proteostasis
INTRODUCTION
Keeping proteins in the correct shape and properly folded depends on balanced protein homeostasis that is essential for the growth and survival of cells. Failure of the quality control mechanisms that maintain the cellular proteome and regulate the synthesis, folding, trafficking, and degradation of proteins is a hallmark of disease. Neurodegenerative disorders may be a consequence of proteostasis deficiency, while cancer could result from enhanced proteostasis capacity (Powers et al., 2009). Key structural studies of molecular chaperones in the 1990s (Marco et al., 1993) revealed these as essential components of the network governing protein homeostasis. Though in vitro studies revealed much on the basic principles of protein folding, how proteins fold in the crowded in vivo cellular environment remains to be fully understood. Most small proteins spontaneously fold (Anfinsen, 1973), while large proteins that represent the majority of a cellular proteome depend on molecular chaperones to reach their native state (Bartlett and Radford, 2009).
Chaperome refers to the collective cellular folding machinery that includes chaperone, co-chaperone, and chaperonin (Wang et al., 2006). Often chaperones are activated by stress; for example, heat shock proteins (HSPs) are chaperones first described in response to heat shock (Lindquist and Craig, 1988). Major chaperone classes are categorized by their molecular weight, like HSP40, HSP70, or HSP90, and have functions, such as de novo protein folding, that support proteostasis (Hartl et al., 2011). Chaperonins are multi-component complexes [∼800–900 kilodalton (kDa)] that couple protein folding with adenosine 5′-triphosphate (ATP) hydrolysis or partner with co-factors like small HSPs and also prevent protein aggregation. Two major groups of chaperonins, group I and group II, are found in all lineages of organisms (bacteria, archaea, eukaryotes). The best studied group I chaperonin is GroEL-Gro-ES found in Escherichia coli (E. coli). The group II chaperonins include the archetypal Thermoplasma acidophilim α/β-thermosome and Methanococcus maripaludis chaperonin (Mm-Cpn) and the eukaryotic chaperonin, CCT, also known as TRiC. CCT, as is referred to herein, is a hetero-oligomeric chaperonin with a cylindrical structure composed of two stacked rings of eight subunits. While initial studies suggested that CCT folds 9–15% of the cellular proteome (Thulasiraman et al., 1999), other studies report that 7% or as little as 1% of the proteins in cells are CCT substrates (Yam et al., 2008; Willison, 2018). Indicative of its importance, deregulation of CCT is observed in cancer (Boudiaf-Benmammar et al., 2013; Roh et al., 2015; Vallin and Grantham, 2019), infectious diseases (Inoue et al., 2011; Bugnon Valdano et al., 2021) and neurodegenerative disorders (Pavel et al., 2016; Sot et al., 2017; Chen, 2019), suggesting a central role in the pathogenesis of these conditions. The early decades of CCT discoveries were focused on understanding CCT function, expression, and evolution. Obligate substrates, like actin and tubulin, were reported to interact with CCT along with a few non-cytoskeletal proteins. In the last decade, however, advances in proteomics and investigations into the role of CCT in disease prompted the discovery of new substrates and new activities. In this review, we will bridge discoveries from different eras to better understand the role of CCT in health and disease, addressing how CCT is formed and regulated, and in turn, modulates cellular processes through its distinctive structure and function.
The Evolution of Chaperonin Containing TCP1 in the Crowded Cellular Environment
The Structure of Chaperonin Containing TCP1 and Subunit Arrangement
CCT is a multi-oligomeric, double torus complex composed of eight subunits, termed CCT1-8 (yeast) or CCTα-θ (mammals) (Rommelaere et al., 1993; Kubota et al., 1994) (Figure 1A). Evolution of the eukaryotic chaperonin is the result of gene duplication and gene loss events that remain ongoing processes. The eight paralogous CCT subunits share high amino acid similarity (27–39% sequence identity) (Archibald et al., 2001), whereas CCT orthologues are conserved across species. Phylogenetic analysis suggested that different CCT subunit genes resulted from duplication events that happened early in the evolution of eukaryotes, then independently diverged to have a unique function that is maintained in most eukaryotes. CCTδ (CCT4), CCTε (CCT5), CCTα (TCP-1/CCT1), CCTβ (CCT2), and CCTη (CCT7) are the most recent results of gene duplication events (Kubota et al., 1994; Archibald et al., 2000; Archibald et al., 2001; Fares and Wolfe, 2003). CCT polypeptides vary in length from 531 to 556 residues, and in molecular weights from 52 to 65 kDa (Kubota et al., 1994). The ATP-binding domain is the most conserved across CCT subunits, while the substrate-binding domain varies across subunits (Kim et al., 1994; Kubota et al., 1994; Archibald et al., 2000).
[image: Figure 1]FIGURE 1 | Organization of the CCT complex. (A) Nomenclature for CCT subunits based on yeast and mammalian studies. (B) Model for structure of a CCT subunit with the major structural elements indicated in the apical, intermediate, and equatorial domains. NSL, nucleotide sensing loop; RSL: release loop for substrate. The model was made based on PDB:3KTT [atomic model of bovine CCT2 (Cong et al., 2010)]. (C) Ring structure organization of CCT subunits is shown based on PDB 5GW4 [Structure of Yeast NPP-TRiC (Zang et al., 2016)]. Top view shows the open ring conformation with subunits indicated as follows: CCT1 (black), CCT2 (blue), CCT3 (red), CCT4 (green), CCT5 (purple), CCT6 (cyan), CCT7 (grey), and CCT8 (yellow). Side views highlight the homotypic interactions between CCT2-CCT2 (blue) and CCT6-CCT6 (cyan).
Each CCT subunit assembles in a precise ring arrangement to form a cylindrical barrel with an enclosed chamber that supports a hydrophobic environment where substrate folding takes place. Each CCT subunit has three different domains: an apical domain that encloses the chamber and forms the substrate-binding site, an equatorial domain that forms the wall of the folding chamber, is involved in ring-ring interactions, and contains the ATP binding site, and an intermediate domain that connects the apical and equatorial domains (Figure 1B). Reports using a combination of methods (chemical cross-linking, mass spectrometry, and combinatorial modeling) revealed that CCT subunits are arranged in the ring in the following order: CCT4-2-5-7-8-6-3-1 (Leitner et al., 2012). The double ring complex displays a two-fold symmetry in which subunits CCT2 and CCT6 form a homotypic interface while the other subunits contact points on the heterotypic form (Figure 1C) (Leitner et al., 2012). The N-and C-termini of CCT subunits are buried inside the barrel to form a septum between the two chambers (Dekker et al., 2011b; Kalisman et al., 2013), with the exception of the N-terminus of CCT4 that protrudes towards the outside of the complex. This structural arrangement is evolutionally conserved as CCT4 is the only subunit with a conserved proline residue in the outward pointing N-terminus. The inner walls of the CCT folding chamber are hydrophilic, with a bipolar surface-charge distribution that is conserved as well, with the CCT5-2-4 side being positively charged while the CCT3-6-8 side is negatively charged (Leitner et al., 2012). The asymmetry of charge is among the features of CCT that may have evolved to provide specific solutions to the folding of proteins with complex topologies and assembly of large multi-protein structures.
The Assembly, Disassembly, and Degradation of Chaperonin Containing TCP1
The specific order of subunit assembly could be critical in achieving the desired function of a multi-component complex. An example is the Biedel Bradet Syndrome (BBS) subunits forming the BBSsome that is involved in ciliary membrane biogenesis. Assembly of BBS some is dictated by specific protein-protein interactions involving CCT subunits, and regulation could be at the level of the BBS-chaperonin complex formation (Zhang et al., 2012). Whether CCT assembles in a similar manner is unknown. Early studies involving the purification of CCT from yeast (Dekker et al., 2011a), bovine tissue (Ferreyra and Frydman, 2000), or mouse testes (Knee et al., 2013) advanced understanding of the structure and function of the chaperonin but provided few insights on assembly of the complex. The presence of CCT micro-complexes, ranging from 120 to 250 kDa, were detected in cells along with the intact hetero-oligomer, but were minor species and their importance was unclear (Liou and Willison, 1997). Subsequently, single CCT subunits were expressed in E. coli and sedimentation of CCT subunits by a sucrose gradient revealed that two of the CCT subunit proteins, CCT4 and CCT5, formed functional homo-oligomeric rings, while other subunits, CCT2, CCT3, CCT7, and CCT8, were observed as slowly sedimenting species suggestive of monomers, and CCT1 was bound to the ribosome (Sergeeva et al., 2013). Data from structural studies showing that CCT complexes usually contained all eight subunits, even when reconstituted from eight plasmids (Machida et al., 2012), indicated that CCT4 and CCT5 homo-oligomers may not have activities similar to hetero-oligomer, but could have intermediate functions, for example in the assembly process.
Expression data from early studies of CCT suggested that there was equal stoichiometry of CCT at the mRNA and protein level (Rommelaere et al., 1993; Kubota et al., 1999b). However, a body of evidence later suggested that some CCT subunits could be overexpressed under certain conditions, such as cancer cell proliferation (Boudiaf-Benmammar et al., 2013) or cell cycling (Yokota et al., 2001b). Hence, it is possible that transient populations of CCT-complexes composed of select subunits could exist. CCT4 and CCT5 subunits formed functional homo-oligomers in E. coli (Sergeeva et al., 2013), and CCT5 homo-oligomers had a similar structure as the hetero-oligomeric CCT complex (Pereira et al., 2017). The existence of monomeric CCT subunits in cells was reported in multiple studies, and these subunits may interact with other proteins. Hence, monomeric CCT subunits could incorporate into CCT4 or CCT5 homo-oligomers as an initiating step of complex assembly. This was tested in an E. coli model system in which CCT subunits were individually expressed with either CCT4 or CCT5 homo-oligomers to determine which CCT subunits were more likely to hetero-oligomerize with CCT4 or CCT5-based complexes (Sergeeva et al., 2019). With the exemption of CCT6, all CCT subunits were present in complexes when co-expressed with the CCT5 homo-oligomer, while the CCT4 homo-oligomer was the least effective in complex interactions, binding only CCT5 and CCT8. Based on these subunit-subunit interactions, sedimentation patterns, and previous structural data, a model for CCT complex assembly was proposed starting from the CCT5 homo-oligomer as a template or intermediate form. CCT subunits assemble onto the CCT5 homo-oligomeric ring in the order of CCT2 first, followed by CCT4, CCT1, CCT3, CCT7, CCT8, and lastly CCT6 (Sergeeva et al., 2019). This idea is supported by mass spectrometry analysis of human CCT purified from insect cells, in which CCT5 was the most stable subunit observed under chemical destabilization conditions, hence, the most likely to self-assemble or co-assemble with other subunits. Importantly, CCT5 formed dimers with all subunits except for CCT8 (Collier et al., 2021). However, since CCT subunits are independently transcribed in the crowded cellular environment, bringing together all the subunits for assembly could be challenging. Post-translational modifications (PTMs) that sequester CCT subunits in subcellular compartments would be a solution. S-palmitoylation is a PTM in which palmitic acid is attached to cysteines of proteins through a thioester bond, resulting in increased local hydrophobicity that drives associations with membranes and well as protein-protein interactions. Interestingly, most of the CCT subunits were found to be S-palmitoylated, with S-palmitoylation of CCT1, CCT2, CCT3, CCT4, and CCT5 experimentally proven (Blanc et al., 2015). Since S-palmitoylation is dynamic and reversible, it is intriguing to speculate that this PTM may help localize CCT subunits to membranes, like the endoplasmic reticulum, and facilitate the ordered assembly of CCT subunits onto a CCT5 template to form the hetero-oligomeric complex (Sergeeva et al., 2019).
Disassembly and degradation of the CCT complex are processes less well understood than assembly. Early studies performing in vitro translation reactions for the eight CCT subunits suggested that ring disassembly may not be a global process but rather occurs in one ring at a time during each protein-folding cycle to yield micro-complexes and monomers (Liou et al., 1998). Kinetics of the process further suggested that in the absence of a pre-existing template, assembly of the CCT complex would be too slow. Hence, a semiconservative model based on the disassembly of a single ring is likely to be thermodynamically favorable (Liou et al., 1998). Dissociation of CCT complexes into smaller micro-complexes and monomers was also observed under conditions of physiological levels of potassium (K+) and ATP (Roobol et al., 1999a). Implications are that CCT turnover may actively occur during the ATP-driven folding cycle. Performing immunoprecipitation of CCT using the neuroblastoma/rat dorsal ganglion hybrid cell line (ND7/23) revealed that ATP/K+ caused precipitation of monomeric CCT subunits, while CCT precipitated as the intact hetero-oligomeric complex in the absence of ATP. Interestingly, the addition of the non-hydrolyzable ATP analog, AMP-PNP, was not effective in precipitating free CCT subunits; therefore, ATP hydrolysis was important for the observed effect of subunit dissociation. The disassembly of subunits from the CCT complex occurred most readily with CCT2 and CCT8, followed by CCT1, CCT4, CCT6, and CCT5, with CCT3 being last. Homology analysis revealed that the length of the loop connecting the equatorial and intermediate domain for each CCT subunit correlated with the CCT precipitation profile in the presence of ATP. The longest loops were found in CCT3 and the shortest in CCT2 (Roobol et al., 1999a), which could control how CCT subunits exit the chaperonin complex. N-terminal modifications may also affect the formation of the CCT complex since the N-termini of subunit apical domains mediate inter-ring cooperativity. Truncation of N-termini through methionine loss or acetylation could lead to degradation of CCT subunits (Collier et al., 2021). Evident from these experiments is that assembly/disassembly of the CCT complex may be linked to the monomer/oligomer pool in a dynamic process that ultimately controls protein folding activity and critical cell functions.
Pulse-chase experiments with mammary carcinoma FM3A cells revealed that turnover rates of individual CCT subunits varied significantly, with CCT4 having the shortest half-life (∼4 h) and CCT2 the longest half-life (∼8 h) (Yokota et al., 2001b). A systematic analysis of protein half-lives in MCF-7 breast cancer cells found, in contrast, that CCT4 had the longest half-life (∼10.6 h), followed by CCT8, CCT7 and CCT2, with half-lives between 7–8 h, and CCT5 and CCT3 with the shortest half-lives of 4.6 and 2.5 h, respectively (Tong et al., 2020). Such results suggest that, in addition to ATP hydrolysis controlling disassembly of the complex, variable turnover rates of CCT subunits could be cell type specific, limiting subunit availability and formation of the active chaperonin. Degradation of the CCT complex through the ubiquitin-proteasome system was shown using the proteasome inhibitor, lactacystin, as well as with temperature-sensitive mutations in the ubiquitin-activating enzyme E1 (Yokota et al., 2000a). CCT5 also associated with the 26S proteasome (Tokumoto et al., 2000). In MCF-7 cells treated with the proteasome inhibitor, bortezomib, the half-lives of CCT subunits doubled, with some, like CCT4, reaching a half-live of almost 20 h (Tong et al., 2020). Another quality control mechanism that could be triggered by CCT with unfolded actin is autophagy, a system for degradation and re-utilization of intracellular contents. Using a CCT1/TCP-1-RFP-GFP fusion protein as a readout, where GFP is pH sensitive, the degradation of CCT in lysosomes during autophagy was observed when actin dynamics were perturbed. While the mechanisms regulating the autophagic degradation of CCT remain to be determined, a link between CCT, actin homeostasis, and autophagy is possible and could be triggered by conditions that occur, for example, during cell cycle arrest (Date et al., 2022).
The Chaperonin Containing TCP1 ATPase Cycle
In most chaperonins, ATP binding and hydrolysis are linked to substrate folding in an ordered process; however, in CCT the mechanism is more complex. Unlike Gro-EL in which the co-factor, Gro-ES, functions as a detachable lid, group II chaperonins have a built-in lid formed by protrusions in the apical domains of each subunit. Subunit equatorial domains bind ATP through a conserved phosphate-binding or P-loop motif, while ATP hydrolysis is triggered by a catalytic aspartic acid residue located in the subunit intermediate domains. CCT can be in a lid open state, when substrate binding sites are accessible, or a lid closed state where the apical segments of the lid come together to form a beta-stranded iris (Llorca et al., 1999b; Gutsche et al., 2000; Cong et al., 2012; Zang et al., 2016). The transition between the open and closed states of CCT is referred to as the ATPase cycle. Insights on the chaperonin ATPase cycle first came from studies of Mm-Cpn that were later confirmed for CCT. In the nucleotide-free state, CCT is open, with subunit apical domains in different conformations. ATP binding alone is not enough to induce the closed state but does promote changes in the apical domains that generate a more compact open conformation called a tetramer of dimers that creates a pseudo four-fold symmetry first described in bovine CCT (Cong et al., 2012). Upon hydrolysis of ATP, triggered by the catalytic aspartic acid residue, a conformational change in the apical domains leads to closing of the lid and movement of the substrate into the central chamber where folding occurs. Subsequent release of phosphate and ADP end the cycle, re-opening the chamber to release substrate (Gestaut et al., 2019a).
High-resolution cryogenic electron microscopy (cryo-EM) revealed the structure of CCT in different states of nucleotide occupancy during the ATPase cycle. CCT structures reported in the decade between 1999–2010, using nucleotide analogs, showed possible models for arrangements of the eight subunits in a ring, with or without substrates (Llorca et al., 1999b; Llorca et al., 2001; Booth et al., 2008; Cong et al., 2010). But it was single particle cryo-EM studies of bovine CCT in the apo (nucleotide-free), ATP-bound, ADP-bound, and ATP-hydrolysis transition states that revealed mechanisms distinct from other group I or II chaperonins (Cong et al., 2012). The apical domains of CCT subunits in the apo, ATP- and ADP-bound states extended towards the central folding chamber at different angles but tilted upwards and open in the ATP-bound state, re-affirming that ATP binding did not close the lid. Moreover, in the open states, contacts between the apical domains created the open and more compact configuration termed the tetramer of dimers. The structure of CCT in these three states suggested that the ADP-bound state could be the substrate acceptor state. Some structures from the ATP transition states were of a hybrid or asymmetric conformation in which the cis ring was closed and the trans ring was open, suggestive of negative cooperativity and that CCT functioned like a two-stroke motor (Reissmann et al., 2007; Cong et al., 2012). However, recent cryo-EM structures of yeast CCT noted the synchronous hydrolysis of ATP that was indicative of positive inter-ring cooperativity in which both rings were closed (Jin et al., 2019), suggesting that nucleotide binding in both rings followed the same order.
Unlike the archaeal chaperonins, the ATPase cycle in CCT is highly asymmetric. Genetic studies and biochemical studies showed that CCT subunits have different ATP affinities—with four to five subunits strongly binding ATP (Reissmann et al., 2012; Zang et al., 2016). Hence a gradient of ATP affinities exists, with CCT5 and CCT4 having the highest affinities, followed by CCT2 and CCT1. The remaining subunits, especially CCT3, CCT6, and CCT8, have a low affinity for ATP. Using yeast as a model system to evaluate mutations introduced into the CCT subunits, mutations in the P-loop or the catalytic aspartic acid of the high ATP-affinity subunits (CCT7, 5, 4, 2) caused loss of growth. In contrast, the same mutations introduced into the low ATP affinity subunits (CCT8, 6, 3) did not cause loss of growth (Amit et al., 2010; Reissmann et al., 2012), with further work showing that these subunits may have very slow ADP off-rates (Zang et al., 2016). This suggests the existence of a staggered ATP-binding mechanism, which was shown by cryo-EM using single subunit eGFP tags. The subunits on the CCT2 side of the complex might initiate ATP binding, while the subunits on the CCT6 side might bind ATP later due to the delayed release of ADP (Zang et al., 2016) (Figure 2). Importantly, these studies indicate that the ATPase cycle of CCT is responsive to the concentration of ATP. Kinetics-based calculations inferred that the ATPase reaction in CCT reaches a plateau at 0.2 mM ATP with most subunits binding nucleotides (Shimon et al., 2008). It follows that at lower concentrations of ATP not all subunits will bind nucleotides. Resolution of the structure of yeast CCT at low concentrations of ATP (near cell starvation levels), revealed that CCT7, followed by CCT2, first reacted to nucleotide binding and may initiate ring closure, while the other subunits bound ATP as levels increased. CCT4 was the last subunit to bind ATP and could be an ATP sensor, triggering ATP hydrolysis only when the ATP concentration reaches cell sustainable levels (Figure 2). This is supported by previous studies showing the presence of a dynamic β-hairpin motif in the nucleotide-binding site of CCT4 (Zang et al., 2016) and the fact that loss of the ATP hydrolysis activity in CCT4 was lethal in yeast (Amit et al., 2010). CCT8 was also unique in that it remained bound to ADP longer than other subunits and may have a role independent of ATP hydrolysis, through its N-terminus, in CCT allosteric cooperativity (Jin et al., 2019) and complex assembly (Noormohammadi et al., 2016). Further, the dynamic CCT2 intra-ring interactions between the apical domains of CCT5 and CCT4 and the strong CCT2-CCT2 inter-ring interaction upon ATP binding also suggest an important role for CCT2 in CCT allosteric cooperativity (Zang et al., 2016).
[image: Figure 2]FIGURE 2 | The CCT ATPase cycle. (A) Schematic shows the sequential binding of ATP starting with subunits on the CCT2 side of the complex (red) followed by the CCT6 side of the complex (purple). CCT7 and CCT2 first react to and bind nucleotide, followed by the rest of the subunits with increasing ATP. CCT4 (red/white pattern) is the last to bind to ATP and this binding triggers ATP hydrolysis and closing of the ring. CCT3 and CCT6 may load with ATP later in the cycle (delayed release of ADP), while the ADP bound to CCT8 may be exchanged for ATP only under high nucleotide concentrations and/or not involved in ATP consumption. The processing of an unfolded and folded substrate is shown in the gray boxes. ADP (D) is indicated by the yellow heptagon, ATP by the green heptagon, and hydrolyzed ATP: ADP + phosphate (D + Pi) in the dark blue heptagon. The nucleotide-free open ring conformation is based on PDB 4A0O [nucleotide-free (apo) state (Cong et al., 2012)]. The closed ring conformation is based on PDB 6KS6 [Yeast CCT at 0.2 mM ADP-AlFx (Jin et al., 2019)]. The open ring conformation with ADP is based on PDB 4A13 [model refined against symmetry-free cryo-EM map of TRiC-ADP (Cong et al., 2012)].
The folding of substrate is dependent on the ATPase cycle. Structural studies revealed that the interface of substrate binding to the apical domain of chaperonin subunits involved a groove between Helix 11 (H11) and a proximal loop (PL) that contains a mix of charged, polar, and hydrophobic residues (Joachimiak et al., 2014) (Figure 1B). Shown in Mm-Cpn, ATP hydrolysis results in a conformational change that brings H11-PL into proximity of a loop in an adjacent subunit, with subsequent packing displacing the substrate and pushing it into the chamber for folding (Douglas et al., 2011). In studies with CCT, denatured actin (with some secondary and tertiary structure acquired) bound to the high ATP-affinity CCT2 side of the chaperonin, which kept the two lobes of actin extended and prevented misfolding. To achieve the native state of actin, ATP binding and subsequent hydrolysis triggered the segmental release of bound actin into the folding chamber (Balchin et al., 2018), bringing the actin lobes together. Hence, by controlling the order of folding through the ATPase cycle, CCT lowers the folding energy barrier for actin and similar proteins with complex topologies through the formation of high contact order interactions not possible with the simpler chaperonins. This sequential ATP-induced conformational change may also govern the cycles of protein folding and the subsequent release of multidomain proteins during the folding process (Rivenzon-Segal et al., 2005; Reissmann et al., 2012).
Substrate Folding by Chaperonin Containing TCP1
Substrates folded by CCT are structurally and functionally diverse, driving the evolution of a complex chaperonin with diversification of subunits that can modulate substrate binding specificities. The apical domains of CCT subunits are the principal sites for substrate recognition, but exact structures or sequence rules that regulate substrate binding may depend on the conditions of protein synthesis and cooperation of co-chaperones. A comparison of substrates folded by CCT under in vitro compared to in vivo conditions revealed little overlap, other than actin and tubulin, between the two groups of proteins, suggesting that substrate binding to CCT depended on factors beyond specific amino acid sequences (Yam et al., 2008). As an example, patterns of polar and hydrophobic residues in the groove between H11 and PL in the apical domain of CCT subunits may govern substrate binding affinities through combinatorial interactions (Joachimiak et al., 2014). While the field is undecided on the size of the intracellular protein pool folded by CCT and the scope of the CCT interactome, early studies recognized the cytoskeletal proteins, actin and tubulin, as obligate substrates of the chaperonin complex (Sternlicht et al., 1993; Llorca et al., 1999a; Roobol et al., 1999b; Hynes and Willison, 2000; Llorca et al., 2000). Non-skeletal substrates include proteins from the 7-bladed WD40 propeller repeat family (Valpuesta et al., 2002; Kubota et al., 2006). WD40 proteins form the core of substrates conserved from yeast to human that are folded by CCT (Willison, 2018). Structural data suggested that the size of the folding chamber in CCT was equivalent to GroEL-GroES (Cong et al., 2010; Cong et al., 2012) and would fold proteins up to ∼70 kDa. However, CCT is known to fold proteins that are greater than 70 kDa. Studies using fusion proteins (e.g., actin-GFP) with in vitro translation systems found that CCT fully encapsulated substrates smaller than its folding chamber, like actin, and partially encapsulated large multidomain proteins like the 109-kDa spliceosomal U5 subunit, hSnu114; a beta-strand rich protein. CCT partially enclosed the C-terminal domain of this protein, while the N-terminal domain was CCT-independent (Rüßmann et al., 2012). CCT thus has the capacity to fold large multi-domain proteins in a sequential manner that is domain-specific, and this may explain its role in preventing aggregation of proteins with polyglutamine (polyQ) tracts (Nollen et al., 2004). The capacity of CCT to fold proteins with complex topologies is further supported by cooperative folding with co-chaperones, like HSP70 (Cuellar et al., 2008; Stein et al., 2019), phosducin-like proteins (PhLP) (Martin-Benito et al., 2004; Stirling et al., 2006), and prefoldin/GimC (PFD) (Siegers et al., 1999).
Actin (α, β, and γ isoforms) is a highly conserved protein among eukaryotes that exists as free G-actin monomers and F-actin polymers, depending on ionic concentrations and ATP. The actin monomer consists of two domains, originally called “large” and “small” domains. During folding, nascent actin binds two to three CCT subunits using a 1.4 geometrical configuration (numbering based on the position of the subunits in the ring) in an open conformation, starting with subunits opposite to CCT4 in the ring that are nucleotide-free or ADP-bound (Llorca et al., 1999b; Llorca et al., 2000). ATP binding then drives the power stroke movement that leads to actin folding. The folding kinetics of actin are biphasic, with the initial folding phase being the most efficient. The topology of the CCT-bound actin facilitates rapid folding during the first phase in concert with ATP binding and hydrolysis that triggers an asymmetric conformational change in the ring structure (Balchin et al., 2018). During the second phase, the assistance of the co-chaperone, PFD, may enhance the rate and yield of actin folding. PFD is a ∼100 kDa chaperone consisting of two beta-subunits that assist actin and tubulin folding by CCT. Through a conserved electrostatic interaction, PFD interacts with CCT in the open state, aligning the substrate binding regions of the two chaperones and optimizing the substrate environment to facilitate actin folding and prevent aggregation (Gestaut et al., 2019b). In contrast, another co-chaperone, PhLP3, may inhibit CCT folding activity by forming a ternary complex with chaperonin along with actin or tubulin. The interaction of PhLP3 with CCT in the presence of substrate inhibited ATPase activity and affected the folding of nascent actin (and tubulin) in vitro (Stirling et al., 2006). Together, the antagonistic actions of PFD and PhLP3 may help modulate the activity of CCT to regulate the formation of the actin cytoskeleton and the biogenesis of tubulin in order to meet cellular demands.
The transcription of actin is regulated through the myocardin-related co-transcription factor-A (MRTF-A)/serum response factor (SRF) pathway. When cellular signaling receptors stimulate actin polymerization, G-actin levels decrease and disrupt the MRTF-A: actin interaction, allowing MRTF-A to move to the nucleus where it activates SRF to transcribe more actin. However, the impediment in producing actin is not at the level of transcription, but rather at the protein folding step through CCT. To regulate this, the monomeric form of CCT5 was reported to alter the nuclear accumulation of MRTF-A during serum stimulation, delaying the transcription of actin. Monomeric CCT5 accumulated when levels of the CCT hetero-oligomeric complex were low and decreased when levels of the oligomer were high (Elliott et al., 2015). Linking actin transcription and folding through CCT5 ensures that actin is synthesized only when enough CCT hetero-oligomeric complex is present to efficiently fold the cytoskeletal protein, else the presence of CCT5 monomers delays actin transcription. While free CCT monomers had been previously described (Liou and Willison, 1997; Brackley and Grantham, 2010), this report connects CCT5 monomer activity with the protein-folding function of the hetero-oligomeric chaperonin in the context of actin folding (Elliott et al., 2015).
Early studies, based on 3D reconstruction using cryo-EM, revealed that tubulin (α, β, and γ families) interacts with CCT differently from actin, with a mixture of shared and unique subunits used for binding (Llorca et al., 1999b). Tubulin binds up to five CCT subunits using a 1.5 geometrical configuration in a semi-closed conformation that spans the protein-folding chamber (Llorca et al., 2000). Tubulin binds to a cluster of high ATP-affinity and low ATP-affinity CCT subunits, engaging with electrostatic and polar side chains on residues (Pappenberger et al., 2002). Molecular dynamics simulations of single subunit interactions with substrate revealed that tubulin binds to CCT3 through an interface that spans the HL (helical region) and HP (helical protrusion) sites in the apical domain. This CCT3-tubulin interaction involved hydrophobic and electrostatic interactions on the HL site and a salt bridge network between charged amino acids on the HP. Generalizing this finding suggests that substrates interacting with CCT via hydrophobic interactions may use the HL binding sites, while substrates, like tubulin, that interact with CCT via electrostatic interactions, contact both HL and HP sites, with the salt bridge network being critical (Jayasinghe et al., 2010). Importantly, having obligate substrates bind to multiple CCT subunits based on geometric configurations may be advantageous in applying the mechanical force needed to fold substrates independently of having common features. Actin and tubulin are different proteins, yet both can be folded by CCT based on distinct geometric conformations (Vallin and Grantham, 2019). CCT may also fine-tune its protein-folding activity by interacting with partners. The binding of β-tubulin to CCT was modulated through interaction with Programmed cell death protein 5 (PDCD5). Cryo-EM studies showed that PDCD5 attached to the apical domain of CCT2, which sterically hindered β-tubulin binding to CCT. Hence, PDCD5 could interact with CCT to slow β-tubulin folding and disrupt microtubule formation, perhaps in response to apoptotic stimuli (Tracy et al., 2014).
WD40 repeats in proteins consist of multiple 40 amino acid repeats that form a blade of four anti-parallel β-sheets. Typically repeats end with a tryptophan-aspartic acid dipeptide (WD), from which its name is derived. WD40 repeats are widely variable among proteins in terms of sequence and number of repeats, with seven tandem repeats (WD1-7) forming a circular β-propeller being the most common. Early studies revealed that WD40 repeats have different folding kinetics, hence, different chaperone dependencies. CCT, when first identified as interacting with WD40 folds, had the needed shape and features to bind the propeller (Valpuesta et al., 2002). Screening WD40-repeat proteins for CCT interactions showed variable binding that was different from the ordered process of actin folding and suggested a role for CCT in the assembly, in addition to folding, of some WD40-containing proteins (Willison, 2018). One of the WD40 proteins that interact with CCT is the heterotrimeric G protein β subunit (Gβ), an essential component of G protein. Mutational analysis in a cell-free system showed that CCT binding to Gβ was reduced upon deletion of WD40 repeats, most especially upon loss of WD2. Specifically, the β-strand 3 (β3) region of WD2 was essential for CCT recognition, since this region has hydrophobic and polar residues aligned in a “φ-x-φ-x-φ-x” sequence (where φ is a hydrophobic residue) (Kubota et al., 2006). Thus, hydrophobic residues alongside β-strands are likely preferred recognition sites for CCT binding, and subsequent interactions with the chaperonin prevent aggregation and facilitate folding of the native WD40 repeat proteins. This was exemplified in a study of Gβγ dimer formation in which CCT not only folded Gβ subunits but also assisted Gβγ dimer assembly in an ATP-dependent manner (Wells et al., 2006). Cryo-EM studies further revealed that Gβ binds CCT in a near-native state, and subsequent binding with the co-chaperone, PhLP1, helps release Gβ for assembly with Gγ to form the dimer (Plimpton et al., 2015). Like G protein, the anaphase promoting complex/cyclosome (APC/C) is essential for biological activities. APC/C is a ubiquitin ligase that regulates cell cycle phases by targeted protein degradation using as co-activators, the WD repeat-containing proteins, Cdh1 and Cdc20. CCT is the only known chaperone to fold Cdh1 and Cdc20 and interacts directly with WD40 repeats of these proteins, like WD3-5 in Cdc20 (Camasses et al., 2003).
Early studies revealed that the von-Hippel-Lindau (VHL) tumor suppressor is an obligate substrate of CCT (Feldman et al., 1999). VHL is part of the ubiquitin ligase complex that targets proteins like HIF-1α, for degradation. CCT is needed not only for VHL folding but for complexing with partner proteins, elognin B and C. The interaction between VHL and CCT involved hydrophobic residues, with two regions, Box 1 and Box 2, identified as necessary for stable interactions with the chaperonin (Feldman et al., 2003). Crosslinking experiments between CCT and VHL showed that Box1 bound to CCT1 and CCT7 in the H11 of the apical domain region (Spiess et al., 2006). Interestingly, about 50% of the mutations occurring in tumor derived VHL are found in the CCT binding site (Feldman et al., 1999; Feldman et al., 2003). These results highlight the plasticity and specificity of substrate binding to CCT, involving specific configurations of polar and hydrophobic residues in the apical domains of each subunit to accommodate the binding of different substrates.
Regulation of Chaperonin Containing TCP1 Subunit Gene Expression
The first CCT subunit discovered was CCT1/TCP-1 (CCTα) encoded by Ccta, which is highly expressed in mouse testicular germ cells (Silver et al., 1979). Subsequent studies identified an additional six CCT subunit genes: Cctb, Cctg, Cctd, Ccte, Cctz, and Ccth, encoding CCT2, CCT3, CCT4, CCT5, CCT6, and CCT7, followed by Cctq for CCT8 (Trent et al., 1991; Kubota et al., 1994; Kubota et al., 1995). A ninth subunit gene, Cctz-2 expressed in testis was discovered, which distinguished it from Cctz-1 found in most tissues (Kubota et al., 1997). Current nomenclature for the subunit genes encoding the hetero-oligomeric complex found in most tissues is: TCP1, CCT2, CCT3, CCT4, CCT5, CCT6a, CCT7, and CCT8. CCT subunit genes have 11–16 exons and contain CpG dinucleotide-rich sequences and SP1 binding sites that are typically found in constitutive housekeeping genes (Kubota et al., 1999b). Using mouse tissues, initial studies of expression found that all eight CCT subunits were distributed across tissues tested, indicating that all eight subunits were required for the activity of the chaperonin. However, expression levels of CCT subunit genes among tissues varied, with the highest expression observed in testis and a mouse mammary tumor cell line. Since these are actively proliferating cells, findings were suggestive that CCT subunit expression correlated with the rate of cell division (Kubota et al., 1999b). CCT expression is also coupled with substrate synthesis Increased CCT expression was observed in testicular germ cells, neuronal cells, and other cells highly dependent on tubulin for synthesis of sperm tails, neurites, or cilia as examples (Kubota, 2002). CCT subunit protein also transiently increased during recovery from chemical stress induced by sodium arsenite, which causes accumulation of unfolded proteins (Yokota et al., 2000b). Searching the first intron of Ccta (CCT1), a potential binding sequence for heat shock transcription factors (HSF1 and HSF2) was found. Heat shock elements (HSE) for binding HSFs were subsequently located within the first intron or 5’ coding regions of each CCT subunit gene (Kubota et al., 1999a). Since CCT evolved from a common ancestor with other HSPs, the Cct genes also have an HSE-HSF transcription system. However, unlike HSPs, upregulation of CCT in response to stress is not always observed. In HeLa cells during heat treatment, HSP70 increased, but not CCT, and a similar outcome was observed in mouse BALB/3T3 cells (Kubota et al., 1999a). CCT also did not increase in response to heat treatments in yeast (Ursic and Culbertson, 1992) or Tetrahymena (Soares et al., 1994). Moreover, reducing the levels of CCT did not induce a heat shock response (Grantham et al., 2006). Cct genes, having fewer HSEs compared to HSP70, may be less responsive to HSFs and more involved in de novo protein folding.
Other transcription factors that regulate the expression of CCT subunit genes include the Staf family members, ZNF143 and ZNF76, that were found in HeLa cells using reporter assays. These bind to two cis-acting elements, CAE1 and CAE2, in the promoter for Ccta (CCT1 or TCP1) (Kubota et al., 2000). Staf regulates the transcription of small nuclear RNAs (snRNA), snRNA-type genes, and the promoter pol II mRNA (Myslinski et al., 1998); hence Staf family members are essential and their activity in most cells aligns with the fact that CCT1 (TCP-1) is detectable in most tissues. Because of the similarities in CCT subunit expression patterns, ZNF143 and ZNF76 may function as transcriptional regulators in the other seven CCT subunits as well. The transcription of Cctq (CCT8) is regulated by a cis-acting element comprising 8-base pair long element CCGGAAGT named CQE1 that is bound by the ternary complex factor (TCF): Elk-1, Sap-1a, and Net (Sap-2), which is a subfamily of the Ets domain transcription factors (Yamazaki et al., 2003). Recognition of CQE1 by TCF is independent of serum response factor (SRF). Instead, this transcriptional activity may be regulated by the Ras-mitogen-activated protein kinase (MAPK) pathway since inhibition of MEK (MAPK and ERK Kinase) 1/2 inhibited expression. The RAS/MAPK pathway may play a role in the upregulation of CCT8 after chemically induced stress through activation of the p38 or c-Jun N-terminal kinase/stress activated kinases. Interestingly, inhibition of MEK1/2 also reduced activity from the Ccta (CCT1) promoter, thus the MAPK pathway may be a common signaling mechanism to coordinate expression of the CCT subunit genes (Yamazaki et al., 2003).
The Activity of Chaperonin Containing TCP1 During Cell Growth
Early observations of CCT expression in cells revealed that the activity of the chaperonin depended on the cell growth rate. Abundant CCT correlated with rapidly dividing cells and CCT decreased during growth arrest or nutrient loss. Re-addition of nutrients or growth factors resulted in recovery of CCT expression in a manner linked with the cell cycle. The cell cycle consists of an initial gap (G1) phase, during which a cell prepares for division, followed by the DNA synthesis (S) phase, a second short gap phase (G2) to assess for DNA damage, and the final phase of mitosis (M) when a cell separates the replicated chromosomes and performs the physical separation into daughter cells during cytokinesis. Initial studies noted that the highest levels of CCT were induced during the G1/S transition and early S phase (Yokota et al., 1999). Moreover, CCT from S-phase arrested cells had more protein-folding activity than CCT from M-phase arrested cells or asynchronously growing cells (Yokota et al., 2001b). In part, these findings could be explained by subunit preferences that correlated with cell cycle phases. For example, CCT1, 4, 6a were increased in S-phase cells compared to M-phase cells. Moreover, measurements of CCT subunit turnover suggested that the rates of synthesis were more variable than the rates of degradation during growth arrest, especially in S-phase arrested cells, enabling subunit levels to increase (Yokota et al., 2001b; Kubota, 2002).
One reason for the heightened need of CCT during the cell cycle is the critical role that both tubulin and actin play during cell division. During M phase, the formation of the mitotic spindle is essential for the segregation of replicated chromosomes. Microtubules formed by tubulin are the building blocks of the mitotic spindle. During cytokinesis, when dividing cells physically separate, the contractile ring that forms will contain F-actin along with myosin motors. Providing functional forms of these cytoskeletal proteins is a key function of CCT during the cell cycle. Early studies showed that high levels of tubulin were associated with S-phase CCT complexes, especially during the G1-S transition, but not in G1-arrested cells (Yokota et al., 1999). Targeting the apical domain of CCT5 with a microinjected antibody or using small interfering RNAs (siRNAs) to inhibit individual CCT subunits in 3T3 cells caused a delay of the G1-S transition and the accumulation of disordered microtubules (Grantham et al., 2006; Brackley and Grantham, 2010). Hence, the depletion of CCT subunits reduced tubulin levels and impacted actin folding, showing the important relationship between substrates like actin or tubulin and CCT during cell growth.
Control of the cell cycle in eukaryotic cells is driven by cyclins and cyclin-dependent kinases (CDKs). CDKs are inactive until bound by their cyclin partners, forming CDK-cyclin pairs that function in specific phases of the cell cycle. CDKs are subject to regulatory phosphorylations/dephosphorylations that fine tune their activity to drive cell cycle progression. The CDK2-cyclin E complex is active from late G1 through S-phase. Using yeast cells, in which overexpression of cyclin E and CDK2 is lethal, a genetic screen of negative regulators of cyclin E revealed that expression of human CCT2, CCT3, and CCT8 rescued the lethality caused by cyclin E expression, perhaps acting as dominant negative subunits in this mix of yeast and human proteins. Further work showed that CCT transiently associated with newly translated cyclin E, and that ATP was required for release from the chaperonin, which was confirmed by co-immunoprecipitation of CCT with cyclin E in the presence of EDTA to inhibit ATP and magnesium (Mg). Using HeLa cells arrested in S-phase, the ATP-dependent physical interaction between cyclin E and CCT was shown (Won et al., 1998). However, subsequent studies found that the folding of cyclin E by CCT was not required for CDK2 binding, and that the association of cyclin E with the chaperonin was processed distinctly from obligate substrates like actin, suggesting that the interaction of CCT with cyclin E may be indirect (Grantham et al., 2006). While early work found that CDK2 did not precipitate in complex with CCT (Won et al., 1998), a mass spectrometry study of the cellular processes involving CDK2 identified multiple CCT subunits as physical interactors of CDK2 (Neganova et al., 2011). In fact, data from the protein interactors database, BioGRID (https://thebiogrid.org), indicates that CCT subunits can interact with hundreds of proteins, suggesting that many proteins may occupy CCT complexes at a low abundance. As example, a proteomic screen for G1 phase proteins identified multiple CCT subunits as interactors of cyclin D1 (Jirawatnotai et al., 2011).
Progression through the cell cycle leads to M phase during which nuclear division takes place. M phase is highly coordinated to ensure that duplicated chromosomes are equally distributed into the pair of daughter cells. Sister chromatids attach to the mitotic spindle in early M phase and separation and segregation of sister chromatids to opposite ends of the cell occur in the later stages of M phase. Critical to the latter process is the degradation of the cell cycle regulator, securin, to unleash separase that triggers the separation of chromatids from the mitotic spindle. Mitotic protein degradation is mediated by the APC/C complex that is activated by binding the co-activator, Cdc20. Checkpoint proteins, Mad1, 2, 3 and Bub1, 3 control the spindle checkpoint by inhibiting Cdc20 (and proteolysis) until all chromatids attach to the spindle. Layered onto this regulation is the role of CCT in folding the functional form of Cdc20. Studies in budding yeast showed that CCT subunits co-migrated with Cdc20 in a glycerol density gradient, and immunoprecipitants revealed stable interactions between CCT subunits and Cdc20, but no other components of the APC/C complex; hence, the binding between CCT and Cdc20 is specific. Mutations in CCT subunits abolished the interaction with Cdc20, suggesting that a functional chaperonin was required. Further, the interaction of CCT with Cdc20 was ATP-dependent, since non-hydrolyzable analogs of ATP inhibited binding. Cdc20 has three regions: the N-terminal domain that has the Mad2 binding sites, seven WD40 repeats, and a short C-terminal region. Deletion studies established that the WD40 repeats were the sites of interaction with CCT. Together this body of data indicates that CCT is required to produce a functional APC/C-Cdc20 complex needed to exit the spindle checkpoint in M phase. CCT is also required to produce functional Cdh1, the G1-specific co-activator of APC/C that ensures the completion of M phase and entry into G1 through destruction of mitotic cyclins (Camasses et al., 2003).
Polo-like kinases (Plk) are important components of the cell cycle, specifically active during the transition to M phase, the regulation of mitotic exit, and cytokinesis. Plk1 supports the maturation of the centrosome and spindle assembly, phosphorylating among its targets the Cdc25 family of phosphatases that remove inhibitory phosphorylations from CDK-cyclins. Using a yeast two-hybrid screen, Plk1 was identified as a possible interactor of CCT, which was confirmed in vitro using a rabbit reticulocyte lysate (RRL) system by co-immunoprecipitating Plk1 with CCT1, and in vivo using mouse mammary gland carcinoma FT210 cells. Depleting CCT1 by RNA interference (RNAi) in HeLa cells caused an arrest in G2/M phase, preventing mitotic entry. Continued depletion of CCT1 later resulted in apoptotic cell death, which could be prevented by inducing a G1 arrest to keep cells from entering M phase. Decreasing CCT1 also reduced levels of active Plk1 and resulted in low CDK activity that prevented progression through M phase. The addition of active Plk1 or cdc20 reversed the effects of CCT1 loss. Depletion of Plk1 recapitulated the G2-M arrest phenotype observed with depletion of CCT1 (Liu et al., 2005). Hence, Plk1 is likely a substrate of CCT. HSP90 was also found to regulate the stability of Plk1 (Simizu and Osada, 2000). Nascent Plk1 may associate with CCT co-translationally and then reach its functional form with the help of HSP90.
A novel function of CCT in the eukaryotic cell cycle is its role in the disassembly of the mitotic checkpoint complexes (MCC), which is distinct from the protein folding activity described for Cdc20 or Plk1. The MCC is formed by the checkpoint proteins: Mad2, BubR1, Bub3, and Cdc20. Studying the pathways of MCC disassembly led to the discovery of an ATP-dependent factor that enabled the release of Cdc20 from the MCC. This factor was identified as CCT and confirmed by generating CCT5 oligomers that could release Cdc20 (and Mad2) from the MCC, albeit with reduced activity compared to purified hetero-oligomeric CCT. Like its protein-folding activity, MCC disassembly by CCT was dependent on ATP hydrolysis (Kaisari et al., 2017). How this mechanism differs from the chaperonin’s protein-folding activity, especially since CCT also folds Cdc20, is unknown, but could involve interactions with the WD40 repeats of Cdc20 and employ the chaperonin’s capacity to sequentially bind domains of complex proteins in its central chamber.
Regulation of CCT protein-folding capacity could be achieved through PTMs as described for HSP70 and HSP90. For example, HSP70s are highly phosphorylated, especially during cell cycle progression, and their activity can be regulated by the MAPK pathway [reviewed in (Nitika et al., 2020)]. Likewise, in a study of CCT activity during growth factor signaling, CCT2 was phosphorylated by p90 ribosomal S6 kinase (RSK) and p70 ribosomal S6 kinase (S6K), serine/threonine kinases that are activated by the MAPK pathway and/or the phosphoinositide 3-kinase (PI3K)-mammalian target of rapamycin (mTOR) pathway, respectively. Importantly, depletion of CCT2 by RNAi inhibited cell proliferation, and complementation with an ectopically expressed CCT2 S260D mutant (phosphomimetic) restored cell growth, but not with a CCT2 S260A mutant that was phosphodeficient, indicating that Ser-260 phosphorylation may modulate the protein-folding activity of CCT during cell growth and possibly in the context of oncogenic stimulation (Abe et al., 2009).
Chaperonin Containing TCP1 as a Preventive or Causative Factor in Disease
Chaperonin Containing TCP1 in Neurological Disorders: Defects in Protein Folding and Aggregation
Aberrant protein folding and protein aggregation often underlie the development of neurological disorders. The onset of Parkinson’s disease, Alzheimer’s disease, or polyQ expansion diseases is associated with the accumulation of misfolded proteins in cells. In Huntington’s disease, the expansion of polyQ tracts in huntingtin (Htt) protein is a hallmark of disease (DiFiglia et al., 1995). Mutant Htt (mHtt) containing greater than 40 polyQ tracts can misfold and aggregate, causing toxicity and neural damage through mechanisms still being studied. In a genome wide screen for genes that could regulate polyQ aggregation, a number of genes involved in protein folding were identified, including HSP70, CCT5, and five other CCT subunits (Nollen et al., 2004). Subsequent work in a yeast model with an aggregating form of Htt, Htt53Q, showed that the CCT hetero-oligomer could reduce fibril elongation and function cooperatively with HSP70 to inhibit the fibrillar aggregation of polyQ expansion proteins and suppress toxicity (Behrends et al., 2006). Disruption of CCT in HEK293 cells expressing polyQ-EYFP or Htt-fusion constructs, by depleting CCT6 using RNAi, caused polyQ-expansion-related cell death and a twofold increase in the aggregation of polyQ proteins; while overexpression of all eight CCT subunits (but not single subunits) in Htt-expressing Neuro2a cells reduced polyQ aggregation (Kitamura et al., 2006). In a subsequent study, overexpressing CCT1 or CCT4, or just the apical domain of CCT1 (ApiCCT1) in Htt-expressing yeast cells or mammalian cells was sufficient to change the morphology of Htt aggregates, indicative of a possible mechanism for the suppressive behavior of CCT that was distinct from the protein-folding activity of the hetero-oligomer (Tam et al., 2006; Tam et al., 2009; Sontag et al., 2013) (Table 1).
TABLE 1 | CCT involvement in Neurological Disorders and other diseases.
[image: Table 1]Structural studies showed that the CCT hetero-oligomer can sequester a short Htt sequence responsible for aggregation and in this manner reduce mHtt aggregation (Tam et al., 2009). Using cryo-EM microscopy and cryo-electron tomography, the 3D structure of CCT with mHtt containing an expanded polyQ tract with 51 residues (mHtt51) was resolved. CCT capped the fibril tips of mHttQ51 through the apical domains of its subunits as well as encapsulated smaller mHtt oligomers within its central cavity. Together these mechanisms are proposed to inhibit the in vitro aggregation of mHtt (Shahmoradian et al., 2013). In addition, a homo-oligomer composed of CCT5 could also cap fibrils and encapsulate mHtt oligomers, as shown using cryo-EM tomography, suggesting a shared mechanism with the CCT hetero-oligomer (Darrow et al., 2015). While these studies explain why CCT depletion enhances polyQ aggregation, the actual mechanism may be more complicated. In addition to protein folding, CCT supports lysosomal activity, so its loss could impair the process of autophagy. CCT also modulates the assembly of the mechanistic target of the mTOR complex, which is a regulator of autophagy (Cuellar et al., 2019). Using HeLa cells and mouse cortical neurons, CCT2/5/7 subunits were depleted by RNAi, which reduced autophagosome formation due to the defective folding of actin and increased polyQ aggregation. Importantly, when CCT was depleted in autophagy-deficient HeLa cells, the aggregation of polyQ proteins did not change. Hence, CCT loss resulted in an autophagy deficiency that caused the accumulation and aggregation of disease-causing proteins like mHtt (Pavel et al., 2016). Hence both direct effects of CCT on polyQ expanded proteins and indirect effects through cellular processes, like autophagy, contribute to the activity of CCT in reducing protein aggregate formation.
To determine if CCT controls the aggregation of other proteins, the action of the chaperonin on the amyloid fibril assembly of α-synuclein (α-syn) with the A53T mutation was examined. α-syn is a key protein involved in the pathogenesis of Parkinson’s disease. CCT interfered with fibril assembly through specific interactions of CCT3 and CCT6, as part of the hetero-oligomeric complex, with the α-syn A53T central hydrophobic region. Since CCT partially encapsulated the A53T oligomers, closure of the ring induced by ATP binding and hydrolysis did not occur; hence, incomplete encapsulation is suggestive of ATP-independent inhibition of fibril assembly (Sot et al., 2017). Since CCT also inhibits mHtt aggregation in a similar nucleotide-independent manner (ApiCCT1), this could be indicative of a passive mechanism that reduces neurotoxicity by sequestering toxic proteins, as well as improving axonal transport of brain-derived neurotrophic factor (BDNF) needed for neurons (Zhao et al., 2016). Alternatively, in vivo, the cooperation of co-chaperones, like HSP70, may be needed to help CCT fully resolve misfolded proteins that cause neurological disorders.
Mutations in CCT subunits are associated with neuropathies (Table 1). In a rare case of mutilating hereditary sensory neuropathy, a missense mutation on exon four of cct5 resulted in the substitution of a conserved histidine for arginine at amino acid 147 (H147R) (Bouhouche et al., 2006). This mutation is in the equatorial domain of CCT5 near the region where ATP/ADP binds. Using an archaeal Cpn60 homolog that is similar to CCT5, the reduction in ATP activity and defective oligomerization capacity were attributed to the histidine to arginine mutation in CCT5, demonstrating for the first time how a gene defect in CCT can cause disease (Min et al., 2014). Folding assays using γD-crystallin and actin substrates demonstrated the reduced folding activity of the H147R protein, but complete folding activity was not lost (Sergeeva et al., 2014). The subsequent crystal structure of CCT5 H147R mutant revealed that the position of R147 in CCT5 should not impair ring interactions or prevent assembly of the complex, nor block ATP binding. However, contacts between the side chains of R147 with other residues could impact the flexibility of the equatorial domain, changing the cooperativity within the rings of the complex that could reduce activity (Pereira et al., 2017). The importance of the CCT5 subunit in preventing neurological disorders was further shown in a different case of early-onset demyelinating neuropathy in which a L224V mutation in the intermediate domain of CCT5 was described. Similar modeling of CCT5 L224V, with or without nucleotides, showed that the apical domain was the most changed, affecting the subunit’s conformation (Antona et al., 2020). Aberrant expression of other CCT subunits, like CCT2, also correlated with Alzheimer’s disease or Parkinson’s disease and could be used as biomarkers to assist with neurological disease prognosis and management (Brehme et al., 2014; Xie H. et al., 2016; Liu et al., 2020).
Chaperonin Containing TCP1 in Cancer: Increased Protein Folding Activity
Beginning with the first report of CCT in hepatocellular carcinoma (HCC) and colon cancer (Yokota et al., 2001a), the increased expression of individual CCT subunit RNA and protein in tumor tissues compared to normal tissues was shown (Table 2). Consistent with this body of data is that CCT expression increased with tumor grade—the more advanced the tumor the higher the levels of CCT—and correlated with poor patient outcomes or prognosis. In recent years, the increasing amount of patient data available in datasets (e.g., The Cancer Genome Atlas (TCGA), The Human Protein Atlas, Oncomine etc.), provide strong support for CCT as a driver of cancer and potentially an oncogene (Klimczak et al., 2019; Dong et al., 2020; Liu et al., 2020). In many cancers, the genes encoding CCT subunits are genomically amplified and found in chromosomal hotspots (e.g., CCT2). Unlike the neurological disorders, loss of function CCT gene mutations are rarely seen in cancer (Ghozlan et al., 2021). Depletion studies of individual CCT subunits demonstrated the essential role of the chaperonin in cancer cell proliferation, cancer cell invasion and migration, and cancer cell death, advancing research on the chaperonin as a potential prognostic marker and therapeutic target in the management of cancer (Table 2).
TABLE 2 | CCT subunits are highly expressed in different cancers.
[image: Table 2]Early studies showed that CCT activity is necessary for cancer cell proliferation due to the need for the functional forms of cytoskeletal proteins as well as cell cycle regulators like Cdc20 and Cdh1 (Grantham et al., 2006). Cancer cell lines tend to express more CCT than non-cancer cells, although expression and activity may not always correlate (Boudiaf-Benmammar et al., 2013; Bassiouni et al., 2016). Depletion of CCT2 in triple-negative breast cancer (TNBC) cells prevented tumor growth in a murine syngeneic model (Showalter et al., 2020) and impaired the formation of tumor spheroids (Ghozlan et al., 2021). Knockdown of CCT3 in a mouse model of gastric cancer reduced tumor size (Li et al., 2017). Depletion of CCT3 in thyroid gland papillary carcinoma cells, TNBC cells, or gastric cancer cells decreased cell cycle progression and caused cell cycle arrest, altering signal transduction pathways that drive cell cycling (Li et al., 2017; Shi et al., 2018; Xu et al., 2020). Similarly, pathway analysis positively correlated CCT6A with G2-M phase cyclins B and A in breast cancer (Huang et al., 2019). Knockdown of CCT8 in esophageal squamous cell carcinoma (ESCC) cells downregulated actin and tubulin and enhanced cell death upon treatment with cisplatin (Yang et al., 2018). CCT8 depletion in glioblastoma multiforme (GBM) cells affected the cytoskeleton and decreased proliferation and invasion, which was also observed in HCC cell lines (Huang et al., 2014; Qiu et al., 2015). While such studies provide additional evidence for an essential role of CCT in cancer cell growth, it is unclear from CCT subunit depletion experiments if effects are monomer specific, as was suggested for neurological disorders, or dependent on the depleted subunit for CCT complex assembly. In many of these studies, loss of cytoskeleton proteins was observed, suggestive of the latter idea—that the CCT hetero-oligomeric complex is needed to support cancer cell cycling. The consequence of depleting one CCT subunit on the rest of the subunits is not fully understood; yet evidence suggests that the remaining subunits may also decrease (Showalter et al., 2020). Hence, more work is needed to determine if there are unique activities for CCT subunit monomers in cancer cells.
Profiling more than 9,000 tumors from the TCGA revealed that most cancers have genetic alterations in 10 major signaling pathways (cell cycle, p53, MYC, PI-3 kinase/AKT, JAK-STAT, Hippo, Wnt, and TGF-beta among others) (Sanchez-Vega et al., 2018). Using the BioGRID database to search for protein interactions involving CCT revealed that there are potential CCT subunit interactors in all these signaling pathways that drive cancer (Ghozlan et al., 2021), supporting that CCT may promote oncogenesis through mechanisms that go beyond producing the functional forms of actin and tubulin.
The folding of the transcription factor, p53, is mediated by interactions with CCT. p53 is a tumor suppressor that prevents cancer development by activating pathways inducing cell cycle arrest or apoptosis when DNA damage is detected. In cancer, p53 is often mutated or ablated. Tumor-associated mutations can result in the generation of misfolded p53 that is unstable, which results in loss of the protective wild-type activity and a gain-of-function activity that promotes cancer invasiveness. CCT subunits were identified as part of the p53 interactome (Coffill et al., 2012) and immunoprecipitants of CCT1 (TCP-1) or CCT5 with wild-type or mutant forms of p53 were detected in cancer cells overexpressing the p53 constructs (Trinidad et al., 2013). Depletion of CCT subunits resulted in some loss of p53 binding to the chaperonin complex, but since other chaperones, including HSP70, can also fold p53, the existence of a cooperative mechanism for p53 folding cannot be ruled out. CCT binds to an N-terminal region of p53 that may involve hydrophobic interactions, since treatment with chaotropic salts disrupted binding. Depletion of CCT also decreased invasion in p53 mutant-expressing cancer cells, but since CCT folds other proteins (like actin) this effect may not solely be due to reduced folding of the p53 mutant proteins. However, depletion of both p53 and CCT decreased the invasive capacity of cancer cells (Trinidad et al., 2013). Interestingly, the negative regulator of p53, MDM2, may also be a CCT interacting protein, since it was identified in a mass spectrometry analysis of proteins in cancer cells captured by a FLAG-MDM2 construct (Yamauchi et al., 2014). MDM2 is also in the same chromosomal amplicon as CCT2 that is highly expressed in cancer cells (Ghozlan et al., 2021). While CCT may contribute to the correct folding of wild type p53, how its increased expression in cancer cells supports the mutant or unfolded forms of p53 remains to be determined but could involve interactions with other proteins like MDM2 or PTMs that modify CCT activity. As an example, functional enrichment analysis or treatments with inhibitors suggested that the function of CCT could be regulated through the PI3 kinase/AKT pathway (Guest et al., 2015; Dong et al., 2020). In fact, gene set enrichment analysis of mutant p53 identified a gene signature highly enriched in targets of the MYC transcription factor that were downregulated in head and neck squamous cell carcinoma (HNSCC) by treatment with a PI3 kinase inhibitor. Importantly, CCT2 was one of the MYC target genes, and mutant p53, MYC, and YAP bind to the promoter of CCT2, regulating its expression (Ganci et al., 2020). Whether CCT2 is part of a feedback loop that could promote the invasiveness of mutant p53-expressing cancer cells is speculation that will require further investigation to determine.
A signaling pathway often perturbed in cancer cells is the Janus tyrosine kinase (JAK)-signal transducers and activators of transcription (STAT). Among JAK-STAT members, STAT3 is linked to the enhancement of cancer cell proliferation, migration, and suppression of anti-tumor immune responses (Yu et al., 2014). CCT was found to bind to STAT3. CCT2, and CCT5 were immunoprecipitated with newly transcribed STAT3 in RRLs and knockdown of CCT2 (which also reduced other subunits) decreased the levels of STAT3 in epithelial cell lines. Using a mixed RRLs approach in which STAT3 was co-expressed with single CCT subunits, STAT3 bound mainly to CCT3, likely through its DNA-binding domain (Kasembeli et al., 2014). Constitutively activated STAT3 promotes the oncogenic process through the expression of genes like CCND1 (cyclin D1), a key driver of cell cycle progression when partnered with its cognate CDK (Leslie et al., 2006). CCT3 expression in multiple myeloma was associated with signaling pathways that included JAK-STAT3. The set of genes upregulated in the CCT3high group of patients correlated with those resulting from IL-6/JAK/STAT3 stimulation (Qian et al., 2020). CCT itself could activate genes that drive cell cycling, since overexpression of CCT2 in luminal A breast cancer cells increased the gene expression of MYC and CCND1 that statistically correlated with CCT2 (Ghozlan et al., 2021), while depletion of CCT6A in an HCC cell line decreased levels of cyclin D (Huang et al., 2019). Amplified CCT expression in cancer cells could, therefore, directly promote cell cycling by folding essential substrates like tubulin or cdc20 and indirectly through interactions with transcription factors like MYC, and promoting the expression of cell cycling factors like cyclin D.
Focusing on cancers in which CCT subunits were overexpressed revealed more ways that amplification of CCT could promote oncogenesis. Using two cancer cell lines [triple negative breast cancer (TNBC) and non-small cell lung cancer (NSCLC)] that highly expressed CCT2, depletion of this subunit decreased anti-apoptotic proteins like XIAP and inhibited phosphorylation of AKT and GSK3. Overexpression of CCT2 in CCT2-depleted cells restored the AKT-GSK3β-β-catenin and XIAP-survivin pathways, showing that the CCT complex may directly bind and stabilize XIAP and β-catenin (Chang et al., 2020). CCT3 supported breast cancer cell proliferation through the nuclear accumulation of β-catenin, perhaps directly since signals from CCT3 and β-catenin co-localized in the nucleus. A connection between CCT3 and microRNA (miR) MiR-223 further supports that CCT3 regulates the expression of β-catenin and therefore is involved in the competing endogenous RNA (ceRNA) network that regulates other genes like STAT5 through miR-223 (Qu et al., 2020). Depletion of CCT1 in HCC cells produced a similar outcome with reduction of Wnt signaling molecules Wnt7b and β-catenin (Tang et al., 2020), while in colorectal cancers (CRC), the presence of circulating RNA for CCT3 (circCCT3) was linked to advanced CRC and stimulated vascular growth endothelial factor A (VEGFA) and the Wnt signaling pathway (WNT3). CRC can also be promoted through hypoxia-driven signaling due to the loss of oxygen in these solid tumors. Hypoxic conditions activate the Hedgehog pathway. Gli-1, a Hedgehog signaling factor, interacted with CCT2, shown by mass spectrometry analysis of CRC cells. Depletion of CCT in CRC cells caused ubiquitination and degradation of Gli-1, likely through misfolding. Hence, in this model, the inhibition of CCT2 prevented tumor growth through decreases in Gli-1 levels (Park et al., 2020). In liver cancer, CCT3 was elevated and co-interacted with the transcriptional co-activator YAP, which is negatively regulated by the Hippo pathway, and transcription factor CP2 (TFCP2), a Hippo-independent oncoprotein in liver cancer. The pro-tumorigenic activity of CCT3 increased the half-lives of YAP and TFCP2 by preventing their interaction with the ubiquitination machinery (Liu Y. et al., 2019). CCT is also involved in TGF-β signaling. CCT6A bound SMAD2, a signal transducer of the TGF-β pathway, and suppressed SMAD2-mediated gene transcription in NSCLC cells, inducing metastasis in an animal model when overexpressed (Ying et al., 2017). While most of the known pro-cancer activity of CCT is in solid tumors, a role for CCT in acute myeloid leukemia was described. AML1-ETO is the result of a translocation in which two genes generate a fusion oncoprotein. The synthesis and folding of AML1-ETO are done by CCT, with the help of HSP70, by interacting with the fusion protein’s β-strand rich, DNA-binding domain. Interestingly, the binding of AML1-ETO with CCT could occur under nucleotide-free conditions, which differs from the ATP-dependent folding model (Roh et al., 2016). This may be an example of a mechanism involving the apical domains of CCT subunits, in which CCT, like GroEL, could function as an “unfoldase” (Priya et al., 2013).
Chaperonin Containing TCP1: Diagnostics and Therapeutics
One of the first CCT modulating compounds was Heat Shock Factor 1A (HSF1A), identified in a humanized yeast-based high-throughput screen for small molecule activators of HSF1. HSF1A reduced polyQ aggregation in neuronal precursor cells, which decreased cellular toxicity. But instead of binding to HSP90, HSF1A interacted with CCT1/TCP-1 and CCT8, shown in a biotin-based pull-down experiment, to regulate the activity of the chaperonin (Neef et al., 2010). A more specific interaction was targeted with the compound I-Trp, an iodomethyl ketone warhead that alkylates Cys354 of β-tubulin. I-Trp disrupted protein-protein interactions between the CCT and tubulin, specifically targeting cancers that overexpress CCT2 (Lin et al., 2009; Liu et al., 2017). Specific interactions involving CCT4 were targeted with another small molecule compound called anticarin-β, which displayed more selectivity for cancer cells than normal cells. Anticarin-β is a natural coumarin compound from Antiaris toxicaria Lesch that inhibited the CCT4-mediated maturation of STAT3, among other effects, such as inhibiting the lysosomal-autophagy pathway. Anticarin-β reduced tumor growth in orthotopic and patient-derived xenograft models of osteosarcoma (Wang et al., 2022). A different approach to CCT inhibition was based on a peptide therapeutic derived from the apoptotic protein, Bax, called CT20p (Boohaker et al., 2012). CT20p displayed selective anti-cancer toxicity that was caspase-independent, and death involved disruption of the cytoskeleton (Lee et al., 2014). In a proteomics-based pull-down experiment with biotinylated CT20p, seven of eight CCT subunits were identified as interactors of the peptide. CT20p directly bound to recombinant CCT2 in a cell-free system as well as to cytosolic CCT2 in an “in cell” pull-down assay. CCT2-depleted cancer cells were resistant to killing with CT20p, while cancer cells highly expressing CCT2 were sensitive (Bassiouni et al., 2016). Using polymeric nanoparticles to systemically deliver CT20p to cancer cells resulted in tumor growth inhibition in prostate and breast cancer animal models and small cell lung cancer cells (Lee et al., 2014; Carr et al., 2017; Flores et al., 2017). How CT20p inhibits CCT could be in line with the amphipathic nature of the peptide comprised of hydrophilic and hydrophobic amino acids (Boohaker et al., 2012).
Developing diagnostics targeting CCT subunits takes advantage of novel methodologies such as liquid biopsy using blood or serum (Tables 1, 2). In Alzheimer’s disease, CCT2 was part of a gene set used to develop a diagnostic profile (Liu et al., 2020). Likewise in breast cancer, CCT1 and CCT2 were part of HSP signature that could predict outcomes and help stratify patients for treatment (Klimczak et al., 2019). In pancreatic cancer, CCT8 was secreted from an invasive pancreatic cancer cell line, likely through the exosome pathway, and could serve as a liquid biopsy marker to monitor the progress of cancer patients (Liu P. et al., 2019). In CRC, circCCT3 was a potential biomarker of advanced disease (Li et al., 2020). CCT3 was also found to be a serum liver cancer biomarker. Seral-CCT3 was increased in liver cancer patients compared to normal patients and correlated with other serum markers like alpha-fetoprotein (AFP) (Liu Y. et al., 2019). A different approach found that NSCLC patients produced auto-antibodies to CCT5 at higher levels than healthy individuals; so, screening for these auto-autoantibodies in sera could be a novel diagnostic for cancer (Gao et al., 2017). CCT subunit proteins were found in extracellular vesicles or exosomes secreted by cancer cells. Exosomes from neurosurgical aspirates taken from patients with glioblastomas contained all eight CCT subunit proteins (Hallal et al., 2019). The capture and enumeration of circulating tumors cells from blood is another promising liquid biopsy approach, but is only approved by the FDA for breast, prostate, and colon cancer (Miller et al., 2010). Using CCT2 as a marker to identify circulating tumor cells in blood enhanced the ability to detect these cells from a broader range of cancers like small cell lung cancer (SCLC) that currently lack non-invasive diagnostics for patient management (Cox et al., 2022).
SUMMARY AND OPEN QUESTIONS
The evolution of CCT in eukaryotes endowed the chaperonin with remarkable properties of plasticity to handle complex proteins along with the specificity required to produce essential cytoskeletal proteins. New research revealed novel substrates and functions that challenged the concept of CCT as only a protein folding complex for actin and tubulin. The work of many labs, beginning with the first structural studies in the 1990’s, brought to light unique aspects of the chaperonin that are key to the etiology of diseases like cancer. However, gaps in knowledge need to be addressed to fully explore the therapeutic targeting of CCT. How large is the CCT interactome? In silico and affinity capture/mass spectrometry studies suggest that there are hundreds of proteins that could interact with CCT subunits. Demonstrating that these lower abundance interactors are directly bound by CCT requires further experimentation. Is ATP hydrolysis required for all the activities mediated by CCT? There are ATP-independent activities, such as those involving the apical domain of CCT1 (e.g., ApiCCT1) (Sontag et al., 2013) or the folding of AML1-ETO (Roh et al., 2016) that suggest otherwise. Different ATP-binding affinities for CCT subunits indicate that the chaperonin may function under a range of ATP concentrations, such as the nutrient-deprived tumor environment; however, findings on the role of CCT4 as an ATP sensor highlight the complex regulation of the ATPase cycle (Jin et al., 2019). Can non-folding activities of CCT be ascribed to subunit monomers or the hetero-oligomer? Nuclear CCT subunits were reported in early studies (Roobol and Carden, 1999), and unique monomer functions such as the interaction of the CCT5 monomer with MRTF-A are known (Elliott et al., 2015). The fact that CCT may interact with some substrates differently from actin or tubulin complicates the question of unique monomer/subunit activities. For example, CCT interacts differently with the actin filament severing and capping protein, gelosin, as compared to actin. Gelosin is not a classical folding substrate of chaperonin (Brackley and Grantham, 2011). In fact, CCT appears to sequester activated gelosin in the complex’s central cavity to protect it from caspase-3 cleavage but does not fold gelosin (Cuellar et al., 2022). CCT may perform functions beyond protein folding that explain its activity in diseases like Huntington’s or Alzheimer’s or cancer. Do subunits like CCT2 or CCT5 have unique activities? The genes for these subunits are often amplified in cancers and correlate with poor patient prognosis. To answer this, new information on the transcriptional regulation of CCT subunits and the processes controlling assembly and disassembly of the complex may be needed. Unlike HSP70 and HSP90 (Backe et al., 2020; Nitika et al., 2020) in which proteomic-based investigations revealed the effects of PTMs on the chaperones’ activities, much remains to be learned about how PTMs, like phosphorylation (Abe et al., 2009), acetylation, palmitoylation (Blanc et al., 2015), or others could modulate the function of CCT subunits. The activities of CCT go beyond neurological disorders and cancer and impact other diseases like diabetes, Down’s Syndrome, hepatitis, and even pain syndrome (Table 1). As an example, targeting the malarial CCT complex with the antihistamine clemastine could be a new therapeutic approach for this parasitic disease (Lu et al., 2020), and CCT in T cells also promotes an immune response against helminths (Oftedal et al., 2021). Even though the gene encoding CCT was first reported in 1979, exploration of the complex activity of this eukaryotic chaperonin is just beginning. The initial work of researchers on the structure and function of CCT provided the foundation for the questions asked today on the role of chaperonins in disease, answers for which lie with current and future investigators working to understand the puzzle that is the CCT chaperonin.
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Plasmodium falciparum is a unicellular protozoan parasite and causative agent of the most severe form of malaria in humans. The malaria parasite has had to develop sophisticated mechanisms to preserve its proteome under the changing stressful conditions it confronts, particularly when it invades host erythrocytes. Heat shock proteins, especially those that function as molecular chaperones, play a key role in protein homeostasis (proteostasis) of P. falciparum. Soon after invading erythrocytes, the malaria parasite exports a large number of proteins including chaperones, which are responsible for remodeling the infected erythrocyte to enable its survival and pathogenesis. The infected host cell has parasite-resident and erythrocyte-resident chaperones, which appear to play a vital role in the folding and functioning of P. falciparum proteins and potentially host proteins. This review critiques the current understanding of how the major chaperones, particularly the Hsp70 and Hsp40 (or J domain proteins, JDPs) families, contribute to proteostasis of the malaria parasite-infected erythrocytes.
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INTRODUCTION
The deadliest human malaria parasite, Plasmodium falciparum, has a reduced genome, and yet appears to have dedicated a significant proportion of its genes (∼2%) to molecular chaperones (Sargeant et al., 2006), the guardians of protein folding. This suggests that the structural integrity of the proteome is an important aspect of the survival of the malaria parasite. Interestingly, an unusually high proportion of P. falciparum proteins (24–30%) are rich in asparagine (N) and glutamine (Q), particularly poly-N repeats (Singh et al., 2004; Pallarès et al., 2018), which have been found to have a tendancy to aggregate (Halfmann et al., 2011). Furthermore, a key phase in the pathology of malaria, is the invasion of host erythrocytes by the parasite, which it completely remodels by exporting over 400 parasite proteins, including a substantial proportion (∼5%) of molecular chaperones (Cortés et al., 2020). This massive renovation of the host cell potentially requires unique protein folding pathways involving both parasite and host molecular chaperones (Pesce and Blatch, 2014; Gabriela et al., 2022). This review will critique the evidence indicating that heat shock proteins serving as molecular chaperones, especially Hsp70 and Hsp40 (also called J domain proteins, JDPs) families, are highly adapted to maintaining the structural and functional integrity of the proteomes of the parasite and potentially the host erythrocyte.
PFHSP70S ARE THE GUARDIANS OF THE PARASITE-RESIDENT AND EXPORTED PROTEOME
P. falciparum has only six Hsp70s (PfHsp70s; Shonhai et al., 2007; Shonhai, 2021) and four Hsp90s (PfHsp90s; Shahinas and Pillai, 2021). However, there is a highly expanded complement of JDPs, with 49 members (PfJDPs; Botha et al., 2007; Njunge et al., 2013; Pesce and Blatch, 2014; Dutta et al., 2021a).
All six PfHsp70s appear to be finely tuned to the malaria parasite lifecycle, playing an important role in parasite survival and virulence (Przyborski et al., 2015), with most being essential (Zhang et al., 2018), and a number of them shown to be inhibited by small molecules with anti-malarial activity (Chiang et al., 2009; Cockburn et al., 2011; Cockburn et al., 2014; Zininga et al. 2017a; Zininga et al. 2017b; Zininga et al. 2017c). The canonical and highly abundant cytoplasmic and nuclear P. falciparum Hsp70-1 (PfHsp70-1; Kumar et al., 1991; Pesce et al., 2008) has been shown to be essential (Zhang et al., 2018). PfHsp70-1 is regulated by a number of co-chaperones, including JDPs which deliver specialized substrates (Pesce et al., 2008; Botha et al., 2011; Njunge et al., 2015), P. falciparum Hsp70/Hsp90 organizing protein which enables transfer of substrates to PfHsp90 (PfHop; Gitau et al., 2012; Zininga et al., 2015), and the cytosolic Hsp70-like protein, PfHsp70-z (an Hsp110), serving as a nucleotide exchange factor (Zininga et al., 2016). The cytoplasmic PfHsp70-z is also essential (Muralidharan et al., 2012; Zhang et al., 2018), which may well be due to its highly effective protein aggregation suppression activity (Zininga et al., 2016). PfHsp70-1 has also been shown to have high ATPase activity (Matambo et al., 2004; Misra and Ramachandran, 2009; Makumire et al., 2021) and strong aggregation suppression activity (Botha et al., 2011), suggesting that it is a superior chaperone compared to human Hsp70s (Anas et al., 2020). Overall, the evidence suggests that PfHsp70-1 and PfHsp70-z are major players in proteostasis of the parasite cytoplasm.
In the endoplasmic reticulum (ER), there are two Hsp70s, PfHsp70-2 (a BiP/Grp78 homologue) and PfHsp70-y (a Hsp110/Grp170 homologue). PfHsp70-2 is essential (Zhang et al., 2018), and has been proposed to be involved in protein translocation into the ER, working with a PfJDP (PfSec63) and the PfSec translocon (Tuteja, 2007; Blatch and Zimmermann, 2009; Cortés et al., 2020; Shonhai, 2021). PfHsp70-2 was found to functionally associate with another PfJDP (Pfj2) and a protein disulfide isomerase (PDI-8) in the oxidative folding of ER proteins (Cobb et al., 2017). PfHsp70-y has also been shown to be essential, and to potentially interact with, and serve as a nucleotide exchange factor for PfHsp70-2, analogous to the cytoplasmic PfHsp70-z-PfHsp70-1 interaction (Zhang et al., 2018; Kudyba et al., 2019). Overall, the data suggest that these chaperones play an important role in protein quality control and proteostasis within the ER.
Very little is known about the proposed mitochondrial PfHsp70-3, except for the observation that PfHsp70-3 interacted with at least two N-rich malarial antigens (LaCount et al., 2005). Like PfHsp70-3, other PfHsp70s (PfHsp70-1, PfHsp70-z, and PfHsp70-x) have been reported to exhibit a preference for N-rich substrates (Muralidharan et al., 2012; Mabate et al., 2018; Lebepe et al., 2020; Rajapandi, 2020). Therefore, there is growing evidence that PfHsp70s may be finely tuned for the protection of unstable N-rich P. falciparum proteins from misfolding and aggregation.
PfHsp70-x is the only exported member of the PfHsp70 family, and has been shown to be localized to the PV and erythrocyte cytosol where it is found free or associated with PfJDPs (PFE0055c and PFA0660w) in mobile lipid containing complexes called J-Dots (Külzer et al., 2012; Grover et al., 2013; Behl and Mishra. 2019). Interestingly, PfHsp70-x is not essential; however, knockout compromised virulence (Charnaud et al., 2017), while knockdown compromised growth under stressful conditions similar to febrile episodes (Day et al., 2019). Recently, the crystal structures of the ATPase (Day et al., 2019) and substrate binding domains (Schmidt and Vakonakis, 2020) of PfHsp70-x were elucidated. Interestingly, PfHsp70-x contains an N-terminal signal sequence for secretion through the ER, but not the Plasmodium export element (PEXEL; Marti et al., 2004; Hiller et al., 2004), which has been shown to be required for the export of many P. falciparum proteins through the Plasmodium translocon of exported proteins (PTEX; de Koning-Ward et al., 2009; Beck et al., 2014; Elsworth et al., 2014; Elsworth et al., 2016). PfHsp70-x, like certain other PEXEL-negative P. falciparum proteins (PNEPs), is also successfully exported through the PTEX translocon (Rhiel et al., 2016). We are yet to elucidate exactly how proteins synthesized off the ribosome in the parasite cytosol, are threaded through the ER, across the plasma membrane, through the PV and the PV membrane, and into the erythrocyte cytosol or via the Maurer’s Cleft to the membrane, where they are folded and begin functioning. However, there is some evidence emerging that suggests that PfHsp70-2 and PfHsp70-x (and potentially other chaperones/co-chaperones such as PfJDPs) may collaborate with the core threading machinery of PTEX, a class I AAA + ATPase (PfHsp101; Russo et al., 2010; Matthews et al., 2019) in the chaperoning of exported P. falciparum proteins. For example, it has been shown that PfHsp101 is localized to the ER and the PV (Russo et al., 2010), and is able to preferentially associate with certain PEXEL-containing proteins within these compartments (Gabriela et al., 2022). PfHsp70-2 has been shown to not only interact with proteins secreted into the PV, but also with exported proteins, including the main virulence factor P. falciparum erythrocyte membrane protein 1 (PfEMP1; Saridaki et al., 2008; Batinovic et al., 2017; Cortés et al., 2020). In addition, it has been reported that PfHsp70-x associates with PfHsp101 (Charnaud et al., 2017; Cobb et al., 2017; Zhang et al., 2018) and PfEMP1 (Külzer et al., 2012). Therefore, in addition to its role in protein quality control and proteostasis in the ER, PfHsp70-2 may be playing a major role in the protein trafficking of secreted proteins, and in collaboration with PfHsp70-x also involved in the trafficking of exported proteins. It is tempting to speculate that two protein trafficking and folding pathways exist for exported proteins: 1) a pathway for PEXEL-containing proteins with PfHsp101 being the main chaperone and PfHsp70-2 and PfHsp70-x being auxiliary chaperones; and 2) a pathway for PNEPs with PfHsp70-2 and PfHsp70-x being the main chaperones which hand over to PfHsp101 in the PV or as a component of PTEX.
PFJDPS HARNESS THE CHAPERONE POWER OF PARASITE AND HOST HSP70S
PfJDPs are ubiquitous, expressed in all compartments of the parasite, in the PV and in the host cell (Dutta et al., 2021a). There is emerging evidence that they play an important role in protein trafficking, folding, assembly and protection from misfolding and aggregation under stressful conditions (Daniyan et al., 2016; Dutta et al., 2021a). The majority of the PfJDPs are essential (Maier et al., 2008; Zhang et al., 2018), and nearly half them are exported into the erythrocyte and play a crucial role in promoting parasite virulence (Dutta et al., 2021a).
A number of the parasite-resident PfJDPs, have been identified as potential co-chaperone of PfHsp70-1 (PfHsp40/PF14_0359, Botha et al., 2011, Anas et al., 2020; PFB0595w, Njunge et al., 2015; and Pfj4/PFL0565w, Pesce et al., 2008). Like PfHsp70-1, PfHsp40 is essential (Zhang et al., 2018), cytosolic, constitutively expressed, and upregulated under stressful conditions (Botha et al., 2011). While they are the homologous chaperone pair to the canonical cytosolic human Hsp70-JDP pair (HSPA1A-DNAJA1), there are subtle but critical structural, biochemical and functional differences, with the P. falciparum pair shown to be a more effective chaperone machine (Anas et al., 2020). Furthermore, PfHsp40 has been found to be farnesylated and palmitoylated, leading to membrane localization (Mathews et al., 2021). Notably, farnesyl-PfHsp40 may well be the essential isoform of this PfJDP, as inhibition of farnesylation significantly compromised survival of the parasite under stress conditions.
PfHsp70-PfJDP pairs have also been identified within the ER, and appear to play an important role in protein translocation (PfHsp70-2 and PfSec63/PF13_0102; Marapana et al., 2018) and protein folding and quality control within that compartment (PfHsp70-2 and Pfj2/PF11_0099; Cobb et al., 2017). At least one PfJDP has been shown to be secreted through the ER, and partially localized to the PV (PFF1415c; Khosh-Naucke et al., 2018). PFF1415c was found to be essential for growth of erythrocyte-stage parasites; however, its precise function is yet to be determined. Pfj1 (PFD0462w) is the only PfJDP reported to be localized to the apicoplast (Kumar et al., 2010), which was contrary to a previous report which proposed it was targeted to the mitochondrion (Watanabe, 1987). Pfj1 has an unusually long and unique C-terminal region, and has been proposed to be capable of binding to the apicoplast genome and play a role in DNA replication (Kumar et al., 2010). Interesting, Pfj1 has been shown to have a functional J domain (Nicoll et al., 2007), and therefore is likely to associate with a partner Hsp70; however, none of the PfHsp70s have been shown to localize to the apicoplast.
A number of recent reports suggest that the exported PfJDPs may serve as co-chaperones of not only the exported PfHsp70-x, but also the host Hsp70. As mentioned in the previous section, two of the exported PfJDPs (PFA0660w and PFE0055c) associate with PfHsp70-x in J-dots within the erythrocyte cytosol (Külzer et al., 2010; Külzer et al., 2012; Grover et al., 2013; Petersen et al., 2016), and have been shown to be co-chaperones of PfHsp70-x (Daniyan et al., 2016; Dutta et al., 2021b). It has been proposed that these J-dots play a role in the trafficking and folding of exported proteins (Külzer et al., 2012; Behl et al., 2019; Gabriela et al., 2022). Interestingly, one of the J-Dot PfJDPs, PFE0055c, was found to be essential (Zhang et al., 2018), while the other (PFA0660w) was not. However, functional disruption of PFA0660w was found to causes defects in knob formation and cytoadherence, with further genetic and biochemical studies suggesting that the role of PFA0660w in host cell modification involved host Hsp70 (Diehl et al., 2021; Table 1). This finding is consistent with a previous study using a yeast two-hybrid system, which reported an interaction between three exported PfJDPs (PFA0660w, PFE0055c, and PFB0090c) and human Hsp70 (Jha et al., 2017; Table 1). PFB0090c, also called knob-associated Hsp40 (KAHsp40; structurally similar to PFE0055c and PFA0660w), has been shown to interact with components of PTEX and knobs, and may be involved in the genesis of knob complexes (Acharya et al., 2012). It is well established that the knob protein complex does not contain PfHsp70-x, but rather, host chaperones (Hsp70, Hsp90, and Hop), and there is significant evidence that human Hsp70 is involved in the assembly of knob protein complexes (Banumathy et al., 2002; Alampalli et al., 2018). Hence, it is plausible that PFB0090c occurs in a common complex with human Hsp70, and potentially serves as its co-chaperone (Table 1).
TABLE 1 | Exported PfJDPs shown to functionally associate with PfHsp70-x or human Hsp70.
[image: Table 1]The largest group of PfJDPs are those members containing a J domain with a corrupted HPD motif (so-called type IVs), most of which appear to be exported (Botha et al., 2007; Njunge et al., 2013; Daniyan and Blatch, 2017). In fact, there is evidence that a number of the exported type IV PfJDPs are essential for parasite survival (e.g., PFB0085c and PF14_0013; Zhang et al., 2018), required for growth or survival under febrile conditions [e.g., PFA0110w, the ring-infected erythrocyte surface antigen protein (RESA); Silva et al., 2005; Diez-Silva et al., 2012], or involved in pathogenesis (e.g., PF10_0381; knockout causes loss of knobs; Maier et al., 2008). Recently, an exported type IV PfJDP, called eCiJP/PF11_0034 (and a paralogue of PF10_0381), was found to localize to J-Dots, associate with the erythrocyte cytoskeleton, and to potentially interact with host Hsp70 (HSPA1A) (Sahu et al., 2022; Table 1).
CONCLUSION
The malaria parasite has adapted to its pathological co-existence with the human host, enabling it to overcome the extreme physiological and cellular challenges that it faces, particularly during the erythrocytic stages of the life cycle. P. falciparum appears to have finely tuned its molecular chaperone machinery to be highly efficient, particularly its PfHsp70-PfJDP pairs, which are found in most compartments of the parasite-infected erythrocyte. Most of these P. falciparum PfHsp70-PfJDP partnerships appears to have evolved to efficiently protect the N-repeat-rich parasite proteome from the toxic effects of aggregation and misfolding. Furthermore, and perhaps as importantly, the parasite appears to have harnessed the host Hsp70 chaperone machinery to enable it to renovate the infected erythrocyte for its survival and pathology. The molecular details of this host-parasite interface represent an important frontier of future research endeavours.
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Muscle proteostasis is shaped by the myogenic transcription factor MyoD which regulates the expression of chaperones during muscle differentiation. Whether MyoD can also modulate chaperone expression in terminally differentiated muscle cells remains open. Here we utilized a temperature-sensitive (ts) conditional knockdown nonsense mutation in MyoD ortholog in C. elegans, HLH-1, to ask whether MyoD plays a role in maintaining muscle proteostasis post myogenesis. We showed that hlh-1 is expressed during larval development and that hlh-1 knockdown at the first, second, or third larval stages resulted in severe defects in motility and muscle organization. Motility defects and myofilament organization were rescued when the clearance of hlh-1(ts) mRNA was inhibited, and hlh-1 mRNA levels were restored. Moreover, hlh-1 knockdown modulated the expression of chaperones with putative HLH-1 binding sites in their promoters, supporting HLH-1 role in muscle maintenance during larval development. Finally, mild disruption of hlh-1 expression during development resulted in earlier dysregulation of muscle maintenance and function during adulthood. We propose that the differentiation transcription factor, HLH-1, contributes to muscle maintenance and regulates cell-specific chaperone expression post differentiation. HLH-1 may thus impact muscle proteostasis and potentially the onset and manifestation of sarcopenia.
Keywords: Caenorhabditis elegans (c. elegans), development, MyoD, hlh-1, myosin, proteostasis, chaperone
1 INTRODUCTION
The ability to maintain a functional proteome throughout life is vital for long-term organismal health (Shai et al., 2014; Sala et al., 2017; Meller and Shalgi, 2021). Cells cope with protein damage by employing highly conserved quality control systems that repair or remove the damaged proteins to maintain proteostasis (Bar-Lavan et al., 2016a; Bett, 2016; Jackson and Hewitt, 2016). The cellular chaperone machinery is involved in many cellular processes, including de novo folding, assembly and disassembly of protein complexes, protein translocation across membranes, proteolytic degradation, and unfolding and reactivation of stress-denatured proteins (Makhnevych and Houry, 2012; Bar-Lavan et al., 2016a; Bett, 2016; Jackson and Hewitt, 2016; Craig, 2018; Nillegoda et al., 2018). Chaperones unfold, refold and reactivate proteins to gain or recover their function (Rosenzweig et al., 2019). The regulation and specificity of chaperone-based reactions can be mediated by co-chaperones choosing the substrate, presenting it to the chaperone, and coordinating chaperone-substrate binding and release cycles (Kampinga and Craig, 2010; Bar-Lavan et al., 2016a; Rosenzweig et al., 2019). As its folding advances, a substrate can be identified by different chaperones or co-chaperones, resulting in substrate overlap, shuffling, and collaboration between various chaperone machinery (Bar-Lavan et al., 2016a; Rosenzweig et al., 2019). These chaperone or co-chaperone interactions constitute the chaperone network (Brehme et al., 2014; Shemesh et al., 2021).
Most chaperones are ubiquitously expressed, yet chaperone and co-chaperone expression levels display tissue-specific patterns (Brehme et al., 2014; Shemesh et al., 2021). These patterns are conserved and linked to the cellular proteome’s folding demands, suggesting that the proteome diversity and differential cellular folding requirements shape the chaperone network in multicellular organisms (Shemesh et al., 2021). Such tailoring of the chaperone system to the proteome needs enables cells to respond to their unique folding requirements, contributing to tissue-specific vulnerability in protein-misfolding diseases (Basha et al., 2020; Thiruvalluvan et al., 2020; Vonk et al., 2020). While it is still an open question how chaperone expression is regulated in a tissue-specific manner, a role for differentiation transcription factors that establish the cell-specific proteome in defining the chaperone network is well-established (Nisaa and Ben-Zvi, 2021). One well-characterized example is the role of the myogenic transcription factor, MyoD, and its’ Caenorhabditis elegans ortholog, HLH-1 (Fukushige and Krause, 2005), in regulating chaperone expression during muscle differentiation (Sugiyama et al., 2000; Bar-Lavan et al., 2016b; Echeverria et al., 2016; Tiago et al., 2021).
The chaperone network is rewired during muscle differentiation, resulting in the induced expression of some chaperones and repression of others (Bar-Lavan et al., 2016b; Echeverria et al., 2016; Nisaa and Ben-Zvi, 2021). This muscle-specific expression pattern remains consistent across development and aging (Brehme et al., 2014; Shemesh et al., 2021). Chaperones that are upregulated during myogenesis also show muscle-specific differential expression in adult muscle tissues (muscle chaperones). This pattern is conserved from human to worm (Bar-Lavan et al., 2016b; Shemesh et al., 2021). MyoD/HLH-1 can regulate the expression of most muscle chaperones associated with this conserved muscle expression pattern (Bar-Lavan et al., 2016b; Echeverria et al., 2016), and it has functional binding sites at the promoters of most muscle chaperones (Sugiyama et al., 2000; Bar-Lavan et al., 2016b). Disrupting MyoD/HLH-1 function or mutating its’ binding sites abolish muscle chaperones’ expression during myoblasts differentiation, while its ectopic expression induces chaperone expression (Bar-Lavan et al., 2016b; Echeverria et al., 2016). While MyoD/HLH-1 modulates muscle chaperone expression during differentiation, a role for HLH-1 in maintaining muscle proteostasis later in life was not determined. Here, we asked whether HLH-1 plays a role in muscle maintenance post myogenesis by knocking down hlh-1 expression at different points during C. elegans development.
2 MATERIALS AND METHODS
2.1 Nematodes and Growth Conditions
Nematodes were grown on NGM plates seeded with the Escherichia coli OP50-1 strain and maintained at 15°C. Age-synchronized embryos were obtained by placing for 3–5 h ∼25 adults on fresh plates at 15°C, as in (Dror et al., 2020). Nematodes were either maintained at 15°C for the duration of an experiment or shifted to 25°C at specific time points during development (Figures 1A,B). Unless otherwise stated, animals’ motility, muscle organization, or gene expression were examined on the first day of adulthood before the onset of egg-laying (young adults, YA). A list of strains used in this work is included in Supplementary Table S1. All strains were outcrossed to our N2 stock at least four times. Cross-strains were generated using standard C. elegans procedures. Animals’ genotype was confirmed by single worm PCR using Phire Animal Tissue Direct PCR Kit (F-170L, Thermo Scientific) with primers that amplified the area of the mutation as in (Meshnik et al., 2022). Primer sequences used in this study are listed in Supplementary Table S2.
[image: Figure 1]FIGURE 1 | Differentiation transcription factor HLH-1 is required for muscle maintenance during larval development. (A) Schematic representation of the experimental setup. Wild type (WT) or hlh-1(ts) embryos were placed on seeded plates at 15°C. Animals were maintained at 15°C (Ctrl) or shifted to 25°C at the indicated times, corresponding to specific larval stages (L1-I, L2-II, L3-III, and L4-IV). Young adults (YA, before the onset of egg-laying) were then analyzed for motility, myofilament organization, and chaperone expression. (B) A list of treatments duration (in hours) at 15°C and 25°C for each group (Ctrl and I-IV). (C–D) Motility rates of temperature-shifted YA. Thrashing rates were scored on day one of adulthood for WT (C) or hlh-1(ts) (D) animals grown at 15°C for the duration of the experiment (Ctrl-75 h) or shifted to 25°C at the indicated times (I-15h, II-36h, III-46 h or IV-60 h). Data are means ± 1 standard error of the mean (1SE). Data were analyzed using one-way ANOVA followed by a Dunnett’s post-hoc test (N = 3, n = 30). (*) denotes p < 0.05, (**) denotes p < 0.01, (***) denotes p < 0.001, and (ns) denotes p > 0.05, compared with Ctrl animals maintain at 15°C. (E) Representative images of age-synchronized hlh-1(ts) animals that express MYO-3::GFP. Animals were grown at 15°C for the duration of the experiment (Ctrl) or shifted to 25°C at L1-I or L2-II. Animals were collected and fixed at the YA stage, and myofilaments were imaged. The scale bar is 25 μm. Panels A–B were created using BioRender.com.
2.2 Temperature Shift Experiments
Wild type (WT), hlh-1(cc561), smg-6(ok1794), or hlh-1(cc561);smg-6(ok1794) embryos laid at 15°C were shifted to 25°C at the first (L1, I), second (L2, II), third (L3, III), or fourth (L4, IV) larval stage and maintained at 25°C until they reached the YA stage. As a control (Ctrl), embryos laid at 15°C were allowed to develop at 15°C until the YA stage (Figure 1A). YA motility, muscle organization, or mRNA levels were then examined. Cultivation times at 15°C and 25°C for each experimental condition are noted (Figure 1B). We treated all examined strains in parallel for each experimental condition when comparing different strains.
2.3 Motility Assay
To determine motility rates, we counted the number of changes in bending direction at mid-body (thrashes) per minute of age-synchronized animals (N = 3, n = 30), as in (Dror et al., 2020).
2.4 Feeding RNA Interference
Synchronized embryos (N = 3, n > 30) were placed on plates seeded with E. coli strain HT115 (DE3) transformed with the indicated RNA interference (RNAi) vectors, smg-2 or smg-7, (obtained from the Vidal RNAi library) or empty vector (EV) control (pL4440), as previously described (Dror et al., 2020). The efficiency of the RNAi treatment was determined using qPCR to examine the mRNA levels of smg-2 or smg-7. The efficiency of mRNA knockdown ranged between 50–90%.
2.5 Confocal Imaging
Adult animals expressing MYO-3 tagged with GFP (strains DM8005 or RW1596) were fixed with 4% paraformaldehyde, as previously described (Karady et al., 2013). Alternatively, adult animals were fixed with 4% paraformaldehyde, permeabilized with ice-cold acetone, and stained with Rhodamine-Phalloidin (1:10; 00027, Biotium). Treated samples were imaged using a Leica DM5500 confocal microscope through a 63x 1.0 numerical aperture objective with a 488 nm or 532 lines for excitation, respectively.
2.6 RNA Levels
RNA was extracted from age-synchronized animals using GENEzol TriRNA Pure Kit (GZXD200, Geneaid), and was then treated with DNA FreeTM DNA removal kit (AM 1906, Invitrogen). For cDNA synthesis, RNA was reverse-transcribed using the iScriptTM cDNA Synthesis Kit (1708891, Bio-Rad). mRNA levels were measured using quantitative PCR, performed on a C1000 Thermal Cycler (Bio-Rad) with KAPA SYBRFAST qPCR Master Mix (KK4602, KAPA Biosystems), as in (Meshnik et al., 2022). Relative transcript levels were determined by averaging the CT of triplicate values for the genes examined and normalizing those to CT values obtained for 18S rRNA of the same sample using the 2−ΔΔCTT method (Livak and Schmittgen, 2001). List of primes used in this work are provided in Supplementary Table S2.
2.7 Statistical Analysis
To test the null hypothesis that hlh-1 or chaperone mRNA levels are reduced in hlh-1(ts) animals compared to WT (Supplementary Figures S1A, S4C), we used a one-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc test. We used one-way ANOVA followed by Dunnett’s post hoc test to compare motility rates or mRNA levels between Ctrl and temperature shifted animals (Figures 1C,D and Supplementary Figure S3U–W, respectively). We used the same test to compare motility rates between smg-2, or smg-7 RNAi treated animals and EV control at different knockdown stages (Figures 2F,G). We used one-way ANOVA followed by Tukey’s post hoc test to compare motility rates between WT, hlh-1(cc561), or hlh-1(cc561);smg-6(ok1794) mutant animals treated as Ctrl, L2-II or L3-III (Figures 2A–C). We used the Wilcoxon Mann-Whitney rank sum test to ask whether muscle chaperone expression levels are reduced in hlh-1(ts) compared to WT animals (Figure 3 and Supplementary Figure S3A–T) or to ask whether hlh-1 levels are elevated in hlh-1(ts);smg-6 mutant animals treated as Ctrl, L2-II or L3-III compared to hlh-1(ts) or WT (Supplementary Figure S2). The same test was used to ask whether the motility of hlh-1(ts) animals was reduced compared to WT animals maintained at 15°C at different larval and adult stages (Figures 4A–C and Supplementary Figure S4A–B). Bonferroni correction was applied to adjust p values when gene expression was compared under two conditions. Data are presented as bar graphs showing means ± 1 standard error of the mean (1SE). The numbers of biological repeats (N) and individuals (n) in each condition tested are noted in the figure legends.
[image: Figure 2]FIGURE 2 | Blocking the RNA-mediated decay pathway rescues animals’ motility. (A–C) Motility rates of wild type (WT), hlh-1(ts), or hlh-1(ts);smg-6. Thrashing rates of age-synchronized WT, hlh-1(ts), or hlh-1(ts);smg-6 grown at 15°C for the experiment duration (A) or shifted to 25°C at L2 [II, (B)] or L3 [III, (C)] larval stages. Data are means ± 1 standard error of the mean (1SE). Data were analyzed using one-way ANOVA followed by a Tukey’s post hoc test (N = 3, n = 20). (*) denotes p < 0.05, and (***) denotes p < 0.001 compared with WT. (D) Representative images of temperature-shifted animals expressing MYO-3:GFP. WT, hlh-1(ts), or hlh-1(ts);smg-6 animals were shifted to 25°C at L1-I or L2-II. YA were collected and fixed, and myofilaments were imaged. The scale bar is 25 μm. Inserts are a 2-fold magnification of the boxed area. (E) Schematic representation of the experimental setup. hlh-1(ts) embryos were laid on seeded plates at 15°C. Age-synchronized hlh-1(ts) animals were moved to RNAi plates seeded with smg-2, smg-7, or empty vector (EV) control, and plates were shifted to 25°C at L1 (I) or L2 (II) larval stages. YAs were then analyzed for motility and myofilament organization. (F–G) Motility rates of hlh-1(ts) smg(RNAi) treated animals. Thrashing rates of age-synchronized hlh-1(ts) animals that were moved to RNAi plates seeded with smg-2, smg-7, or EV control and shifted to 25°C at L1 (F) or L2 (G) larval stages. Data are means ± 1 standard error of the mean (1SE). Data were analyzed using one-way ANOVA followed by a Dunnett’s post hoc test (N = 3, n = 60). (**) denotes p < 0.01 and (***) denotes p < 0.001 compared with EV control. (H) Representative images of hlh-1(ts) smg(RNAi) treated myofilament. Age-synchronized hlh-1(ts) animals expressing MYO-3:GFP were treated with smg-2, smg-7, or EV control RNAi at 25°C as in G, and myofilaments were imaged. The scale bar is 7.5 μm. Panel E was created using BioRender.com.
[image: Figure 3]FIGURE 3 | The expression of HLH-1-dependent chaperones during larval development. (A–T) Expression levels of chaperones in hlh-1(ts) animals. Relative mRNA levels of HLH-1-dependent chaperones, hsp-90, sti-1, unc-23, hsp-12.2, or dnj-24, in age synchronized hlh-1(ts) (A–J) or WT (K–T) animals, shifted to 25°C at L2-II [(A-E) and (K-O)] or L3-III [(F-J) and (P-T)] larval stages. Expression levels were compared with the same strain animals maintained at 15°C (Ctrl). Data are means ± 1 standard error of the mean (1SE). Data were analyzed using the Wilcoxon Mann-Whitney rank sum test compared with the same strain Ctrl treated animals (N ≥ 4).
[image: Figure 4]FIGURE 4 | Mild disruption of hlh-1 expression during development severely impact muscle maintenance later in adulthood. (A–C) Motility rates of WT or hlh-1(ts) adults. Thrashing rates of age-synchronized WT or hlh-1(ts) animals maintained at 15°C were examined on days 1 (A), 4 (B), or 7 (C) of adulthood. Data are means ± 1 standard error of the mean (1SE). Data were analyzed using the Wilcoxon Mann-Whitney rank sum test compared with WT (N = 3, n ≥ 30). (D) Representative images of WT or hlh-1(ts) animals that express MYO-3::GFP. Age-synchronized WT or hlh-1(ts) animals maintained at 15°C were collected and fixed on days 1, 4, or 7 of adulthood, and myofilaments were imaged. Inserts are a 2-fold magnification of the boxed area. The scale bar is 10 μm.
3 RESULTS
3.1 HLH-1 is Required for Muscle Maintenance During Larval Development
hlh-1 is expressed during larval development, with mRNA and protein expression detected in all larval stages (L1-L4) (Harfe et al., 1998; Toudji-Zouaz et al., 2021). During early larval development (L1-L2), HLH-1 plays a role in postembryonic muscle differentiation of the 14 body-wall muscle cells derived from the M-lineage (Harfe et al., 1998; Krause and Liu, 2012). In agreement, we detected hlh-1 mRNA expression in larvae. This expression declined with age (Supplementary Figure S1) (Gerstein et al., 2014).
To ask whether HLH-1 affects muscle postembryonic maintenance, we utilized a nonsense mutant allele, hlh-1(cc561ts) (hereafter designated as hlh-1(ts)), that gives rise to a truncated protein. The phenotype is attributed to insufficient HLH-1 levels, as overexpression of the truncated mRNA or disruption of the nonsense-mediated decay (NMD) pathway rescues hlh-1(ts) phenotypes. The hlh-1(ts) mutation behaves like a conditional knockdown, likely because the nonsense-mediated decay pathway activity is modulated by temperature (Harfe et al., 1998; Cali et al., 1999). Whereas the animals appear wild-type at low cultivation temperatures, and there is minimal impact on hlh-1 levels (Supplementary Figure S1), motility, and body wall muscles organization (Gieseler et al., 2000; Gieseler et al., 2002). The mutation is fully evident at high cultivation temperatures, showing defective embryonic and postembryonic muscle differentiation and L1-arrest phenotype (Harfe et al., 1998). We thus used hlh-1(ts) temperature-sensitive behavior to knock down hlh-1 levels at different stages during larval development and examine its impact on muscle maintenance.
Age synchronized wild-type (WT) or hlh-1(ts) embryos were allowed to hatch and develop under permissive conditions (15°C). Animals were shifted to the restrictive conditions (25°C) at first (L1, I), second (L2, II), third (L3, III), or fourth (L4, IV) larval stages (Figure 1A) and then maintained under restrictive conditions for the duration of the experiment (Figure 1B). The motility of temperature-shifted young adult animals (YA), measured as thrashing rates, was compared to that of YA animals maintained at the permissive conditions for the duration of the experiment (Ctrl, Figures 1A,B). Whereas the motility of WT larvae shifted to the restrictive conditions was unaffected, motility of hlh-1(ts) animals shifted at L1, L2, or L3, but not L4, was significantly reduced (1.8-, 1.4-, and 1.2-fold, respectively, ANOVA followed by a Dunnett’s post hoc test, Figures 1C,D). Thus, disrupting hlh-1 expression during larval development affects muscle function, supporting a postembryonic role for HLH-1 in muscle maintenance.
The postembryonic differentiation of M-lineage derived body-wall muscles can occur in the absence of HLH-1, and it is completed before the L3 stage (Harfe et al., 1998; Krause and Liu, 2012). To determine if the impact of hlh-1 knockdown on motility was specific to the M-derived body-wall muscle cells or general, we examined whether and which body-wall muscle cells display disrupted myofilament organization. For that, we monitored myosin heavy chain A (MYO-3) organization using an MYO-3::GFP tagged protein. L1-or L2-shifted hlh-1(ts) animals (L1-I and L2-II, respectively) exhibited disrupted myofilament structure and MYO-3::GFP mislocalization in most muscle cells, while animals maintained at permissive conditions were unaffected (Figure 1E). Thus, hlh-1 is required to maintain embryonic and postembryonic differentiated body-wall muscles.
3.2 Restoring hlh-1 mRNA During Development Rescues Muscle Proteostasis
We next asked whether inhibiting the NMD pathway can restore muscle maintenance by disrupting the expression of the smg mRNA surveillance genes, using animals harboring a mutation in smg-6(ok1794) (hereafter designated as smg-6). Double mutant hlh-1(ts); smg-6 animals that were maintained under permissive conditions (Ctrl) showed no or a mild increase in hlh-1 mRNA levels compared to hlh-1(ts) or WT animals (Wilcoxon Mann-Whitney rank sum test, p = 0.2, and p = 0.028, respectively; Supplementary Figure S2A–B). In agreement, the mild motility reduction (1.15-fold) of Ctrl treated hlh-1(ts) animals compared to WT animals was abolished in the double mutant hlh-1(ts); smg-6 animals (ANOVA followed by a Tukey’s post hoc test, p ≤0.05; Figure 2A). This behavior was more apparent in temperature-shifted animals than in Ctrl-treated animals. hlh-1 mRNA levels in animals shifted at L2-II or L3-III were significantly higher for hlh-1(ts);smg-6 than for hlh-1(ts) mutant or WT animals, restoring and even raising hlh-1 mRNA levels (Wilcoxon Mann-Whitney rank sum test, p = 0.028; Supplementary Figure S2C–F). Likewise, the reduced motility of L2-or L3-shifted hlh-1(ts) animals compared to WT (129 ± 8 vs. 199 ± 5 bends per minute and 158 ± 7 vs. 219 ± 5 bends per minute, respectively) was rescued in hlh-1(ts);smg-6 shifted animals (202 ± 5 and 204 ± 6 bends per minute, respectively, ANOVA followed by a Tukey’s post hoc test, p ≤0.001; Figures 2B,C). Furthermore, the severe MYO-3::GFP mislocalization observed in hlh-1(ts) animals shifted at L1-I or L2-II was abrogated in hlh-1(ts);smg-6 animals (Figure 2D). Thus, the observed developmental muscle maintenance phenotypes are dependent on HLH-1.
One possible interpretation of our results is that the mild reduction in hlh-1 mRNA levels during embryogenesis alone gives rise to the muscle defects observed during development under permissive conditions. We thus asked whether inhibiting the NMD pathway past embryogenesis can still rescue muscle defects in temperature-shifted larvae to address this possibility. We knocked down the expression of smg genes during larval development by introducing RNAi against smg-2 or smg-7 only once we shifted the animals to the restrictive conditions (Figure 2E). The motility of hlh-1(ts) temperature-shifted L1-I or L2-II animals treated with smg-2(RNAi) or smg-7(RNAi) was significantly improved compared to animals treated with empty vector (EV) control (∼1.4- and ∼1.2-fold, respectively, ANOVA followed by a Dunnett’s post hoc test, p ≤0.01; Figures 2F,G). Likewise, MYO-3:GFP mislocalization observed in EV control-treated hlh-1(ts) L1-I shifted animals was strongly reduced in smg-2(RNAi) or smg-7(RNAi) treated L1-I shifted animals (Figure 2H). Taken together, HLH-1 is required for muscle maintenance during larval development.
3.3 HLH-1 Knockdown During Larval Development Modulates Muscle Chaperone Expression
MyoD/HLH-1 can regulate chaperone expression during muscle differentiation (Sugiyama et al., 2000; Bar-Lavan et al., 2016b; Echeverria et al., 2016; Tiago et al., 2021). To ask whether HLH-1 also regulates chaperones’ expression during larval development, we examined the expression of chaperones that are hlh-1-dependent or hlh-1-independent. While hlh-1-dependent chaperones were shown to have putative HLH-1 occupancy sites at their promoter and respond to modulation of hlh-1 expression levels in embryos, hlh-1-independent chaperones lack such features. We first compared mRNA levels of chaperones in Ctrl and L2-II and L3-III temperature-shifted hlh-1(ts) (Figures 3A–J) or WT (Figure 3K-T) animals using qPCR. unc-23, hsp-12.2, and dnj-24 showed reduced expression in L2-II (Figures 3C–E) and L3-III (Figures 3H–J) temperature-shifted hlh-1(ts) animals compared to animals maintained under permissive conditions, but not in WT animals (Wilcoxon Mann-Whitney rank sum test; Supplementary Figure S3M–O, R–T). unc-23, hsp-12.2, and dnj-24 reduced expression was rescued in temperature-shifted hlh-1(ts); smg-6 animals (ANOVA followed by a Dunnett’s post hoc test; Supplementary Figure S3U–W), when hlh-1 levels are elevated (Supplementary Figure S2C–F). The expression levels of the other two hlh-1-dependent chaperones, hsp-90 and sti-1, were not significantly different (Wilcoxon Mann-Whitney rank sum test). hsp-90 and sti-1 are highly and ubiquitously expressed chaperones, and changes in their expression in one tissue might not be apparent. While unc-23, hsp-12.2, and dnj-24 are also expressed in other tissues, their expression is enriched in muscle cells (Roy et al., 2002; Fox et al., 2007; Kuntz et al., 2012). Indeed, their expression pattern clusters with muscle-specific genes during embryogenesis, showing a myogenesis-induced expression pattern (while hsp-90 and sti-1 do not) (Bar-Lavan et al., 2016b). In contrast, when we examined the expression levels of five hlh-1-independent chaperones (Supplementary Figure S3), only hsp-17 showed reduced expression in temperature-shifted hlh-1(ts) animals (Supplementary Figure S3A, F). However, it was similarly affected in temperature-shifted WT animals (Wilcoxon Mann-Whitney rank sum test; Supplementary Figure S3K, P). Thus, hlh-1-dependent chaperone expression can be modulated by hlh-1 knockdown during larval development, suggesting that HLH-1 could contribute to muscle proteostasis.
3.4 Disruption in hlh-1 Expression During Embryonic or Larval Development Results in Early Onset of Muscle Deterioration
RNAi knockdown of hlh-1 in adulthood shows no impact on muscle function in adulthood (Mergoud Dit Lamarche et al., 2018). In agreement, the motility of L4 temperature-shifted hlh-1(ts) animals was similar to animals grown under permissive conditions (Figure 1D). These data suggest that HLH-1 has no role in muscle maintenance during adulthood. However, hlh-1 function during embryonic and larval development could impact muscle proteome and proteostasis and thus modulate muscle maintenance later in life. To address this possibility, we ask whether the mild reduction in hlh-1 mRNA levels (Supplementary Figure S1) and its’ associated phenotypes (Figure 1E, 2A, and Supplementary Figure S4A–C) observed in hlh-1(ts) animals maintained at permissive conditions has implications on muscle maintenance in adulthood. The motility of hlh-1(ts) animals was mildly reduced compared to WT during larval development (∼1.15-fold, Wilcoxon Mann-Whitney rank sum test; Supplementary Figure S4A–B). However, with age, motility decline became more pronounced (Figures 4A–C). By day four of adulthood, hlh-1(ts) animals’ thrashing rate was reduced by 1.7-fold compared to WT (Wilcoxon Mann-Whitney rank sum test, p < 0.001; Figure 4B). Motility declined further by day 7 of adulthood (2.3-fold compared to WT, Wilcoxon Mann-Whitney rank sum test, p < 0.0001; Figure 4C). Of note, while WT motility declined by 1.6-fold with age, hlh-1(ts) motility declined by 3-fold. Likewise, myofilament organization was disrupted with age. MYO-3 and actin filaments disruption was apparent already at day 4 of adulthood. By day 7 of adulthood, MYO-3 and actin organization were disrupted in most body wall muscle cells (Figure 4D and Supplementary Figure S4D). In contrast, MYO-3 organization in WT animals remained intact, as previously observed (Ben-Zvi et al., 2009). Thus, the mild decline in hlh-1 expression levels associated with mild or no changes in muscle maintenance during larval development (Figures 1E,F, 2A, and Supplementary Figure S4A–C) is sufficient to disrupt the muscle folding environment and thus muscle maintenance in adulthood.
4 DISCUSSION
Chaperone expression is differentially regulated across cell types during cellular differentiation to establish tissue-specific chaperone networks (Nisaa and Ben-Zvi, 2021; Shemesh et al., 2021). Differentiation transcription factors play a role in the rewiring of the chaperone network in parallel to setting the cellular proteome (Luo et al., 1991; Bar-Lavan et al., 2016b; Piri et al., 2016; Zha et al., 2019; Nisaa and Ben-Zvi, 2021). Specifically for muscle cells, MyoD/HLH-1 was shown to directly regulate chaperone expression (Sugiyama et al., 2000; Bar-Lavan et al., 2016b; Echeverria et al., 2016; Tiago et al., 2021). Tissue-specific chaperone networks are also maintained in adult tissues and deteriorate with age (Brehme et al., 2014; Sala et al., 2017; Shemesh et al., 2021). Here, we asked whether a differentiation transcription factor can be involved in muscle maintenance later in life. To address this question, we set out to examine the effects of conditional knockdown of C. elegans MyoD, HLH-1, at different stages of larval development.
We first established that hlh-1 is expressed during larval development and is required for motility and muscle organization, although the effect was most pronounced in early larval stages (Figures 1, 2). Furthermore, we showed that disrupting hlh-1 expression during L2-L3 larval stages resulted in reduced expression of some HLH-1-dependent chaperones but not HLH-1-independent chaperones (Figure 3). Finally, we showed that even a mild reduction in hlh-1 expression during embryogenesis and larval development with no or mild impact on motility and muscle organization in YA showed faster deterioration of muscles during aging (Figure 4). Taken together, we propose a role for MyoD/HLH-1 in the maintenance of muscle proteostasis.
4.1 HLH-1-dependent Chaperones Shape the Muscle Chaperone Folding Capacity
Muscle chaperones, most of which are hlh-1-dependent, are required for muscle proteostasis (Bar-Lavan et al., 2016b; Nisaa and Ben-Zvi, 2021; Shemesh et al., 2021). Disrupting the expression of a single muscle chaperone by knockdown or overexpression often affects muscle proteome folding and function and, for some chaperones, can even disrupt muscle differentiation (Landsverk et al., 2007; Frumkin et al., 2014; Papsdorf et al., 2014; Bar-Lavan et al., 2016b; Echeverria et al., 2016; Nisaa and Ben-Zvi, 2021; Tiago et al., 2021). For example, DNJ-24, UNC-23, HSP-90, and STI-1 are localized to the sarcomere, and when any are disrupted, myosin is disorganized (Meissner et al., 2011; Frumkin et al., 2014; Papsdorf et al., 2014; Rahmani et al., 2015; Bar-Lavan et al., 2016b). Indeed, when the functional association of chaperones that are upregulated in human skeletal muscle (and their C. elegans homologs) was examined, most were required for muscle function, and more than half were causal or associated with muscle diseases (Shemesh et al., 2021). For example, mutations in DNAJB6 (homolog of dnj-24) lead to Limb-girdle muscular dystrophy 1E, and mutations in HSPB8 (homolog of hsp-12.2) or BAG2 (homolog of unc-23) were associated with myopathies (Sarparanta et al., 2012; Al-Tahan et al., 2019; Diofano et al., 2020). Moreover, the knockdown of muscle chaperone expression activated a muscle-specific stress response (Guisbert et al., 2013). The tight regulation of muscle chaperones is most apparent when overexpression of chaperones, including HSP-90, HSP-1, and UNC-45, disrupt, rather than improve, muscle proteostasis (Landsverk et al., 2007; Papsdorf et al., 2014; Bar-Lavan et al., 2016b; Echeverria et al., 2016; Nisaa and Ben-Zvi, 2021). Thus, MyoD/HLH-1 modulates the regulation of muscle chaperones. In turn, muscle chaperones directly contribute to muscle health, supporting a role for MyoD/HLH-1 in muscle-specific regulation of chaperone expression to address the specific folding needs of the muscle proteome.
4.2 The Function of HLH-1 During Embryonic and Larval Development Shapes Muscle Proteostasis in Adulthood
hlh-1 knockdown in adulthood has no impact on muscle maintenance later in life, suggesting that HLH-1 mainly functions in embryos and developing larvae (Mergoud Dit Lamarche et al., 2018). This developmental role is supported by the observed decline in hlh-1 requirement during larval development (Figure 1D) and the low hlh-1 levels detected in young adults (Supplementary Figure S1). While it is likely that HLH-1 has no active role in muscle maintenance during adulthood, even mild disruption in hlh-1 expression during larval development strongly impacted muscle maintenance in adulthood (Figure 4 and Supplementary Figure S4). The impact of hlh-1 disruption suggests that the basal state of muscle proteostasis early in adulthood can substantially affect muscle maintenance in aging. In agreement, aggregation prone poly-glutamine extended repeat model (Q35) in hlh-1(ts) background show increase aggregation rate mainly in adulthood (Bar-Lavan et al., 2016b). A model for Duchenne muscular dystrophy (DMD), consisting of animals carrying a null mutation in dystrophin in hlh-1(ts) background, showed similar behavior. Animals displayed a progressive loss of motility and muscle degeneration. Disruption-associated damage that started in development became functionally apparent during C. elegans adulthood (Gieseler et al., 2000; Gieseler et al., 2002; Brouilly et al., 2015) as well as in mice (Megeney et al., 1999). Several studies demonstrated a role for proteostasis maintenance in this C. elegans DMD model (Nyamsuren et al., 2007; Brouilly et al., 2015). Specifically, deletion of the co-chaperone, STUB1 (chn-1 in C. elegans), or inhibition of the proteasome partially rescued muscle function and structure in adulthood, delaying muscle wasting (Nyamsuren et al., 2007). Muscle-specific gene expression analyses comparing WT and dystrophin mutants after phenotypes were observed (L3-adult) identified significant changes in the expression of genes involved in myogenesis, supporting a role for HLH-1 in muscle maintenance (Hrach et al., 2020). We, therefore, propose that the basal proteostasis network in hlh-1(ts) mutant animals is limiting, which contributes to age-dependent muscle deterioration, accelerating the rate of muscle wasting.
4.3 Various Transcription Factors can Shape the Cell-specific Proteostasis Networks
Three myogenic transcription factors are involved in muscle differentiation during embryogenesis, HLH-1, UNC-120, and HND-1 (Fukushige and Krause, 2005; Fukushige et al., 2006; Lei et al., 2010; Kuntz et al., 2012). Like HLH-1, UNC-120 is expressed past embryogenesis and protects muscle cells later in life (Mergoud Dit Lamarche et al., 2018). Specifically, UNC-120 knockdown results in reduced expression of muscle genes, disrupted mitochondria morphology and connectivity, and accumulation of autophagic vesicles, suggesting that UNC-120 impacts muscle health. In agreement, UNC-120 overexpression in body wall muscle cells improves muscle aging. Moreover, UNC-120 can affect the expression of some chaperones (Kuntz et al., 2012), suggesting that, like HLH-1, it can shape muscle chaperone network in adulthood.
Other transcription factors, such as the heat shock transcription factors (HSFs), regulate chaperones’ expression during development (Li et al., 2016; Li et al., 2017) or modulate the muscle heat shock response (Guisbert et al., 2013). Furthermore, trans-cellular signaling modulates chaperone expression in muscle in response to changes in chaperone expression in neurons or intestine cells (O'Brien et al., 2018; Miles et al., 2022). Therefore, the chaperone system can be shaped and reshaped during development. Different transcription factors can contribute to the composition, expression levels, and thus folding capacity of muscle cells in development and aging. How these signals regulate and coordinate an intricate chaperone network that responds to tissue and organismal folding demands remains to be determined.
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In multicellular organisms, cells must continuously exchange messages with the right meaning, intensity, and duration. Most of these messages are delivered through cognate interactions between membrane and secretory proteins. Their conformational maturation is assisted by a vast array of chaperones and enzymes, ensuring the fidelity of intercellular communication. These folding assistants reside in the early secretory compartment (ESC), a functional unit that encompasses endoplasmic reticulum (ER), intermediate compartment and cis-Golgi. Most soluble ESC residents have C-terminal KDEL-like motifs that prevent their transport beyond the Golgi. However, some accumulate in the ER, while others in downstream stations, implying different recycling rates. Moreover, it is now clear that cells can actively secrete certain ESC residents but not others. This essay discusses the physiology of their differential intracellular distribution, and the mechanisms that may ensure selectivity of release.
Keywords: KDEL receptors, protein quality control, protein secretion, ERp44, PDI, protein folding, endoplasmic recticulum, Golgi
THE ASSEMBLY LINE FOR SECRETORY PROTEINS
Secreted proteins are key messengers in cell-to-cell communication. The composition of the secretome depends on selective cargo export and retention/retrieval mechanisms. Key players in the latter are KDEL receptors (KRs), present in three isoforms in mammals. Through the recognition of C-terminal sequence KDEL, or variants thereof (e.g., KTEL, RDEL, HDEL), they prevent the secretion of the many and very abundant soluble chaperones and enzymes (Munro and Pelham, 1987), that assist the folding of a diverse secretome. These folding assistants operate in the early secretory compartment (ESC), a term we use herein to define the ER, intermediate compartment and cis-Golgi. Its stepwise organization is perfectly suited to time the many posttranslational modifications that cargoes need to attain their native structure.
Cargo proteins proceed along the ESC like cars in assembly lines: yet, workers must stay in place to execute their tasks in a precise order. How can few KRs retain the numerous resident proteins? And how are the latter distributed in ESC to operate in the optimal sequence along the folding-assembly line? Compelling evidence shows that KDEL-bearing proteins distribute differently along ESC, depending on the balance between retention and forward movement, in a self-assembling multiple phase separation system (Gilchrist et al., 2006; Anelli et al., 2007; Tempio et al., 2021). This structure allows sequential checkpoints in the biogenesis and quality control (QC) of complex cargo proteins. Figure 1 summarizes our hypothetical model of ESC as a chromatography column (Anelli et al., 2015) packed with supramolecular complexes of chaperones and enzymes (Booth & Koch, 1989; Meunier et al., 2002). The propensity of resident proteins to interact with each other, as well as redox oscillations, pH differences and increasing/decreasing concentration of salts and metals might determine the size of the beads, which would distribute accordingly, like the stones that remain in a sieve. In their route to secretion, newly synthesized, unfolded cargo proteins interact with the column matrices. On the one hand, these interactions favor folding and prevent aggregation of cargo proteins. On the other, they can further increase the matrix size, making the retention system hardly saturable (Reddy et al., 1996; Meunier et al., 2002).
[image: Figure 1]FIGURE 1 | Self-sorting of chaperones and cargoes along the early secretory compartment (ESC). Four nascent cargo proteins are depicted on the left side of the cartoon as they cotranslationally translocate into the ER. Here, they encounter a series of chaperones and enzymes, that help their folding and prevent aggregation (proximal QC). The pink ovals represent supramolecular complexes with different diffusibility, with which cargo proteins sequentially interact. Once they reach a native, compact conformation, cargoes no longer interact with the matrix and can proceed towards downstream stations of the secretory pathway. ESC residents that reach the Golgi are instead retrieved by KRs. Unlike PDI, ERp44 reaches faster the distal compartment (ERGIC/cis-Golgi) to patrol the assembly of complex, multimeric proteins (distal QC). ERp44 retrieves also Ero1α and other enzymes that lack KDEL motifs (Prx4, ERAP1, FGE/SuMF1). Some proteins might be retro-translocated from the ER to the cytosol and exported via unconventional pathways of secretion (UPS). As shown in the right part of the cartoon, some ESC residents elude KRs’ retention/retrieval and are found also extracellularly. During megakaryocyte maturation, PDI is routed towards smooth ER fragments called “dense tubular system” (DTS). PDI and Ero1α are also found on the surface of endothelial cells, whilst ERp44 is secreted during decidualization of primary endometrial cells. AGR2 is instead abundantly secreted by tumor cells or upon inflammation.
Only compact cargoes that no longer interact with the column matrices can proceed further. For many complex cargoes, however, the folding schedule is not complete within the proximal QC checkpoints. Thus, some chaperones and enzymes evade the ER and patrol the arrival of complex molecules in the ERGIC and cis-Golgi compartments, operating a distal QC. For example, IgM and adiponectin are transported further downstream to oligomerize under the assistance of ERp44 (Hampe et al., 2015; Anelli and Sitia 2018; Giannone et al., 2022). Indeed, despite having a RDEL motif, ERp44 accumulates distally with respect to other ESC residents, like PDI. The faster rate at which it exits from the ER depends in part on interactions with the cargo receptor ERGIC53 (Tempio et al., 2021). Moreover, unlike PDI, ERp44 is not part of the BiP containing primary matrix (Meunier et al., 2002).
To further complicate the issue, some proteins acting primarily in the ER do not contain known localization signals. An outstanding example is Ero1α, a glycosylated flavoenzyme playing a crucial role in oxidative protein folding (Cabibbo et al., 2000; Mezghrani et al., 2001). Interestingly, while the yeast Ero1p contains an essential C-terminal tail mediating its association with the ER membrane (Pagani et al., 2001), this tail is absent from human Ero1α and Ero1β. As a matter of fact, to be retained/retrieved the two flavoproteins hijack the KDEL and RDEL motifs of PDI and ERp44 with whom they associate. The loss of an intrinsic localization motif from Ero1α and Ero1β likely reflects the need to perform new functions in metazoan with respect to unicellular yeast. In stressed mammalian cells, for instance, Ero1α can reach the Golgi, increase its oxidase activity upon phosphorylation by Fam20C, and return to the ER with ERp44 (Anelli et al., 2003; Zhang et al., 2018) or be secreted by certain cell types (Swiatkowska et al., 2010).
This scenario depicts a continuous flow of proteins in ESC that self-sort in functional order. Some, more “static”, are part of slowly diffusing supramolecular complexes with a low propensity to exit the ER (Figure 1). Others, more “dynamic”, cycle rapidly between ER and Golgi. Prototypes of the two are PDI and ERp44. Intriguingly, both retain Ero1α and are released by certain cell types, playing important functions extracellularly. Hereafter, we’ll use the term secretion to indicate active and specific transport, whilst release will encompass also non-specific mechanisms that involve loss of membrane integrity.
WHAT DETERMINES THE EXIT OF ESC PROTEINS?
Loss of Membrane Integrity
Passive release upon severe stress, necrosis or pyroptosis could make ESC resident proteins a subset of damage-associated molecular pattern (DAMPs) molecules. These non-specific mechanisms can hardly allow the selective externalization of single or groups of molecules, even though being part of large multimolecular complexes might retard diffusion. This could yield a temporal hierarchy of release from damaged cells, in this way informing the organism of the nature of the incumbent danger.
Specific Release of ESC Residents
How can ESC residents bearing KDEL motifs escape KR surveillance? Several mechanisms can be hypothesized, and they are summarized in Figure 2.
[image: Figure 2]FIGURE 2 | ESCape mechanisms. Most ER chaperones and enzymes are characterized by the presence of a C-terminal motif KDEL or variants thereof which mediates their retrieval to the ER via binding to one of the three KDEL receptors (KR). The cartoon summarizes possible mechanisms that these proteins might exploit to elude KRs’ surveillance. 1) Selective secretion by cleavage of the KDEL retention motifs. 2) Selective secretion upon binding of bulky clients that hinder KDEL-motifs. 3) Release upon weak KR retrieval activity due to client overload and/or Golgi basification. The different tissue distribution or preferential saturation/inhibition of individual KRs might sustain the selective secretion of chaperones or groups of them (see text for references).
First of all, a selective proteolysis might remove the KDEL-like motif (step I in Figure 2). However, convincing evidence for this mechanism is missing.
Secondly, there could be the hindering of retrieval motifs by bulky clients (step II), proof of which has been obtained in the case of calreticulin (Johnson et al., 2001).
Moreover, considering that KRs are pH-sensitive (Bräuer et al., 2019), basification of the Golgi stacks might weaken their overall activity. Client overload, also, could transiently saturate KR-dependent retrieval systems (step III), but neither of these mechanisms would be sufficient to explain selective secretion of chaperones. In our hands, even when very abundantly overexpressed, ERp44 was not secreted, nor did it induce the secretion of other residents (Anelli et al., 2003; Vavassori et al., 2013). The structural similarities of the three KR argue against gross differences in their binding affinities for clients. Yet, the three human KRs are likely to serve different functions. Accordingly, their relative abundance changes in different tissues or cells (www.proteinatlas.org). However, it is still unclear whether they bind preferentially certain clients in the lumen, or different signaling molecules in the cytosol (Cancino et al., 2013; Luini et al., 2014). More detailed comparisons might reveal mechanisms that allow ER resident secretion by selective inhibition (or saturation) of a single KR. Intriguingly, in some cell types, KR1 can reach the plasma membrane, supposedly through clathrin-dependent transport carriers (Jia et al., 2021), in association with PDI, ERp57 and ERp5 (Bartels et al., 2019). It remains to be seen what allows KR1 to travel further and how its client oxidoreductases elude the other KRs. Specific secretion could be achieved if selected KDEL-bearing proteins arrive with forward-moving cargo transporters, as described for ERp44 (Tempio et al., 2021).
Unconventional Secretory Pathway
Some proteins that lack a leader sequence (e.g., IL-1β, FGF2 or thioredoxin) are actively secreted by living cells via diverse pathways (Sitia & Rubartelli, 2020). In many cases, their precursors can translocate into lysosomes, or reach them by autophagic pathways (Duran et al., 2010; Dupont et al., 2011). Particularly in hematopoietic cells, lysosomes can fuse with the plasma membrane, releasing their contents in the extracellular space. It is possible that also ESC residents follow this route. Concentration of soluble proteins in ESC subregions might recruit autophagosomes leading to selective secretion.
Moreover, in conditions of ER stress, prion protein and calreticulin are shunted to the cytosol in the process of pre-emptive quality control (Orsi et al., 2006; Snapp et al., 2006). It has also been proposed that, upon harsh ER stress, some ER chaperones can be translocated to the cytosol in a process defined “ER reflux” (Igbaria et al., 2019; Sicari et al., 2021). Then, from the cytosol, these proteins might also follow chaperone-mediated unconventional secretory pathways to reach the extracellular space.
EXTRACELLULAR FUNCTIONS OF ESC RESIDENTS
The “selective secretion” of proteins that are normally retained inside may represent a novel code that cells use to interact with each other. When secreted, ESC residents can interfere directly or indirectly with ligands, receptors and the signals generated by their interactions. In any case, to reflect specific pathophysiologic conditions their release should be regulated in time and space.
Although several lines of evidence suggest new roles for “mis-localized” ESC residents, the transport mechanisms and functions are still controversial. Even in systems in which selective secretion is documented, only a minor fraction of the ESC resident in question is found extracellularly (Soares Moretti and Martins Laurindo, 2017). This does not diminish the potential pathophysiological implications, though. Considering the almost virtual space in immunological and neural synapses and between cells in contact, even few molecules may reach concentrations sufficient to exert relevant biological phenomena. Rarely does evolution leave important pathways to chance: hence, the release of ESC components by living and unstressed cells would be most likely linked to tightly regulated paths.
Blood Clotting
There is ample evidence that the presence of PDI in the extracellular space impacts blood clotting, virus entry and other pathophysiological events (Gallina et al., 2002; Markovic et al., 2004; Furie & Flaumenhaft, 2014; Fraternale et al., 2021; Xu et al., 2021). In the ER, PDI is present in high concentration, up to 0.2–0.5 mM (Lyles & Gilbert, 1991; Laurindo et al., 2012), making it a well-known marker of this compartment.
Its presence in the medium and on the surface of some cell types has been widely reported (Araujo et al., 2017; Wu & Essex, 2020). During vascular injury, for example, activated platelets and endothelial cells release PDI in the extracellular space (Cho et al., 2012; Bowley et al., 2017; Sharda & Furie, 2018). Moreover, they present also PDI molecules on their surface, which interact with β3 integrins (Cho et al., 2012; Ponamarczuk et al., 2018). Given its role in blood clotting, one would expect PDI secretion being mostly short range, essentially of paracrine nature.
Upon platelet activation, also other thiol isomerases, such as ERp5, ERp57, ERp72, ERp44 and ERp29 are exported into the medium or bound to the outer leaflet of the plasma membrane (Holbrook et al., 2010; Tanaka et al., 2020; Wu & Essex, 2020). Whether their export depends on aspecific release or active secretion is still debated. For instance, during megakaryocyte maturation, PDI and ERp57 molecules that will be found in platelets do not follow the normal Golgi-secretory vesicles route. Rather, they accumulate in a subcellular compartment called “dense tubular system”, which derives from the smooth ER of megakaryocytes (Crescente et al., 2016). Additionally, it has been proposed that stimulated endothelial cells secrete PDI in Gro-α-containing granules (Jasuja et al., 2010). Within these granules, PDI might hide its KDEL and elude retrieval, as described for calreticulin (Johnson et al., 2001).
Anyway, whatever is the transport mechanism, paramount are the pathophysiologic consequences of thiol isomerases appearance outside the cell.
Potential Synergies in the Redox Control of Extracellular Thiol Isomerases
Not only their abundance but also the redox state of PDI and other oxidoreductases are bound to determine their extracellular function. PDI molecules found on activated platelets are mainly in their reduced state (Essex & Wu, 2018), while the reverse is true in vascular smooth muscle cells (Tanaka et al., 2016, 2019). In the ER, PDI oxidation depends largely on the selective binding of Ero1α to it’s a domain. Yet, part of PDI must remain reduced to mediate disulfide isomerization. In the extracellular space, its redox state depends on the presence of non-protein couples (e.g., GSH-GSSG) or redox enzymes such as thioredoxin, QSOX or Ero1α. Thus, other cell types can modulate the ultimate function of PDI and other oxidoreductases. The reversible modifications of the catalytic cysteines of these enzymes are powerful molecular switches. Thus, the presence of oxidants in constrained extracellular spaces is particularly relevant. For this reason, the detection of also Ero1α on the surface of activated platelets is not trivial (Swiatkowska et al., 2010). In the ER, and also in test tubes, Ero1α re-oxidizes PDI at the expense of O2 molecules (Appenzeller-Herzog et al., 2010). Therefore, their vicinity on the platelets surface would fuel oxidative equivalents that sustain clotting through disulfide bond formation or isomerization in extracellular substrates (Swiatkowska et al., 2010). As the ER localization of Ero1α depends also on ERp44, its release would involve at least two control levels. In cells actively secreting PDI, also the surveillance of ERp44 must be eluded by Ero1α. What if Ero1α is released by other cells in which ERp44 is inactive or itself secreted?
The localization and cycling of ERp44 are controlled by zinc- and pH-dependent conformational changes that expose its client binding site and RDEL motif (Vavassori et al., 2013; Watanabe et al., 2019; Tempio & Anelli, 2020). O-glycosylated ERp44 is secreted by primary and immortalized endometrial cells (Sannino et al., 2014) suggesting transport through the canonical secretory pathway. If not in all, in most cell types, lowering zinc concentration induces rather selectively the secretion of ERp44 and its clients. Upon pH manipulation, instead, ERp44 is retained while its cargos Ero1α, Prx4 and ERAP1 are secreted.
Cancer and Inflammation
Like ERp44, the small thioredoxin family member AGR2 lacks the resolving cysteine in its active motif and is hence better suited for an isomerase/holdase than an oxidoreductase function (Moidu et al., 2020). Despite its KTEL motif warrants ESC residency, it has a reduced binding affinity for the KRs (Raykhel et al., 2007; Alanen et al., 2011). This could explain its well documented secretion in response to physiological and/or pathological conditions. Indeed, besides its established intracellular roles in the folding, trafficking, and assembly of mucins, EGF receptors and other cysteine-rich proteins (Delom et al., 2020; Moidu et al., 2020), AGR2 has been found secreted or bound to the plasma membrane (Chevet et al., 2013; Dumartin et al., 2017). In cancer, these extracellular localizations of AGR2 have been proposed to modulate matrix remodeling, metastasis progression and support angiogenesis (Delom et al., 2018). Enhanced AGR2 secretion by ER stressed cells is thought also to modulate pro-inflammatory signals, particularly in inflammatory bowel disease (Maurel et al., 2019). The presence of O-glycans in extracellular AGR2 suggests that it follows the canonical secretory route (Clarke et al., 2015; Tian et al., 2018; Moidu et al., 2020).
Conclusions and Open Questions
After the finding that cells exchange bits of cytosol and membranes with each other, another pillar of cell biology fell apart with the detection on the plasma membrane or in the extracellular fluids of proteins traditionally used as markers of the ESC. Is this “extracellular folding compartment” a new way that cells use to communicate with each other? Are moonlighting and multitasking obligatory features of proteins in multicellular organisms? In this respect, we can imagine an intercellular compartment in which individual folding components are provided by different cells.
The presence of small redox compounds and enzymes in the extracellular space becomes crucial. For instance, stressed cells release cysteine, thioredoxin and other stress associated molecular pattern (SAMPs) molecules, often through unconventional secretory pathways, that dictate the intensity and duration of inflammatory responses (Sitia & Rubartelli, 2020; Yang et al., 2021). It is tempting to speculate that fundamental decisions, like thrombus initiation, depend on the simultaneous release of synergizing compounds by different cells.
A key issue is the mechanism(s) of secretion. Posttranslational modifications, glycan processing in particular, can provide powerful cues to decipher the route ESC residents follow to reach the extracellular space. Indeed, the release of O-glycosylated ERp44 and AGR2 argues in favor of passage through the Golgi. Since sugar bound asparagines are converted to aspartates by cytosolic glycanases, an accurate characterization of suitably engineered reporters might shed some light on this important issue. It is possible that multiple pathways exist that regulate the export of luminal ESC residents as biological signals, like in the case of the diverse unconventional pathways used by leaderless proteins (Sitia & Rubartelli, 2020).
An increased knowledge on these secretory pathways and their regulation may allow manipulating key pathophysiological circuits, including inflammation, angiogenesis, and blood clotting, in this way reestablishing homeostasis.
Overall, this could be also important to find new therapeutic targets for diseases still having great unmet medical needs.
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Data derived from high-throughput sequencing technologies have allowed a deeper understanding of the molecular landscape of Acute Myeloid Leukemia (AML), paving the way for the development of novel therapeutic options, with a higher efficacy and a lower toxicity than conventional chemotherapy. In the antileukemia drug development scenario, ascorbic acid, a natural compound also known as Vitamin C, has emerged for its potential anti-proliferative and pro-apoptotic activities on leukemic cells. However, the role of ascorbic acid (vitamin C) in the treatment of AML has been debated for decades. Mechanistic insight into its role in many biological processes and, especially, in epigenetic regulation has provided the rationale for the use of this agent as a novel anti-leukemia therapy in AML. Acting as a co-factor for 2-oxoglutarate-dependent dioxygenases (2-OGDDs), ascorbic acid is involved in the epigenetic regulations through the control of TET (ten-eleven translocation) enzymes, epigenetic master regulators with a critical role in aberrant hematopoiesis and leukemogenesis. In line with this discovery, great interest has been emerging for the clinical testing of this drug targeting leukemia epigenome. Besides its role in epigenetics, ascorbic acid is also a pivotal regulator of many physiological processes in human, particularly in the antioxidant cellular response, being able to scavenge reactive oxygen species (ROS) to prevent DNA damage and other effects involved in cancer transformation. Thus, for this wide spectrum of biological activities, ascorbic acid possesses some pharmacologic properties attractive for anti-leukemia therapy. The present review outlines the evidence and mechanism of ascorbic acid in leukemogenesis and its therapeutic potential in AML. With the growing evidence derived from the literature on situations in which the use of ascorbate may be beneficial in vitro and in vivo, we will finally discuss how these insights could be included into the rational design of future clinical trials.
Keywords: acute myeloid leukemia, ascorbic acid, epigenetic regulation, oxidative stress, vitamin C
INTRODUCTION
Acute myeloid leukemia (AML) is a heterogeneous clonal disorder characterized by the uncontrolled proliferation of undifferentiated myeloid progenitor cells in the bone marrow and peripheral blood. Advances in DNA sequencing technologies have provided a detailed knowledge of the molecular landscape of AML, with a better understanding of the disease pathogenesis and prognosis (The Cancer Genome Atlas Research Network, 2013; Papaemmanuil et al., 2016; Awada et al., 2021). Despite high heterogeneity, the spectrum of genetic alterations have highlighted the presence of recurrent mutations in genes encoding epigenetic regulators (Gallipoli et al., 2015), including DNA methyltransferase 3A (DNMT3A), Ten-eleven-translocation 2 (TET2), Wilms’ tumor 1 (WT1), and isocitrate dehydrogenase 1 and 2 (IDH1/2) (Kunimoto and Nakajima, 2017). The study of the molecular architecture of such cases unveiled that alterations of these genes often represent founding events in the clonal hierarchy, suggesting their essential role in early phase of leukemia ontogenesis (Papaemmanuil et al., 2013; Hirsch et al., 2018; Yoshimi et al., 2019).
Epigenetic mechanisms play a major role in normal and, particularly, in malignant hematopoiesis, where the presence of recurrent alterations in transcription factors and chromatin regulators are able to drive hematopoietic malignancies (Hu and Shilatifard, 2016; Fennell et al., 2019). Epigenetic modifiers are a large and varied group of proteins involved in the modification of DNA at cytosine residues and post-translational acetylation and methylation of histones, whose aberrations lead to dysregulation of critical genes that control cell growth, differentiation and apoptosis, all important mechanisms in the pathogenesis of AML (Hou and Tien, 2016; Pastore and Levine, 2016). In contrast to genetic changes, epigenetic modifications refer to changes in gene expression, and are frequently reversible, providing the opportunities for targeted treatment (Wouters and Delwel, 2016).
A wide range of therapeutic strategies that target epigenetic alterations in AML have been successfully tested in preclinical studies and several drugs have already gained approval for clinical use, with the final goal to reverse epigenetic dysfunctions (Bewersdorf et al., 2019). Since these discoveries, a number of selective inhibitors of mutant FLT3, IDH1 and IDH2 have been developed and are now approved by the Food and Drug Administration, and drugs that target the potential epigenetic writers (DOT1L, PRMT5), readers (BRD2/3/4) and erasers (HDAC, LSD1) are currently under investigation (Das et al., 2021). However, the therapeutic efficacy of epigenetic drugs as single agents seems to be limited (Bewersdorf et al., 2019).
Ascorbic acid, also known as vitamin C or ascorbate, at physiological levels potentiates the effects of hypomethylating agents (HMA) by both causing DNA demethylation through active and passive mechanisms and selectively killing tumor cells (Ruiz et al., 2015; Liu et al., 2016; Gillberg et al., 2018). Indeed, ascorbic acid is an essential factor for epigenetic regulation and many studies reported that it also displays a pro-oxidant activity when used at high concentrations, in particular on various type of cancer cells, suggesting it as an emerging epigenetic therapy (Chen et al., 2005; Chen et al., 2008).
Besides its role in epigenetics, ascorbic acid is a pivotal regulator of many physiological processes in humans (Giansanti et al., 2021), including cellular immune responses (Ströhle et al., 2011), and represents an antioxidant molecule involved in the reactive oxygen species (ROS) scavenging that prevent oxidative DNA damage and other effects, which may lead to cancer transformation.
In this review, we provide an overview of the role of ascorbate as an essential factor for epigenetic regulation, highlighting its anti-leukemic mechanisms of action, currently under investigation in the treatment of AML.
ASCORBIC ACID: STRUCTURE, BIOSYNTHESIS AND UPTAKE
Ascorbic acid represents a wide spectrum antioxidant and an essential nutrient for humans. This vitamin exists in two redox states, ascorbate, the reduced active form, and dehydroascorbic acid (DHA), its oxidized form. At physiological conditions, ascorbic acid loses a proton to form the ascorbate anion (AscH−), the predominant ionic form of vitamin C, that can be oxidized by losing two protons, giving rise first to ascorbate radical (Asc−) and then to a fully oxidized DHA (Ferrada et al., 2021).
Unlike most mammals, humans are unable to synthesize ascorbic acid from oxidated glucose, missing the gulonolactone (L-) oxidase (GULO), a key enzyme involved in the catalysis of the last enzymatic step in ascorbate synthesis, and are thereby dependent on vitamin C intake from the diet (Du et al., 2012). The dietary daily requirement of vitamin C is 75–90 mg/day, which is usually taken under the form of both ascorbate and DHA (Valdés, 2006; Testa et al., 2021). Indeed, even if DHA levels are extremely low under physiological conditions (Du et al., 2012), it is rapidly recycled back to ascorbate by DHA reductase, using glutathione (GSH) as a reducing agent (Mandl et al., 2009). This recycling process occurs intracellularly, where vitamin C is involved in several biological processes. Thus, its exogenous uptake is attained through the presence of specific membrane transporters, which determine the distribution of this molecule between extra- and intra- cellular compartments. Both ascorbic acid and DHA can be transported across the plasma membrane, although by distinct carriers (Savini et al., 2008). Under physiologic conditions, vitamin C is mainly present in plasma as ascorbate and is actively absorbed in the gastrointestinal tract, particularly at the level of the enterocytes of the small intestine (May, 2011; Du et al., 2012).
Ascorbate is transported into mammalians cells in an energy-dependent fashion, requiring two types of sodium-dependent transporters, SVCT1 and SVCT2, encoded by SLC23A1 and SLC23A2 genes, respectively, which show distinct tissue distributions (Tsukaguchi et al., 1999; Sotiriou et al., 2002; May, 2011). Conversely, DHA can be internalized by facilitative hexose transporters, particularly via GLUT1 and GLUT3 (Rumsey et al., 1997; Rumsey et al., 1999), encoded by the SLC2A1 and SLC2A3 genes, and then converted back to ascorbic acid (Savini et al., 2008) (Figure 1). As mentioned above, DHA is present at extremely low concentration in the blood of healthy subjects and at much higher levels in the intestine, and its uptake is inhibited by excess glucose (Vera et al., 1993; Malo and Wilson, 2000; Corpe et al., 2013; Lykkesfeldt and Tveden-Nyborg, 2019). However, the intracellular transport of DHA by GLUT transporters is not usually considered the principal route of uptake, even if the impact of ascorbate and/or DHA to cellular transport in vivo is not fully elucidated (Rumsey and Levine, 1998).
[image: Figure 1]FIGURE 1 | Ascorbic acid uptake. Ascorbic acid, also known as Vitamin C, enters the cell either in its reduced form (ascorbate, ASC) by sodium-dependent vitamin C transporters (SVCTs) or in its oxidized form (dehydroascorbate, DHA) via facilitative glucose transporters (GLUTs). In the cytosol, DHA is rapidly reduced back to ASC in the presence of glutathione (GSH). Created with Biorender.com.
Vitamin C uptake and its whole body distribution is essential for many biochemical processes, some of them also influencing tumor growth and spread (Wohlrab et al., 2017). Indeed, the ascorbate concentration in plasma and tissues represent one of the main risk factor for cancer incidence (Linowiecka et al., 2020). Several studies reported also that cancer patients are more likely to experience vitamin C deficiency due to a variety of factors such as decreased oral intake, inflammation, infection, and disease phases, particularly following chemotherapy and hematopoietic stem cells (HSCs) transplantation, resulting in shorter survival (Caraballoso et al., 2003; Mayland et al., 2005; Nannya et al., 2014; Wilson et al., 2014; Rasheed et al., 2019; White et al., 2020). Furthermore, it has also been indicated a potential role of vitamin C transporters in human cancer (Caprile et al., 2009; Hong et al., 2013; Aguilera et al., 2016). Particularly, genetic polymorphisms in the SVTC2 gene have been associated to several types of tumor, including lymphoma, breast, head and neck, and gastric cancers (Ngo et al., 2019). Liu et al. (2020) showed that GLUT3 gene expression was significantly reduced in leukemic blasts compared with normal hematopoietic cells, suggesting a defective ability in the absorption mechanisms. Furthermore, while limited data on vitamin C status are available in hematological malignancies (Aldoss et al., 2014; Nannya et al., 2014; Huijskens et al., 2016), it has been recently showed that in AML patients, plasma ascorbate levels were decreased at disease onset as opposed to healthy controls and the achievement of complete remission associated with increased values, albeit at lower-than-normal levels (Aldoss et al., 2014; Nannya et al., 2014; Huijskens et al., 2016).
THE MULTIFACTORIAL ROLE OF ASCORBIC ACID UNDER PHYSIOLOGICAL CONDITION
Ascorbic acid takes part in many biochemical processes in humans, acting as an essential enzymatic cofactor, a reducing and antioxidant agent and a scavenger of ROS in biological systems. The wide spectrum of its biological functions relies on its role as a specific cofactor for the catalytic activity of the 2-oxoglutarate-dependent dioxygenases (2-OGDDs), which catalyze the addition of hydroxyl group to various substrates (Kuiper and Vissers, 2014). For instance, under physiological conditions, ascorbate is essential in the biosynthesis of collagen, the most abundant extracellular protein, promoting the proper folding of the stable collagen triple-helix conformation (Phillips et al., 1994). By increasing the extracellular matrix components, these mechanisms are supposed to prevent cancer spread, thus walling in tumors (Cameron and Rotman, 1972; Cameron et al., 1979). In addition, ascorbate may also act as a cofactor in the hydroxylation of the hypoxia inducible factor-1 α (HIF-1α), a transcription factor that regulates the expression of specific genes involved in the cellular response to hypoxia (Ivan et al., 2001; Jaakkola et al., 2001; Schofield and Ratcliffe, 2004; Ratcliffe, 2013; Simon, 2016). Under normoxic conditions, the hydroxylation of these proline residues induces proteasomal degradation of HIF-1α. In case of hypoxia, a scenarios which is very common in cancer, or in absence of ascorbate, hydroxylation is inhibited and HIF-1α is stabilized thereby initiating its downstream effects (Flashman et al., 2010). Furthermore, ascorbic acid, as a cofactor, is also involved in other important hydroxylation reactions, essential for catecholamines, L-carnitine, cholesterol and amino acids synthesis (Chatterjee et al., 1975).
Consistent with its role as a cofactor, ascorbic acid regulates DNA and histone methylation thanks to its ability to modulate 2-OGDD enzymes, which encompass demethylases involved in epigenetic regulation and in the maintenance of genomic stability (Cimmino et al., 2018). Particularly, the TET proteins are responsible for the active DNA demethylation and regulate gene transcription by converting 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), further to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC), to produce an unmethylated cytosine, thus completing the process of DNA active demethylation (Tahiliani et al., 2009; Ito et al., 2011). Ascorbic acid sustains and promotes the catalytic activity of TET enzymes, most likely reducing Fe3+ to Fe2+ (Kuiper and Vissers, 2014). Recent studies have demonstrated that ascorbic acid, as a direct regulator of TET activity, may enhance 5hmC generation, in a time- and dose-dependent fashion (Yin et al., 2013; Young et al., 2015). Two mechanisms have been proposed to explain the stimulatory effect of ascorbate on TET enzymatic activity. The first is related to its role as a cofactor, capable to directly bound the catalytic domain of TET proteins by enhancing their enzymatic activity (Hore et al., 2016); this finding is also supported by the evidence that other antioxidant compounds do not show effects on TET activity in in vitro models (Tahiliani et al., 2009; Ito et al., 2011; Chen et al., 2013; Dickson et al., 2013; Minor et al., 2013; Yin et al., 2013). The second hypothesis posits a different mechanism, suggesting that the stimulatory role of ascorbate on TET activity is associated to its ability to promote the reduction of Fe3+ to Fe2+ (Hore et al., 2016).
In addition to its function as a cofactor of several enzymes, ascorbic acid is involved in many biological processes acting as an electron donor. At physiological concentrations, ascorbate is a potent free radical scavenger, with a protective effect against oxidative damage caused by ROS, commonly produced during normal cellular metabolism (Gaziano et al., 2012). The antioxidant mechanisms of ascorbic acid are based on its capacity to reduce potentially damaging ROS and produce chemically inert resonance-stabilized ascorbate radicals (AFR). The AFR is reduced back to ascorbate intracellularly by the activity of NADH− and NADPH dependent reductases, which display high affinity for the generated radicals (Duarte and Lunec, 2005; Santos-Sánchez et al., 2019). In case of accumulation of AFR in areas not accessible to these enzymes, two AFR molecules may either react with each other or dismutate to form one molecule each of ascorbate and DHA (Bielski et al., 1981). These may be then converted back into ascorbic acid for reuse or may be metabolized with further release of additional electrons (May et al., 2001; Wilson, 2002; Duarte and Lunec, 2005). This mechanism underlines the cytoprotective functions of Vitamin C, involved in the first line of antioxidant defense, including prevention of DNA mutation induced by oxidation (Noroozi et al., 1998; Pflaum et al., 1998; Lutsenko et al., 2002), protection of lipids against peroxidative damage (Barja et al., 1994; Sweetman et al., 1997), and repair of oxidized amino acid residues to maintain protein integrity (Kimura et al., 1992; Sweetman et al., 1997; Cadenas et al., 1998). The multifactorial roles of ascorbate discussed above are summarized in Figure 2.
[image: Figure 2]FIGURE 2 | Biological functions and mechanisms of action of ascorbic acid. (A) Ascorbic acid plays an important role in several biological processes by acting as a cofactor for 2-oxoglutarate dependent dioxygenases (2-OGDDs) that have a wide range of biological functions, including collagen synthesis, HIF-1α degradation and biosyntesis of catecholamines. (B) Ascorbic acid can act as an epigenetic regulator by enanching the activity of TET2 enzyme, that catalyzes the conversion of 5-methylcytosine (5-mC), into 5-hydroxymethylcytosine (5-hmC), inducing DNA demethylation. (C) Ascorbic acid has important roles in scavenging free radicals, having the ability to donate an electron to reactive oxygen species (ROS) to form a relatively stable ascorbyl-free radical (AFR). Created with Biorender.com.
ASCORBATE AS A KEY EPIGENETIC REGULATOR INVOLVED IN HEMATOPOIETIC STEM CELL FUNCTION AND LEUKEMOGENESIS
As previously mentioned, among the various biological effects induced by ascorbic acid, emerging evidences suggest its key role in the epigenetic reprogramming, an effect related to the ability of ascorbic acid to act as an electron donor and, particularly, a cofactor for 2-OGDDs. These enzymes require 2-oxoglutarate (2-OG) and molecular oxygen, as substrates, and non-heme iron (Fe2+) and ascorbic acid, as cofactors; therefore, the reduction of both substrates or cofactors result in a decreased activity of these enzymes (McDonough et al., 2010; Vissers et al., 2014; Martínez-Reyes and Chandel, 2020; Crake et al., 2021). This superfamily of enzymes include key epigenetic regulators of histone demethylation and DNA hydroxymethylation, which have been shown to have crucial roles in the epigenetic regulation of stem cells and cancer (Cimmino et al., 2018). These evidences are of particular interest for AML because many of these demethylase enzymes, which require ascorbate as a cofactor, are deregulated in the process of leukemogenesis (Das et al., 2021), including lysin-specific demethylases (Castelli et al., 2018), the Jumonji C (JmjC) domain containing histone demethylases (JHDMs) (Wang et al., 2011a; Staehle et al., 2021), the ALKB homolog (ALKBH) family of nucleic acid demethylases (Gerken et al., 2007; Yi et al., 2010) and TET enzymes (Castelli et al., 2018; Das et al., 2021). Of the context discussed above, it has been recently demonstrated that ascorbic acid, acting as an epigenetic modulator could promote DNA demethylation in embryonic stem cells (ESCs), stimulate the reprogramming of fibroblast to induced pluripotent stem cells (iPSCs) and humper the aberrant self-renewal of HSCs, through the stimulation of JHDM activity (Chung et al., 2010; Esteban et al., 2010; Cimmino et al., 2018). Recent studies on JHDMs have also clearly demonstrated the involvement of these enzymes in disease initiation and progression, suggesting new attractive targets for myeloid malignancies.
Particularly, several studies have investigated the specific relationship between the activity of TET enzymes, ascorbate and the development of hematologic malignancies. It has been recently reported that ascorbic acid can protect HSCs from epigenetic alterations driving leukemia progression, stimulating the catalytic activity of TET enzymes, which are known as bona fide tumour suppressors of the hematopoietic lineage. Among TET genes, alterations in TET2 are frequently reported in myeloid disorders, occurring in 10% of de novo AML, 30% of myelodysplastic syndrome (MDS) and almost 50% of chronic myelomonocytic leukemia (CMML) cases (Delhommeau et al., 2009; Papaemmanuil et al., 2016). TET2 is one of the principal epigenetic regulator of normal and malignant hematopoiesis, being able to regulate the differentiation and self-renewal of HSCs (Nakajima and Kunimoto, 2014), and is one of the most commonly mutated genes reported at high allele frequency in CD34+ hematopoietic stem and progenitor cells (HSPCs). These evidences suggested that TET2 mutations are early clonal events of the leukemic transformation in cells with multi-lineage potential.
Acting as a co- factor for the 2-OGDDs, ascorbate sustains and promotes the activity of TET enzymes, as already demonstrated by in vitro and in vivo evidences (Agathocleous et al., 2017; Cimmino et al., 2017; Vissers and Das, 2018). Two recent studies provide novel insights on how ascorbic acid regulates HSC functions and leukemogenesis by the enhancement and restoration of TET2 function, respectively.
In the first, Agathocleous et al. reported that vitamin C deficiency might play a role in leukemia progression. Interestingly, the authors showed that the more immature population of stem and progenitor cells display higher levels of ascorbate than more differentiated cells. Accordingly, they found also an overexpression of the Slc23a2 gene, which provides instructions for making a protein involved in vitamin C uptake in HSCs/MPPs (multipotent progenitors), determining an accumulation of ascorbate levels, which decreased with differentiation (Agathocleous et al., 2017). Using Gulo-depleted mice, which are unable to synthesize ascorbate from glucose, they showed that ascorbate depletion increased HSC pool, in part as a consequence of Tet2 reduced activity, a scenario which was reversed by dietary vitamin C supplementation. These findings suggest the beneficial role of ascorbate treatment in the setting of TET2 mutated leukemia. Furthermore, the presence of additional internal tandem duplications (ITDs) in the juxtamembrane domain of FLT3 cooperated with ascorbate deprivation in acceleration of leukemia development (Agathocleous et al., 2017), phenocopying TET2 loss.
In a second, independent study Cimmino et al. established a reversible mouse model with Tet2 knockout. Tet2-deficient mice showed defective self-renewal and differentiation capacity of HSC/HPC (hematopoietic progenitor cell), and defective genomic hydroxymethylation and DNA hypermethylation. Treatment with ascorbic acid pharmacologically mimicked TET2 restoration, inducing a reversal of defective DNA methylation and cell differentiation. As TET2 mutations are almost exclusively heterozygous, ascorbic acid was found capable to stimulate the activity of the non-mutated TET2 allele, leading to genome-wide DNA demethylation, differentiation and cell death. These evidences also suggest that the persistence of TET2 deficiency is needed to maintain leukemic self-renewal (Cimmino et al., 2017). Furthermore, the authors showed the ability of ascorbate to enhance the activity of poly(ADP ribose) polymerase (PARP) inhibitor to induce cell death, providing a safe and effective combination strategy to selectively target TET deficiency in cancer (Cimmino et al., 2017).
Altogether, these data suggest that the restoration of TET2 activity via ascorbate supplementation could provide an opportunity to reverse disease progression in AML cases linked to heterozygous loss-of-function mutations in TET2, pointing out to its role as a potentially non-toxic therapy for TET-associated malignancies (Agathocleous et al., 2017; Cimmino et al., 2017).
THE ANTI-CANCER EFFECTS OF ASCORBIC ACID AT PHARMACOLOGIC DOSES
Among its many effects on cellular functions and metabolism, ascorbic acid has also shown a powerful anti-cancer effect against a number of human cell lines. Indeed, while generally regarded as an antioxidant, ascorbic acid may also have prooxidant activities at high pharmacological concentrations (Noguera et al., 2017), obtained by intravenous administration, and in the presence of free transition metal ions, especially iron. Particularly, ascorbate catalyzes the reduction of Fe3+ to Fe2+, leading to the formation of H2O2, through the so-called Fenton reaction, and exerting a cytostatic and cytotoxic effect against tumor cells, without harming normal cells. This pro-oxidant potential has been investigated in many studies in the prevention and treatment of cancers and is proposed to be dose-dependent (Putchala et al., 2013). Among the possible mechanisms, four main biological pathways have been proposed to explain how high-dose ascorbate targets several vulnerabilities of tumor cells: intracellular iron metabolism, DHA uptake via GLUT1, hypoxia pathways and epigenetic regulators (Figure 3).
[image: Figure 3]FIGURE 3 | The anti-cancer effects of ascorbic acid. (A) A high concentration of ascorbic acid (ASC) increases the labile iron pool (LIP) of tumor cells, induces the production of increased level of ROS directly damaging mitochondria and DNA, and ultimately stimulates apoptotic pathways. (B) Tumor cells can uptake DHA at higher rates and then internally reduce it to ASC. This reduction triggers scavenging of glutathione (GSH), inducing oxidative stress, the inactivation of glyceraldehyde 3-phosphate dehydrogenase (GAPDH), the inhibition of glycolytic flux, an energy crisis and cell death. (C) In the hypoxic conditions of tumor microenvironment, there is a repression of HIF-1α hydroxilation. As a result, HIF-1α accumulates in the cytoplasm and translocates into the nucleus, promoting the transcription of its targets involved in prcesses such as angiogenesis, glycolysis and anaerobic metabolism, metastasis and resistance to therapy. Under ascorbic acid treatment, HIF-1α is hydroxylated by the prolyl hydroxylases, ultimately leading to polyubiquitination and proteasomal degratadion of HIF-1α. (D) Ascorbic acid binds to the catalytic domain of TET and facilitates DNA demethylation and re-expression of important tumor suppressor genes. Created with Biorender.com.
One of the major determinants of ascorbate-mediated tumor cytotoxicity is represented by the amount and the availability of intracellular iron. The labile iron pool (LIP) represents a source of intracellular iron available for exchange between various cellular compartments (Kakhlon and Cabantchik, 2002). The intracellular iron concentration has a key role in the ascorbate-mediated cytotoxicity, related to the formation of H2O2 and .OH, which directly damages mitochondria and DNA, stimulating apoptotic pathways. Particularly, tumor cells displayed low levels of antioxidant enzymes and an impaired redox balance in respect of their normal counterpart, rendering these cells more vulnerable to oxidative stress and identifying pro-oxidant stimulations as a strategy to induce their death (Moloney and Cotter, 2018). According to these findings, Schoenfeld et al. have explored in detail the sensitivity of glioblastoma and non-small cell lung cancer (NSCLS) cell lines to ascorbate and have demonstrated that an altered iron metabolism, associated with disturbances in oxidative stress, induces an increased level of mitochondrial ROS, ultimately leading to an increase in the level of LIP and sensitivity of cancer cells to ascorbic acid (Schoenfeld et al., 2017). Interestingly, a dual relationship exists between LIP and ascorbate: pharmacological doses of ascorbate increase LIP in tumor cells, whereas an increased LIP in tumor cells enhances the toxicity of pharmacological doses of ascorbate (Du et al., 2015). Moreover, elevated LIP levels have been found in several tumor cell types as opposed to their normal counterpart, such as breast cancer cells, T-cell lymphoma and RAS-transformed cells (Yang and Stockwell, 2008; Kiessling et al., 2009; Pinnix et al., 2010). Accordingly, one could speculate that the intravenous iron injection may represent a powerful strategy to sensitize tumor cells to ascorbic acid via increased LIP levels (McCarty and Contreras, 2014).
The second mechanism involves DHA, the reversible oxidized form of ascorbic acid, based on the findings that tumor cells have the peculiar ability to uptake DHA at much higher rates and then internally reduce it to ascorbic acid (Nauman et al., 2018). As reported by Yun et al. (2015), in KRAS and BRAF-mutated colorectal cancer, this reduction triggers scavenging of glutathione (GSH), induces oxidative stress, inactivates glyceraldehyde 3-phosphate dehydrogenase (GAPDH), inhibits glycolytic flux and leads to an energy crisis with subsequent cell death (van der Reest and Gottlieb, 2016). Acting as a glycolytic inhibitor, high-dose ascorbate could represent an effective strategy against tumor cells, frequently characterized by high glycolytic activity. The third anti-tumor mechanism is based on the activity of ascorbate as a cofactor for 2-OGDDs, including HIF-hydroxylases (Ozer and Bruick, 2007). As reported above, in the hypoxic condition of tumor microenvironment, there is a repression of HIF-1α hydroxylation, associated with HIF activity. HIF-1α promotes the transition of tumor cells from aerobic to anaerobic metabolism, increasing glycolysis to maintain energy production (Masoud and Li, 2015). Thus, it is conceivable that the previously discussed DHA mechanism works in conjunction with the oxygen pathways alterations, leading to a global disruption of metabolic functioning in the tumor cell, that trigger cell death (Nauman et al., 2018). Furthermore, several studies have reported elevated levels of HIF-1α in AML, where it mediates the capacity of leukemic cells to migrate and invade extramedullary sites, suggesting that hypoxia and HIF-mediated signaling may play a crucial role in leukemia. Thus, targeting HIF with ascorbic acid could represent a potentially useful approach in AML treatment (Wang et al., 2011b; Kawada et al., 2013; Forristal et al., 2015; Gao et al., 2015).
Lastly, ascorbate modulates DNA demethylation and epigenetically reprograms cancer cells through the interaction with TET enzymes family (Blaschke et al., 2013; Ito et al., 2013). Binding to the catalytic domain, it facilitates TET-mediated DNA demethylation and re-expression of important tumor suppressor genes, with subsequent increase in chemosensitivity (Blaschke et al., 2013; Shenoy et al., 2017).
TARGETING AML DRIVER MUTATIONS USING ASCORBIC ACID: FROM IN VITRO EXPERIENCES TO CLINICAL TRIALS
Despite a growing body of evidence suggesting the anti-cancer properties of ascorbic acid, few data are available on its role for the treatment of AML.
In an in vitro study, Parker and coworkers demonstrated that ascorbate, at concentrations of 0.25–1 mM, was able to induce a dose- and time-dependent inhibition of proliferation in various AML cell lines (HL-60, acute promyelocytic leukemia cell line NB4, retinoic acid-resistant APL cell line NB4-R1, K562 chronic myelogenous leukemia cell line, and KG1), and primary blasts (Park et al., 2004). The induction of apoptosis in these cells was due, at least in part, to the excessive increase of H2O2 levels (Park, 2013).
Another study performed by Kawada et al. (2013) attempted to determine whether high ascorbate may exert significant cytotoxic effects against human leukemic cells, K562, HL60, Jurkat (T-lymphoblastic leukemia) and Raji (B-lymphoblastic leukemia), and normal hematopoietic cells, confirming that the specific cytotoxic effects on leukemic cells were caused by the production of H2O2 with an effect directly proportional to the dose employed. These data were confirmed in vivo, whereby the intravenous administration of high ascorbate repressed the proliferation of leukemic cells injected in NSG (NOD scid gamma) mice. Moreover, the authors also showed that high dose ascorbate markedly inhibited the expression of HIF-1α in leukemic cells by blocking the transcriptional activation of NF-kB, constitutively upregulated in many types of leukemia and associated with leukemic progression (Braun et al., 2006; Packham, 2008; Reikvam et al., 2009).
Accordingly, Mastrangelo et al. (2015) tested the effects of high concentrations (0.5–7 mM) of ASC on a variety of human myeloid cell lines, HL60, K562, U937, NB4, NB4-R4 and arsenic trioxide (As2O3, ATO)-resistant NB4 (NB4/As), showing the high sensitivity of myeloid leukemia cell lines to the pro-oxidant effects of high doses ascorbate, with an average cytotoxic concentration of 3 mM. Surprisingly, ASC was found significantly more effective than ATO as a single agent in inducing apoptotic cell death in HL60 human cell lines in vitro. Since ATO also functions as a pro-oxidant factor, in a second study, Noguera et al. (2017) tested the effects of ascorbate in combination with ATO on AML and APL primary blasts and cell lines, including NB4, NB4-R4, NB4-ATO-R, and MV4-11 [AML-M5 derived cell line with t(4;11) and FLT3-ITD mutations], showing a synergistic effect. Particularly, the combination treatment was highly effective in APL samples, displaying a cytotoxic mechanism linked to ROS overproduction within leukemic cells and consequent induction of apoptosis. Moreover, high concentrations of ascorbate were able to downregulate the phosphorylation of FLT3 and its downstream target proteins STAT5a/b, suggesting the potential activity of the drug also in the subset of FLT3-ITD positive AML. In an attempt to further characterize the mechanistic underpinnings underlying the efficacy of ascorbic acid in the APL setting, the same authors found that the fusion protein PML/RARα inhibits NRF2 (NF-E2 p45-related factor 2) functions. This is a transcription factor that orchestrates cellular adaptive responses to stress, and whose nuclear transfer is prevented by ascorbate treatment, thereby enhancing its degradation into the cytoplasm. As a result, the inhibition of the NRF2 oxidative stress pathway clarifies the peculiar sensitivity of APL cells to the pro-oxidant activity of high-dose ascorbate and suggest its potential use in APL patients, especially in those resistant to ATO/retinoic acid treatment (Banella et al., 2019). Moreover, ascorbate also shows the ability to induce cell death by targeting glycolytic metabolism in primary AML blasts, through the inhibition of hexokinase 1/2 (HK1/2) and GLUT1 in hematopoietic cells, and, in combination with the metabolic inhibitor buformin, also decreases mitochondrial respiration and ATP production, sparing healthy CD34+ cells. Overall, these data clearly depict an effect of ascorbate on glycolysis and contribute to elucidate the targets and mechanisms through which this therapeutic agent exerts its anti-cancer effects (Banella et al., 2022).
Another study investigated instead the combinatorial effect in AML cells of low-dose of ascorbate with decitabine, an HMA widely used in the treatment of AML in elderly patients, not suitable for conventional intensive chemotherapy. Potentially, one of the mechanisms for the efficacy of decitabine treatment is the upregulation of TET2 proteins, among others. Acting as a direct regulator of TET activity, ascorbate increases 5hmc levels and potentially sensitizes patients to decitabine. Indeed, in vitro studies showed that this combination in NB4 and HL60 cells resulted in the most significant upregulation of the activity of TET2 enzyme. Furthermore, in vivo results displayed a synergistic effect of this two agents, which are able to improve the complete remission (CR) rate in elderly AML patients (Zhao et al., 2018). Overall, these observations are of potential interest particularly for MDS and AML patients, who could have an additional benefit from adding ascorbic acid to HMA therapy.
Interestingly, ascorbate specifically interacts with the C-terminus catalytic domain of TET2, inducing effects not shown with other strong reducing chemicals (Yin et al., 2013). As already mentioned, ascorbate can act as an epigenetic therapeutic in the presence of heterozygous TET2 mutations by restoring TET2 activity and providing an opportunity for reversing disease progression in AML cases linked to heterozygous loss-of-function mutations in TET2. Thus, the proposed mechanism of action requires the presence of residual functional enzyme (Das et al., 2021). However, TET2 mutations frequently occur in combination with other lesions, but little is known about how the genomic makeup may impact the up-regulation of TET2 activity induced by ascorbic acid as well as its subsequent effects on cell differentiation and survival (Papaemmanuil et al., 2016; Das et al., 2021). To further muddy the waters of the intertwining relation between TET enzymes and ascorbate in myeloid disorders, a reduced TET2 activity may also result from mutations in IDH1, IDH2 and WT1, frequently reported in AML (Figure 4). In the presence of such mutations, IDH enzymes produce 2-hydroxyglutarate (2-HG), an oncometabolite able to acts as a competitor for TET2, instead of its physiological substrate, 2-oxoglutarate (2-OG) (Figueroa et al., 2010), causing functional inactivation of TET2 enzyme. Moreover, the presence of mutated WT1, prevent the recruitment of TET2 to DNA and the activation of the WT1-target genes expression. These findings provide the evidence of decreased TET2 activity in both context of IDH and WT1 mutations, and are in line with a recent study reporting TET2 deficiency in up to 74% of patients with myeloid disorders, a result that goes beyond the mere presence of TET2 mutations. Indeed, loss of TET2 functions by mutations or down-modulation due to various mechanisms have been identified as a common lynchpin of myeloid malignancies, as also indicated by the meta-analysis performed in the above-mentioned study (Gurnari et al., 2022). The implications of this are obvious, and suggest the potential application of ascorbate in settings beyond the disruption of TET2-IDH-WT1 pathway, which is the scenario where we would expect its maximal therapeutic efficacy, as also demonstrated by anecdotal case reports (Das et al., 2019). Furthermore, TET3 upregulation has also been invoked as a potential mechanism compensating the general TET2opathy of myeloid disorders, and has been linked to better survival outcomes in MDS with TET2 deficiency. Perhaps, ascorbate treatment may rescue the fraction of patients not able to contra-balance TET2 loss, thereby improving their dismal clinical outcomes (Gurnari et al., 2021, 2022).
[image: Figure 4]FIGURE 4 | Activity of pharmacologic doses of ascorbic acid in AML with TET2, IDH1/2 or WT1 altered pathways. (A) TET2 mutations result in a nonfunctional enzyme with hypermethylation of gene promoters, and prevention of oxidation of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmc). (B) The presence of gain-of-function mutations in IDH1/2 genes results in the overproduction of the oncometabolite 2-hydroxyglutarate (2-HG) with the inhibition of TET2 activity. (C) WT1 mutations hamper the ability of TET2 to bind and activate WT1, inhibiting the expression of WT1-target genes. (D) Ascorbic acid treatment mimics TET2 restoration, inducing a reversal of defective DNA methylation and cell differentiation, ultimately inhibiting tumor progression. Created with Biorender.com.
As said, IDH1/2 mutations alter the epigenome of AML cells. Mingay and coworkers explored the effect of ascorbic acid in the setting of a murine leukemic model expressing IDH1R132H mutation. Ascorbate treatment induced a reduction in cell proliferation and an increased expression of genes involved in leukocyte differentiation in IDH1R132H mice, not observed in IDH1wt counterparts. These marked effects on cell differentiation were related to the induction of demethylation at the level of DNA binding sites of the hematopoietic transcription factors CEBPβ, HIF-1α, RUNX1 and PU.1 (Mingay et al., 2018). The previously mentioned study by Cimmino et al. (2017) provided the evidence that ascorbic acid treatment is able to induce the restoration of TET2 function in various leukemia models, by blocking aberrant self-renewal and leukemia progression. Indeed, mimicking TET2 restoration ascorbate treatment suppresses leukemic colony formation and leukemic progression of primary human leukemia patient-derived xenografts (PDX). Finally, a recent study investigated the effects of ascorbate on cell growth and differentiation of SKM-1 AML cell line, harbouring both TET2 and TP53 mutations, showing a beneficial anti-proliferative effect also in this subgroup of adverse-risk AML (Smith-Díaz et al., 2021).
Taken together these results identify ascorbic acid as a novel metabolic tumor suppressor involved in epigenetic remodeling and highlighted that supra-physiological doses could prevent myeloid disease progression, pointing out to its role as a potentially non-toxic therapy, especially for TET-deficient malignancies (Agathocleous et al., 2017; Cimmino et al., 2017; Guan et al., 2020). These observations suggest the incorporation of high-dose ascorbate as an adjuvant to standard chemotherapy or HMA therapy in clinical trials. Indeed, many clinical trials (NCT03682029, NCT03999723) are currently investigating the effects of ascorbate alone or as an add-on to classic therapeutic schemes of AML and myeloid disorders. Beyond HMA, specific lines of research are exploring the possibility of combining ascorbate with class I/II histone deacetylases (HDAC) (Zhang et al., 2017) or sirtuin activators (Sun et al., 2018), with the rationale of regulating TET dioxygenase-dependent effects of vitamin C (Guan et al., 2021). A peculiar application currently under investigation is the scenario of clonal hematopoiesis of indeterminate potential (CHIP) or its age-related counterpart ARCH (age-related clonal hematopoiesis), especially sustained by TET2 mutations, where the consideration of a simple, over-the-counter supplementation of high-dose of vitamin C may represent an appealing option in decelerating progression to overt, fully-blown myeloid neoplasms (MDS/AML) (Miller and Steensma, 2020). To this end, a recent study showed that elderly individuals with inadequate vitamin C dietary intakes and plasma concentrations had higher odds of ARCH, typically TET2-related (Chen et al., 2021).
By this virtue, ascorbate could provide therapeutic opportunities able to overcome the TET2 impairment typical of myeloid neoplasms by re-establishing the net, residual TET-dioxygenase activity. Indeed, it is known that when TET2 expression is downregulated, two other dioxygenases (TET1, and especially TET3) maintain a minimal enzymatic activity critical for cell survival (Gurnari et al., 2022). Given the current evidence, newer approaches of personalized medicine should take into account not only cytogenetic and mutational characteristics but also both transcriptomic changes (e.g., RNA-seq) and assessment of vitamin C levels in patients at AML onset. This information would enable the identification of therapeutic vulnerabilities in individual patients (e.g., ascorbate in TET2-IDH-WT1 impairment and/or vitamin C-deficient patients). Ideally, with the use of sophisticated methods of artificial intelligence, one could speculate that the in silico creation of “digital twins” would allow testing of multiple, combinatorial therapeutic strategies (including ascorbate, conventional cytotoxic, HMA or new targeted agents), ultimately providing the best drugs to combine with this agent in a “synthetic lethally” fashion (Björnsson et al., 2019).
That said, the exact position of ascorbate in the therapeutic arsenal of AML is yet to be clearly defined. Future data derived from ongoing clinical trials will shed light on its role within the treatment algorithm of AML, a disease where still only less than 30% of patients become long-term survivors and for which new treatment options are urgently needed.
CONCLUSION
The therapeutic potential of ascorbic acid in leukemia have been known for several decades. In particular, the observation that leukemic patients display low vitamin C plasma levels, due to the increased uptake by the actively proliferating leukocytes (Stephens and Hawley, 1936; Kyhos et al., 1945; Barkhan and Howard, 1958) suggested the rationale for the use of high-doses of ascorbic acid, not only as a prophylactic measure, but also to treat a number of pathologic conditions, including cancer (Pauling, 1980). Its role as an anti-cancer agent has long been debated and the identification of potential mechanisms through which ascorbate exerts its biologic and pharmacologic activities, lead to hypothesize a new window of therapeutic opportunities.
Recent investigations highlighted the role of ascorbic acid as a critical regulator of cellular epigenetic processes, and a potential drug in the therapeutic armamentarium of acute myeloid leukemia through its stimulatory effect on TET2 function. Being epigenetic dysregulation a hallmark of AML and playing such a central role in the initiation and maintenance of the disease, the possibility to overcome the dysregulated gene-expression programs through an ascorbate based-epigenetic therapy represents a promising and cost-effective anti-leukemia approach.
Overall, these findings suggest the clinical benefit that could derive from the use of ascorbic acid both as a dietary supplement or as a therapeutic agent. Despite the wide number of in vitro experiments demonstrates the anti-leukemia activity of ascorbic acid, the lack of robust evidences about the precise mechanism of action, the tolerability and timing of pharmacological doses of ascorbic acid in vivo did not allow to design appropriate clinical trials. Future clinical trials are warranted to identify patients and specific AML subgroups who may benefit the most from this therapeutic strategy.
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Antibody monomers are produced from two immunoglobulin heavy chains and two light chains that are folded and assembled in the endoplasmic reticulum This process is assisted and monitored by components of the endoplasmic reticulum quality control machinery; an outcome made more fraught by the unusual genetic machinations employed to produce a seemingly unlimited antibody repertoire. Proper functioning of the adaptive immune system is as dependent on the success of this operation, as it is on the ability to identify and degrade those molecules that fail to reach their native state. In this study, two rate-limiting steps were identified in the degradation of a non-secreted κ light chain. Both focus on the constant domain (CL), which has evolved to fold rapidly and very stably to serve as a catalyst for the folding of the heavy chain CH1 domain. The first hurdle is the reduction of the disulfide bond in the CL domain, which is required for retrotranslocation to the cytosol. In spite of being reduced, the CL domain retains structure, giving rise to the second rate-limiting step, the unfolding of this domain at the proteasome, which results in a stalled degradation intermediate.
Keywords: ER quality control, ERAD, Ig light chain, proteasome, degradation
INTRODUCTION
Our immune systems are able to produce antibodies to a seemingly limitless number of antigens. In fact, a recent study estimated that the potential human antibody repertoire may approach a quintrillion unique molecules (Briney et al., 2019). If each antibody was encoded by a separate DNA segment, an absurd number of genome equivalents would be required to produce them. Instead, this incredible feat is made possible through a complex series of molecular manipulations of antibody genes. The variable regions of the heavy and light chain, which provide the antigen recognition capability of antibody, are assembled from three distinct sets of immunoglobulin (Ig) gene families for the heavy chain: Variable (VH), Diversity (DH), and Joining (JH), and two each for the κ and λ light chains (Vκ, Jκ and Vλ, Jλ). One DNA segment from each of these heavy and light chain gene families must be successfully recombined, and non-templated nucleotides are added to the ends of the DNA segments prior to their relegation to produce a heavy chain and light chain variable region. In addition, the assembled variable region is subjected to hypermutation to increase antigen affinity (Kenter and Feeney, 2019; Vajda et al., 2021). While this clearly adds to the diversity of the repertoire, from a standpoint of protein folding it represents a veritable nightmare. And yet, absolute fidelity in antibody maturation is required for proper functioning of the immune system.
Like nearly all secreted or cell surface proteins, immunoglobulins are produced in the endoplasmic reticulum, where a dedicated ER quality control (ERQC) system assists and monitors the maturation of nascent proteins. Monomeric IgG antibodies are covalently assembled from two identical γ heavy chains and two identical either κ or λ light chains, which possess four and two Ig domains, respectively, whereas pentameric IgM antibodies are covalently assembled from ten μ heavy chains consisting of five Ig domains, ten light chains, and a J or joining chain. Each Ig domain is approximately 100 amino acids in length and folds into an anti-parallel β barrel structure that is secured with a disulfide bond between highly conserved cysteines in strands 2 and 6 (Oreste et al., 2021). Antibodies have been subjected to numerous in vitro and in vivo folding studies that have provided significant understanding of the molecular and cellular checkpoints that ensure fidelity of their maturation (Feige et al., 2010). These studies reveal that although most Ig domains can fold and form their intra-domain disulfide bond independently or after homodimerization (Lilie et al., 1994), the first constant domain of the heavy chain (CH1) domain is unique in that it remains reduced (Lee et al., 1999) and unstructured (Feige et al., 2009) prior to assembly with a light chain. The unfolded CH1 domain reacts with BiP, which serves to retain the incompletely assembled heavy chain in the ER, and deletion of the CH1 domain results in the secretion of partially assembled antibody intermediates (Hendershot et al., 1987). Contact with the well-folded constant domain CL of a light chain nucleates oxidative folding of the CH1 domain, allowing the completely folded and assembled antibody to be released from BiP and secreted (Feige et al., 2009). In the case of pre-B cells, the surrogate light chain is responsible for associating with the CH1 domain of the μ chains, and deletion of the CH1 domain of the μ heavy chain locus adversely affects B cell development (Shaffer and Schlissel, 1997). Thus, checkpoints for Ig gene rearrangements are also assessed through the protein quality control system and focus on the ability of a well-folded CL domain to induce folding of the CH1 domain.
Given the unusual mechanisms needed to produce the vast antibody repertoire, as well as the extremely high biosynthetic rate achieved in plasma cells, it is to be expected that some genetic manipulations, and even random mistakes during normal synthesis, will produce antibody subunits that fail to fold or assemble properly. The presence of a single unfolded domain requires that the heavy or light chain be targeted for degradation, which occurs through the actions of the ER associated degradation (ERAD) system (Wu and Rapoport, 2018; Needham et al., 2019). Once the decision has been made to degrade an unfolded/misfolded client, it must be targeted and inserted into a protein channel, referred to as the retrotranslocon or dislocon, for extraction to the cytosol where it will be degraded by the proteasome. A number of components of the retrotranslocon have been identified, although it appears there is some heterogeneity in the composition of individual retrotranslocons (Lilley and Ploegh, 2005; Carvalho et al., 2006; Vembar and Brodsky, 2008; Olzmann et al., 2013). One of the translocon components, Hrd1, is a multi-pass integral membrane protein that forms part of the channel itself (Carvalho et al., 2010; Stein et al., 2014). Hrd1 possesses E3 ubiquitin ligase activity with the RING domain oriented to the cytosol (Gardner et al., 2000; Deak and Wolf, 2001). Upon emerging into the cytosol, the ERAD client becomes poly-ubiquitinated, which can occur on a number of amino acids, including serine, threonine, and cysteine, in addition to the prototypical lysine residue (Cadwell and Coscoy, 2005; Wang et al., 2007; Ishikura et al., 2010; Shimizu et al., 2010). In addition to Hrd1, a limited number of other ER-associated E3 ligases have been identified (Kostova et al., 2007). The attached ubiquitin chain provides a recognition motif for the p97/VCP complex (Meyer et al., 2002) that is associated with the ER membrane (Ye et al., 2004; Ye et al., 2005). The AAA-ATPase, p97, provides the energy to extract ERAD clients from the ER membranes. With the possible exception of the cholera toxin A1 subunit (Kothe et al., 2005; Moore et al., 2013), all integral membrane, as well as soluble, luminal ERAD clients examined thus far require the activity of p97 for their disposal.
To understand the cellular checkpoints and requirements for the degradation of an Ig subunit that fails to mature properly and how a well-folded domain affects these, we chose the NS1 Ig light chain. It is comprised of a variable region (VL) that forms its disulfide bond but folds unstably and a well-folded, oxidized constant domain (CL). We found that although the VL domain must be reduced (Knittler et al., 1995; Okuda-Shimizu and Hendershot, 2007) and is the target of ubiquitination in the cytosol (Shimizu et al., 2010), reduction of the CL domain represents a more significant rate-limiting step in its retrotranslocation. The CL domain either maintains or re-achieves structure once in the cytosol explaining the lack of ubiquitination of this domain. Unfolding of the CL at proteasome represents a second rate-limiting step in its degradation.
MATERIALS AND METHODS
DNA constructs and generation of mutants
The non-secreted murine NS1 κ LC (Skowronek et al., 1998) and the ubiquitination-deficient NS1-VLSTK- (Shimizu et al., 2010) were cloned in pSVL vector. Single N-linked glycosylation consensus sites (N-X-S/T) were engineered throughout NS1 in order to monitor deglycosylation, which occurs after substrate retrotranslocation to the cytosol. Generation of these mutants was performed using the PWO enzyme (11644955001, Roche) or the Q5 mutagenesis kit (E0554S, NEB, Ipswich, MA). When glycosylation sites were added to the folded CL domain, the mutations were introduced on β turns or loops, which were mapped using the available crystal structure for the mouse Cκ domain (UniProtKB - P01837) to minimize adverse effects on the natural folding of this domain. A cytosolically expressed NS1 (ΔssNS1) was engineered by removing the ER targeting signal sequence, and replacing methionines present at positions 4, 11, 13 with alanines to prevent possible alternative translation initiation sites. Primers used to create the amino acid changes in these constructs are found in Table 1. The NS1-Vmut and NS1-Cmut constructs were created in the pSVL vector using PCR-mediated, site-directed mutagenesis to replace the two cysteine codons in either the VL or CL domains with serine codons. The PDIA6 construct in the pCDNA3 vector was generously provided by Dr. Neil Bulleid (University of Glasgow, Scotland, United Kingdom), and ERdj5, also in pCDNA3, was a kind gift from Dr. Kazuhiro Nagata (Kyoto Sangyo University, Japan). Wild type p97 and the ATP hydrolysis-defective mutant p97QQ, each in the pcDNA3 vector, were considerate gifts from Dr. Yihong Ye (NIDDK, United States). The Hrd1 mutant deficient in ubiquitin ligase activity (Hrd1 C291S in pcDNA3) was kindly supplied by Dr. Yuval Reiss (Proteologics, Israel).
TABLE 1 | Primers used to make NS1 mutants.
[image: Table 1]Cell culture and transfections
293T human embryonic kidney cells were grown in Dulbecco’s modified Eagle’s medium (DMEM; 15–013-CV, Corning–cellgro, Manassas, VA) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS; S11150, Atlanta biologicals, Flowery Branch, GA), 2 mM L-glutamine (25–005-CI, Corning), and a 1% (v/v) antibiotic-antimycotic solution (25 μg/ml amphotenicin B, 10,000 μg/ml streptomycin, and 10,000 units of penicillin; Cellgro/Mediatech, Manassas, VA) at 37°C and 5% CO2. 293T cells were plated 24 h prior to transfection, which was performed using GeneCellin (GC5000, BioCellChallenge, Toulon, France) according to the manufacturer’s protocol. For all analysis, 1 μg of each indicated ERAD substrate was used per p60 dish. When p97WT, p97QQ or Hrd1C291S was co-expressed, 1.5 μg of each plasmid was used and an equal amount of empty pcDNA3.1 vector was used in the control samples. When PDIA6 or ERdj5 was co-expressed, 2 μg of the plasmid was used. The P3U.1 murine plasmacytoma cells, which naturally synthesize the NS1 κ LC, were grown in complete DMEM supplemented with 55 µM 2-mercaptoethanol (21985023, Gibco, Grand Island, NY) at 37°C and 5% CO2. The Ag8.653 chain-loss variant cell line was grown in the same conditions and was used as a negative control for experiments with P3U.1 cells.
Metabolic labeling and immunoprecipitation experiments
Twenty-four hours after transfection, cells were pre-incubated at 37°C for 30 min in 2 ml media consisting of 1x DMEM without Cys and Met (Cys−/Met−) (17-204CI, Corning), which was supplemented with 1% L-glutamine and 10% FBS dialyzed against PBS to deplete amino acids. Cells were labeled with Express [35S] Labeling Mix (NEG072-007, PerkinElmer) for 15 min. After labeling, culture dishes were placed on ice, washed once with 2 ml cold DPBS (21–031-CV, Corning), and cells were re-incubated in 2 ml of chase media (complete DMEM supplemented with 2 mM each of unlabeled methionine (M5308, Sigma) and cysteine (C7352, Sigma). For the NS1-N157 deglycosylation experiments, cells were pre-incubated in 10 µm MG132 for 2 h and 15 min before starving. The starving, labeling and chase media all contained 10 µm MG132. Zero time points were lysed immediately in Nonidet P-40 lysis buffer (NP-40: 50 mM Tris/HCl pH 7.5, 150 mM NaCl, 0.5% Nonidet P40, 0.5% sodium deoxycholate, 0.1 mM PMSF, 1X complete protease inhibitor tablets without EDTA), and all other plates were returned to 37°C for the indicated time points. Lysates were clarified by centrifugation at 18,000 g and incubated with goat anti-mouse κ (SouthernBiotechonology) overnight at 4°C on a rotator. Protein A agarose beads (CA-PRI-0100, Repligen) were added for an hour the following morning. After washing the beads 3 times with Nonidet P-40 wash buffer (NP-40 lysis buffer with 400 mM NaCl), proteins were eluted with 2x sample buffer at 95°C. 30% of immunoprecipitated proteins were electrophoresed on polyacrylamide gels and transferred to PVDF membranes. Dry membranes were exposed to BAS storage phosphor screens (Cytiva, 28956475) and scanned using a phosphor imager (Typhoon FLA 9500 GE Healthcare) to detect signals. Signals were quantified with the ImageQuant TL software (Cytiva). Non-transfected cells were used to subtract any background signal from the samples.
Western blot analysis
Clarified NP40-solubilized lysates were mixed with reducing sample buffer (1:1), and samples were separated on 13% SDS-polyacrylamide gels for nearly all analyses. Exceptions include studies to determine the oxidation status of our substrates in which 15% gels were used, and the Proteinase K digestion and pulse-chase experiments where 12% gels were used. Post-electrophoresis, proteins were transferred to PVDF membranes (IPFL00010, Millipore). Membranes were fixed with methanol, blocked with gelatin wash buffer, and incubated overnight with the indicated primary immune reagents in blocking buffer followed by species-specific secondary reagents, also in blocking buffer. Western blots with HRP-conjugated secondary antibodies were developed using the Pierce™ ECL (32106, Thermo Fisher Scientific, Waltham, MA), and for quantitative analysis they were scanned with the LI-COR Fc Odyssey scanner (LI-COR, Lincoln, NE). When secondary antibodies conjugated to IRDye680 or IRDye800 (Li-COR) were employed, protein bands were detected using the LI-COR Odyssey CLx Imager (LI-COR Biosciences). Analysis and quantification were performed with the Image Studio Lite software. For experiments where the oxidation status of clients was studied, cells were lysed in complete NP-40 buffer additionally supplemented with 20 mM NEthylmaleimide (NEM; E3876-5G, Sigma-Aldrich, St. Louis, MO).
For co-immunoprecipitation-coupled western blot experiments, 3 × 106 P3U.1 (κ LC expressing) or Ag8.653 (Ig−) cells were used. To detect association of proteins, cells were incubated with a membrane-permeable cross-linking agent prior to lysing as described previously (Meunier et al., 2002). Briefly, cells were washed and resuspended in cold Hepes buffer (25 mM Hepes-KOH, pH 8.3 and 125 mM KCl). A 5 mg/ml solution of 3,3′-Dithiodipropionic acid di (N-hydroxysuccinimide ester) (DSP) (Sigma-Aldrich), was freshly prepared in DMSO and added to the cells to achieve a final concentration of 150 μg/ml. Cells were incubated on ice for 1h with occasional shaking. After quenching with 100 mM glycine final concentration, cells were lysed in RIPA buffer (10 mM Tris/HCl pH 7.5, 150 mM NaCl, 1% Nonidet P40, 0.2% sodium deoxycholate, 0.1% SDS, 0.1 mM PMSF, 1X complete protease inhibitor tablets without EDTA). LCs were immunoprecipitated overnight by incubating with anti-κλ-conjugated agarose beads (custom made by SouthernBiotech using their antibodies 1050–01 and 1060–01). LCs and associated proteins were eluted from the beads with 2x sample buffer, electrophoresed, and interacting proteins were analyzed by western blotting.
Antibodies
The following antibodies were used for blotting: polyclonal goat anti-mouse κ LC (1050–01, SouthernBiotech); mouse anti-GAPDH (MAB374, Millipore); mouse anti-Hsc70 (B-6) (sc-7298, Santa Cruz Biotechnology), mouse anti-VCP/p97 (ab11433, abcam, Cambridge, MA), mouse anti-20S proteasome subunit alpha (C8) (PW8110, Biomol, Hamburg, Germany), rabbit anti-PSMC2 (HPA019238, Sigma-Aldrich), mouse anti-actin (A5441, Sigma-Aldrich), rabbit anti-PDIA6 (NBP157999, Novus Biologicals). HRP-conjugated antibodies were used at 1:10,000 dilution and include goat anti-rabbit (sc-2054), donkey anti-goat (sc-2020), and goat anti-mouse (sc-2031) all purchased from Santa Cruz Biotechnology. The rabbit anti-ERdj3 antibody was produced in our lab (Shen and Hendershot, 2005). IRdye® secondary antibodies (LI-COR Biosciences, all 1:20,000): goat anti-mouse IgG (925–32210), goat anti-rabbit IgG (925–68071), and donkey anti-goat IgG (926–68074).
Cycloheximide chase and deglycosylation experiments
For cycloheximide (CHX) and/or MG132 chase experiments, cells were treated with 10 μΜ ΜG132 or 100 μg/ml CHX for the indicated times. The cells were lysed in 0.5 ml of NP40 lysis buffer, clarified by centrifugation at 18,000 × g for 15 min, and 1.5% of the resulting lysate was analyzed by western blotting. To remove N-linked glycans from the NS1 glyco-mutant constructs, we treated samples with Endo H (P0702L, NEB) according to the manufacturer’s protocol. Samples were mixed with 2x Laemmli sample buffer and analyzed by western blotting.
Assessment of disulfide bond content
To monitor the oxidation status of the various proteins, cells expressing the constructs of interest were washed twice with PBS containing 20 mM NEM (E3876-5G, Sigma-Aldrich) and lysed in 0.5 ml NP-40 supplemented with 0.1 mM PMSF, 1X complete protease inhibitor tablets without EDTA and 20 mM NEM.
Concanavalin A binding experiments
Concanavalin A (Con A) beads (AL-1003, VECTOR LABORATORIES, Burlingame, CA) were used to separate glycosylated and non-glycosylated species. 293T cells were grown in p60 dishes and transfected with the mono-glycosylated NS1 client (NS1-N100). After 24 h, the cells were incubated with 10 μM MG132 in DMSO or in an equal volume of DMSO alone as a control for 3.5 h and were then lysed in 0.5 ml of NP-40 lysis buffer supplemented with 1 mM CaCl2, 1 mM MgCl2, 1 mM MnCl2, 0.1 mM PMSF and 20 mM NEM. Clarified lysates were incubated overnight at 4°C with 2:1 v/v Con A bead slurry. Beads were centrifuged (500 × g for 5 min) and the supernatant (unbound) was collected and mixed with an equal volume of 2x non-reducing Laemmli buffer for analysis of the non-glycosylated proteins. The glycosylated proteins (bound) were eluted from the beads with a volume of 1x non-reducing Laemmli buffer equal to the total volume of the non-bound sample. The resulting pools were analyzed by western blotting.
Partial proteolysis
Stability of indicated proteins was assessed by partial proteolysis experiments. Cells expressing the indicated constructs were lysed in 0.5 ml NP-40 devoid of protease inhibitors and PMSF. Proteinase K (V302B, PROMEGA, Madison, WI) was added to a final concentration of 20 μg/ml. Digestion was performed on ice for 25 min and was followed by a 5 min incubation with PMSF (5 mM final concentration) (Sigma) to inactivate the Proteinase K. An equal volume of 2x Laemmli sample buffer was added to samples, which were heated to 95°C for 5 min and immediately loaded onto SDS-PAGE gels for western blotting. To determine the glycosylation status of the Proteinase K resistant fragments, the samples were treated with Endo H. At the end of this reaction 2x Laemmli buffer was added, and samples were immediately analyzed by western blotting.
Mass spectrophotometer analysis
P3U.1 and Ag8.653 cells (1.5 × 106 of each) were incubated with 10 μM MG132 or DMSO for 3.5 h and lysed in NP40 lysis buffer. LCs were isolated by immunoprecipitated overnight with anti-mouse-κλ-conjugated agarose beads (custom made by SouthernBiotech using their antibodies 1050–01, and 1060–01) and washed 3 times in NP40 lysis buffer made to 400 mM NaCl. Beads were resuspended in 20 μL of 2x Lammeli buffer with 2-β mercaptoethanol and heated to 95°C for 5 min. Solubilized proteins were loaded on a precast 4–15% gradient gel (BioRad) and run 1 cm into the gel. The gel was then incubated for 1 h in GelCode-Blue (Thermo Scientific), destained overnight in ultrapure H2O at room temperature, and transferred to our Center for Proteomics and Metabolomics core for proteome profiling by spectral counting.
The stained portion of the gel was cut into small pieces and reduced with dithiothreitol to ensure complete breakage of disulfide bonds. Cysteine residues were alkylated by iodoacetamide to allow the recovery of Cys-containing peptides. The gel segment was washed, dried in a speed vacuum, and rehydrated with a buffer containing trypsin and incubated overnight. The next day the digested samples were acidified, and the peptides were extracted multiple times. The extracts were pooled, dried, and reconstituted in a small volume. The peptide samples were loaded on a nanoscale capillary reverse phase C18 column by a HPLC system (Thermo EasynLC 1000) and eluted by a gradient (∼60 min). The eluted peptides were ionized by electrospray ionization and detected by an inline mass spectrometer (Thermo Elite). The MS spectra were collected first, and the 20 most abundant ions are sequentially isolated for MS/MS analysis. This process is cycled over the entire liquid chromatography gradient. Database searches were performed using the Sequest search engine in our in-house SPIDERS software package. All matched MS/MS spectra were filtered by mass accuracy and matching scores to reduce protein false discovery rate to ∼1%. Finally, all proteins identified in one gel lane were combined.
RESULTS
The well-folded kappa CL domain is completely retrotranslocated across the ER membrane after proteasome inhibition
The non-glycosylated NS1 κ light chain has been the focus of multiple ERAD studies (Knittler et al., 1995; Skowronek et al., 1998; Shimizu et al., 2010). Unlike most Ig light chains, it is not secreted in the absence of its partner heavy chain, due to a VL domain that does not fold stably. However, its CL domain folds well, forms its intrachain disulfide bond, and can stimulate the folding of the CH1 domain of a γ heavy chain leading to the secretion of a properly antibody (Lee et al., 1999; Vanhove et al., 2001). To determine if the CL domain impeded transport across the ER membrane for degradation, we made use of the fact that N-glycanase 1 is present on the cytosolic side of the retrotranslocon and serves to deglycosylate ERAD clients as they emerge from the retrotranslocon (Suzuki et al., 2016). We engineered a single glycan acceptor sequence at three distinct sites within the unfolded VL domain (Supplementary Figure S1A). This domain becomes ubiquitinated at multiple sites when the proteasome is inhibited, (Okuda-Shimizu and Hendershot, 2007; Shimizu et al., 2010), making it likely that the VL domain enters the retrotranslocon first. Each of the N-linked glycan consensus sites engineered in the VL domain was readily glycosylated, as shown by comparing the migration of each mutant with the parental NS1 and by Endo H treatment, which cleaved the glycans and restored mobility to that of the non-glycosylated NS1. Inhibition of proteasomal activity with MG132 treatment resulted in a pool that was deglycosylated, even in the case of the NS1-N100 construct, which had the glycan positioned at the VL:CL boundary (Figure 1A), revealing that the entire VL domain must reach the cytosol. We next engineered sites in the CL domain and were careful to choose positions within loops of the well-characterized Ig fold, as glycans at these positions should be less likely to interfere with domain folding (Supplementary Figure S1B). All sites were glycosylated and treatment with MG132 also resulted in deglycosylation of a similar amount of each of these modified NS1 constructs (Figure 1B). This indicated that even the well-folded CL domain, which is not ubiquitinated when the proteasome is inhibited, was fully retrotranslocated to the cytosol.
[image: Figure 1]FIGURE 1 | The well-folded domain in NS1 does not impede retrotranslocation. (A) Cells were transfected with the indicated NS1 constructs bearing a single N-linked glycan on the VL domain, and 24 h later cell lysates were prepared. Lysates were treated with (+) or without (-) Endo H to identify mobility of the deglycosylated and non-glycosylated forms of these constructs. In each case, the parental, non-glycosylated NS1 was used as a control for the mobility of the non-glycosylated form of NS1. One dish each of cells expressing the indicated glycosylated constructs were incubated with 10 μM MG132 (+) or DMSO control (-) for 3.5 h prior to lysis. Lysates were prepared, and one sample was digested with Endo H (+) as a control for mobility of the unglycosylated protein, and then samples were analyzed by SDS-PAGE-coupled western blotting with a goat anti-mouse κ antisera. Red arrows point at the deglycosylated (DG) species in each panel. (B) Cells were transfected with the indicated NS1 glycosylated constructs bearing a single glycan on the CL domain alone and processed as in (A). Non-glycosylated NS1 was used as a control for the mobility of the non-glycosylated form of NS1. In all cases, GAPDH was used as a loading control.
Deglycosylation is dependent on ERAD substrate ubiquitination and retrotranslocation
Each of the engineered constructs led to nearly complete glycosylation, leading us to conclude the unglycosylated pool present with proteasome inhibition was due to deglycosylation of the pool that was retrotranslocated. Nonetheless, we explored the possibility that the more rapidly migrating band observed was in fact due to MG132 stabilizing a population that never entered the ER but was normally rapidly degraded. Cycloheximide chase experiments were conducted on cells expressing the NS1-N129 construct (Supplementary Figure S2). There was no evidence the more rapidly migrating form appeared with cycloheximide treatment alone. In contrast, when cells were treated with both cycloheximide and MG132 the glycosylated form began to disappear over time, while the deglycosylated form appeared, demonstrating a precursor-product relationship. We next queried whether retrotranslocation, as measured by deglycosylation, was dependent on both ubiquitination and p97 activity. We chose three constructs including one with the engineered glycosylation site present in the VL domain (N28), one at the boundary between the two domains (N100), and one in the CL domain (N129). Co-expression of a domain negative Hrd1 mutant (C291S) inhibited deglycosylaton of the NS1-N28 protein (Figure 2A). These constructs were co-expressed with either wild-type p97 or a dominant negative mutant (QQ) and the effects on deglycosylation of monoglycosylated NS1 proteins was examined when the proteasome was inhibited. Although the mutant p97 inhibited deglycosylation, and thus retrotranslocation, of the N100 and N129 constructs, it had very little effect on the N28 construct. This implies that the VL domain of the NS1 protein can be transported at least this far into the cytosol before the activity of p97 is required to extract this ERAD client.
[image: Figure 2]FIGURE 2 | Retrotranslocation of NS1 does not require proteasomal activity but is dependent on ubiquitination and p97. (A) Cells were co-transfected with NS1-N28, NS1-N100, or NS1-N129 encoding constructs together with either p97 WT or ATPase inactive p97QQ mutant. The next day, a plate of each was incubated with either 10 μM MG132 (+) or DMSO (- control) for 3.5 h prior to lysis. Lysates were prepared and analyzed by SDS-PAGE coupled western blotting with goat anti-mouse κ antisera or GAPDH as a control. The percent deglycosylation was determined as the fraction of the total amount of LC and is indicated below each lane along with the calculated SEM, n = 2. (B) Cells were transfected with the NS1-VLSTK- construct or NS1-VLSTK- engineered with a single N-linked glycan on the VL domain at N28 or N100. Prior to lysis, one dish of each glycosylated construct was incubated with MG132 (+). Lysates were prepared and one sample of each glycosylated construct was treated with Endo H (+) as indicated. Samples were analyzed as in Figure 1.
The lack of client deglycosylation observed with co-expression of the dominant negative Hrd1C291S mutant strongly suggested that ubiquitination was required for retrotranslocation. However, there is evidence that auto-ubiquitination of Hrd1 is critical to its activity in client dislocation in vitro (Baldridge and Rapoport, 2016). Hence, we examined a variant of the NS1 LC that cannot be ubiquitinated due to mutation of all lysines, serines, and threonines in the VL domain (NS1-VL-STK-); the well-folded CL domain is left intact and is not ubiquitinated (Shimizu et al., 2010). A single glycosylation site was engineered near the N-terminus of the unfolded VL domain (N28), and a separate one was introduced near the C-terminus of this domain (N100). In this case, inhibition of the proteasome did not lead to the appearance of a significant amount of the deglycosylated form of either NS1-VL-STK- construct (Figure 2B). Thus, client ubiquitination was indeed required for it to be recognized by cytosolic factors, like p97, and pulled far enough into the cytosol for the glycan at N28, or any subsequent glycans, to become accessible to N-glycanase 1.
Retrotranslocated CL domain is reduced
Under steady state conditions, the NS1 protein populates a form in which both domains are oxidized (ox2), and a partially oxidized (ox1) form, in which only the CL domain possesses a disulfide bond (Knittler et al., 1995; Skowronek et al., 1998). The presence of the intramolecular disulfide bond can be detected by increased mobility on non-reducing SDS polyacrylamide gels (Braakman et al., 1992). To determine the redox state of NS1 after proteasome inhibition, we engineered a NS1 κ LC that was devoid of the ER targeting signal sequence (ΔssNS1), which would be synthesized in the cytosol, to serve as a control for the mobility of a completely reduced NS1 protein. When both the ΔssNS1 and the parental NS1 were electrophoresed on the same SDS polyacrylamide gel under non-reducing conditions, we found that in the absence of MG132 NS1 populated two redox forms (ox1 with an oxidized CL domain and ox2 possessing disulfide bonds in both the VL and CL domains), which is consistent with previously reported data (Skowronek et al., 1998). However, when the proteasome was inhibited, we observed an additional slower migrating band that co-migrated with the completely reduced ox0 form observed with the cytosolically expressed ΔssNS1 construct (Figure 3A). This revealed that inhibition of proteasomal degradation generated a pool of NS1 in which both the VL and CL domains were fully reduced. As the fraction of NS1 that was deglycosylated upon proteasomal degradation was similar to the amount that became fully reduced, it was likely that they represented the same pool. To test this directly, we chose the NS1-N100 construct with the single engineered N-glycan in the VL domain. Proteasome inhibition resulted in the appearance of the deglycosylated form when the protein was analyzed under reducing conditions, and the non-MG132 treated sample separates into the ox1 and ox2 forms on non-reducing gels. Endo H treatment increased the mobility of both species, demonstrating that both were glycosylated. When NS1-N100 isolated from non-treated and MG132-treated cells was separated under non-reducing conditions, we observed a third species that migrated between the ox1 and ox2 isoforms found it the proteasome inhibited cells, but slightly slower than the deglycosylated ox1 form generated by Endo H treatment (Figure 3B). To determine if this new species represented reduced and deglycosylated NS1-N100 protein, the glycosylated pool was separated from the deglycosylated one by incubation with Concanavalin A (Con A)-conjugated beads. The Con A lectin binds N-linked glycans, allowing the glycosylated form of the protein to be readily isolated by centrifugation, leaving the deglycosylated form in the supernatant. All samples were electrophoresed under non-reducing conditions and the parental non-glycosylated NS1 was used as a control. The new species observed in proteasome-inhibited cells expressing NS1-N100 co-migrated with the ox0 form of non-glycosylated NS1 and did not bind to Con A (Figure 3C), demonstrating that the new band appearing upon MG132 treatment was deglycosylated and fully reduced.
[image: Figure 3]FIGURE 3 | Both domains are reduced in the retrotranslocated NS1 protein. (A) Cells were transfected with either the cytosolically expressed ΔssNS1 or NS1. After 24 h, cells were treated with (+) or without (-) MG132, and cell lysates were prepared in NP-40 buffer containing NEM. Samples were analyzed by non-reducing SDS-PAGE-coupled western blotting with goat anti-mouse κ antisera. Migration of the various oxidation species (ox0, ox1, ox2) is indicated. (B) Cells expressing NS1-N100 were treated with (+) or without (-) MG132 for 3.5 h prior to lysis. Lysates were prepared and analyzed under reducing or non-reducing conditions as indicated. A portion of the lysate from cells not treated with MG132 was digested with Endo H (+) to determine the migration of the deglycosylated ox1 and ox2 species. An unidentified species (??) generated by proteasomal inhibition observed on non-reducing gels that co-migrated with reduced, deglycosylated NS1-N100 is indicated with a red dotted line. (C) 293T cells expressing NS1-N100 were incubated with MG132 (+) or DMSO (-). Cells were lysed in NP-40 lysing buffer supplemented with NEM, and a portion of each was kept as an input. The remaining lysate was absorbed with Con A-conjugated beads. Equivalent fractions of the Con A-unbound and the sample was eluted from the Con A beads (bound) were analyzed by SDS-PAGE conducted under non-reducing conditions and blotted with anti-κ antisera. Bands corresponding to the various redox states are indicated as is their glycosylation status. A red dotted line indicates the species generated by proteasomal inhibition observed panel B is in fact fully reduced and non-glycosylated.
Reduction of the CL domain represents a significant rate-limiting step in degradation and retrotranslocation of a κ LC
The accumulation of a completely reduced species of NS1 upon inhibition of the proteasome led us to determine how much the reduction of each domain represented an impediment to the retrotranslocation and degradation of this ERAD client. We genetically ablated the disulfide bonds in the VL domain and in the CL domain separately by mutating the two cysteines in each domain to serines (Supplementary Figure S4A) and quantified the effect on the turnover of both constructs using pulse-chase experiments. Although disruption of the disulfide bond in the V domain had very little effect on the half-life of this mutant, disruption of the bond in the C domain significantly increased its turnover (Figure 4A). This revealed that breaking the disulfide bond in the C domain represented a rate-limiting step in the degradation of NS1. In an attempt to determine if this rate-limiting step occurred at the point of retrotranslocation, we employed constructs with a glycan engineered at N157 for the parental NS1 and each of the two domain disulfide mutants. Pulse-chase experiments revealed the glycosylated forms of all three constructs turned over somewhat faster than their non-glycosylated counterparts, perhaps due to their interaction with the lectin chaperones instead of the BiP chaperone complex. Additionally, the glycosylated Vmut possessed a shorter half-life than the glycosylated protein with both disulfide bonds intact, but disruption of the disulfide bond in the constant domain continued to have a greater effect on the turnover of NS1 (Supplementary Figure S4B). MG132-treated cells expressing these monoglycosylated clients were pulse-labeled and shorter chase periods were monitored to catch early time points in retrotranslocation. In keeping with the half-lives of these glycosylated proteins, genetic disruption of the disulfide bond in either domain led to faster retrotranslocation, as judged by deglycosylation, than the NS1 construct possessing both disulfide bonds, whereas differences between the two disulfide mutants was marginal (Figure 4B).
[image: Figure 4]FIGURE 4 | Reduction of the CL domain is a rate-limiting step in retrotranslcoation and degradation. (A) Cells expressing parental NS1 or a mutant in which VL (Vmut) or CL (Cmut) cysteines were substituted with serines were pulse-labeled for 15 min and chased as indicated. LC was isolated by immunoprecipitation, electrophoresed, and quantified by Phosphorimaging n = 4 for NS1, and n = 3 for the VL and CL mutants. Error bars show standard deviation. (B) Cells expressing parental NS1-N157 or constructs in which the VL or CL cysteines were substituted were pulse-labeled for 15 min and chased for the indicated times. As MG132 was included in the chase media, cells were incubated with MG132 for between 3 and 4 h prior to lysis depending on the time point harvested. Non-transfected (NT) cells were used to subtract background signals. Percent deglycosylation and standard deviation (SD) are shown below, n = 4. (C) Ag8.654 (Ig−) and P3U.1 (κ+) cells were incubated with MG132 (+) or DMSO (-). Prior to lysis, cells were crosslinked with DSP to retain protein:protein interactions. Lysates were prepared, a portion was removed for input, and the remainder was immunoprecipitated with polyclonal anti-κ. Samples were analyzed by reducing SDS-PAGE-coupled western blotting with rabbit anti-PDIA6, rabbit anti-ERdj3, and goat anti-κ. (D) The NS1-Vmut was expressed alone or co-expressed with PDIA6 or ERdj5. Cells were pulse-labeled for 15 min and chased as shown. Lysates were prepared, immunoprecipitated with anti-κ and analyzed as in (A), n = 3 for VL mutant alone and n = 4 for Vmut + PDIA6 and Vmut + ERdj5.
In an attempt to identify the PDI family member(s) responsible for reducing the disulfide bonds in NS1, we used the P3U.1 mouse plasmacytoma cells, which is the source of the NS1 construct used in our studies thus far (Yelton et al., 1978) and the Ag8.653 cells (Kearney et al., 1979), a LC loss variant of P3U.1, as a negative control. P3U.1 cells have been used in multiple studies to examine ERAD requirements for this LC (Knittler et al., 1995; Okuda-Shimizu and Hendershot, 2007). The κ LC were isolated by immunoprecipitation and subjected to mass spectrometric spectral count analysis (Supplementary File S1). Several ER chaperones were identified with the LC, including BiP and GRP94 in keeping with previous reports (Melnick et al., 1992), but since chemical cross-linking was not used to stabilize labile interactions, co-chaperones like ERdj3 or other components of the BiP chaperone complex (Meunier et al., 2002) were not identified. PDIA6 was the only PDI family member found to be associated with NS1 (Table 2 and Supplementary File S1) and has been reported to have reductase activity (Gorasia et al., 2016). To confirm this finding, lysates from P3U.1 and Ag8.653 cells were treated with the cleavable, cross-linking agent DSP, and proteins association with the NS1 κ LC were analyzed by immunoprecipitation-coupled western blotting. Membranes were blotted with antibodies specific for PDIA6, ERdj3 as a positive control, and mouse κ LC (Figure 4C). PDIA6 was detected with the LC in P3U.1 cells, but it was not isolated from κ LC-negative Ag8.653 cells. To determine if PDIA6 was responsible for reducing the CL domain, we expressed the Vmut (possessing only an oxidized C domain) alone or co-expressed it with either PDIA6 or ERdj5, another PDI family member with reductase activity, and performed pulse-chase experiments (Figure 4D). PDIA6 had a modest effect on enhancing the turnover of the NS1 Vmut, but ERdj5 had a greater effect, even though it was not detected in the spectral counts data (Supplementary File S1) or by western blotting (not shown). We also tested the effects of PDIA6 and ERdj5 co-expression on the half-life of the Cmut. PDIA6 had no effect on the turnover rate of Cmut, in keeping with the fact that genetic ablation of the disulfide bond in the VL domain did not change the half-life of the non-glycosylated NS1 LC (Supplementary Figure S4C). Somewhat unexpectedly, co-expression of ERdj5 actually decreased the turnover of the Cmut.
TABLE 2 | Identification of proteins associated with NS1.
[image: Table 2]The retrotranslocated, deglycosylated, and fully reduced NS1 CL domain retains structure in the cytosol
A previous in vitro study found that reduction of a recombinant CL domain did not significantly alter its structure (Feige et al., 2007). To determine if the fully reduced species of NS1 expressed in cells still possessed structure, lysates from non-treated or MG132-treated cells expressing the parental NS1 construct were incubated with limiting concentrations of Proteinase K to distinguish between unstructured and structured domains. Samples were electrophoresed on 12% acrylamide gels to resolve fragments of 10–12 kDa. Proteinase K digestion of NS1 from non-MG132-treated lysates (control) yielded a single, readily detectable band migrating with an apparent molecular weight of ∼12 kDa. Importantly, the anti-κ antisera is specific for the constant region, which is consistent with this small fragment representing a complete, well-folded CL domain in which the unstable VL domain had been digested (Figure 5A). When the MG132-treated sample was examined without Proteinase K treatment, we detected a band that migrated somewhat slower than an isolated CL domain (red asterisk). Proteinase K treatment of the lysate from MG132-treated cells resulted in the disappearance of this band and the appearance of an ∼12 kDa band that co-migrated with the band generated in the Proteinase K treated cells in which the proteasome had not been inhibited.
[image: Figure 5]FIGURE 5 | The retrotranslocated and deglycosylated CL domain maintains structure as indicated by resistance to Proteinase K digestion. (A) Cells were transfected with parental NS1, NS1-N100 or NS1-N129 and incubated with (+) or without (-) MG132 for 3.5 h prior to lysis. Lysates were treated with (+) or without (-) Proteinase K as described in Materials and Methods and analyzed by western blotting with anti-κ antisera. On the left, analysis of parental NS1 is shown alone, and on the right together with the two glycosylated constructs. Migration of full-length NS1 is shown in the top on right, whereas a longer exposure of the fragments generated is below. A MG132-generated fragment present with all three constructs is indicated with a red asterisk. The deduced identity of the various fragments based on data in (B) are portrayed with cartoon schematics. (B) Cells expressing the indicated glycosylated constructs were incubated with MG132 prior to lysis. Lysates were treated either with (+) or without (-) Proteinase K, and then split to allow subsequent digestion with Endo H (+) for one half and left undigested (-) for the other half as a control. The altered mobility of fragment pairs that were glycosylated and cleaved by Endo H are indicated with blue arrows for NS1-N100 or green arrows for NS1-N129. Schematic representations of Proteinase K cleavage of both proteins are shown with a red arrow on the schematic. Fragment identities and their source are indicated.
Using this construct, it was not possible to establish if the protected CL band arose only from the ox1 form, which would have been in the ER lumen possessing the intramolecular disulfide bond in the CL domain, or if it also included the retrotranslocated and fully reduced ox0 isoform. To distinguish between these possibilities, we similarly examined lysates from two of the NS1 constructs possessing a single N-linked glycan; the NS1-N100 with an engineered glycan very near the C-terminus of the VL domain and the NS1-N129 with the glycan position in a loop in the CL domain. For the NS1-N100 construct, treatment of the control (no MG132) sample with Proteinase K produced two anti-κ-reactive fragments; both of which must originate from ER localized, glycosylated protein, as this is the only form present without proteasome inhibition (Figure 5A). One of these co-migrated with the Proteinase K protected fragment in the parental non-glycosylated NS1 protein. This likely represented an unglycosylated CL domain generated by proteolytic cleavage at the VL:CL boundary just C-terminal of the glycan, however, the source of the slower migrating fragment was not immediately clear (Figure 5A). The same two species were present after Proteinase K digestion of MG132-treated cells, and the non-Proteinase K digested lysate from proteasome-inhibited cells again produced a fragment similar to that found with the parental NS1 protein (red asterisk). For the NS1-N129 construct, a single fragment was produced with protease digestion of lysates from untreated cells (Figure 5A). It migrated faster than the slow migrating band observed in the NS1-N100 protein and co-migrated with the red asterisk band. MG132 treatment alone generated a similar ∼15 kDa fragment as observed with the NS1 and NS1-N100 proteins, and Proteinase K digestion of the MG132-treated samples produced two fragments, including one that co-migrated with the ∼15 kDa band from the non-MG132 treated cells, and the other with the ∼12 kDa band observed with NS1 and NS1-N100.
To determine the source of the various fragments generated in Figure 5A when MG132 treatment was combined with or without Proteinase K digestion, lysates were further digested with endoglycosidase H (Endo H) to remove the glycan if present. In the case of the NS1-N100 construct, Endo H treatment of the MG132 lysate that was not digested with Proteinase K demonstrated the fragment (red asterisk) was not glycosylated and therefore arose from a cytosolic pool of this protein (Figure 5B). Lysates from the proteasome-inhibited cells that had been treated with Proteinase K were further digested with Endo H. This revealed the slower migrating band (blue upward arrow) was glycosylated (derived from ER) but collapsed to a band slightly larger than the isolated CL domain (blue downward arrow), whereas the fastest migrating fragment in this sample was unglycosylated and thus represented the retrotranslocated protein that had been deglycosylated by N-glycanase and was digested by Proteinase K to an isolated CL domain. Thus, it appeared that the glycan engineered just 9 amino acids from the VL:CL boundary partially interfered with complete proteolysis of the VL domain (indicated with two red arrows on the cartoon) giving rise to the doublet in the Proteinase K and Endo H treated sample.
When the NS1-N129 construct was similarly examined (Figure 5B), we again found that Endo H digestion of the sample from MG132 treated cells that was not treated with Proteinase K revealed that the MG132-generated fragment (red asterisk) was not glycosylated and therefore arose from a cytosolic pool of this protein. The Proteinase K-treated sample from this glycosylated construct had produced two fragments, and Endo H digestion revealed that the slowest migrating band (green upward arrow) was glycosylated and collapsed to the non-glycosylated faster migrating CL domain (green downward arrow) after the glycan was removed. In this case the position of the engineered glycan did not interfere with complete proteolysis of the VL domain. Furthermore, the glycosylated, isolated CL domain (green upward arrow) was shown to co-migrate with the MG132-generated fragment (red asterisk). Cartoon depictions of the composition of the various bands generated as deduced from the combinations of treatments are included in the figure and Supplementary Figure S5. Together, the data presented in this figure strongly indicated that the CL domain of the deglycosylated ox0 isoform generated after MG132 treatment still possessed significant structure in the cytosol, even though the disulfide bond had been reduced. Based on the molecular weight of the MG132-generated, non-glycosylated fragment recognized by anti-κ LC antisera we deduced that it must include ∼30 amino acids of the VL domain in addition to the 105 amino acid CL domain and represents an intermediate in proteasomal degradation.
Retrotranslocated NS1 LC were associated with regulatory particle ATPases and core subunits of the proteasome when degradation was inhibited
To identify proteins that the retrotranslocated NS1 protein interacted with, we examined the spectral count data that was obtained with κ LC immunoprecipitated from the P3U.1 cells obtained with and without inhibition of the proteasome (Table 2 and Supplementary File S1). We identified several proteasome subunits associated with the LC only after MG132 treatment, including two core components of the 20S proteosome and two ATPase subunits of the proteasome regulatory particle. To validate this finding, anti-κ immunoprecipitated proteins were isolated from Ag8.653 and P3U.1 cells that were pre-treated with or without MG132 and processed for western blotting. We found that κ LCs associated with p97, regulatory subunit 7 (PSMC2) of the ATPase ring component of the proteasome cap, and the α7 subunit of the proteasome core when MG132 was used, but not in its absence, nor were they detected in anti-κ isolated material from the control Ag8.653 cells (Figure 6). In combination, these data indicate that a portion of the retrotranslocated NS1 LCs possessing a constant domain that retains structure are stably bound to the proteasome when its proteolytic activity was inhibited. Given the known dimensions of the proteasome (Rape and Jentsch, 2002), the distance from the active proteolytic sites to the outside of the 20S core would require ∼20 amino acids of an extended polypeptide chain and another 10–15 to cross the ATPase ring. The ∼15 kDa anti-κ-reactive fragment that we observed in proteasome inhibited cells was calculated to possess ∼30–35 additional amino acids of the VL domain, which would be sufficient to reach the proteolytic active site, indicating that unfolding of the structured CL domain by the ATPase ring of the proteasome represented a second rate-limiting step in the degradation of NS1 κ LCs (Figure 7).
[image: Figure 6]FIGURE 6 | Proteasomal inhibition results in the association of retrotranslocated κ LCs with AAA-ATPase base and 20S core subunits. (A) P3U.1 (κ+) and Ag8.653 (Ig−) cells were incubated with MG132 (+) or DMSO (-) for 3.5 h. Prior to lysis, cells were crosslinked with DSP to retain protein:protein interactions. Lysates were prepared using RIPA buffer; a portion was removed for input, and the remainder was immunoprecipitated with anti-LC-conjugated agarose beads. Immunoprecipitated material (IP) and total lysate samples (input) were separated on reducing SDS-gels and analyzed by western blotting with an anti-p97, anti-20S proteasome core α subunit, anti-PSMC ATPase regulatory particle subunit, anti-Hsc70, or anti-κ LC.
[image: Figure 7]FIGURE 7 | Identification of rate-limiting steps in NS1 degradation. Delineation of degradation steps revealed in this study and their relative rate of execution are shown at top. Schematic of steps in the reduction and retrotranslocation of NS1 on left, and the location of proteasomal subunits engaging the MG132-generated fragment are shown with asterisks on the right. Fast steps are indicated with a green arrow and slower ones with red arrows. The unknown conformation of the reduced CL domain as it passes through the retrotranslocon is portrayed in grey with a question mark.
DISCUSSION
Ig HC are expressed first in pre-B cells during B cell development, and the association of BiP with the unstructured CH1 domain ensures the free HC are not secreted. Subsequently, LC rearrangement is initiated to produce a single LC that must induce folding of the CH1 domain and release BiP, so the assembled Ig protein can be transported to the cell surface or secreted. This represents a critical checkpoint in both B cell development and in Ig assembly, and as such, LC genes have evolved to produce CL domains that fold very stably. The failure of a LC to rescue the free HC can initiate another round of LC gene rearrangements, necessitating the disposal of the LC produced first. Even once a compatible LC partner has been selected, the extremely high rate of antibody synthesis observed in plasma cells is likely to result in some failures in proper Ig maturation resulting in the need to target improperly folded subunits for degradation. The NS1 LC is an example of such a protein and provides an excellent model to ask what the requirements and checkpoints for degrading a protein when one domain fails to fold, and the other domain folds very stably and secured with a disulfide bond. Our studies revealed two checkpoints or rate-limiting steps in the degradation of this non-secreted LC (Figure 7). The first is the reduction of the CL domain. Although the VL domain of NS1 obtains a disulfide bond initially, it is readily reduced, due to its unstable fold giving rise to the ER resident ox1 form of NS1. Although we observed PDIA6 associated with NS1, over-expression of this reductase only modestly increased the turnover of the Vmut construct in which the only disulfide bond present was in the CL domain. PDIA6 over-expression had even less of an effect on the half-life of the Cmut that possessed only the VL domain disulfide bond. The interpretation of this result is complicated by the fact that genetically ablating the disulfide bond in the VL domain is not rate-limiting for NS1 turnover. Thus, it remains formally possible that PDIA6 plays a role in reducing the disulfide bond in the VL domain. Although we were unable to detect endogenous ERdj5 association with NS1, perhaps because its association is too transient to detect in these types of experiments, over-expression of ERdj5 readily increased the turnover of the Vmut construct arguing that it is responsible for reducing the disulfide in the CL domain and thus executing this rate-limiting step. Upon reduction of the CL domain, this LC is retrotranslocated and degraded so rapidly that a completely reduced, ox0 form is never observed unless proteasomal activity is inhibited. These data argue that accessibility of this PDI family member to the disulfide bond in the CL domain is restricted by the very stable fold of this domain.
The extraction of the NS1 LC from the ER lumen required the activity of the AAA-ATPase p97 but was not dependent on proteasomal function. A group of papers from the Sitia lab has examined requirements for degradation of Ig μ heavy chain multimers (Mancini et al., 2000) and μ heavy chain-TCRα chimeras (Fagioli et al., 2001), both of which possess multiple folded domains and are covalently assembled with subunits making them very complicated ERAD clients. In both cases, interchain disulfides were shown to be reduced prior to retrotranslocation. It is noteworthy that proteasome inhibition resulted in reduction of the inter- and intra-molecular disulfide bonds of the J chain that is covalently bound to the μ chain multimers and deglycosylation of this subunit, indicating that it was dislocated to the cytosol. However, the freed μ heavy chain multimers showed no evidence of deglycosylation, arguing that this dimeric ERAD client with oxidized domains at both its N- and C-termini was not retrotranslocated in the absence of proteasomal function (Mancini et al., 2000).
Our data on the requirements for ERAD components in the extraction of NS1 from the ER are contrary to a study using proximity biotinylation, which found that this client was modified by cytosolically expressed BirA even in the presence of the p97QQ mutant, as was the NS1 VL-STK- mutant that cannot be ubiquitinated (Sasset et al., 2015). Although this group found that the co-expression of a BiP trap mutant, which is not released from the client, and therefore upstream of retrotranslocation, did prevent biotinylation. Based on our data using these same mutants and constructs, it is possible that the proximity labeling experiments might be revealing continuous sampling of the cytosol by the termini of ERAD clients, which would require that BiP be released. In support of this possibility, an earlier study revealed that BiP release coincided with client retrotranslocation (Chillaron and Haas, 2000).
Somewhat less expected was our finding that, in spite of being reduced for retrotranslocation, the CL domain either retains or re-obtains structure in the cytosol. Indeed, previous studies from our lab revealed that light chain constant domains fold so rapidly in the ER that BiP trap mutants are unable to bind and prevent their folding and are more resistant to heat/chemical denaturation in vitro than the molecular chaperone BiP (Hellman et al., 1999). However, the observation raises the question as to the folded state of this LC as it passes through the retrotranslocon. Although the dimensions of actively translocating retrotranslocons in cells have not been determined, there have been several studies that provide insights into this point. The addition of EGFP to an ERAD client revealed that fluorescence was retained throughout retrotranslocation, arguing that either it was not unfolded during extraction or that it refolded very rapidly (Fiebiger et al., 2002). In another study, DHFR was tethered to the N-terminus of the MHC Class I protein, which is an ERAD client in the absence of assembly with β2 microglobulin. They found that addition of methotrexate to stabilize the DHFR moiety in a fully folded state did not impede retrotranslocation (Tirosh et al., 2003). The narrowest cross-section of DHFR is 40 Å, and the dimensions of an Ig domain are 40Å × 25Å × 25Å, suggesting this domain might be able to pass through the channel with some structure intact. A cryo-EM structure obtained for yeast Hrd1 dimers complexed with Hrd3, revealed a very narrow channel (Schoebel et al., 2017), which would be incompatible with proteins retaining structure as they passed through the retrotranslocon. However, additional proteins like Der1, Usa1, and Yos9 are known to be components of retrotranslocons in yeast and mammal, which could alter the dimensions of the channel. Ig domains are comprised of 7-9 antiparallel β strands, in which strands 1-4 form one face of the structure and are disulfide bonded to the second part of the structure comprised of strands 5-7 with a Greek key topology (Bork et al., 1994). It is conceivable that reduction of the bond between strands 2 and 6 inside the ER could allow sufficient unfolding to separate the two portions of the domain, allowing it to pass through a narrower channel while retaining enough structure to refold in the cytosol. A better understanding of retrotranslocon dimensions during the extraction process is needed to determine the limitations on client structure.
The continued presence of a structured domain while this ERAD client was in the cytosol provided the second rate-limiting step in its turnover. Intriguingly, our studies detected a very sharp, anti-κ reactive intermediate migrating at ∼15–16 kDa when MG132 was used without the addition of a protease. This fragment is a minor population and small enough that it runs near the dye front and is readily lost if the samples are electrophoresed to long. Based on the apparent molecular weight of this species together with the actual sequence of the NS1 protein, we calculated that this fragment was comprised of the ∼12 kDa CL domain together with an additional ∼30 amino acids of the VL domain. It has been estimated that the distance from the outside of the 20S proteasome to the proteolytic active site is ∼70Å (Hoppe et al., 2000), which is equivalent to ∼20 amino acids of an extended polypeptide chain and is consistent with the CL domain stalling ∼10 amino acids from the 20S proteasome particle. This argues that the CL domain represented an impediment to entry into the proteasome core, consistent with this domain retaining structure, until it was unfolded by the AAA-ATPases found in the base of the proteasome lid (de la Pena et al., 2018). This interpretation is in keeping with our finding that two of the ring ATPases and two of the α subunits of the core 20S proteasome co-immunoprecipitated with NS1.
In summary, our studies revealed two checkpoints in the degradation of an Ig LC. First, the disulfide bond in the well-folded CL domain must be broken for the LC to be transported to the cytosol. In spite of becoming reduced, this domain retains or re-obtains structure in the cytosol. This structured domain represents the second rate-limiting step, and it must be unfolded by the AAA-ATPases that are a component of the proteasome regulatory particle. Since all κ LC share the CL domain, these checkpoints are valid for any LC that fails to achieve its native state. Although our studies focused on a non-secreted κ LC, the Ig fold is the second most common structural motif found in metazoan proteins and is particularly abundant in cell surface receptors and secreted proteins (Muller et al., 2002). This due to a combination of the stability of Ig fold, which is secured by an intradomain disulfide bond, and the ready ability to modify the 8 loops connecting the β strands that comprise the domain. Thus, insights gained on the checkpoints for disposal of this LC are likely to be relevant for the degradation of other proteins possessing an Ig fold(s) that fail to reach their native state.
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The quality control machinery regulates the cellular proteome to ensure proper protein homeostasis (proteostasis). In Caenorhabditis elegans, quality control networks are downregulated cell-nonautonomously by the gonadal longevity pathway or metabolic signaling at the onset of reproduction. However, how signals are mediated between the gonad and the somatic tissues is not known. Gonadotropin-releasing hormone (GnRH)-like signaling functions in the interplay between development and reproduction and have conserved roles in regulating reproduction, metabolism, and stress. We, therefore, asked whether GnRH-like signaling is involved in proteostasis collapse at the onset of reproduction. Here, we examine whether C. elegans orthologues of GnRH receptors modulate heat shock survival. We find that gnrr-2 is required for proteostasis remodeling in different somatic tissues during the transition to adulthood. We show that gnrr-2 likely functions in neurons downstream of the gonad in the gonadal-longevity pathway and modulate the somatic regulation of transcription factors HSF-1, DAF-16, and PQM-1. In parallel, gnrr-2 modulates egg-laying rates, vitellogenin production, and thus reproductive capacity. Taken together, our data suggest that gnrr-2 plays a GnRH-associated role, mediating the cross-talk between the reproduction system and the soma in the decision to commit to reproduction.
Keywords: aging, gonadal longevity signaling, gonadotropin-releasing hormone (GnRH/GnRH receptor), proteostasis, stress response, reproduction, C. elegans
INTRODUCTION
The age-dependent dysregulation of quality control machinery and, specifically, protein homeostasis (proteostasis), is associated with limited ability to mount stress responses, reduced folding capacity, accumulation of protein damage, and increased prevalence of protein misfolding diseases (Brehme et al., 2014; Vilchez et al., 2014; Huang et al., 2019; Morimoto, 2020; Taylor and Hetz, 2020; Aman et al., 2021; Meller and Shalgi, 2021; Shemesh et al., 2021). Transcriptional stress response programs, such as the heat shock response (HSR) and the unfolded protein responses in the ER and mitochondria (UPRER and UPRmt, respectively), are remodeled at the onset of Caenorhabditis elegans reproduction and in human senescent cells (Shai et al., 2014; Li et al., 2017; Taylor and Hetz, 2020; Meller and Shalgi, 2021; Sala and Morimoto, 2022). While many cytoprotective genes are upregulated under stress conditions in young adults or primary human fibroblasts, their activation is impaired in reproductive adults and senescent cells, leading to a sharp decline in stress survival (Ben-Zvi et al., 2009; Lapierre et al., 2011; Vilchez et al., 2012; Shemesh et al., 2013; Taylor and Dillin, 2013; Labbadia and Morimoto, 2015; Steinbaugh et al., 2015; Sabath et al., 2020). In C. elegans, HSR dysregulation is associated with a repressive chromatin state and reduced transcription of heat shock (HS) genes (Shemesh et al., 2013; Labbadia and Morimoto, 2015). Similar modifications at the chromatin state, including induction of repressive marks and reduction of activating marks, were noted in other aging organisms and senescent human cells (Meller and Shalgi, 2021; Sala and Morimoto, 2022). These findings support a broad role for stress response pathways remodeling in the age-dependent regulation of proteostasis.
Work in C. elegans demonstrates that reproductive competence and environmental conditions could modulate the timing of the proteostasis decline (Ben-Zvi et al., 2009; Lapierre et al., 2011; Vilchez et al., 2012; Shemesh et al., 2013; Taylor and Dillin, 2013; Labbadia and Morimoto, 2015; Shemesh et al., 2017a; Shemesh et al., 2017b; Labbadia et al., 2017; Matai et al., 2019; Shpigel et al., 2019; Sala et al., 2020). For example, disrupting germline proliferation results in the remodeling of many stress transcriptional programs, leading to maintenance of robust proteostasis while inversely modulating reproduction (Berman and Kenyon, 2006; Gerisch et al., 2007; Goudeau et al., 2011; Lapierre et al., 2011; Vilchez et al., 2012; Shemesh et al., 2013; Taylor and Dillin, 2013; Tepper et al., 2013; Labbadia and Morimoto, 2015; Steinbaugh et al., 2015; Nakamura et al., 2016; Cohen-Berkman et al., 2020). In contrast, food limitation and dietary restriction (DR) could reverse the collapse and restore the activation of the HSR even late in adulthood (Thondamal et al., 2014; Matai et al., 2019; Shpigel et al., 2019). Proteostasis collapse is therefore regulated non-autonomously in response to life history events and environmental changes. But how are these signals transmitted and integrated between tissues to mediate proteostasis collapse in the soma?
The gonadotropin-releasing hormone (GnRH) superfamily acts at the interplay between development and reproduction. This superfamily integrates internal and environmental stimuli to regulate sexual maturation and reproductive functions in vertebrates and invertebrates (Zandawala et al., 2018; Sakai et al., 2020). This G protein-coupled receptor (GPCR) superfamily is subdivided into two main subfamilies based on neuropeptides sequence conservation. GnRH receptors subfamily, including GnRH, Adipokinetic hormone (AKH), and AKH-CRZ–related peptide (ACP) binding receptors, and Corazonin (CRZ) receptors subfamily (Zandawala et al., 2018). The genome of C. elegans encodes eight members of the GnRH-like GPCRs superfamily (gnrr-1 to gnrr-8; GNRRs) (Van der Auwera et al., 2020), the ligands of four were identified. Of the four, only gnrr-1, an AKH-like receptor, and its neuropeptide, nlp-47, regulate fecundity (Lindemans et al., 2009). Here, we asked whether C. elegans GnRH-like receptors could remodel proteostasis at the onset of reproduction. We identify two family members, gnrr-2 and gnrr-6, as putative regulators of proteostasis collapse. We focus on gnrr-2 and demonstrate that disrupting gnrr-2 function or expression leads to the maintenance of robust proteostasis in adulthood. We show that gnrr-2 acts in the gonadal longevity pathway downstream of the gonad and inversely modulates reproduction, suggesting that gnrr-2 functions as a GnRH-like receptor.
MATERIALS AND METHODS
Nematode strains and growth conditions
A list of strains used in this work is provided in Supplementary Table S1. Mutant strains were outcrossed into our N2 strain (n ≥ 3). Standard genetic crossing techniques were used to construct mutant strains and mutation were verify using single worm PCR (Phire Animal Tissue Direct PCR Kit, Thermo Scientific) as previously described (Meshnik et al., 2022). Nematodes were cultured using standard techniques. Animals were grown on NGM plates seeded with the Escherichia coli OP50-1 strain at 15°C. For RNA interference (RNAi), eggs were placed on E. coli strain HT115 (DE3) transformed with specified RNAi or empty vector (pL4440) control (obtained from the Ahringer or Vidal RNAi libraries). RNAi efficiency was determined using qPCR to determine the mRNA levels, as in (Dror et al., 2020). For diet supplementation of fatty acids, plates were supplemented with the detergent Tergitol (NP40; Sigma) used as control, or with AA (50 µM TCI Chemical dissolved in NP40), as in (Shemesh et al., 2017a). Unless otherwise stated, eggs, laid at 15°C, were transferred to fresh plates and grown at 25°C for the duration of an experiment. The first day of adulthood was set at 50 h after temperature shift, before the onset of egg-laying. To avoid progeny contamination, animals were moved to fresh plates during the reproductive period.
Statistical analyses
To examine whether any gnrr family member improved HS survival rates compared with wild type (WT) animals, we used a one-way analysis of variance (ANOVA) followed by a Dunnett’s post-hoc test. To test the null hypothesis that gnrr-2 modulated proteostasis capacity after the onset of reproduction, we used one-way ANOVA followed by a Tukey’s post-hoc test. We used the same test to examine the impact of gnrr-2 on reproduction. To compare proteostasis or reproduction capacity between two strains or two RNAi treatments, we used two-tailed Wilcoxon Mann-Whitney rank-sum test. To compare the expression levels of genes and assess their statistical significance, we used the Wilcoxon Mann-Whitney rank-sum test; Bonferroni correction was applied to adjust p values when gene expression was also compared with glp-1 as a positive control. Mean life spans were calculated using Kaplan-Meier survival curves and were compared using Mantel-Cox log-rank test. Data are means ±1 standard error of the mean (1 SE). Unless otherwise indicated, (∗) denotes p ≤ 0.05, and (∗∗) denotes p ≤ 0.01. (N) denotes the numbers of biological repeats, and (n) denotes the number individuals per experimental condition.
gnrr-2 deletion mutants
Genomic DNA from WT or gnrr-2(ok3618) animals was amplified with a single worm PCR Phire Animal Tissue Direct PCR Kit (Thermo Scientific) and sequenced (IDT) using primers flanking the ok3618 deletion (Supplementary Table S2). A 417 bp deletion was identified (positions 2515-2931 of the C15H11.2a transcript), spanning gnrr-2 exon 6, intron 6, exon 7, and its’ 3′ UTR (Supplementary Figure S1). The deletion also partially disrupts the 3′ UTR of the nuclear export factor, nxf-1 (C15H11.3), encoded on the opposite strand (Supplementary Figure S1). The gnrr-2(tm4867) deletion was previously characterized (Consortium, 2012). It is a 477 bp deletion spanning exons 4–6 not affecting nxf-1 (Supplementary Figure S1). Because nxf-1 is an essential gene involved in mRNA export from the nucleus, and mutations in nxf-1 result in embryonic arrest and lethality (Zheleva et al., 2019), we estimate little to no effect of the ok3618 deletion on its’ function. This conclusion is further supported by the consistent results observed for the two deletion strains, and gnrr-2 RNAi, strongly reducing the possibility that nxf-1 contributes to the phenotypes reported.
Heat shock assays
HS survival rates were determined as previously described (Karady et al., 2013). Briefly, age-synchronized animals were subjected to 37°C for 6 h, unless otherwise indicated, and survival was scored by monitoring SYTOX orange dye uptake (N ≥ 3, n > 100). Fluorescent animals were scored as dead. For HS activation assays, plates with age-synchronized animals (N ≥ 5) were placed in a 37°C bath for 90 min. Animals were frozen immediately following the HS. GFPHS-expressing animals (N ≥ 3, n ≥ 60) were fixed 18–24 h following the HS and imaged using a Leica DM5500 confocal microscope through a 40x 1.0 numerical aperture objective with 488 nm laser line for excitation as previously described (Shpigel et al., 2019). Animals expressing GFP in the gut were scored as HS-induced. Alternately, images were analyzed using the ImageJ software (NIH), and GFP levels were determined. For HS recovery assays, age-synchronized animals were subjected to 37°C for 4 h, and recovery was scored by monitoring motility 4 h after the HS (N ≥ 5, n > 125). This assay was used to score TU3401 animals that express mCherry and thus cannot be scored with SYTOX orange.
Determination of RNA levels
RNA extraction, cDNA synthesis, and quantitative real-time PCR were performed as previously described (Shemesh et al., 2017a). Samples (N ≥ 5) were normalized to act-1 using the 2-ΔΔCT method. Samples were also normalized to 18S to verify that act-1 is not modulated under these experimental conditions, and the results were consistent. A list of primers is provided in Supplementary Table S2.
Foci quantification
Age-synchronized animals (N ≥ 3, n > 30) expressing punc-54::Q35::YFP, were imaged using a Leica M165 FC fluorescent stereoscope with a YFP filter. The number of bright foci, discrete structures that are brighter than the surrounding fluorescence, was counted.
Motility assays
For thrashing rates, age-synchronized animals (N ≥ 3, n ≥ 40) were monitored, and thrashes (changes in bending direction at mid-body) were counted, as in (Dror et al., 2020). Values are presented as bends per minute. For Stiff-body paralysis, age-synchronized unc-52(ts) mutant animals (N ≥ 12, n > 100) grown at 25°C until day one of adulthood were shifted to 15°C. Motility was scored by monitoring animal movement 10 min after transfer to a new plate on day 4 of adulthood, as in (Shemesh et al., 2013). Animals that did not move were scored as paralyzed.
DAF-16 and PQM-1 nuclear localization assay
Age-synchronized DAF-16::GFP or PQM-1::GFP animals (N ≥ 3 and n = 10) were grown at 25°C until day two of adulthood. Animals were fixed, mounted, and imaged using a Leica DM5500 confocal microscope through a 40x 1.0 numerical aperture objective with 488 nm laser line for excitation as previously described (Shemesh et al., 2017a). Animals showing nuclear-localized GFP in the majority of their intestinal cells were scored as positive. Animals were scored blind.
gnrr-2 localization assay
The promoter region of gnrr-2 (1,040 bp upstream of the protein-coding region) was amplified from the genomic DNA of WT animals, cloned into pNU435 plasmid using the Gibson Assembly method (Macrogen) and verified by sequencing. All primers are listed in Supplementary Table S2. This plasmid was co-injected with a marker plasmid expressing pmyo-3::mCherry into WT animals and maintained as an extra-chromosomal array. Age-synchronized animals expressing gnrr-2p::GFP and myo-3p::mCherry were grown at 25°C. Animals were fixed at the indicated stages using paraformaldehyde (4%) and mounted on microscope slides. gnrr-2p::GFP and myo-3p::mCherry were imaged using a Leica DM5500 confocal microscope through a 40x 1.0 numerical aperture objective with 488 nm and 532 laser lines, respectively, for excitation.
Progeny quantification
Age-synchronized animals (N ≥ 3, n ≥ 18) were allowed to lay eggs on seeded plates (one animal per plate). Animals were moved to freshly seeded plates every day until the end of the reproductive period, and the progeny number of each animal was scored 24–48 h later, as previously described (Shemesh et al., 2017b).
Eggs laying rate
Age-synchronized day two adults (10 animals per plate; N ≥ 7, n > 100) were allowed to lay eggs on seeded plates. Animals were moved every hour, and the progeny number was scored.
Yolk protein YP170 quantification
Similar numbers of age-synchronized day two adult animals were collected and lysed in SDS sample buffer (92°C for 10 min). Sample (equal volumes) were loaded on 8% SDS-PAGE and separated using gel electrophoresis. Gels were stained using Coomassie brilliant blue and imaged using a ChemiDoc™ MP Imaging System (Bio-Rad Laboratories). The YP170 band was identified by comparing to previous publications (DePina et al., 2011; Plagens et al., 2021), and compared with glp-1 mutant animals that accumulate YP (Steinbaugh et al., 2015). Images were analyzed using the ImageJ software (NIH).
Oil-Red-O staining
Animals were fixed and stained as previously described (O’Rourke et al., 2009). Animals were then imaged using a Leica DMIL microscope with a 10x 1.0 objective. Images were analyzed using the ImageJ software (NIH).
Lifespan analysis
∼130 animals were monitored for each strain starting from day one of adulthood (10–15 animals per plate), as previously described (Shemesh et al., 2017a).
Embryo hatching
Embryos (N ≥ 4, n > 100) were set on a freshly seeded plate, and hatching was examined after 24 or 48 h using a Leica M165 FC stereoscope.
Developmental timing
Embryos were grown at 20°C, animals’ developmental stage was examined daily, and the number of reproductive adults was recorded, as previously described (Dror et al., 2020).
RESULTS
Examining the role of GNRR gene family in proteostasis remodeling
To ask whether GNRRs family members play a role in age-dependent proteostasis remodeling, we examine whether mutant animals in each gnrr gene (Supplementary Table S1) could rescue the sharp decline in HS survival rates at the onset of reproduction. Survival rates of gnrr-1, gnrr-3, gnrr-4, gnrr-5, gnrr-7, and gnrr-8 mutant animals (6 h at 37°C, day two adults) were similar to WT. In contrast, survival rates of gnrr-2(ok3618) (hereon named gnrr-2; Supplementary Figure S1) and gnrr-6(ok3362) mutant animals were significantly improved (66% ± 3% and 72% + 5%, respectively, ANOVA followed by a Dunnett’s post-hoc test, p ≤ 0.001; Figure 1A). Because GNRR-6 and GNRR-3 are activated by opposing RPamide neuropeptides NLP-22 and NLP-2 and promote sleep and wakefulness, respectively (Van der Auwera et al., 2020), we focused on GNRR-2 and examined the role of this GPCR in proteostasis remodeling.
[image: Figure 1]FIGURE 1 | Gonadotropin-related hormone receptors gnrr-2 and gnrr-6 modulate HS survival in adulthood. (A) HS Survival rates of age-synchronized WT or gnrr-1 to gnrr-8 mutant animals. Animals were subjected to HS (6 h at 37°C) on day two of adulthood, and survival was assayed (N ≥ 5). Data are means ±1 standard error of the mean (1 SE). Data were analyzed using one-way ANOVA followed by a Dunnett’s post-hoc test. (**) denotes p ≤ 0.001 compared with WT animals. (B) HS Survival rates of age-synchronized WT or mutant animals, gnrr-2 and gnrr-2tm. Animals were subjected to HS (6 h at 37°C) on day one or two of adulthood, and survival was assayed (N ≥ 5). Data are means ±1 standard error of the mean (1 SE). Data were analyzed using one-way ANOVA followed by a Tukey’s post-hoc test. (**) denotes p ≤ 0.001 compared with same-age WT animals. (C) HS Survival rates of age-synchronized WT, fed on empty vector (EV) or gnrr-2 RNAi-expressing bacteria. Animals were subjected to HS (6 h at 37°C) on days 1–7 of adulthood, as indicated, and survival was assayed (N ≥ 5). Data are means ±1 standard error of the mean (1 SE). Data were analyzed using one-way ANOVA followed by a Tukey’s post-hoc test. (**) denotes p ≤ 0.001 compared with same-age animals fed on EV RNAi.
To validate gnrr-2 role in HS survival, we tested the thermotolerance of a second gnrr-2 allele (see Materials and methods; Supplementary Figure S1) and used RNA interference (RNAi) to knock down gnrr-2 expression. We observed increased survival rates for gnrr-2(tm4867) (hereon named gnrr-2tm) mutant animals following HS (72% ± 3%, 6 h at 37°C, day two adults, ANOVA followed by a Tukey’s post-hoc test, p ≤ 0.001; Figure 1B). Likewise, HS survival rates of WT animals treated with gnrr-2(RNAi) were strongly improved compared to animals treated with empty vector (EV) control (6 h at 37°C, day three adults, 73% ± 3% and 28% ± 4%, respectively, ANOVA followed by a Tukey’s post-hoc test, p ≤ 0.001; Figure 1C). Thus, gnrr-2 dysfunction or downregulation improved thermotolerance in adulthood.
To ask whether gnrr-2 modulates thermotolerance in general or specifically during adulthood, we compared the thermotolerance of WT and gnrr-2 mutant animals before the collapse. HS survival rates of gnrr-2 or gnrr-2tm young adults (6 h at 37°C, day one adults) were not significantly different from WT animals (70% ± 3%, 67% ± 3%, and 74% ± 3%, respectively, ANOVA followed by a Tukey’s post-hoc test; Figure 1B). We found similar HS survival rates for WT young adults treated with gnrr-2(RNAi) or EV (78% ± 5% and 85% + 3%, respectively, ANOVA followed by a Tukey’s post-hoc test; Figure 1C). Finally, survival rates of WT animals treated with gnrr-2(RNAi) remained high during adulthood (73% ± 2% for day six adults; Figure 1C), similar to the activation of gonadal longevity signaling (Shemesh et al., 2013). These data suggest that gnrr-2 is required for remodeling thermotolerance at the transition to adulthood.
gnrr-2 modulates proteostasis during adulthood
WT animals cannot strongly induce the expression of HS genes after the onset of reproduction (Shemesh et al., 2013; Labbadia and Morimoto, 2015). To determine whether the improved thermotolerance of gnrr-2 mutant animals is associated with HSR activation, we compared the ability of WT and gnrr-2 mutant animals to mount an effective stress response. For that, we first monitored the expression pattern of a transcriptional reporter in which an hsp-16.2 promoter regulates the expression of green fluorescent protein (GFPHS). We subjected WT and gnrr-2 mutant animals carrying GFPHS to HS (90 min at 37°C) on day one or three of adulthood and determined the percent of animals expressing GFPHS. While WT, gnrr-2 and gnrr-2tm day one adults showed induced GFPHS, only gnrr-2 and gnrr-2tm showed strong GFPHS expression on day three of adulthood (Figures 2A,B). We detected expression in various somatic tissues with the most robust GFPHS induction in the intestine (1.5-2-fold; Figures 2A,C). We next compared the expression levels of four HS genes between WT and gnrr-2 day two adults following HS (90 min at 37°C). The mRNA levels of hsp-70, F44E5.4, hsp-16.11, and hsp-16.2 were 2-fold higher in gnrr-2 mutant animals than in WT animals (Wilcoxon Mann-Whitney rank sum test, p ≤ 0.02; Figures 2D–G). Higher levels were not due to improved HSR activation. HS induction of these genes was reduced in WT between day two and day one adults (Wilcoxon Mann-Whitney rank sum test, p ≤ 0.037; Supplementary Figures S2A–D), as previously demonstrated (Shemesh et al., 2013; Labbadia and Morimoto, 2015). In contrast, their expression was similarly induced in gnrr-2 day one and two adults (F44E5.4 expression improved; Supplementary Figures S2E–H). Thus, gnrr-2 mutant animals maintain the ability to mount an effective HSR after the onset of reproduction rather than modulate HS activation efficacy.
[image: Figure 2]FIGURE 2 | gnrr-2 modulates HS response activation in adulthood. (A–C) HS-regulated GFPHS expression. Age-synchronized WT, gnrr-2, and gnrr-2tm animals expressing GFPHS were imaged following a short HS 90 min at 37°C (A). The percent of animals showing GFP was scored N ≥ 3 (B), and GFP fluorescence levels (day three adults; n > 10) were determined (C). Data are means ±1 standard error of the mean (1 SE). Data were analyzed using one-way ANOVA followed by a Tukey’s post-hoc test. (**) denotes p < 0.001 compared with same-age WT animals. The scale bar is 100 µm. (D–G) Expression levels of HS genes. mRNA levels of hsp-70 (D), F44E5.4 (E), hsp-16.11 (F), and hsp-16.2 (G) from age-synchronized WT or gnrr-2 day two adults subjected to HS (90 min at 37°C; N ≥ 6). Data are means ±1 standard error of the mean (1 SE). Data were analyzed using the Wilcoxon Mann-Whitney rank sum test (p ≤ 0.020). (H–J) PolyQ foci number and motility in age-synchronized WT, gnrr-2, or gnrr-2tm animals expressing Q35m. Age-synchronized Q35m expressing animals were imaged on day two of adulthood (H). The scale bar is 250 µm, and arrows indicate foci. The number of visible foci n ≥ 33 (I) or thrashing rates n ≥ 35 (J) were scored on day one or two of adulthood. Data are means ±1 standard error of the mean (1 SE). Data were analyzed using one-way ANOVA followed by a Tukey’s post-hoc test. (**) denotes p < 0.001 compared with same-age Q35m animals.
The cell ability to maintain proteostasis in the face of chronic expression of misfolded proteins also declines with age (Ben-Zvi et al., 2009; Shemesh et al., 2013; Huang et al., 2019). To determine whether gnrr-2 can modulate the accumulation and toxicity of misfolded proteins, we employed two polyQ protein aggregation models. Animals expressing 35 or 40 glutamine-repeats fused to a fluorescent protein in body-wall muscles (Q35m) or neurons (Q40n), respectively. Animals were crossed with gnrr-2 or gnrr-2tm mutant animals, and foci accumulation or toxicity were monitored. There were fewer bright foci in gnrr-2;Q35m and gnrr-2tm;Q35m compared to same-age Q35m animals (14 ± 1 and 11 ± 1 compared to 21 ± 1, ANOVA followed by a Tukey’s post-hoc test, p ≤ 0.001; Figures 2H,I). In agreement, the motility of gnrr-2;Q35m, gnrr-2tm;Q35m, and gnrr-2;Q40n animals, measured as thrashing rates, was more than 1.3-fold improved compared to Q35m and Q40n day two adults, respectively (ANOVA followed by a Tukey’s post-hoc test, p ≤ 0.001; Figure 2J; Supplementary Figure S2I). We also observed reduced foci number and improved motility rates when Q35m animals were treated with gnrr-2(RNAi) compared to EV control (ANOVA followed by a Tukey’s post-hoc test, p ≤ 0.001; Supplementary Figures S2J–L). Finally, we examined two well-characterized folding reporters. Temperature-sensitive missense mutations in unc-45(e286ts) and unc-52(e669, su250ts) destabilize myofilament folding and anchoring, respectively, leading to age-dependent motility defects. Motility of gnrr-2;unc-45(ts) animals, measured as thrashing rate, was more than 2.2-fold improved compared to unc-45(ts) day two adults. Likewise, motility of animals expressing unc-52(ts) was 1.8-fold improved in day four adults treated with gnrr-2(RNAi) compared to EV control (Wilcoxon Mann-Whitney rank sum test; Supplementary Figures S2M–N). Taken together, we find that disrupting gnrr-2 function or expression led to improved proteostasis during aging.
gnrr-2 functions in the gonadal longevity pathway
The decline in stress response activation after the onset of reproduction is linked to a repressed chromatin state at the promoters of HS genes. Specifically, HSF-1 transcriptional activation requires the H3K27 demethylase, JMJD-3.1, and its levels decline in WT animals at the transition to reproductive adulthood (Labbadia and Morimoto, 2015). To ask whether HSF-1 and JMJD-3.1 are required to maintain thermotolerance in gnrr-2 mutant animals, we crossed gnrr-2 with hsf-1(sy441) or jmjd-3.1(gk384) mutant animals and examined their HS survival on day two of adulthood. As expected, we observed reduced survival rates for both hsf-1 and gnrr-2;hsf-1 mutant animals (4% ± 3% and 7% ± 2%, respectively, Wilcoxon Mann-Whitney rank sum test; Figure 3A). Likewise, HS survival rates of gnrr-2;jmjd-3.1 double mutant animals were strongly reduced compared to gnrr-2 (30% ± 3% compared to 66% ± 3%, respectively) and similar to jmjd-3.1 single mutant (28% ± 4%, Wilcoxon Mann-Whitney rank sum test; Figure 3B). Activation of the gonadal longevity pathway restores jmjd-3.1 levels (Labbadia and Morimoto, 2015; Shemesh et al., 2017a), while HS remodeling by dietary restriction does not (Shpigel et al., 2019). In agreement, the levels of jmjd-3.1 mRNA on day two of adulthood in gnrr-2 mutant animals were 2-fold higher than in WT animals (Wilcoxon Mann-Whitney rank sum test, p = 0.004; Figure 3C). These data suggest that hsf-1 and jmjd-3.1 are regulated by gnrr-2 and support a role for gnrr-2 in the gonadal longevity pathway.
[image: Figure 3]FIGURE 3 | gnrr-2 requires HSF-1, DAF-16, and PQM-1 to modulate somatic proteostasis. (A,B) HS Survival rates of age-synchronized hsf-1(sy441) and gnrr-2;hsf-1 (A) or jmjd-3.1(gk384) and gnrr-2;jmjd-3.1 (B) mutant animals. Animals grown at 15°C (A) or 25°C (B) were subjected to HS (6 h at 37°C) on day two of adulthood, and survival was assayed (N ≥ 6). Data are means ±1 standard error of the mean (1 SE). Data were analyzed using the Wilcoxon Mann-Whitney rank sum test (p = 0.143 and p = 0.520, respectively). (C) jmjd-3.1 expression levels in age-synchronized WT or gnrr-2 animals. mRNA was extracted from day two adult animals, and jmjd-3.1 mRNA levels were quantified (N ≥ 5). Data are means ±1 standard error of the mean (1 SE). Data were analyzed using the Wilcoxon Mann-Whitney rank sum test (p = 0.004). (D) HS Survival rates of age-synchronized glp-1(e2144) or gnrr-2;glp-1 mutant animals. Animals were subjected to HS (6 h at 37°C) on day two of adulthood, and survival was assayed (N ≥ 5). Data are means ±1 standard error of the mean (1 SE). Data were analyzed using the Wilcoxon Mann-Whitney rank sum test (p = 0.268). (E–H) Expression levels of DAF-16 or PQM-1 targets in age-synchronized WT, gnrr-2, or glp-1 animals. mRNA was extracted from day two adult animals, and mRNA levels of sod-3 (E), mtl-1 (F), bag-1 (G), and fkb-6 (H) were quantified (N ≥ 5). Data are means ±1 standard error of the mean (1 SE). Data were analyzed using the Wilcoxon Mann-Whitney rank-sum test with Bonferroni correction. (*) denotes p ≤ 0.01 (**) denotes p ≤ 0.003 compared with same-age WT animals. (I) HS Survival rates of age-synchronized pqm-1(ok485) or daf-16(mu86) mutant animals in a WT or gnrr-2 background. Animals were subjected to HS (6 h at 37°C), and survival was assayed on day two of adulthood (N ≥ 4). Data are means ±1 standard error of the mean (1 SE). Data were analyzed using one-way ANOVA followed by a Tukey’s post-hoc test. (J) Representative images of age-synchronized animals expressing DAF-16::GFP or PQM-1::GFP in a WT or gnrr-2 background. Day two adults were fixed, and the percentage of animals showing nuclear localization (arrows) was scored (n = 10 animals). The scale bar is 50 µm.
Inhibition of germline stem cells (GSC) proliferation activates the gonadal longevity pathway and remodels proteostasis (Berman and Kenyon, 2006; Vilchez et al., 2012; Shemesh et al., 2013). To further examine whether gnrr-2 acts via this pathway, we crossed gnrr-2 mutant animals with glp-1(e2141), germline proliferation mutant animals, and monitored thermotolerance. The survival rate of the double mutants gnrr-2;glp-1 was similar to that of glp-1 mutant animals (6 h at 37°C; day two adults; 90% ± 2% and 93% ± 2%, respectively, Wilcoxon Mann-Whitney rank sum test; Figure 3D) and higher than gnrr-2 single mutants. We observed similar behavior for gnrr-2(RNAi) treated animals even in prolonged HS (Supplementary Figure S3A). These data further support a role for gnrr-2 in the gonadal longevity pathway. However, the lifespan of gnrr-2 mutant animals was similar to WT (log-rank Mantel-Cox test, p = 0.066; Supplementary Figure S3B), as opposed to glp-1 (Arantes-Oliveira et al., 2002). We, therefore, suggest that disrupting gnrr-2 modulated some of the transcriptional pathways induced by germline loss.
GSC arrest triggers several transcriptional pathways associated with stress and metabolism, including DAF-16, DAF-12, SKN-1, PHA-4, HLH-30, and NHR-80 that are activated directly or as a result of downstream effectors (Berman and Kenyon, 2006; Gerisch et al., 2007; Goudeau et al., 2011; Lapierre et al., 2011; Tepper et al., 2013; Steinbaugh et al., 2015; Nakamura et al., 2016). To determine which transcription factors in the gonadal signaling pathway gnrr-2 activates, we monitored the levels of target genes regulated by these downstream transcription factors after the onset of reproduction using qPCR. Of the eleven differentially regulated genes in germline proliferation mutant animals, only mRNA levels regulated by DAF-16 (sod-1 and mtl-1) and PQM-1 (bag-1 and fkb-6) were significantly modulated in gnrr-2 day two adults (Wilcoxon Mann-Whitney rank-sum test with Bonferroni correction; Figures 3E–H; Supplementary Figures S3C–I). The increase in sod-1 and mtl-1 expression and decrease in bag-1 and fkb-6 expression in gnrr-2 compared to WT day two adults were not affected by HS (90 min at 37°C; Supplementary Figures S3J–M). Moreover, crossing daf-16(mu86) or pqm-1(ok485) mutants with gnrr-2 mutant animals abolished their thermotolerance (6 h at 37°C; day two adults; 27% ± 5% and 25% ± 5%, respectively, ANOVA followed by a Tukey’s post-hoc test; Figure 3I). Monitoring the localization of DAF-16 or PQM-1 tagged with GFP showed that DAF-16 mainly localized to the nucleus in gnrr-2 mutant animals, while PQM-1 only partially localized to the nucleus of gnrr-2 mutant animals (Figure 3J). These data suggest that GNRR-2 regulates DAF-16 and PQM-1.
To ask whether gnrr-2 regulates DAF-16 and PQM-1 specifically during adulthood, we compared the expression of sod-1, mtl-1, bag-1, and fkb-6 in WT and gnrr-2 mutants before the collapse. The expression levels of these four genes were not significantly different between gnrr-2 and WT young adults (Wilcoxon Mann-Whitney rank sum test; Supplementary Figures S3N–Q). Of note, gnrr-2 expression is upregulated in DAF-16-dependent manner, and gnrr-2 promoter has a putative DAF-16 binding element (Tepper et al., 2013), suggesting that DAF-16 could itself modulate gnrr-2 expression. Our data, therefore, suggest that GNRR-2 functions in the gonadal longevity pathway and the somatic regulation of DAF-16 and PQM-1.
gnrr-2 functions downstream of the gonad
To ask whether gnrr-2 mediates proteostasis collapse within the reproductive system or in the soma, we next asked whether mutant gnrr-2 rescue of HS survival rate required the reproductive system. For that, we crossed gon-2(q388ts) mutant animals lacking the entire reproductive system with gnrr-2 mutant animals and monitored thermotolerance. As shown previously, HS survival rates of gon-2 mutant animals declined sharply on day two of adulthood (6 h at 37°C, 20% ± 4%), similar to WT (Shemesh et al., 2013). In contrast, the HS survival rate of gnrr-2;gon-2 mutant animals was higher than gon-2 (67% ± 5%, Wilcoxon Mann-Whitney rank sum test, p = 0.002; Figure 4A), similar to gnrr-2 (Figure 1B). These data demonstrate that gnrr-2 impact is downstream of the reproductive system. To further examine whether gnrr-2 acts in the soma, we monitored the impact of arachidonic acid (AA) supplementation, which remodels somatic proteostasis (Shemesh et al., 2017b), on the thermotolerance of gnrr-2 mutants. HS survival rate of gnrr-2 mutant animals treated by AA was not further improved compared to control-treated animals and was similar to AA treated WT animals (day two adults, 6 h at 37°C, 39% ± 4%, 49% ± 4%, and 40% ± 6% respectively, compared to 19% ± 8% for control-treated WT, ANOVA followed by a Tukey’s post-hoc test; Figure 4B). Thus, mutant gnrr-2 behaves similarly to a somatic modulator of the gonadal longevity pathway and does not require the gonad. Notably, gnrr-2 differs from the embryo-to-mother signaling that requires the gonad and fertilized eggs to remodel somatic proteostasis (Sala et al., 2020). Taken together, our data suggest that gnrr-2 functions in the soma downstream of the gonadal longevity signals.
[image: Figure 4]FIGURE 4 | gnrr-2 is expressed in the soma and function downstream of the gonad. (A) HS Survival rates of age-synchronized gon-2 (q388) or gnrr-2;gon-2 mutant animals. Day two adults were subjected to HS (6 h at 37°C), and survival was assayed (N ≥ 7). Data are means ±1 standard error of the mean (1 SE). Data were analyzed using the Wilcoxon Mann-Whitney rank sum test (p = 0.0002). (B) HS Survival rates of age-synchronized WT or gnrr-2 mutant animals grown on control or arachidonic acid (AA) supplemented plates. Animals were subjected to HS (6 h at 37°C) on day one or two of adulthood, and survival was assayed (N ≥ 3). Data are means ±1 standard error of the mean (1 SE). Data were analyzed using one-way ANOVA followed by a Tukey’s post-hoc test. (**) denotes p ≤ 0.006 compared with same-age WT control animals. (C) HS recovery rates of age-synchronized neuronal RNAi hypersensitive animals fed on empty vector (EV) or gnrr-2 RNAi-expressing bacteria. Day three adults were subjected to HS (4 h at 37°C), and recovery was assayed (N ≥ 5). Data are means ±1 standard error of the mean (1 SE). Data were analyzed using the Wilcoxon Mann-Whitney rank sum test (p = 0.004). (D) gnrr-2 expression. Representative confocal Z-stack images of young adults expressing gnrr-2p::GFP and marker, myo-3p::mCherry. Ventral views of head, pharynx terminal bulb, midbody, and tail. The scale bar is 25 µm.
We next ask whether GNRR-2 is expressed and functions in the soma (Figures 4C,D). We cloned GFP under the regulation of gnrr-2 promoter (gnrr-2p::GFP) and examined the expression pattern of GFP. GFP was detected in the pharynx and specific neurons in the head, vulva, and tail regions (Figure 4D). Apart from the valval expression, GFP was observed throughout larval development (Supplementary Figure S4). Neuronal expression data from individual neurons supports this expression pattern (Taylor et al., 2021). For example, GFP expression was detected in the HSN vulval neurons showing gnrr-2 expression. Thus, gnrr-2 is expressed in the soma, mainly in neurons.
To determine whether proteostasis remodeling is associated with gnrr-2 expression in neurons, we used a neuronal RNAi hypersensitive strain (TU3401) with a neuronal-specific expression of sid-1 (Calixto et al., 2010). A transmembrane protein that enables passive uptake of dsRNA, and thus required for systemic RNAi. When HS recovery rates (4 h at 37°C, day three adults) were monitored, we observed an increased recovery for TU3401 animals treated with gnrr-2(RNAi) compared to EV control (58% ± 2% and 30 ± 3%, respectively, Wilcoxon Mann-Whitney rank-sum test, p = 0.004; Figure 4C). Thus, gnrr-2 neuronal-expression can mediate proteostasis collapse.
gnrr-2 modulates reproduction
GnRH-like signaling in invertebrates regulates various aspects of reproduction and associated reproductive treats (Sakai et al., 2020). Likewise, somatic activation of the gonadal longevity pathway is coupled with reproduction (Shemesh et al., 2017b). Thus, we next focused on the impact of gnrr-2 on reproduction. The brood size of gnrr-2 mutant animals was similar to WT (260 ± 13 and 272 ± 10, respectively, Wilcoxon Mann-Whitney rank sum test; Figure 5A). Likewise, embryo hatching and developmental timing were similar between WT and gnrr-2 mutant strains (ANOVA followed by a Tukey’s post-hoc test; Supplementary Figures S5A–B). However, gnrr-2 and gnrr-2tm mutant animals showed a ∼1.7-fold reduction in the egg-laying rate (46 ± 4, 39 ± 4, and 71 ± 5 eggs per ten worms per hour, respectively, ANOVA followed by a Tukey’s post-hoc test, p ≤ 0.001; Figure 5B). In agreement with gnrr-2 expression in HSN neurons that stimulate egg laying in hermaphrodites (Figure 4D). Moreover, RNAi hypersensitive (TU3401) animals treated with gnrr-2(RNAi) showed a mild (1.3-fold) reduction in the egg-laying rate compared to EV control, though TU3401 egg laying rate was also reduced (Wilcoxon Mann-Whitney rank-sum test, p = 0.046; Supplementary Figure S6A). A reduction in the egg-laying rate was also observed between the gnrr-2;daf-16, and daf-16 mutant animals (30 ± 3 and 67 ± 9 eggs per ten worms per hour, respectively, ANOVA followed by a Tukey’s post-hoc test. p ≤ 0.001; Supplementary Figure S6B). In contrast, the egg-laying rates of gnrr-2;pqm-1, and pqm-1 mutant animals (48 ± 6 and 45 ± 5 eggs per ten worms per hour, respectively) were similar to gnrr-2 mutant animals (ANOVA followed by a Tukey’s post-hoc test; Supplementary Figure S6B). This observation suggests that gnrr-2-dependent modulation of PQM-1 function (Figures 3G–J) could impact the animals’ egg-laying rate.
[image: Figure 5]FIGURE 5 | gnrr-2 modulates reproduction. (A) Brood size of WT and gnrr-2 animals. Progeny numbers were scored for age-synchronized fertile animals (n ≥ 18). Data are means ±1 standard error of the mean (1 SE). Data were analyzed using the Wilcoxon Mann-Whitney rank sum test (p = 0.851). (B) Egg-laying rates of WT, gnrr-2, and gnrr-2tm animals. The number of eggs laid by ten age-synchronized day two adult animals per hour (N ≥ 11). Data are means ±1 standard error of the mean (1 SE). Data were analyzed using one-way ANOVA followed by a Tukey’s post-hoc test. (**) denotes p ≤ 0.001 compared with WT animals. (C) Vitellogenin levels in age-synchronized WT and gnrr-2 animals. Extracts of age-synchronized day two adult animals were separated on an SDS-PAGE gel and yolk protein (YP170) levels were quantified (N = 4). Data are means ±1 standard error of the mean (1 SE). Data were analyzed using the Wilcoxon Mann-Whitney rank sum test (p = 0.014). (D,E) Representative images and quantification of total fat stores in WT and gnrr-2 mutant animals. Total fat stores in age-synchronized day two adult animals were imaged using ORO staining (D), and ORO levels of WT (n = 60) or gnrr-2 (n = 71) mutant animals were quantified from the images N = 3 (E). Data are means ±1 standard error of the mean (1 SE). Data were analyzed using the Wilcoxon Mann-Whitney rank sum test (p = 0.006).
GnRH-like signaling in invertebrates modulates vitellogenin (vit) gene expression (Gospocic et al., 2017; Nagel et al., 2020). C. elegans has six vit genes (vit-1 to vit-6), mainly synthesized in the intestine and transported into the germline. Their expression is regulated in the intestine and is modulated by cell-nonautonomous signals from other tissues and in response to environmental cues (Ezcurra et al., 2018; Perez and Lehner, 2019; Sornda et al., 2019; Plagens et al., 2021). We, therefore, next examine the levels of VIT proteins in gnrr-2 mutant animals. The levels of YP170 (the product of vit-1 to vit-5) in gnrr-2 mutant animals were reduced compared to WT (65% ± 8%, Wilcoxon Mann-Whitney rank sum test, p = 0.014; Figure 5C; Supplementary Figure S6C). Surprisingly, vit-2 and vit-3/4/5 mRNA (but not vit-6) levels were increased by ∼2-fold in gnrr-2 mutant animals but not in gnrr-2;daf-16 or gnrr-2;pqm-1 mutant animals (ANOVA followed by a Tukey’s post-hoc test; Supplementary Figures S6D–F). These changes in expression suggest that disrupting gnrr-2 dysregulates VIT production with a possible contribution from daf-16 and pqm-1. We next compared fat stores in WT and gnrr-2 mutant animals to complement this observation. Oil-Red-O (ORO) fatty acids staining in gnrr-2 mutant animals was also reduced compared to WT (69% ± 3%, Wilcoxon Mann-Whitney rank sum test, p = 0.006; Figures 5D,E), further supporting gnrr-2 impact on VIT production and fat accumulation. Of note, we observe a significant increase in Oil-Red-O staining in gnrr-2;pqm-1 mutant animals (119% ± 3%, ANOVA followed by a Tukey’s post-hoc test. p ≤ 0.001; Supplementary Figure S6G). This increase further links PQM-1 to GNRR-2-dependent vit gene regulation.
DISCUSSION
GNRR-2 is involved in the decision to commit to reproduction
In C. elegans, a decision point at the onset of oogenesis regulates somatic proteostasis robustness in different somatic tissues (Shemesh et al., 2013; Labbadia and Morimoto, 2015). It also directs fat reserve usage to support reproduction by mobilizing fat stores from the intestine to the germline (Wang et al., 2008; Lapierre et al., 2011; Shemesh et al., 2017b; Dowen, 2019; Heimbucher et al., 2020). Here we asked whether GnRH-like signaling, which regulates reproduction and reproductive behaviors in various invertebrates (Zandawala et al., 2018; Sakai et al., 2020), promotes proteostasis remodeling. We identified a GnRH-like GPCR, gnrr-2, as a modifier of proteostasis in adulthood (Figures 1–3; Supplementary Figures S2–S3). gnrr-2 also modulated egg-laying rates and vitellogenesis (Figure 5; Supplementary Figure S6). We determine that gnrr-2 acts in the soma, specifically neurons (Figures 3, 4). We propose that neuronal gnrr-2 responds to gonadal signaling and coordinates the somatic response to these signals, inversely modulating proteostasis and reproductive robustness, thus committing the organism to reproduction (Figure 6A). Other activating or repressing signals are likely to contribute to GNRR-2 function, as thermotolerance decline in gonad-less animals depends on GNRR-2 activity (Figure 4A). When GNRR-2 is inactivated or downregulated, gonadal (or other) signals are transmitted. However, they are no longer mediated to the soma, robust proteostasis is maintained, and resource transfer to progeny production is limited due to the modulation of different somatic transcriptional programs (Figure 6B). Our findings, therefore, support the emerging role of the nervous system, specifically neuropeptide signaling, in coordinating proteostasis across somatic tissues (Prahlad et al., 2008; Maman et al., 2013; Frakes et al., 2020; Hoppe and Cohen, 2020; Ozbey et al., 2020; Prahlad, 2020; Boocholez et al., 2022).
[image: Figure 6]FIGURE 6 | gnrr-2 mediates signals from the reproductive system to the soma. (A) At the onset of WT oogenesis, gonadal signaling reports on GSCs’ competence to neuronal gnrr-2, who coordinately activates or represses various transcriptional programs in the soma, inversely modulating somatic maintenance and reproductive robustness. (B) Disrupting GNRR-2 function alters these signals, resulting in inhibition of proteostasis collapse and inhibition of somatic resources reallocation to the reproductive system. The figure was created using BioRender.com.
GNRR-2 is required for remodeling proteostasis and reproduction at the onset of oogenesis
The decision to commit the organism to reproduction depends on nutrient availability, germline and embryo reproductive potency, and favorable environmental conditions (Maklakov and Immler, 2016; Aprison et al., 2022; Sala and Morimoto, 2022). This decision thus requires integrating internal and external signals to weigh the chances to reproduce successfully before reallocating metabolic resources (Antebi, 2013; Baugh and Hu, 2020; Gaddy et al., 2021; Aprison et al., 2022). Several at least partially independent pathways mediate proteostasis remodeling specifically in adulthood; gonadal longevity signaling reports on germline reproductive potency (Berman and Kenyon, 2006; Ermolaeva et al., 2013; Shemesh et al., 2017a; Yunger et al., 2017), an embryo-to-mother pathway reports on embryo integrity (Sala et al., 2020), and dietary signaling reports on nutrient availability (Tepper et al., 2013; Thondamal et al., 2014; Steinbaugh et al., 2015; Nakamura et al., 2016; Matai et al., 2019; Shpigel et al., 2019). The inhibition of proliferation or damage to germ cells results in DAF-16 nuclear localization and activation (Berman and Kenyon, 2006; Shemesh et al., 2017a; Yunger et al., 2017). It upregulates the expression of H3K27 demethylase jmjd-3.1, required for chromatin accessibility and HSF-1 transcriptional activation (Labbadia and Morimoto, 2015; Shemesh et al., 2017a). Likewise, disrupting embryo integrity activates DAF-16, albite only in vulval muscle (Sala et al., 2020). In contrast, dietary restriction requires pqm-1 and modulates HSF-1 activation even late in life, independent from jmjd-3.1 (Tepper et al., 2013; Shpigel et al., 2019). PQM-1 also mediates transcellular chaperone signaling that regulates inter-tissue proteostasis (O’Brien et al., 2018). Like gonadal signaling, mutations in gnrr-2 resulted in upregulation of jmjd-3.1 and required jmjd-3.1 for HSR activation (Figure 3). Likewise, disrupting gnrr-2 led to DAF-16 relocation to the nucleus and activation after the onset of reproduction. However, it also resulted in partial nuclear localization and activation of PQM-1 (Figure 3; Supplementary Figure S3). This dual requirement is unexpected because DAF-16 and PQM-1 function and localization are antagonistic (Tepper et al., 2013). However, daf-16 and pqm-1 are also required for insulin/IGF-1-like signaling and ceh-60-associated longevity (Tepper et al., 2013; Dowen, 2019). Moreover, both can regulate vitellogenesis (DePina et al., 2011; Dowen, 2019; Perez and Lehner, 2019; Heimbucher et al., 2020). Interestingly, DAF-16 could also modulate gnrr-2 expression (Tepper et al., 2013). GNRR-2 activation may thus fine-tune DAF-16 and PQM-1 function to adjust somatic proteostasis and reproduction to various signals rather than act as an on/off switch.
GNRR-2 is expressed and potentially functions in neurons to regulate proteostasis and reproduction. Disrupting gnrr-2 expression or function in gonad-less animals or specifically in neurons still remodeled proteostasis in adulthood (Figure 4). Moreover, arachidonic acid, a somatic regulator of the gonadal longevity signaling (Shemesh et al., 2017b), did not further improve gnrr-2-dependent HS survival rates. Likewise, the effect of GNRR-2 on egg-laying rate was in agreement with its expression in HSN neurons that stimulate egg-laying in hermaphrodites [and modulated by neuronal-specific gnrr-2(RNAi)]. Moreover, GNRR-2 modulated vitellogenin production, mainly synthesized in the intestine, and reduced YP170 protein levels and fat stores in gnrr-2 mutant animals could be linked to DAF-16 and PQM-1 activation in the intestine. Nevertheless, other signaling pathways could also be involved (Wang et al., 2008; Dowen, 2019; Perez and Lehner, 2019; Sornda et al., 2019; Heimbucher et al., 2020). Thus, while GNRR-2 likely functions in neurons, tissue-specific expression of gnrr-2 in the gnrr-2 mutant background is needed to determine where GNRR-2 acts and whether proteostasis and reproduction regulation differ.
GNRR-2 has a GnRH-like role, mediating reproduction-fitness trade-offs
In invertebrates, members of the GnRH superfamily neuropeptide signaling show pleiotropic activities (Zandawala et al., 2018; Sakai et al., 2020). Recently non-reproductive functions were also linked to GnRH and the pituitary gonadotropin, follicle-stimulating hormone, FSH, in vertebrates, including modulating Alzheimer’s disease-associated amyloid-β and Tau deposition (Skrapits et al., 2021; Xiong et al., 2022). However, many members regulate reproductive functions and metabolism, modulating reproduction-fitness trade-offs (Zandawala et al., 2018; Sakai et al., 2020). Specifically, members of the GnRH superfamily regulate brood size, egg-laying rates, vitellogenesis, mating behaviors, and even social reproductive behaviors such as cast identity in insects (Lindemans et al., 2009; Lebreton et al., 2016; Gospocic et al., 2017; Andreatta et al., 2020; Sakai et al., 2020). In C. elegans, there are eight members of this family, four of which were deorphanized. However, DAF-38/GNRR-8 functions with DAF-37 to mediate dauer entry in response to ascaroside pheromones (Park et al., 2012), while GNRR-3 and GNRR-6 regulate sleep and wakefulness in response to RPamide neuropeptides NLP-2 and NLP-22 (Van der Auwera et al., 2020). RPamide peptides share sequence similarity with GnRH/AKH peptides (Van der Auwera et al., 2020). However, only GNRR-1 was shown to respond to GnRH/AKH neuropeptide ortholog, NLP-47 (Lindemans et al., 2009). GNRR-1 is expressed in the nucleus of maturing oocytes and sperm cells and delayed egg-laying, supporting a GnRH-like role in modulating reproduction (Vadakkadath Meethal et al., 2006). But gnrr-1 did not affect HS survival rates at the transition to adulthood (Figure 1). Thus, gnrr genes in C. elegans diverged both in function and peptide specificity.
The ability of a C. elegans peptide library to activate the GNRR-2 receptor was examined using an in vitro calcium mobilization assay, but no putative ligands were identified (Van der Auwera et al., 2020). Thus, while we find that GNRR-2 function is linked to GnRH-associated reproductive functions, such as egg-laying rates and vitellogenesis, it remains to be determined whether it responds to a GnRH neuropeptide ortholog. Likewise, the role of GNRR-6 in HSR modulation needs to be further examined, specifically whether this function is associated with sleep and wakefulness regulation by NLP-2 and NLP-22 or by a different neuropeptide. In this regard, it is interesting to note that GNRR-6 also responded to the FRPamide neuropeptide, NLP-23-2, in vitro, but nlp-23 did not impact behavioral quiescence (Van der Auwera et al., 2020). NLP-23 could thus be a modulator of the HSR. Other neuropeptides were shown to modulate proteostasis (Frakes et al., 2020; Hoppe and Cohen, 2020; Ozbey et al., 2020; Prahlad, 2020; Boocholez et al., 2022) and might be linked to gnrr-2-depednent proteostasis remolding. Considering the conservation of proteostasis collapse (Sabath et al., 2020), understanding how non-autonomous signaling pathways integrate to modulate somatic proteostasis in C. elegans could offer novel approaches for treating age-dependent protein folding diseases. The findings that GnRH and FSH have non-reproductive functions and could modulate Alzheimer’s disease (Skrapits et al., 2021; Xiong et al., 2022), further stresses the importance of non-autonomous signaling pathways in regulating proteostasis.
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CREB3L1 and CREB3L2 control Golgi remodelling during decidualization of endometrial stromal cells
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Upon progesterone stimulation, Endometrial Stromal Cells (EnSCs) undergo a differentiation program into secretory cells (decidualization) to release in abundance factors crucial for embryo implantation. We previously demonstrated that decidualization requires massive reshaping of the secretory pathway and, in particular, of the Golgi complex. To decipher the underlying mechanisms, we performed a time-course transcriptomic analysis of in vitro decidualizing EnSC. Pathway analysis shows that Gene Ontology terms associated with vesicular trafficking and early secretory pathway compartments are the most represented among those enriched for upregulated genes. Among these, we identified a cluster of co-regulated genes that share CREB3L1 and CREB3L2 binding elements in their promoter regions. Indeed, both CREB3L1 and CREB3L2 transcription factors are up-regulated during decidualization. Simultaneous downregulation of CREB3L1 and CREB3L2 impairs Golgi enlargement, and causes dramatic changes in decidualizing EnSC, including Golgi fragmentation, collagen accumulation in dilated Endoplasmic Reticulum cisternae, and overall decreased protein secretion. Thus, both CREB3L1 and CREB3L2 are required for Golgi reshaping and efficient protein secretion, and, as such, for successful decidualization.
Keywords: secretory pathway, vesicular transport, differentiation, transcriptomics analysis, collagen
INTRODUCTION
With only few exceptions, secretory proteins are cotranslationally translocated into the Endoplasmic Reticulum (ER), where they undergo oxidative folding, N-glycosylation and other posttranslational modifications under the control of devoted chaperones and enzymes (Braakman and Bulleid, 2011). Protein quality control (QC) mechanisms ensure that only native proteins proceed along the secretory pathway (Anelli and Sitia, 2008; Sun and Brodsky, 2019); proteins that fail to fold are instead destined for degradation via cytosolic proteasomes (Ruggiano et al., 2014; Christianson and Carvalho, 2022). Cargo receptors (such as ERGIC-53) are active at ER exit sites (ERES) to accelerate the secretion of folded molecules (Zhang, 2009; Anelli and Panina-Bordignon, 2019). Recruiting cytosolic COPII components, they ensure efficient movement of secretory proteins from the ER to the Golgi. In the Golgi compartment, cargo proteins are further processed and finally get secreted or exposed on the plasma membrane (Schwabl and Teis, 2022). To maintain membrane homeostasis and organelle composition, anterograde traffic is paralleled by COPI-dependent retrograde transport. All these events must be precisely coordinated.
The organelles of the secretory compartment are particularly developed in professional secretors, since these are the sites devoted to the production of almost all proteins destined to be secreted (Federovitch et al., 2005). Indeed, their components are selectively up-regulated in all well-studied differentiation programs towards secretory phenotypes (Harding et al., 2001; Christis et al., 2010). This is the case, for example, of B to plasma cell differentiation: after the encounter with antigens, B lymphocytes first proliferate and then transform into protein factories, dramatically enlarging their ER under the control of Ire1, Xbp1 and other Unfolded Protein Response (UPR)-related factors (Reimold et al., 2001; Iwakoshi et al., 2003; Van Anken et al., 2003).
Another example of a secretory differentiation program is the decidualization of Endometrial Stromal Cells (EnSC) (Figure 1) (Gellersen and Brosens, 2014). With each menstrual cycle, human EnSCs undergo a phase of intense proliferation. Then, upon the post-ovulatory increase of progesterone, cells exit the cell cycle, enlarge and differentiate into secretory cells that produce different mediators (IL-6, Tissue Factor, IGFBP1, Matrix metalloproteinases (MMPs), collagens, Prolactin) to anticipate blastocyst implantation, should fertilization occur. We recently demonstrated that decidualization entails massive rearrangements of EnSCs cytoarchitecture, with enlargement of the entire cell, and most prominently of the secretory pathway organelles (Anelli et al., 2021). In contrast to what occurs during B to plasma cell differentiation, however, in decidualizing EnSCs the Golgi complex expands more than the ER (Anelli et al., 2021). This divergence in how the secretory pathway differentiates might be due to the different cargoes produced by either cell type. The more pronounced Golgi enlargement, that is also a hallmark of decidualization, may be required to sustain bulk production of highly O-glycosylated proteins (Noske et al., 2008).
[image: Figure 1]FIGURE 1 | Endometrial stromal cells as a model of cell differentiation to a secretory phenotype. In the proliferative state, EnSC show a fibroblastoid shape, and produce and secrete some collagens and metalloproteases (MMPs). Decidualisation (induced in vitro by cAMP and Progesterone stimulation) induces a reshaping of the entire cell and of the secretory compartment. Cells stop proliferating and enlarge, acquiring an epithelioid-like shape. They enlarge their ER and Golgi compartment (Anelli et al., 2021) and transform into professional secretors, expressing and secreting decidualization markers (IGFBP1, PRL, IL6), more and different collagens, MMPs and laminins. The lower insets on the left show a Hematoxylin-Eosin staining of cells at day 0 (proliferating, left) and day 6 of decidualization (right). Images were acquired with a ×20 objective; bar: 60 µm. The lower insets on the right show an immunofluorescence of proliferating (left) and decidualized cells (right) stained with fluorescently labelled Phalloidin (actin, green) and anti-vimentin antibody (red). Note the change in cytoskeletal reorganization following stimulation. Images were acquired with a ×60 objective; bar: 20 µm.
How are the above morphological rearrangements orchestrated during decidualization? We previously showed (Anelli et al., 2021) that decidualization entails minimal activation of the UPR pathways that are instead key in plasma cell development. Quiescent B lymphocytes secrete little if any proteins: hence, they need to build up a secretory machinery almost from scratch, which explains the reliance of B to plasma cell differentiation on the UPR. Conversely, EnSCs secrete proteins also before progesterone stimulation. Therefore, they apparently modulate the rates of protein production and transport rather than massively expanding the ER during decidualization.
However, it is not clear whether the morphological changes of decidualizing EnSCs are inherently encoded in the transcriptional program of decidualization itself or, vice versa, they are driven by the increased cargo production and secretion.
This study aims to elucidate the mechanisms that orchestrate cellular reshaping during decidualization: we focused on the characterization of the gene expression trends and on the prediction and experimental validation of transcription factors implicated in the enlargement of the Golgi compartment. To this end, we performed unbiased transcriptomic analyses of in vitro decidualization of human immortalized endometrial stromal cells (T-HESC) at different time points after progesterone stimulation. A distinct upregulation of the ER, Golgi and lysosomal proteins is evident at the (relative) expense of the cytosolic components. The members of a cluster of upregulated transcripts related to the early secretory compartment share binding sites for CREB3L1 and CREB3L2. Accordingly, both transcription factors are not only upregulated during decidualization, but also necessary for Golgi remodelling. Their ablation has dramatic consequences on protein secretion, with collagen accumulating in dilated ER cisternae, which abrogates the efficient decidualization process. Our results demonstrate that the activation of CREB3L1 and CREB3L2 is key for the reshaping of the early secretory compartment during decidualization and for achieving a secretory phenotype.
RESULTS
In vitro decidualization of T-HESC entails extensive transcriptomics rearrangements
To characterize the gene expression changes occurring in decidualization, we performed bulk RNA sequencing of human immortalized endometrial stromal cells (T-HESC) under basal conditions (0 h) and at various time points during in vitro decidualization (i.e. 6 h, 18 h, day 1, 1.5, 2, 3, and 6 after hormonal stimulation). We focused on short intervals between early time points to better discriminate transcriptional modifications characterizing the first phases of decidualization.
Differential expression analysis (DEA) was performed by pairwise comparisons of samples from each time point with untreated samples. The volcano plots comparing expression patterns at day 3 and day 6 with basal expression (Figure 2A) highlight the upregulation of known markers [Prolactin (PRL), WNT4, IGFBP1 and TFBI], as a positive control of ongoing decidualization. Our results show that in vitro decidualization is accompanied by a profound transcriptome rearrangement, featuring up or down-regulation of thousands of genes. As differentiation progresses, the number of differentially expressed genes (DEGs) progressively increases: from 984 at 6 h, their number rises to its maximum of 5,136 DEGs at day 3. At the end of our differentiation protocol (day 6), the number of DEGs is 4,780 (Figure 2B, Supplementary Table S1).
[image: Figure 2]FIGURE 2 | Transcriptional reprogramming of the secretory compartment is an early event in decidualization. Differential expression analysis and Over-Representation Analysis (ORA) of time course bulk RNA-seq. (A) Volcano plots of day 3 and 6, gene labelling for decidualization markers (PRL, IGFBP1, TFP1), which act as positive controls for our experimental set up. (B) Number of DEGs called for each timepoint grouped for upregulation or downregulation: for each bar, the darker shades of colour represent the number of genes called DEGs also at the previous time point. (C) ORA of upregulated DEGs for GO terms for each timepoint: early enrichment is observed for pathways related to the compartments and biological processes of the secretory pathway. (D) Heatmap of representative DEGs for canonical biological functions involved in decidualization up to day 6 of differentiation. Note the upregulation of genes of the early secretory pathway and the downregulation of genes correlated with cell cycle and DNA repair. The rearrangements of cargos (collagens, laminins) is already evident just a few hours after stimulation.
Transcriptional profile of stimulated T-HESC reflects physiological decidualization program
To get insights into the biological significance of the various DEGs observed at each time point, we performed over-representation analysis (ORA) for the major Gene Ontology annotations: biological processes (BP), cellular component (CC), and molecular function (MF). As expected, ORA reveals significant enrichment at 6 h for terms related to response to hormonal stimulation (cAMP-mediated signalling, glucocorticoid receptor binding, 3′,5′-cyclic-AMP phosphodiesterase activity; Supplementary Table S2A–E, Figure 2C). An enrichment for terms associated with ER-Golgi vesicular trafficking, protein glycosylation and Golgi organization follows at the next time point (18 h). These terms turn out to be predominant at all further time points, suggesting the centrality of secretory pathway reshaping among upregulated DEGs from the early to last stages of our decidualization protocol. In accordance, we found the same trends for terms associated with the main compartments of the early secretory pathway, such as ER lumen and membranes, ER-Golgi intermediate compartment (ERGIC), cis-Golgi and lysosomes (Figure 2C, Supplementary Table S2C).
Conversely, downregulated DEGs show enrichment for terms associated with DNA replication, DNA repair, cell cycle progression, and nuclear compartment (Supplementary Table S2B–D). As observed for upregulated genes, the enrichment for these terms was consistent throughout the decidualization process from 18 h onwards. In addition, an early enrichment for terms related to cytoskeleton, focal adhesion and cell-cell junctions is seen at 6 h (Figure 2C; Supplementary Table S2C).
The expression profile of representative genes of the main compartments or biological processes is shown in Figure 2D. The panel indicates a coordinated upregulation of genes encoding proteins involved in disulfide bond formation in the ER (redox enzymes) and of genes of ER to Golgi vesicular trafficking and of the Golgi complex. As expected, the expression of genes involved in cell cycle progression is downregulated, as well as cytoskeleton genes. The analysis also reflects a shift in the cargo produced during the decidualization process (Carbone et al., 2006; Shi et al., 2020): while proliferating EnSCs produce Collagen type VI, after decidualization they downregulate collagen type VI and upregulate instead collagen type I, IV, and VIII. Changes occurs also in the types of laminins expressed.
To further corroborate our results, we compared the DEGs identified at the end of the decidualization protocol (day 6) with a list of 115 gene products experimentally validated for showing functional reprogramming upon decidualization of human endometrial stromal cells (Gellersen and Brosens, 2014). Indeed, we found an almost perfect overlap between this list and prominent upregulated DEGs identified by our analysis (Supplementary Table S3), further supporting our choice for in vitro differentiation of T-HESC as a model to study the decidualization process.
Time-series clustering reveals a class of co-regulated genes linked with vesicular transport
To predict shared cis-regulatory elements orchestrating early secretory pathway reshaping and, possibly, Golgi expansion, we used a data-driven approach that takes advantage of our bulk RNA-seq time-course design. First, we created a subset of 626 DEGs by selecting those annotated in GO terms for the cellular component (CC) related to the ER and Golgi apparatus, as well as called differentially expressed in the first 3 days of differentiation. Then, we performed partitional clustering based on their co-expression patterns. In this way, we identified five different clusters, two describing downregulation and three describing upregulation trends (Figure 3A). In cluster 5, one of those describing upregulation trends, we identified the presence of canonical genes involved in vesicular transport, such as COPI and COPII components, and cargo receptors (SEC23A, SEC24A, SEC16A, COPZ1/2, COPA, COPB2, LMAN1, MIA3; Figure 3A; Supplementary Table S4). ORA for biological processes (BP) GO terms also reveals functional enrichment for vesicular transport genes in this cluster (Figure 3B). Next, we predicted common cis-regulatory elements in each cluster using the tool RcisTarget. Interestingly, cluster five scores the highest enrichment values for top putative transcription factors associated with vesicular transport promotion, such as CREB3L2, CREB3L1, CREB3, ATF6, and Xbp1 (Supplementary Table S5).
[image: Figure 3]FIGURE 3 | Time series clustering dissects the temporal orchestration of ER and Golgi apparatus DEGs. (A) Temporal expression trends for DEGs annotated to “Golgi Apparatus” and/or “Endoplasmic Reticulum” GO cellular component terms. Y-axis represents the z-normalized, averaged expression value transformed using DESEQ2 variance stabilized transformation. The overall trends for each cluster (dashed line) were estimated using a LOESS fit. (B) Over-representation analysis results for biological process GO terms in each cluster. Fisher’s exact test was carried out using the weight algorithm proposed in Alexa et al., 2006, implemented in TopGO. Cluster five shows enrichment for vesicular transport terms, reflecting the presence of the main components of COPI, COPII and cargo receptors genes (Supplementary Table 4). Cluster four does not show terms with a significant enrichment (i.e. p value < 0.05).
CREB3L1 and CREB3L2 are upregulated during decidualization
Since our previous studies identified only a minimal induction of ATF6, and no activation of the Xbp1 pathway during decidualization (Anelli et al., 2021), we focused our attention on CREB3L1 and CREB3L2, two transcription factors (TF) that have been previously linked to collagen secretion and vesicular trafficking in other cell types (Fox et al., 2010; Asada et al., 2011; Chan et al., 2011; Ishikawa et al., 2017; Khetchoumian et al., 2019; Jhonson et al., 2020). These transcription factors are under basal conditions localized in the ER, where they are readily ubiquitinated, extracted from the membrane and degraded (Kondo et al., 2012). Upon activation, CREB3L1 and CREB3L2 translocate to the Golgi complex, where they undergo RIP (Regulated Intramembrane Proteolysis) by the proteases S1P and S2P. This proteolytic cleavage event releases their cytosolic domains that migrate to the nucleus to exert their function as TFs (Kondo et al., 2007; Murakami et al., 2009). qPCR shows that, during in vitro decidualization, both CREB3L1 and CREB3L2 are upregulated at the mRNA level, although with slightly different kinetics (Figure 4): the mRNA of CREB3L1 shows a trend with a peak at day 3 (Figure 4A), while CREB3L2 increases steadily throughout the decidualization process, up till day 6 (Figure 4D). At the protein level, CREB3L1 is already upregulated on day 1 of decidualization, and then its levels start to decrease (Figures 4B,C). Cleaved CREB3L1 seems to peak at day 1 and then decreases. On the contrary, we did not detect any induction of CREB3L2 at the protein level (Figures 4E,F), despite its mRNA increases during decidualization. We could hypothesise a fast turnover of this protein, preventing its accumulation, but this phenomenon awaits further clarification.
[image: Figure 4]FIGURE 4 | CREB3L1 and two are upregulated during decidualization. T-HESC were treated with cAMP and progesterone and samples (RNA and total protein lysates) were collected every day up to day6 after the treatment. (A) mRNA levels of CREB3L1 were quantified using qPCR, normalized on GAPDH and expressed as fold induction on day 0. The mRNA increases after stimulation up to day 3 and then start decreasing. Average of samples from six independent experiments ± SEM. *p < 0.05, t-test vs day0. (B) 40 µg of total proteins were analyzed in SDS-PAGE, under reducing conditions on a 4–12% precasted acrylamide gel. As a negative control, a sample of cells subjected to CREB3L1 siRNA the day before were loaded (si). As a positive control to discriminate the cleaved form, 40 µg of protein extract of HeLa cells transiently transfected with cleaved CREB3L1 was loaded (cl ov-ex). The full length and the cleaved forms are indicated by arrows on the right. The ponceau staining of the nitrocellulose is shown as a loading control. The lane showing the over-expressed cleaved form comes from a lower exposure image of the same nitrocellulose. (C) Densitometric quantification of six independent experiments as the one showed in B (average ± SEM). An increase at the protein levels in the first days parallels the increase in the mRNA level shown in panel A. *p < 0.05, t-test vs day 0. (D) mRNA levels of CREB3L2 were analyzed in qPCR. The mRNA increases after stimulation up to day 6. Average of samples from six independent experiments ± SEM. *p < 0.05, t-test vs day 0. (E) 40 µg of total proteins were analyzed as described in panel B. As a negative control, a sample of cells subjected to CREB3L2 siRNA the day before were loaded (si). As a positive control to visualized the cleaved form, 40ug of protein extract of HeLa cells transiently transfected with cleaved CREB3L2 was loaded (cl ov-ex). The lane showing the over-expressed cleaved form comes from a lower exposure image of the same nitrocellulose. The full length and the cleaved forms are indicated by arrows on the right. The ponceau staining of the nitrocellulose is shown as a loading control. (F) Densitometric quantification of five independent experiments as the one showed in B (average ± SEM). Despite the continuous increase of the mRNA of CREB3L2 during decidualization, nothing seems to change at the protein level.
CREB3L1 and CREB3L2 are needed for efficient decidualization
To gain insight into the role of CREB3L1 and 2 during decidualization, we used small interfering RNAs targeted to CREB3L1 and 2, individually or in combination. Silencing was started before inducing decidualization (Day -1) so that, when decidualization was induced (Day 0), expression of CREB3L1 and 2 was already suppressed (Supplementary Figures 1A and 4B,E). Silencing was repeated after 3 days, to sustain the downregulation of the transcription factors for the entire experiment (see Material and Methods section and Supplementary Figure 1A). qPCR analysis (Supplementary Figure 1A) indicates that no major compensatory responses (up-regulation of one TF in the absence of the other) are activated during the experiments. Cells responded as expected to hormonal stimulation also upon CREB3L1 and/or 2 silencing, as shown by the increase in PRL mRNA levels (Supplementary Figure 1B). However, suppression of both transcription factors dramatically impaired the expression of ERGIC-53 (LMAN1), SEC24A and SEC24D (involved in ER to Golgi vesicular traffic), and of KDELR2 and 3 (involved in retrieving ER chaperone escapees from the Golgi). Trends suggesting minor effects were observed for other Golgi-related genes, such as GOLGA2 (GM130), giantin (GOLGB1) and TGN46 (TGOLN2) (Figure 5A). Moreover, for most of the transcripts analysed, a strong effect of CREB3L1/2 silencing was observed already at day 0, which suggests a major role of the two transcription factors in regulating their expression also in resting conditions. We excluded a nonspecific effect of the silencing procedure, since other secretory pathway genes (such as ERp44 and KDELR1) were not affected.
[image: Figure 5]FIGURE 5 | CREB3L1 and CREB3L2 drive the upregulation of many genes of the early secretory pathway during decidualization. T-HESC were treated with scramble duplexes (siC, green bars), with duplexes specific for CREB3L1 (si1, orange), CREB3L2 (si2, light blue) or both (si1&2, pink). The day after treatment (day 0) cells were collected or treated with cAMP and progesterone and then collected at day 6 of decidualization. (A) mRNA for different genes encoding proteins of the early secretory pathway were analyzed by qPCR and expressed as fold induction to day 0 siC after normalization on GAPDH. Solid bars represent values at day 0, striped bars values at day 6. Average of 3–4 independent experiments ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, t-test vs day 0 siC. The KD of CREB3L1 and/or 2 affects the expression of the majority of the genes analyzed, both at day 0 and after 6 days of decidualization. (B) Total protein extracts were loaded on SDS PAGE under reducing conditions (40 µg of proteins/lane). The behavior of GM130, ERGIC-53 and ERp44 are shown. While ERGIC-53 and GM130 suffer from the absence of CREB3L1 and/or 2, the protein levels of ERp44 are unaffected. A part of the ponceau is shown as a loading control.
The effects of CREB3L1/2 silencing were confirmed at the protein level (Figure 5B). A reduced induction of both ERGIC-53 and GM130 was observed by western blotting, especially upon silencing of both transcription factors. As expected from the mRNA analysis, no effect on ERp44 induction was observed.
Ablation of CREB3L1 and CREB3L2 affects Golgi structure
To better understand the structural changes of the secretory pathway following CREB3L1/2 silencing, we performed morphometric analyses of cells at day 0 and day 6 of decidualization, using calreticulin (CRT) as a marker of the ER, giantin as cis-Golgi marker, and golgin 97 as trans-Golgi marker. Cells were also stained with a membrane marker (HLA 1) to calculate the total cell volume. Silencing of either CREB3L1, 2, or both did not impact on the overall increase in cell volume that characterizes decidualization (Supplementary Figure S2). When expressed as a percentage of the total cell volume, ER size was not affected by the silencing, even if some morphological alterations were evident (Figures 6A upper panels, B). The volume of both the cis-Golgi and the trans-Golgi were instead severely affected by CREB3L1 silencing, both before (Supplementary Figure S2) and after 6 days of decidualization (Figures 6A,B).
[image: Figure 6]FIGURE 6 | CREB3L1 and CREB3L2 drive the decidualization induced rearrangement of the Golgi compartment. (A) T-HESC were treated with scramble duplexes (siC), with duplexes specific for CREB3L1 (si1), CREB3L2 (si2) or both (si1&2). The day after treatment (day0) cells were fixed with PFA or treated with cAMP and progesterone and then collected at day 6 of decidualization. Cells were first decorated with anti-HLA1 antibody to stain the membrane, and then permeabilized and stained with antibodies against different compartment of the early secretory pathway (calreticulin CRT as a marker of the ER, giantin for the cis-Golgi and golgin97 for the trans-Golgi). Representative images of cells at day 6 of differentiation are shown. Images were acquired with a ×60 objective; bar: 20 µm. (B) The volume of the cells and of the intracellular compartments was calculated using morphometric analysis of images as the ones shown in (A). The volume of the intracellular compartments was then expressed as a percentage of the total cell volume. The plots show the volume of the ER, cis-Golgi and trans-Golgi of cells at day 6 of decidualization. Each dot in the plot corresponds to a single cell. The plot shows the population distribution and the value of the mean ± SEM for cells of two independent experiments (green: siC, orange: si1, light blue: si2, pink: si1 and 2). *p < 0.05; **p < 0.01, ****p < 0.001, one-way ANOVA with Turkey correction. (C) Morphology of the Golgi compartment of cells treated with scrambled duplexes (siC) of KD for both CREB3L1 and 2 (si1&2) at day 0 or day 6 of decidualization. Markers of the cis-Golgi (giantin, green) and of the trans-Golgi (golgin97, red) were used. The DNA is stained in blue (DAPI). Images were acquired with a ×100 objective; bar: 20 µm. Note the fragmentation and the inhibited enlargement of the Golgi compartment under KD of both CREB3L1 and 2. The scattering effect is visible also at day 0.
Moreover, morphological changes of the Golgi complex were detected, both ad day 0 and at day 6 of decidualization under depletion of one or both TFs (Figure 6C and Supplementary Figure S3). While downregulation of CREB3L1 seems to reduce the Golgi dimension (as indicated by morphometry analyses), CREB3L2 KD seems to cause Golgi fragmentation (Supplementary Figure S3). Combined CREB3L1 and CREB3L2 ablation causes a dramatic decrease of the organelle size, as well as fragmentation and scattering of its cisternae, both in resting (day 0) and fully decidualized (day 6) conditions (Figure 6C).
Impaired secretion upon ablation of CREB3L1 and CREB3L2
EnSCs express various types of collagen, and their expression changes during decidualization. Under basal conditions, EnSCs express collagen type VI in large amounts, but in the course of decidualization, collagen VI is downregulated, while collagen type I, IV and VIII are upregulated (Figure 2D). CREB3L1 and 2 have been previously identified as necessary for collagen type I and II secretion in osteoblasts and chondrocytes (Murakami et al., 2009; Saito et al., 2009; Chen et al., 2014). We therefore analysed trafficking of collagen type I (intracellular content and localization, and secretion) in decidualizing T-HESC upon silencing of either CREB3L1, 2, or both (Figure 7). Ablation of CREB3L1/2 dramatically affected the fate of collagen type I in decidualizing T-HESC (Figure 7A), causing the formation of long stacks or enlarged lacunae in the endoplasmic reticulum. The trafficking defect is particular evident in the double KD, with the formation of abnormal structures, filled with ProCol1A1 and positive for calreticulin (not shown), that are reminiscent of aggregated Ig-containing Russell Bodies (Valetti et al., 1991). In accordance, ablation of CREB3L1/2 led to high MW collagen complexes in cell lysates (Figure 7C), which is indicative of the intracellular accumulation of collagen aggregates. Consequently, collagen type I secretion was almost completely abrogated (Figure 7B), in particular upon double silencing. Moreover, ablation of CREB3L1/2 caused an overall reduction in the secreted material of decidualizing T-HESC (Figure 7D). For instance, PRL, which normally is abundantly secreted upon decidualization, was no longer detectable in the supernatants of double CREB3L1 and 2 KD cells (Figure 7E). This suggests a more general effect on total protein trafficking and secretion.
[image: Figure 7]FIGURE 7 | CREB3L1 and 2 KD affects general protein secretion. T-HESC were treated with scramble duplexes (siC), with duplexes specific for CREB3L1 (si1), CREB3L2 (si2) or both (si1&2). The day after treatment (day0) cells were treated with cAMP and progesterone and analyzed at different days of the decidualization process as indicated. (A) Images of cells at day 6 of differentiation. Cells were fixed with PFA, permeabilized and stained with anti Pro-Collagen1A1 antibody. In control cells, procollagen is present in the ER. The KD of CREB3L1 and/or 2 dramatically increases the amount of intracellular Pro-Collagen1A1, with swelling of the ER, culminating in Russell Bodies-like structures in conditions of double KD. Images were acquired with a ×60 objective; bar: 20 µm. (B) Cells at the indicated days of differentiation were cultured for 6 h in OPTIMEM. The SN corresponding to 10.000 cells were loaded on SDS-PAGE under reducing conditions and, after transferring to nitrocellulose, stained with antibodies against Collagen1A1. The KD of CREB3L1 and/or 2 affects Collagen1A1 secretion. (C) The lysates of control cells or of cells subjected to double KD were loaded under non-reducing conditions on SDS-PAGE (3–8% precasted gradient gel), and nitrocellulose was decorated with anti Pro-Collagen1A1. Note the intracellular accumulation of Pro-Collagen1A1 in high molecular weight complexes in conditions of double KD. The ponceau staining of the nitrocellulose is shown as a loading control. (D) The absence of CREB3L1 and two affects total protein secretion. The total SN of 10.000 cells treated as indicated were loaded on a precast 4–12% polyacrylamide gel under reducing conditions (SN volumes were normalized with OPTIMEM). Optimem alone (OPT) was loaded as a control. Gels were stained with SyproRuby to stain total secreted proteins. During the decidualization process, protein secretion increases [as previously described (Anelli et al., 2021)]. Asterisks indicate bands that are less present in the double KD SNs. (E) PRL secretion was measured with ELISA test in the 4 h SN of day 6 cells treated as indicated. Data as expressed as ng of PRL secreted in 4 h by 100.000 cells. Average of three independent experiments ± SEM. *p < 0.05.
DISCUSSION
We previously described how decidualization of EnSC goes hand in hand with morphological changes of the entire secretory pathway, which include rearrangements not only of the ER but also of the Golgi compartment (Anelli et al., 2021). Here, by transcriptomics analysis of in vitro T-HESC differentiation, we employed an “omic” approach to dissect the gene expression changes occurring during decidualization. Our current study confirms in further detail that decidualization entails the upregulation of genes associated with several components of the secretory pathway. Moreover this analysis reveals how decidualization stimuli induce a readjustment of the secretory cargoes, with not only an increase in the amount of cargoes produced, but also a change in the types of collagens and laminins synthesized (Figure 2D). This is in line with previous studies which suggested that a change in the composition of the extracellular matrix is needed to accomodate the incoming embryo (Iwahashi et al., 1996; Shi et al., 2020). Our results furthermore highlight that, even if decidualization intails a dramatic increase in the secretory activity, proliferating EnSC are already active secretors, specifically releasing components of the extracellular matrix. Moreover, activation of cAMP-dependent pathways and the upregulation of genes of the early secretory pathway can be detected early during decidualization, even before the upregulation of secretory cargoes (Figures 2C,D). Evidently, this is due to the activation of a differentiation program and is not a cargo-induced effect: decidualizing EnSCs first adapt and reshape their secretory machinery and later up-regulate their cargoes.
Clustering analysis showed that genes of the early secretory compartment specifically involved in ER to Golgi trafficking and Golgi structure are upregulated with a similar pattern, which suggests shared transcriptional regulation(s). Promoter analyses revealed a potential contribution of ATF6, CREB3L1 and CREB3L2. Having shown previously that UPR branches are not overtly activated during decidualization (Anelli et al., 2021), we focused our attention on CREB3L1 and 2, two transcription factors that are known to regulate collagen secretion (Saito et al., 2009; Chen et al., 2014). These factors are also required in some cell types that do not produce collagens. Indeed, CREB3L1 is upregulated in thyrocytes upon TSH stimulation to sustain Golgi enlargement (Garcia et al., 2017). CREB3L2 instead is needed for hepatic stellate cells differentiation to myoblasts-like cells, a process requiring ER and Golgi enlargement (Tomoishi et al., 2017), as well as for maturation of pituitary cells into hormone producing factories (Khetchoumian et a., 2019). CREB3L2 has been suggested as a master TF for the control of secretory capacity of cells (Khetchoumian et a., 2019). CREB3L1 and CREB3L2 Drosophila Melanogaster homologue, CREB3A, controls the transcriptional activation of many genes encoding the core secretory pathway (Johnson et al., 2020). We show here that, in EnSCs, both CREB3L1 and CREB3L2 sustain the expression of SEC24A and D, GOLGB1 and KDELR2 and 3 even under basal conditions (Figure 5). Moreover, they are needed for organelle remodelling upon progesterone stimulation. Upon CREB3L1 ablation, the Golgi complex does no longer enlarge, while the ablation of CREB3L2 results in Golgi scattering. Thus, CREB3L1 and CREB3L2 jointly regulate both Golgi volume and structure (Figure 6), and, consequently, are key for efficient protein secretion (Figure 7 and Figure 8). The changes in ER morphology upon CREB3L1 and/or 2 KD are also striking (Figure 6 and Figure 8). Whether the anomalous swelling of the ER is a direct consequence of the ablation of the two TFs, or whether it is due to impaired collagen trafficking and accumulation is not clear and cannot be easily addressed, given the high diversity of collagens produced by EnSCs. No canonical UPR activation is observed under condition of CREB3L1 and/or 2 ablation at day 0 (not shown), even if their KD still have consequences both at a transcriptional and at a morphological level.
[image: Figure 8]FIGURE 8 | CREB3L1 and 2 mediate the reshaping of the early secretory pathway during decidualization. Under proliferating conditions, EnSC produce and secrete some collagens and MMPs. The decidualising stimulus induces upregulation and activation of CREB3L1 and CREB3L2, which have consequences on cell morphology, with a reshaping of the early secretory pathway. Thus Golgi and ER to Golgi vesicular transport components are up-regulated, which ensures more efficient secretion of new and different cargoes. In conditions of CREB3L1 and/or 2 KD, the cells are not able to adjust their secretory machinery to the new cargo load and production. Hence the ER swells, Golgi morphology is profoundly affected (with no enlargement and cisternae fragmentation) and secretion in general is lowered.
Up to now, defects of CREB3L1 or CREB3L2 have been linked to skeletal disorders. CREB3L1 mutations are associated with Osteogenesis Imperfecta (Symoens et al., 2013; Keller et al., 2018; Lindahl et al., 2018), while CREB3L2KO mice, instead, display a severe chondrodysplasia (Saito et al., 2009). Differently from osteoblasts or chondrocytes, our results indicate that decidualizing cells rely on both CREB3L1 and 2. We could speculate that this is due to dEnSC producing and secreting different cargoes, including various collagen types. We cannot exclude that in EnSC CREB3L1 and 2 could also heterodimerize, as previously described (Khan and Margulies, 2019).
The mechanism by which CREB3L1 and 2 are activated has been well characterized. Both must exit the ER to be cleaved by S1P and S2P at the Golgi: this process liberates the cytosolic portions that translocate to the nucleus to become transcriptionally active, analogous to the activation mechanism of ATF6 and SREBP proteins (Kondo et al., 2007; Murakami et al., 2009). What drives the exit of CREB3L1 and 2 from the ER is, however, not completely understood yet. In fibroblasts and HeLa cells, CREB3L1 and 2 are continuously rapidly degraded, such that their up-regulation allows a fraction of the CREB3L1 and 2 pool to escape from the degradation machinery and, hence, exit from the ER to the Golgi, leading to their activation (Kondo et al., 2012). Whether such a scenario holds true for the decidualization process awaits further analysis. While both CREB3L1 and 2 are transcriptionally induced in stimulated EnSC, only CREB3L1 increases also at the protein level, suggesting that different processing mechanisms may apply to either of the two TF. Androgen receptor activates CREB3L2, increasing protein trafficking in prostate cancers (Hu et al., 2021), but the biochemical details remain to be elucidated. It is tempting to speculate that similar mechanisms are shared by progesterone receptor, which will be a topic for further studies.
Altogether, our data shed new light on the molecular mechanisms underlying the reshaping of the secretory pathway during decidualization. With their unique cargo heterogeneity, EnSCs behave differently from other known cell types differentiating towards protein factories. Thus, they prove to be an invaluable model to study adaptation of the secretory pathway during differentiation towards a highly secretory phenotype.
MATERIALS AND METHODS
Reagents and antibodies
Chemicals and reagents were purchased from Sigma-Aldrich (St Louis, MO), unless otherwise specified. Custom oligonucleotides were purchased from Metabion International AG (Planegg, Germany). The following primary antibodies were used: mouse monoclonal anti-ERp44 36C9, that has been previously described (Anelli et al., 2003; Anelli et al., 2007); mouse monoclonal anti-HLA1 W6/32 (ATCC); mouse monoclonal anti-actin, rabbit anti-CRT, goat anti-Vimentin, rabbit anti-ERGIC-53 and Phallodin-FITC (Sigma, St Louis, MO); mouse monoclonal anti-proCOL1A1 (Developmental Studies Hybridoma Bank [DSHB]); rabbit polyclonal anti-Col1A1 and mouse monoclonal anti-golgin 97 (CDF4) (Invitrogen Molecular Probes [Eugene, OR, United States]); mouse monoclonal anti-GM130 (BD Biosciences, Franklin Lakes, NJ); rabbit polyclonal anti-giantin (19243) (Biolegend, San Diego, CA); Alexa Fluor conjugated secondary antibodies (488, 647 and 700) were from Invitrogen Molecular Probes (Eugene, OR). CREB3L1 and CREB3L2 were detected respectively using the following antibodies: anti-OASIS, clone 10H1, MABE1151 (EMD corp., United States); anti-BBF2H7, clone 28G9, MABE1018 (EMD corp., United States).
Cell lines
Experiments were performed on the human immortalized EnSC cell line T-HESC, obtained from ATCC (ATCC CRL-4003). Cells were cultured, according to manufacturer’s instructions, in a 1:1 mixture of Dulbecco’s modified Eagle’s medium and Ham’s F-12 medium without Phenol Red, containing 3.1 g/L glucose and 1 mM sodium pyruvate, and supplemented with 1.5 g/L sodium bicarbonate, 1% ITS + Premix (Corning), 500 ng/ml puromycin, and 10% charcoal/dextran treated fetal bovine serum. Medium was supplemented every 3–4 days with 50 ug/ml ascorbic acid. Decidualisation was induced by adding in the medium cAMP (8-bromoadenosine 3′, 5′ cyclic monophosphate) 0.5 mM and MPA (medroxyprogesterone) 1uM as previously described (Anelli et al., 2021). HeLa cells were maintained in High Glucose DMEM supplemented with 10% fetal bovine serum and with penicillin/streptomycin (100 U/ml and 100 ug/ml respectively).
Bulk RNA-seq time course analysis and clustering
Cell samples were collected in duplicate before the stimulus (0 h) and at time 6, 18 h, d1, d1.5, d2, d3, d6 after the start of the decidualization protocol. RNA was harvested using TRIzol (Invitrogen) according to the manufacturer’s instructions. Library preparation was created from 500 ng of total RNA per sample and processed using the TruSeq Stranded mRNA kit, according to the manufacturer’s protocol. The sequencing step was carried on an Illumina HiSeq 3,000 platform. Sequencing data were analyzed using snakePipes with standard parameters (Bhardwaj et al., 2019). The pipeline employs STAR aligner to map the reads to the human genome (genome build hg38). FeatureCounts was utilized to count the number of reads per annotated gene using gencode gtf file (release 27). Raw sequencing data and raw counts are available on the Gene Expression Omnibus repository, accession number: GSE200200. Differential expression analysis (DEA), over-representation analysis (ORA), time series clustering and data visualization were performed using the R programming language (v. 4.1.0). Count matrix was prefiltered before DEA by removing all genes showing a total number of counts, across al the samples, less than 30. DEA design consists of a pairwise comparison of each timepoint replicates versus untreated ones using the DESEQ2 package (v. 1.32.0) (Love et al., 2014). DEGs were called based on adjusted p-value < 0.01 and absolute log2 fold change >0.5. ORA of DEA outputs was carried out on the enrichR package (v. 3.0). Enrichment for Gene Ontology (GO) terms was performed based on the database GO molecular function, cellular component, biological pathways, 2021 release. Candidate genes for time series clustering of ER and Golgi apparatus compartments were selected for both of the following criteria: being called differentially expressed at any timepoints ranging from 6 to 72 h and being annotated to GO cellular component terms GO:0005783 Endoplasmic Reticulum and/or GO:0005794 Golgi Apparatus, 2018 release. Annotations were downloaded from AmiGO2, setting “Homo Sapiens” and “experimental evidence” as filtering criteria parameters for “organism” and “evidence”, respectively. The input matrix for clustering was retrieved by subsetting the time-course expression of the genes of interest from the original expression matrix transformed using DESEQ2 variance stabilizing transformation. Then, expression value information for each time point was obtained by averaging replicates of the same time point. Last, we performed z-normalization to optimize the performance of the distance metric utilized in the clustering. Time-series clustering was performed using the dtwclust package (v. 5.5.10) (Sardà-Espinosa, 2019). The shape-based distance (SBD) proposed by Paparrizos and colleagues (Paparrizos and Gravano, 2015) and partition around medoids (PAM) were chosen as the distance metric and clustering algorithm, respectively. SBD consists of a normalized version of the cross-correlation measure, which allows for determining the similarity of the shape between time signals, even if they are not properly aligned. PAM requires to set a k number of clusters a priori. The optimal number of k clusters was determined with a heuristic approach based on the visual inspection of the clusters that maximized the average Silhouette index. The presented clustering output was obtained by choosing k = 5 and the seed set to 23. To polish the clusters from genes showing dramatic out of phase temporal expression, we removed from the clustering output all genes showing, at any time point, an absolute z-score expression value higher or lower than two standard deviations from the mean z-score expression for the considered timepoint. Enrichment for BP GO terms for each cluster was carried out on topGO package (v.2.44.0) (Alexa and Rahnenfuhrer, 2022). ORA was performed by adjusting the gene Universe to the genes contained in the polished version of the clustering output. The weighted algorithm proposed in Alexa et al., 2006 was used to reduce the impact of local dependencies in the GO graph. Enrichment for shared transcription factor binding motif (TFBM) for the genes in each cluster was performed using RcisTarget (v. 1.12.1) (Aibar et al., 2017). The analysis was performed by evaluating the shared motifs found at ± 10 kb from the transcription start site of the genes in the input list. Data visualization was performed using the packages ggplot2 (v. 3.3.6) (Wickham et al., 2016) and pheatmap (v. 1.0.12) (Raivo Kolde, 2019).
siRNA and transient transfection
Silencing was performed with Lipofectamine RNAiMax reagent (Thermofisher) according to manufacturer’s instruction. CREB3L1 was silenced with a custom siRNA oligonucleotide [5′CCA​CCA​AGU​ACC​UGA​GUG​A (dT)(dT)-3′, sense], while for CREB3L2 a previously described siRNA oligonucleotide was used [5′GAG​UCU​UGU​UCA​ACU​GAG​A (dT)(dT)-3′, sense] (Tomoishi et al., 2017). Non-targeting duplexes used as control (SiC) were purchased from Darmachon (Lafayette, Colorado, United States) (catalog number D-001810–01). Silencing of the genes of interest was confirmed by RealTime qPCR, as described below.
HeLa cells were transfected with JetPEI transfection reagent (Euroclone) according to manufacturer’s instructions.
Cloning of cytosolic CREB3L1 and CREB3L2
Cytosolic domains of CREB3L1 and CREB3L2 were cloned from RNA of T-HESC cell line, retrotranscribed with RT Polymerase (Promega) and oligo-dT primers (Promega) according to manufacturer’s instructions. To ensure high expression of the transcripts and avoid cross-contamination, RNAs at day 3 of decidualization with silencing of CREB3L2 and CREB3L1 (confirmed by RealTime quantitative PCR) were used to amplify CREB3L1 and CREB3L2 respectively. PCR was performed with Pfu DNA Polymerase (Promega), with the following conditions: 95°C 2 min; 95°C 30 s, 52°C (CREB3L1)/56°C (CREB3L2) 30 s, 72°C 3 min × 35 cycles; 72°C, 5 min (CREB3L1 fw: CTA​GCT​AGC​TAG​GGC​TGC​GAT​GGA​CGC​CGT​C; rev: CCG​GAT​ATC​TTA​TTA​TGG​TCC​CAG​TCT​GGG​TG; CREB3L2 fw: CTA​GCT​AGC​TAG​GGC​CCG​CAC​CGC​CAT​G; rev: CCG​GAT​ATC​TTA​TTA​GCA​GGT​GCC​AGT​CTG​CGT​G). Vector pcDNA3.1 (+) and PCR products were digested with NheI-HF (Biolabs) and EcoRV (Biolabs), run in 1% agarose gel and purified (ZymoClean Gel DNA Recovery Kit, Zymo Research). Ligation was performed with T4 DNA ligase (Promega), with a 3:1 insert/plasmid ratio. Plasmid identity was then confirmed by site-specific enzymatic digestion with NotI (Biolabs) and BstxI (Promega) and by sequencing (Metabion, Planegg/Steinkirchen Germany).
Western blot analysis
Western Blot assay was performed as previously described (Anelli et al., 2021). Briefly, cells were detached with Trypsin/0.5% EDTA (ThermoFisher) and counted with Neubauer chamber, washed once in ice-cold PBS (Gibco) and once in ice-cold PBS containing 10 mM N-ethylmaleimide (NEM) to block rearrangement of disulfide bonds; lysis was performed in 150 mM NaCl, 1% NP-40, 2% SDS, 50 mM Tris HCl pH 7.4 containing 10 mM NEM, cOmplete EDTA-free protease inhibitor cocktail (Roche) and phosphatase inhibitors, using 10uL of lysis buffer for 100.000 cells. Samples were processed with Benzonase nuclease according to manufacturer’s instruction. Samples were then loaded in reducing conditions (50 mM DTT) on SDS-PAGE (4–12% or 3–8% precast gel, Invitrogen), normalizing by protein quantity (40 ug/lane), unless differently specified. Western blot in Figure 6C was instead performed in non-reducing conditions. After transfer on nitrocellulose (0.2 um, Ahmersham), membranes were saturated in 5% milk in PBS 0.1% Tween and then incubated with specific antibodies as indicated (primary antibodies 1:500 in PBS 0.1% tween, 2% milk; secondary antibodies Alexa Fluor conjugated [647 or 546] 1:1,000 in PBS 0.1% Tween; HRP-conjugated secondary antibodies 1:5,000 in PBS-0.1% tween). Signals were detected by fluorescence, with FujiFilm FLA 9000 (FujiFilm Life Science, Tokyo, Japan), or by chemoluminescence, with Uvitec Alliance Mini HD9 (Cambridge, United Kingdom). Densitometric analysis of the images was performed with ImageJ. Signals were normalized on protein loading (ponceau staining).
Secretion assay and SYPRO Ruby staining
For secretion assays, at the end of the siRNA and decidualization period, the cells were washed three times in PBS and incubated for 6 h in serum free medium (OPTIMEM) (Gibco) containing 50 ug/ml Ascorbic Acid (final concentration). The 6-h culture supernatants were collected and centrifuged once at 1000 g to get rid of detached dead cells; then they were added with 10 mM NEM and cOmplete EDTA-free protease inhibitor cocktail (Roche). Cells were detached, counted and lysed as described above. A volume of the supernatants corresponding to equal cell numbers was loaded on SDS-PAGE (4–12% precast gel, Invitrogen). The gels were then either used for Western Blot analysis (as described above), or stained with SYPRO Ruby Protein Gel Stain (Merck) according to the manufacturers’ protocols. For SYPRO Ruby staining, fluorescence signals images were acquired with FujiFilm FLA 9000 (FujiFilm Life Science, Tokyo, Japan) and processed with ImageJ.
Prolactin measurements
For PRL measurements, cells (control or subjected to siRNA as indicated) at day 6 of decidualization were incubated for 4 h in OPTIMEM. Cell culture supernatants were collected and cells were detached and counted. PRL concentration in the spent medium was measured using a two-steps Sandwich ELISA. Briefly, plate wells were coated with capture antibody (anti-human PRL Goat IgG RD System, 800 ng/ml 100 µL/well) O/N at 4°C. After three washes in 300 µL of wash buffer (WaBu, PBS 0.05% Tween 20), saturation was performed in PBS 1% BSA (300 µL/well). Blocking was discarded and samples (100 µL of 6 h SN in OPTIMEM) were added, O/N at 4°C. Purified human PRL (RD System) diluted in PBS was used as standard curve, in a range from 0.01 ng/100 μL to 5 ng/100 µL. OPTIMEM alone (100 µL/well) was used as a negative control. After three washing in 300 µL of WaBu, wells were treated with a biotinylated detection antibody (Goat anti-human PRL IgG RD System, 400 ng/ml, 100 µL/well, 2 h RT). Wells were washed 3 times with 300 µL of WaBu, and then treated with HRP conjugated Streptavdin (RD System, DY998) (1:200, 100µL/well, 1 h RT). After three washings with 300 µL of WaBu, the HRP substrate (SigmaFast OPD, Sigma) was added (100 µL/well, 20 min RT) and the optical density was measured at 450 nm. The amount of secreted PRL was expressed as a ratio on the cell number.
Immunofluorescence and morphometric analysis
Cells were plated at a suitable confluence directly on glass slides. After treatments, cells were fixed in 4% PFA for 10 min at RT and washed in PBS. For conventional immunofluorescence, cells were permeabilized with 0.1% Triton X-100 in PBS, incubated with blocking solution (PBS-5% FCS) for 30 min at RT, and then incubated with primary and secondary antibodies (Alexa Fluor conjugated 488 or 647) or with Phalloidin-FITC (Sigma), 1:500 in PBS-5% FCS, for 30 min at RT. For staining with anti-golgin 97 cells were permeabilized in 0.1% saponin, and the detergent was kept for all the subsequent steps of staining. Nuclei were stained with DAPI (Sigma) (1:5,000), and coverslips were mounted using Mowiol mounting medium. For morphometry, cells were first incubated with blocking solution, anti-HLA antibody (W6-32), and fluorescent secondary antibody before permeabilization; immunofluorescence for the intracellular proteins was then performed as described above. Images were acquired with DeltaVision GE healthcare DeltaVision Ultra microscope (ALEMBIC, Milan, Italy), equipped with oil lenses. A ×60 magnification (Olympus ×60/1.42, Plan Apo N, UIS2, 1-U2B933) was used for morphometry, while a ×100 magnification (Olympus ×100/1.40, UPLS Apo, UIS2, 1-U2B836) was used for organelle morphology analysis. For morphometry analyses, images were deconvolved with Huygens Professional version 19.04 (Scientific Volume Imaging, Hilversum, The Netherlands, http://svi.nl), using the CMLE algorithm, with SNR:10 and 40 iterations. Analyses of Golgi, ER and total cell volume were performed with the advanced Object Analyzer plugin of the Huygens Professional software (garbage 1, seed value 10%, and threshold 4%). With this strategy, cell volume, ER or Golgi volume and organelle/cell volume ratio were determined for each cell.
PCR and quantitative real-time PCR
Semi-quantitative real-time PCR (qRT-PCR) amplification was performed (as described in Sanchez et al., 2016) with the SYBR PCR Master Mix kit (Applied Biosciences, Waltham, MA) using the Biorad Real Time PCR machine (CFX96 Real Time System). Briefly, 1uL of primers (final concentration 2,5 uM), 4 ng of template DNA in nuclease free water and 5uL of Master Mix were added to each reaction. All the samples were loaded in technical triplicate, and at least in biological duplicate, Cycling was performed with the following conditions: preincubation 10 min 95°, amplification 40 cycles 15″ 95° + 60″ 60°. Melting curves were evaluated for each gene. Relative quantification of gene expression was performed for each condition: GAPDH was chosen as a reference gene, since it is constant during all the days of decidualization. Mock-transfected, undifferentiated cells (D0 siC) were considered as control condition, and the expression of each gene was expressed as an increase (or decrease) relative to the value measured at D0 siC (ΔΔCT). The results were expressed as fold gene expression values (2−ΔΔCT), averaged and plotted in the graphs.
qRT-PCR primers used for KDELRs were obtained from Qiagen (Hilden, Germany): Hs_KDELR1_1_SG QuantiTect Primer Assay (QT00090811) for KDELR1, Hs_KDELR2_1_SG QuantiTect Primer Assay (QT00092715) for KDELR2, Hs_KDELR3_1_SG QuantiTect Primer Assay (QT00097790) for KDELR3. Other primers were purchased from Metabion (Planegg, Germany) and are listed in Table 1.
TABLE 1 | Primer list.
[image: Table 1]Statistical analysis
Statistical analysis for wet biology experiments was performed using a two tails unpaired student’s t Test with Welch’s correction or, in case of multiple comparisons, with one-way Anova with Turkey correction. p values ≤ 0.5 were considered significant. Statistics were obtained using Graph Pad Prism (6.0 version).
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