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Creatine provides cells with high-energy phosphates for the rapid reconstitution of hydrolyzed adenosine triphosphate. The eponymous creatine transporter (CRT1/SLC6A8) belongs to a family of solute carrier 6 (SLC6) proteins. The key role of CRT1 is to translocate creatine across tissue barriers and into target cells, such as neurons and myocytes. Individuals harboring mutations in the coding sequence of the human CRT1 gene develop creatine transporter deficiency (CTD), one of the pivotal underlying causes of cerebral creatine deficiency syndrome. CTD encompasses an array of clinical manifestations, including severe intellectual disability, epilepsy, autism, development delay, and motor dysfunction. CTD is characterized by the absence of cerebral creatine, which implies an indispensable role for CRT1 in supplying the brain cells with creatine. CTD-associated variants dramatically reduce or abolish creatine transport activity by CRT1. Many of these are point mutations that are known to trigger folding defects, leading to the retention of encoded CRT1 proteins in the endoplasmic reticulum and precluding their delivery to the cell surface. Misfolding of several related SLC6 transporters also gives rise to detrimental pathologic conditions in people; e.g., mutations in the dopamine transporter induce infantile parkinsonism/dystonia, while mutations in the GABA transporter 1 cause treatment-resistant epilepsy. In some cases, folding defects are amenable to rescue by small molecules, known as pharmacological and chemical chaperones, which restore the cell surface expression and transport activity of the previously non-functional proteins. Insights from the recent molecular, animal and human case studies of CTD add toward our understanding of this complex disorder and reveal the wide-ranging effects elicited upon CRT1 dysfunction. This grants novel therapeutic prospects for the treatment of patients afflicted with CTD, e.g., modifying the creatine molecule to facilitate CRT1-independent entry into brain cells, or correcting folding-deficient and loss-of-function CTD variants using pharmacochaperones and/or allosteric modulators. The latter justifies a search for additional compounds with a capacity to correct mutation-specific defects.

Keywords: creatine, intellectual disability, creatine transporter 1, creatine transporter deficiency, protein misfolding, pharmacochaperoning, SLC6A8


THE CREATINE TRANSPORTER DEFICIENCY (CTD) SYNDROME

Creatine transporter deficiency (CTD) is one of the known genetic causes of cerebral creatine deficiency syndromes (CCDS). In CTD, creatine is incapable of entering the brain cells via the designated creatine transporter 1 (CRT1). The remaining two CCDS disorders are caused by deficiencies in the enzymes arginine: glycine amidinotransferase (AGAT) and guanidinoacetate methyltransferase (GAMT), which are required for creatine synthesis in the body. All three deficiencies result in the absence of creatine in the brain. Because creatine is fundamental to normal brain development and function, the most frequent and core phenotype of CTD, and CCDS overall, is marked intellectual disability. Apart from this predicament, the clinical picture of the disease manifests in a complex spectrum of additional clinical symptoms including epileptic seizures, development delay (language and walking), behavior problems (autism, attention deficit hyperactivity disorder (ADHD), motor dysfunction (lack of coordination and dystonia), failure to thrive, and gastrointestinal problems (neonatal feeding difficulties, vomiting, constipation and ulcers).

AGAT and GAMT deficiencies affect males and females comparably, as they are inherited in an autosomal recessive manner. CTD, on the other hand, is an X-linked disease and as such predominantly impacts the male population. CTD is caused by mutations in the SLC6A8 gene (mapped to Xq28), encoding the CRT1 protein. The mutations give rise to CRT1 variants, which dramatically reduce or abolish creatine uptake activity. To date, over 80 pathogenic variants have been identified in the human CRT1 gene. Detailed clinical indications have already been reported for specific point mutations (Table 1). The severity of CTD appears to correlate to residual CRT1 activity; e.g., A404P and P544L, both maintained 5–15% of wild type transporter creatine uptake levels in patient fibroblasts (Mancini et al., 2005; Alcaide et al., 2010) and HEK293 cells (El-Kasaby et al., 2019), and manifested in moderate intellectual disability. The fully inactive P382L variant, on the other hand, elicited a severe form of CTD in the afflicted patients (Mercimek-Mahmutoglu et al., 2009). According to van de Kamp and colleagues, the prevalence of CTD in males with intellectual disability lies between 0.4 and 1.4% (van de Kamp et al., 2014). The estimated carrier prevalence of CTD in females in the general population is a minimum of 0.024% (DesRoches et al., 2015). The true prevalence of CTD worldwide is probably underestimated, partly due to misdiagnosis (e.g., some patients diagnosed with autism, ADHD, or unexplained intellectual disability). Intellectual disability was estimated to have a prevalence of 1% in the general population (McKenzie et al., 2016), and although CTD is a rare disease, it is a significant and underappreciated cause of this condition.

TABLE 1. Point mutations in human creatine transporter 1 (CRT-1) with the consequent CTD phenotypes.
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About 20–30% of all CTD variants are thought to be caused by de novo mutations (DesRoches et al., 2015). The actual frequency of de novo mutations is unknown, but the emerging state-of-the-art genetic tests, such as trio (father, mother, child) based exome sequencing (Kreiman and Boles, 2020) ought to improve the diagnostic approaches for CTD. In the occurrence of CTD mutations, all males, and about 50% of the affected females, typically display intellectual and cognitive dysfunction (DesRoches et al., 2015). Despite CTD being an X-linked disease, females carrying heterozygous pathogenic mutations have been identified, albeit the extent of disease severity is comparatively mild, e.g., female relatives of CTD patients harboring the G381R and R514X mutations have only minor neuropsychological impairments. It is not entirely clear why some women are protected/asymptomatic carriers, while others are susceptible and develop CTD. The source of variability among female carriers can be rationalized by several factors. (i) Lyonisation or random X-inactivation (Davidson, 1964; Migeon, 2020), may clarify how a phenotypic consequence of the X chromosome can be manifested in mammalian females and males alike, despite females having two somatic X chromosomes and males only one. In females, one X chromosome undergoes inactivation during early embryonic development, such that the end quantities of X-linked gene products in females and males are similar. X-inactivation is random and incomplete, and some segments of the silenced X chromosome can escape inactivation. Females can thus be genetic mosaics, i.e., pathogenicity is ameliorated because the variant is not expressed in all their cells, in contrast to the hemizygous males, who express the pathogenic variant allele in every cell (Migeon, 2020). (ii) In some cases, females manifest the disease because the pathogenic variant interacts with the healthy allele in a dominant-negative manner. (iii) Clinical phenotypes can also be shaped by so-called modifier genes, which alter the expression of other genes, e.g., specific modifiers can differentially affect the incidence, severity as well as the time of onset of target gene diseases, as already reported for e.g., cystic fibrosis, epilepsy and sickle cell disorder (Riordan and Nadeau, 2017). Nonetheless, no such modifier genes have been identified in female carriers of pathogenic CRT1 mutations to date, and future studies may clarify the contribution of this mechanism to the clinical variability among female carriers of CTD.



UNRAVELING THE INTRICATE CLINICAL PHENOTYPE OF CTD


The Brain as a Core Source of the Most Severe Symptoms in CTD

All individuals afflicted with CTD suffer from mild to severe impairment of brain function, which is explicable considering the lack of creatine supply to brain cells. Apart from the robust expression in the brain, CRT1 is also present in other tissues, justifying some of the peripheral symptoms of CTD in the affected individuals (Figure 1). In the human brain, CRT1 shows the highest expression in the pyramidal neurons in the cerebral cortex, Purkinje cells of the cerebellar cortex, hippocampus, and motor neurons of the somatic motor and visceromotor cranial nerve nuclei and the ventral horn of the spinal cord (Lowe et al., 2015). CTD impinges on many cerebral tasks, apart from the vital functions supported by the brainstem, which are selectively spared. The brainstem is phylogenetically a very old part of the brain, implying that CRT1 expression peaked only recently in hominid phylogeny. Moreover, CRT1 expression is much higher in the human brain compared to other primates, leading to the hypothesis that the energetic demand of encephalization (i.e., the emergence of intellect) was met by increased meat (that is, creatine) consumption during evolution (Pfefferle et al., 2011). Intellectual disability epitomizes the unifying symptom in all CTD cases, while other neural and extraneural functions remain affected to variable degrees.
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FIGURE 1. The multi-layered physiological roles of creatine transporter 1 (CRT1). The primary function of creatine transporter 1 (CRT1) is to refill cellular creatine reserves, to compensate for its steady degradation (1.7% daily), in end-consumer cells incapable of self-synthesizing sufficient amounts of creatine (i.e., neurons, myocytes, and cardiomyocytes). CRT1 orchestrates creatine flux throughout the body by tuning the amount of creatine extracted from the blood by individual organs. CRT1 plays a key role in providing the brain with creatine, essential to higher cognitive functions. It shifts creatine across tissue barriers like the kidney tubules, the blood-brain barrier (BBB), and the inner blood-retinal barrier. It thus mediates reabsorption of creatine from the primary urine and facilitates the maintenance of cerebral and retinal tissue energetics, respectively. At the placenta, CRT1 takes up creatine, crucial for embryofetal development. It also supports the functioning and integrity of the intestinal barrier, and is an immunoregulator in leukocytes and stabilizes erythrocyte plasma membranes. Cr, creatine; BBB, blood-brain barrier; BCSFB, blood-cerebrospinal fluid barrier; iBRB, inner blood-retinal barrier; GAA, guanidinoacetate; RBC, red blood cell; WBC, white blood cell.



Many of the brain symptoms of CTD were probed using mouse models of the disease. The hippocampus is a crucial neuroanatomical component in cognitive deficits related to CTD. Hippocampi of CRT1-deficient mice had lipofuscin accumulation, reduced volume, and reduced adult neurogenesis (Baroncelli et al., 2016). CRT1-knockout mice mirrored the cognitive phenotypes of CTD in people. The mice displayed poor performance in Morris Water Maze, novel object recognition, radial arm- and Y-maze tests (Skelton et al., 2011; Kurosawa et al., 2012; Baroncelli et al., 2014, 2016; Udobi et al., 2018; Molinaro et al., 2019). Collectively, these studies ratified the link between dysfunctional CRT1 and learning disabilities and impairments in declarative long-term as well as working memory. Importantly, it may also be concluded that the employed animal models accurately imitate the predominant human CTD symptoms (van de Kamp et al., 2014). Cognitive deficiencies deteriorated with age in a murine model, alluding to the indispensable role of CRT1 in postnatal development of cognitive skills (Baroncelli et al., 2016; Molinaro et al., 2019). Conditional deletion of CRT1 in mice at postnatal day 5 led to cognitive deficits, whereas deletion at day 60 did not (Udobi et al., 2019). Therefore, cognitive symptoms in CTD may be preventable. Pre-symptomatic treatment with creatine in AGAT- and GAMT-deficiencies, in fact, did prevent further development of central nervous system symptoms in CCDS patients (Battini et al., 2006; Schulze et al., 2006).

Epileptic seizures are one of the most severe clinical symptoms of CTD, with many patients suffering from treatment-resistant epilepsies. The seizure phenotype has yet to be mimicked in the genetic mouse models of CTD. Likewise, autism is frequent among CTD patients (van de Kamp et al., 2014), but not entirely reflected in CRT1-deficient mice, possibly owing to the general difficulty of modeling autistic traits in rodents (Skelton et al., 2011; Baroncelli et al., 2016). ADHD is another common symptom of CTD (van de Kamp et al., 2014). CRT1-knockout mice exhibited hyperactive behavior (Kurosawa et al., 2012; Udobi et al., 2018, 2019; Molinaro et al., 2019). Hyperactivity was one of the few symptoms also observed in female mice (Hautman et al., 2014), closely reflecting the clinical portrait of CTD in people. The dopaminergic system was proposed to play a part in CTD-linked hyperactivity: CRT1-deletion from dopaminergic neurons was sufficient to trigger hyperactivity in mice (Abdulla et al., 2020a). However, this is difficult to reconcile with the low expression levels of CRT1 in dopaminergic neurons in people (Lowe et al., 2015). CTD may be linked to incoherent synaptic transmission, evident from patient fibroblasts having a discrepant expression pattern of synapse-linked genes (Nota et al., 2014). Studies of the monoaminergic system in the brains of CRT1 knockout mice revealed no major changes in dopamine, norepinephrine, or serotonin levels (Skelton et al., 2011; Abdulla et al., 2020b). The amount of γ-aminobutyric acid (GABA) and its metabolites was unfortunately not measured, although the GABAergic system is likely to be involved in CTD-related epilepsy. CRT1-deficient mice have less vesicular GABA transporters (Baroncelli et al., 2016). Also, succinate-semialdehyde dehydrogenase and GABA transaminase were upregulated, along with mitochondrial pyridoxal kinase in CRT1-deficient mouse brains (Giusti et al., 2019). Increased pyridoxal kinase activity in CRT1 knockout mice translates into higher levels of pyridoxal phosphate, a potent modulator of GABA synthesis, degradation, and uptake (Norris et al., 1983; Jung et al., 2019). Moreover, one clinical study reported drastically higher levels of guanidino acetic acid (GAA) in CTD patient brain tissues, with virtually no detectable creatine (Sijens et al., 2005). Increased GAA levels were also detected in CRT1-knockout mice (Baroncelli et al., 2016; Udobi et al., 2018). GAA is a biosynthetic precursor of creatine and may impose on the GABAergic signaling in CTD: it activates GABAA receptors (Neu et al., 2002) and decreases the expression of glutamate decarboxylase and GABAB receptors (Hanna-El-Daher et al., 2015). Wild type CRT1 transports GAA during cerebral creatine synthesis (Braissant et al., 2010) and out of the cerebrospinal fluid (Tachikawa et al., 2008). Accordingly, the lack of functional CRT1 in CTD could lead to cerebral accumulation of GAA which, being an endogenous convulsant, may trigger epileptic seizures in CTD patients.



Skeletal and Heart Muscles in CTD

CTD patients frequently display a slender physique and hypotonia (van de Kamp et al., 2014). In CRT1-deficient mice, muscles are reduced in size and are also entirely devoid of creatine (Russell et al., 2014; Stockebrand et al., 2018). Muscle fiber atrophy, or rather reduced myocyte numbers, explain the poorly developed muscle mass and low endurance experienced by many CTD patients. Creatine content in the skeletal muscles of two CTD patients was surprisingly not declined (De Grauw et al., 2003; Pyne-Geithman et al., 2004), possibly due to residual CRT1 function in these particular variants (e.g., delF107). This was also the case for some murine models of the disease and may originate from compensatory upregulation of AGAT in the skeletal muscle (Russell et al., 2014; Stockebrand et al., 2018). Moreover, CRT1-independent creatine uptake may occur in skeletal muscles due to the absence of a semipermeable endothelial barrier. In contrast, the brain is enveloped by the blood-brain-barrier, which does not permit the entry of hydrophilic creatine molecules, making the cerebral symptoms of CTD far more severe than muscular defects. Also, motor function is less affected in CTD mice harboring a brain-specific knockout, as opposed to a global CRT1 knockout (Kurosawa et al., 2012; Udobi et al., 2018; Molinaro et al., 2019).

Creatine promotes myoblast differentiation, although a direct role for CRT1 in embryofetal muscle development remains to be confirmed (Deldicque et al., 2007). Intact CRT1 activity allows for maternal creatine supply during the fetogenesis of AGAT-deficient mice, which is absent in CTD (Stockebrand et al., 2018). Relative to CTD, muscular pathologies in AGAT-deficient mice are less pronounced (Nabuurs et al., 2013). CRT1 is abundantly expressed in lower motor neurons (Mak et al., 2009; Lowe et al., 2015), and its deficiency in CTD may be responsible for the muscular atrophy symptoms in people. Furthermore, reduced CRT1 levels in the primary motor cortex might cause the central motor symptoms such as spastic paresis (Mak et al., 2009; Lowe et al., 2015). To date, only two CTD patients are known to suffer from spasticity (Ardon et al., 2016; Rostami et al., 2020). The motor system is also affected by CRT1-expressing cerebellar Purkinje cells, which rank among the highest CRT1-expressing brain regions (Mak et al., 2009; Lowe et al., 2015). CRT1-deficient mice lack cerebral creatine (Molinaro et al., 2019), and consequently display poor motor learning and coordination (Stockebrand et al., 2018). An outcome of compromised cerebellar function is its contribution to the delayed motor skill development, which occurs in most CTD patients (van de Kamp et al., 2014).

The effects on cardiac muscle have been identified in only a few CTD patients (van de Kamp et al., 2013). Under normal physiological conditions, the heart contains large amounts of creatine and expresses abundant amounts of CRT1. Yet, the heart seems to be one of the least affected organs in CTD (along with the retina, see below). Some CRT1-knockout mice have dramatically reduced heart tissue creatine levels, but do not display overt cardiac pathologies (Skelton et al., 2011; Baroncelli et al., 2014; Stockebrand et al., 2018). The discrepancies in human (and murine) cases of CTD may be down to the following: (i) underdiagnosis, i.e., CTD patients and animal models not undergoing appropriate medical examinations and experimental investigation, respectively; (ii) a later time of onset of the cardiac symptoms; (iii) heart tissues acquiring creatine in a CRT1-independent manner (as described above for skeletal muscles); and (iv) the cardiac phenotype may be contingent on the genetic background, which is consistent with the modifier gene concept. Such protective compensatory mechanisms on the heart add up because CRT1 is vital to cardiac function; i.e., the creatine-phosphocreatine circuit sustains cardiomyocytic bioenergetics (Guzun et al., 2011), and CRT1 plays a role in cardiomyogenesis, evident from enhanced myocardial expression of CRT1 upon cardiac maturation in rats (Fischer et al., 2010).



Effects on the Sensory Organs

High amounts of CRT1 are present in the retina (Acosta et al., 2005; Country, 2017), cochlea, and the auditory brainstem nuclei (Hiel et al., 1996; Wong et al., 2012). Still, this robust expression pattern does not inevitably provide a cue, as there is no evidence for impaired sight or hearing in CTD patients or in CRT1-deficient mouse models (Skelton et al., 2011). In CTD patients, the impaired hearing was proposed to contribute to the delay in speech development (van de Kamp et al., 2014). However, upon direct evaluation by brainstem auditory evoked potentials, the central auditory pathways appeared intact (Schiaffino et al., 2005; Rostami et al., 2020). Otoacoustic emission indicated hearing loss due to outer hair cell malfunction in one CTD patient (Hathaway et al., 2010). No major visual defects were reported in CTD patients, except for sporadic strabismus (Schiaffino et al., 2005; Yu et al., 2013), which can probably be ascribed to ocular myopathy. Visually evoked potentials were assessed in a single CTD patient with no evidence of pathological changes, while compromised ocular fundus was reported in one out of three cases examined (Schiaffino et al., 2005; Anselm et al., 2006). The lack of the anticipated defects in the retina of CTD cases may ensue from compensatory processes such as cell-autonomous creatine synthesis in retinal neurons and/or glia, which presumably sustain adequate amounts of creatine.



Further Aspects of CTD: Immunity and Cellular Metabolic Networks

CRT1 supports the balance between two types of macrophage activation (Ji et al., 2019). Furthermore, creatine uptake was recently found to modulate CD8 T-cell response to antigen exposure (Di Biase et al., 2019). CRT1 is expressed in leukocytes (Taii et al., 2020) and macrophages (Loike et al., 1986; Lowe et al., 2015; Heinbockel et al., 2018; Ji et al., 2019). Since CRT1-activity was detected in lymphoblastoid cells derived from a CTD patient, it is conceivable that CRT1 has an immunoregulatory role in the body (Leuzzi et al., 2008). CTD mouse models also exhibit a marked increase in activated microglia (Baroncelli et al., 2016). Moreover, the brains of CRT1-deficient animals show an upregulation in cyclophilin A (Giusti et al., 2019), an immune effector molecule whose secretion is enhanced in many inflammatory conditions (Nigro et al., 2013). Both findings constitute unspecific reactions to cellular damage in CTD. Early and late apoptosis was observed in skin fibroblasts cultured from CTD patients with marked increases in reactive oxygen species levels (Alcaide et al., 2011). This is consistent with creatine having antiapoptotic and antioxidant properties (Lawler et al., 2002; Rahimi et al., 2015). In fact, creatine has been in clinical use for its neuroprotective effects (Sullivan et al., 2000; Sakellaris et al., 2006). Also of interest is a report of a novel CRT1 inhibitor, shown to suppress cancer growth and metastatic progression (Kurth et al., 2018), which implicates CRT1 in cancer and prompts a closer survey of cancer incidence among CTD patients.

Creatine is immersed in the metabolic network of cells. This balance is vulnerable and cells have developed compensatory mechanisms to cope with reduced creatine concentrations, e.g., upregulation of AGAT in kidneys and, albeit to an insufficient extent, in muscles of CRT1-deficient rodents (Russell et al., 2014; Stockebrand et al., 2018). Also, decreases in cellular energy reserves cause a multitude of mitochondrial adaptions in models of CTD. The upregulation of oxidative enzymes was confirmed by proteomic analysis of brain mitochondria in CRT1-knockout mice (Giusti et al., 2019). The increase in mitochondrial density may compensate for the lack of spatial ATP buffering, by decreasing the distance of diffusion (Oudman et al., 2013). Furthermore, inhibition of CRT1 leads to the upregulation of mitochondrial creatine kinase (CK) in striated muscles (Oudman et al., 2013). A rise in mitochondrial respiration in the hippocampus and skeletal muscle fibers was also observed in CRT1-deficient mice, accompanied by increased O2 and CO2 consumption assessed by whole-body calorimetry (Perna et al., 2016). Lastly, CRT1-deficient cells down-regulate the mitochondrial uncoupling protein 3, which is likely to limit energy dissipation in the form of heat (Stockebrand et al., 2018). Moreover, the AMP-activated protein kinase (AMPK) is activated by low energy levels and drives ATP production via multiple pathways. AMPK is activated in CRT1-deficient and β-guanidino propionic acid (GPA, CRT1 inhibitor)-fed animals (Oudman et al., 2013; Stockebrand et al., 2018). This response to low ATP levels likely aggravates the decreased creatine reabsorption from urine, since AMPK negatively regulates CRT1 expression in kidney epithelia (Li et al., 2010). Conversely, AMPK activation increases creatine uptake in cardiomyocytes (Darrabie et al., 2011). AMPK signaling may underlie the upregulation of fatty acid transporter proteins and glucose uptake via GLUT4 observed in animal models of CTD (Oudman et al., 2013; Stockebrand et al., 2018). In addition to stimulating the AMPK pathway, reduced creatine uptake triggers the activation of the mitogen-activated protein kinase 1 (MAPK/ERK) pathway (Giusti et al., 2019), and disturbed ERK1/2 activity has already been linked to intellectual disability (Kalkman, 2012; Pucilowska et al., 2015, 2018; Borrie et al., 2017). Many signaling pathways become activated in nerve and other cells, as they cannot meet their energy demands during sustained activity. Thus, changes in AMPK, MAPK/ERK, and other pathways reflect the malfunctioning of the brain and the altered synaptic transmission in CTD. Exploring cellular compensatory mechanisms as opportunities for alternative CTD treatments, though arduous, may be worthwhile.




MOLECULAR FEATURES OF CTD


CTD Effects on Neuron Cells: CRT1 Out-of-Place

The neurologic phenotype of CTD is by far the direst of all clinical manifestations of the disease. It is presumed that brain cells depend on local creatine synthesis since the expression levels of CRT1 at the blood-brain barrier (BBB) are comparatively low and the permeability of creatine through the BBB is limited. Indeed, AGAT and GAMT are expressed in neurons, oligodendrocytes, and astrocytes (Braissant et al., 2001, 2010; Tachikawa et al., 2004; Braissant and Henry, 2008). The two enzymes are rarely co-expressed, necessitating the intercellular translocation of the creatine precursor GAA (Braissant et al., 2010). This is most likely achieved by CRT1, which is predominantly expressed in the soma and proximal dendrites of neurons and to a lesser degree in oligodendrocytes and microglia (Braissant et al., 2010; Lowe et al., 2015). Cells with high energetic demands, such as hippocampal pyramidal neurons and Purkinje cells, all express AGAT, GAMT, and CRT1. CRT1 translocates GAA with an affinity 10-fold lower than that of creatine (Tachikawa et al., 2008). Plasma GAA levels are well below creatine levels (Almeida et al., 2004), so extracerebral GAA is not likely to contribute to neuronal creatine synthesis. Hence, in the absence of functional CRTs, brain cells are deprived of their essential energy resource, creatine. However, from a different perspective, one may argue that the capacity of BBB to translocate creatine must not be very high and is capable of sufficiently replacing the lost creatine. Moreover, overexpression of CRT1 in the heart disrupts cardiac bioenergetics, implying that tight regulation of CRT1 expression prevents large increases in creatine concentrations (Wallis et al., 2005). Thus, although the hypothesis that the rodent brain can synthesize creatine is reasonably valid, further experimental evidence is required to grasp these mechanisms. One of the most highly CRT1-expressing cells in the brain are hippocampal neurons, whereby the transporter is delivered to both dendritic and axonal compartments (Dodd et al., 2010). We recently tracked fluorescently-tagged human CRT1 transiently transfected in primary rat hippocampal neurons: the transporter was targetted to the arborizations of neurite extensions and their distal tips. Quite an altered expression pattern was shown by the CTD variant P544L (Table 1), which was confined to the neuronal soma and reached only the proximal neurite segments (El-Kasaby et al., 2019). Thus, defective trafficking of variant CRT1 proteins poses one feasible trigger, at least for some CTD-linked variants. Disease mutations can elicit dysfunction either by interfering with cellular processing (e.g., P544L) or by disrupting protein function. A large number of CTD variants are known to cluster in the region encompassing transmembrane domains (TMDs) 7 and 8, a mutation hot spot (Freissmuth et al., 2018), which delineates the creatine translocation pathway in CRT1 (Figure 2). It is hence not surprising that mutations in this very region abolish transporter activity.
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FIGURE 2. Creatine transporter deficiency (CTD)-associated variants mapped onto a CRT1 topology. CRT1 adopts the common structural fold of SLC6 proteins with 12 transmembrane domains (TMs) and cytoplasmic N- and C-termini. Most of the reported sequence alterations in CTD cluster in the region encompassing TMDs 7 and 8. Only those variants with the ascertained clinical phenotypes are displayed on the topology. Sixteen mutations are known to be folding-deficient. Individual mutants vary in their response to the chemical chaperone 4-PBA.





CTD and Key Insights From SLC6 Transporters Folding and Trafficking

Many CTD variants have been associated with aberrant glycosylation, intracellular retention, and reduced surface expression (Uemura et al., 2017; El-Kasaby et al., 2019). Evidence for proteostatic deficiencies in several CTD mutants was also substantiated by data from the Schlabach group (Salazar et al., 2020). Nascent membrane proteins in the endoplasmic reticulum (ER) are core-glycosylated. After export from the ER, they acquire mature N-linked glycans in the Golgi apparatus. We recently took advantage of glycosidases with different glycan cleavage patterns to demonstrate that 16 CTD-linked variants exhibit an immature glycosylation pattern (El-Kasaby et al., 2019). The mutant proteins also co-localized with the ER-resident chaperone calnexin (El-Kasaby et al., 2019), suggestive of misfolding and ER-retention. Much of the understanding of SLC6 protein folding and trafficking is shaped by paradigmatic studies of the serotonin transporter (SERT) in our laboratory (El-Kasaby et al., 2010; Koban et al., 2015; Kasture et al., 2019). Nascent SLC6 proteins are engaged by various ER-resident chaperones, such as calnexin and a relay of cytosolic chaperones that interact with the transporters’ C-tail regions (Sucic et al., 2016), which serve as molecular folding sensors along the stringent ER quality control cascade. Hence, manipulating different components of the folding trajectory (detailed below) proved effective in the rescue of many misfolded SLC6 transporters, i.e., proper folding permits ER export and trafficking of the client proteins to their designated sites of action in cells.

The sequence of folding events taking place at the level of ER is meticulous. The ribosome is first recruited to the ER membrane via the signal recognition particle (SRP) and the SRP receptor, where the translation arrest is lifted and the transmembrane helices are co-translationally inserted into the translocon/SEC61 channel. In the translocon channel, hydrophobic residues of the nascent chain are shielded from the hydrophilic environment. After the lateral exit of transmembrane segments into the lipid bilayer and N-linked glycosylation, transporter proteins undergo the calnexin cycle on the lumenal side of the ER. On the cytosolic side, the C-terminus is engaged by a heat shock protein relay (e.g., HSP40, 70, and 90) to assist folding and impede premature engagement of the coat protein complex II (COPII)-coat. ER-resident, lumenal chaperones are recruited to the folding intermediates: calnexin recognizes the (re)glycosylated folding intermediates via its lectin domain. Upon reaching the minimum energy state (i.e., the stably folded conformation), the chaperones are released. The transporters subsequently form oligomeric complexes and recruit the cognate SEC23/SEC24-dimers (Sucic et al., 2011, 2013) to specific ER exit motifs located on their C-termini. The bow-tie shape of the COPII-component SEC23/SEC24 prompts membrane curvature of the budding COPII vesicles en route to the Golgi (Figure 3). Severely misfolded proteins remain bound to calnexin and HSPs and are at last destined for ER-associated degradation (ERAD).
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FIGURE 3. A molecular view of CTD and the putative therapeutic approaches. CTD mutations trigger folding deficits or impair CRT1 substrate uptake activity (both resulting in the lack of functional CRT1 proteins at the cell surface; top right). Three approaches can be used to restore creatine supply in the cells: (1) conjugating creatine with salts, taken up by other transporters; and (2) creating lipophilic creatine analogs, to establish transporter-independent delivery of cyclocreatine, creatine benzyl, and fatty acid esters (top left), or (3) pharmacochaperoning to correct folding defects in CRT1 variants (recovering surface expression and creatine uptake activity of CTD mutant protein, top middle) by treatment with small molecules, that act either directly on the CRT1 itself (i.e., transporter ligands) or manipulate the cellular folding machinery (e.g., heat shock protein inhibitors and chemical chaperones).



The inheritance pattern of many folding diseases in SLC6 transporters can be rationalized by oligomerization, which takes place at the final stage of folding immediately before the concentrative export of COPII vesicles from the ER compartment. Synthetic ER export-deficient mutations in the C-terminal region of GAT1 elicit a dominant-negative effect on the wild type transporter (Just et al., 2004; Farhan et al., 2007), which also pertains to disease variants: i.e., dominant-negative phenotypes evident for misfolded variants NET-A457P (Hahn et al., 2002) and GLYT2-S510R (Rees et al., 2006; Giménez et al., 2012; Arribas-González et al., 2015). In recessive transmission, misfolded proteins remain trapped by lumenal chaperones in the ER, precluding oligomerization with wild type alleles; e.g., many hyperekplexia variants in GLYT2 (Eulenburg et al., 2006; Rees et al., 2006) or parkinsonism variants in DAT (Kurian et al., 2009, 2011; Ng et al., 2014).

The majority of CTD mutations are located in the hydrophobic core of CRT1 (Figure 2). This is predictable since the interaction of TMDs and the lipid bilayer represents a critical factor in SLC6 transporter folding. In the lipid bilayer, transmembrane segments of nascent SLC6 transporters rearrange to adopt an annular topology, which requires lipid displacement from surfaces of 12 α-helical TMDs, facing one another or away from the translocation pathway (Sucic et al., 2016). The same problem was observed for folding-disease variants in other SLC6 transporters (Freissmuth et al., 2018): e.g., infantile parkinsonism/dystonia in the dopamine transporter (DAT; Kurian et al., 2009, 2011; Ng et al., 2014), epilepsy in the GABA transporter 1 (GAT1), orthostatic intolerance in the transporter for norepinephrine (NET; Hahn et al., 2002) and hyperekplexia in the glycine transporter 2 (GLYT2; Eulenburg et al., 2006; Rees et al., 2006; Arribas-González et al., 2015). Remarkably, certain mutations occur at equivalent residues and give rise to diseases conveyed by the affected transporter: e.g., the folding-deficient missense variant P554L reported both in CRT1 and DAT, triggers severe CTD and Parkinsonism, respectively. Then again, not all of the folding rules, founded on SERT and DAT, necessarily reconcile with CRT1. For example, most SLC6 relatives of CRT1 (DAT, SERT, NET, GAT1, and GLYTs), rely exclusively on their C-terminal domains for folding and trafficking (Farhan et al., 2007; El-Kasaby et al., 2010, 2014; Koban et al., 2015), with their N-termini being virtually dispensable (Sucic et al., 2010; Kern et al., 2017). CRT1 may be an exception to this rule, since the CTD variant P31L, located in the N-terminal region of the transporter, triggers severe functional deficits (Rostami et al., 2020).




THERAPEUTIC STRATEGIES FOR HANDLING CTD


The Explored Treatment Avenues: Modifying the Creatine Molecule

None of the treatment strategies explored to date have been effective in the long-term management of CTD. Oral supplementation with creatine or creatine precursors (i.e., arginine and glycine) improved the symptoms in some patients with mild CTD symptoms. This therapy appeared beneficial only in patients up to 9 years of age (Dunbar et al., 2014), possibly due to the remnant CRT1 activity in children (Taii et al., 2020) and some CTD variants exhibiting residual creatine uptake (Betsalel et al., 2012; El-Kasaby et al., 2019). Since creatine crosses the BBB very poorly (Ohtsuki et al., 2002; Perasso et al., 2003), some therapeutic approaches rely on boosting intracellular creatine pools using creatine analogs, capable of crossing the BBB and the neuronal plasma membrane (Adriano et al., 2017). Hence, salt-conjugated creatine formulations, which can cross BBB via transporters other than CRT1 [e.g., transporters for glucose (GLUTs) or ascorbic acid (SVCT2)], might prove beneficial in enhancing creatine concentrations in the brain. Creatine gluconate and creatine ascorbate increased the creatine content and delayed the population spike disappearance upon anoxia in mouse hippocampal slices, following the inhibition of CRT1 by GPA. But, both compounds failed to improve tissue levels of the energy reserve source, phosphocreatine (Adriano et al., 2017). An additional approach to facilitating creatine translocation into cells is by modifying its lipophilicity; e.g., a more lipophilic cyclocreatine may have therapeutic value, since it is also utilized by mitochondrial CK (Boehm et al., 2003). In CTD mouse models, a 9 week-treatment with a cGMP grade cyclocreatine led to its detection in the brain, hair and claws of the animals. Phosphocyclocreatine was also detected in the brain tissue of the treated mice, along with their spatial learning and memory also normalizing upon cyclocreatine treatment (Kurosawa et al., 2012). In studies carried out in human fibroblast cultures, the uptake of cyclocreatine, and the exchange rate of phosphocyclocreatine, was independent of CRT1, both in wild type and CTD patient cells (Gorshkov et al., 2019). On the other hand, high concentrations of cyclocreatine were associated with reduced ATP levels in both wild type and CTD patient fibroblasts, possibly owing to cyclocreatine dephosphorylation being slower than its phosphorylation (LoPresti and Cohn, 1989). Moreover, the clinical applicability of cyclocreatine is limited, since oral administration in rats set off seizures and showed histopathological changes in the thyroid, testes, and the brain (Kale et al., 2020). Creatine fatty esters were also tested for their ability to elevate cellular creatine levels. Incubating mouse hippocampal slices with creatine benzyl esters or with the phosphocreatine-magnesium acetate complex (at a ratio of 1:1), augmented the tissue creatine content in a CRT1-independent manner, albeit devoid of accompanying boosts in phosphocreatine levels (Lunardi et al., 2006). In CTD patient fibroblasts, dodecyl creatine ester accumulated in amounts comparable to healthy controls, and creatine content rose 20-fold relative to endogenous creatine amounts after a 1-hour treatment in CTD fibroblasts (Trotier-Faurion et al., 2013). Furthermore, lipid nanocapsules were used to overcome the action of plasma esterases, i.e., dodecyl creatine ester incorporated into lipid nanocapsules passed the BBB and increased creatine content in CTD fibroblasts (Trotier-Faurion et al., 2015). This approach may be beneficial in the therapeutic setting. Intracerebroventricular and intranasal administration of dodecyl creatine ester microemulsion to CTD mice, not only increased the creatine content in the brain but was also accompanied by enhanced learning and memory skills, evident from novel object recognition tests (Ullio-Gamboa et al., 2019). Significant efforts are ongoing in clinical programs conducted by Ultragenyx Pharmaceuticals, focusing on the development of new drug treatments for CTD.



Pharmacochaperoning: Rescue by Folding Correctors

Pharmacochaperoning is another putative treatment strategy for handling CTD, pertinent to the folding-deficient CRT1 variants. Pharmacological and chemical chaperones are small molecules that facilitate the folding and escape of misfolded proteins from the ER, consequently allowing their translocation to the appropriate cellular locations (Welch and Brown, 1996). Pharmacological chaperones are specific ligands (i.e., substrates or inhibitors) which bind to and stabilize the target proteins; e.g., noribogaine efficiently rescued several folding-deficient versions of SERT (El-Kasaby et al., 2014; Koban et al., 2015; Bhat et al., 2017) and parkinsonism variants of DAT (Kasture et al., 2019; Asjad et al., 2017). This is plausible since SLC6 protein folding proceeds via the inward-facing transporter conformation and noribogaine binds to the inward-facing conformation of monoamine transporters (Jacobs et al., 2007). Noribogane treatment lowers the energy barrier between folding intermediates and facilitates the progression of transporter proteins along the folding trajectory. Inopportunely, the pharmacology of CRT1 is very modest compared to the rich ligand repertoire of the monoamine transporters (Kasture et al., 2017). Therefore, searching for potential pharmacochaperone (lead) compounds poses a challenge. The identification of lead molecules provides a platform for developing even more efficient pharmacochaperone analogs, which can bind to different protein conformations and hence correct additional misfolded mutants. Apart from the specific ligand, the rescue of folding-deficient proteins can also be achieved by manipulating/relaxing the ER quality control machinery, or by treatment with chemical chaperones (Figure 3). Pifithrin-μ and 17-dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG) block HSP70 and HSP90β, respectively, which in turn permits the release of stalled transporter protein complexes (El-Kasaby et al., 2014). HSP blockers per se are not ideal chaperone compounds, because they do not act specifically on the misfolded transporters, and are predisposed to unwanted off target effects in a clinical setting.

Pharmacochaperoning has been proposed to work by one of the following four mechanisms: (i) binding to and stabilization of the native state; or (ii) of folding intermediate(s); (iii) suppression of aggregate formation; and (iv) dissolution of aggregates (Marinko et al., 2019). Most compounds, including noribogaine and bupropion (Beerepoot et al., 2016; Asjad et al., 2017), are thought to work via the first and/or second mechanism. Tafamidis, used in the treatment of transthyretin amyloidosis, is the only rationally designed drug known to work via mechanism (iv). The most effective molecule tested on folding-deficient CRT1 variants was the chemical chaperone 4-phenyl butyric acid (4-PBA) which, at least in part, falls into category (iii). Over a third of the 16 known misfolded CTD variants are amenable to the functional rescue by 4-PBA treatment (Figures 2, 3; El-Kasaby et al., 2019). The rescue effect was also visible in hippocampal neurons expressing the P544L CTD variant, where exposure to 4-PBA promoted its delivery to neurite extensions (El-Kasaby et al., 2019).

Beyond CRT1, the chaperone activity of 4-PBA was also demonstrated on several synthetic misfolded versions of SERT (Fujiwara et al., 2013) and the cystic fibrosis transmembrane conductance regulator (CFTR; Rubenstein and Zeitlin, 2000). In CFTR, 4-PBA exerts its action by stabilizing the misfolded ΔF508-CFTR variant in the ER, subsequently promoting its delivery to the cell surface. 4-PBA also increased the ER-resident core- and mature-glycosylated species of wild type and responsive mutants of CRT1 (El-Kasaby et al., 2019). Interestingly, 4-PBA also helped overcome the dominant-negative effect of a hyperekplexia GLYT2 variant S512R on the wild type transporter, by disturbing oligomer formation between the two versions of the GLYT2 protein (Arribas-González et al., 2015). Classified as a hydrophobic chaperone, 4-PBA interacts with hydrophobic domains of unfolded proteins, thus preventing aggregation [i.e., mechanism (iii) above]. But, this small molecule is incredibly versatile and appears to have many putative mechanisms of action. For instance, it is known to reduce ER stress by downregulating or modulating HSC70 expression (Rubenstein and Zeitlin, 2000), modifying HSP70 levels or blocking histone deacetylases (Cousens et al., 1979), leading to transcriptional regulation of genes in the unfolded protein response system. Interestingly, 4-PBA was approved for clinical use almost 25 years ago. It is used in the chronic management of urea cycle disorders, where it acts as a nitrogen-scavenger assisting kidneys to excrete excess ammonia, as well as in handling sickle cell disease since it activates β-globin transcription (Dover et al., 1994). Over the last decade, the effects of 4-PBA have been tested in many disease models, e.g., Alzheimer’s (Ricobaraza et al., 2009, 2012) and Parkinsons’s disease (Inden et al., 2007; Huang et al., 2017). In light of our recent in vitro data on CRT1 variants, translational testing of 4-PBA effects in animal models of CTD would be invaluable, particularly in knock-in animal models harboring folding-defective CRT1 mutations. Since CTD induces irreversible damage already in the early stages of development, it is vital to begin the treatment as early as possible, preferentially throughout the pregnancy.

At the current stage, it is impossible to predict which variants are amenable to rescue by pharmacochaperoning. However, the evolving state-of-the-art computer simulation models, which explore the structural effects of mutations at the atomic level, may convey new insights and serve as a guide for biochemical and pharmacological studies. Such models may hold the predictive power to categorize CTD mutations into (i) folding-deficient variants, which preclude the delivery of CRT1 proteins to the cell surface; and (ii) inactive variants, which are capable of trafficking to the cell surface, but elicit their functional defects as a consequence of conformational alterations in CRT1 (e.g., disruption of the creatine binding site/translocation pathway). In addition to the pharmacochaperone approach, applicable to the misfolded CTD variants, other treatment strategies, which are particularly apt for the second group of mutations, include gene therapy and the use of allosteric modulators. A prominent example of the latter is ivacaftor, which acts as a potentiator of the cystic fibrosis transmembrane conductance regulator (CFTR), by increasing CFTR channel open probability in mutants associated with cystic fibrosis (Van Goor et al., 2009). Allosteric modulators acting on monoamine neurotransmitter transporters also hold potential, in the treatment of various neuropsychiatric disorders (Li et al., 2017; Niello et al., 2020). It is conceivable that effective potentiator molecules can be designed to restore creatine transport in the loss-of-function CRT1 variants linked to CTD.




CONCLUSION

Establishing effective long-term treatment schemes for CTD patients poses a major challenge to clinicians and researchers in the field. Current insights into the role(s) of CRT1 in health and disease and the molecular mechanisms underlying CTD have uncovered additional therapeutic avenues that may be worthwhile exploring. Pharmacochaperoning, for instance, ought to be a promising new approach in the treatment of misfolded CRT1 variants associated with CTD. This concept was previously utilized to functionally rescue folding-deficient variants of the human dopamine transporter, which trigger infantile parkinsonism/dystonia, both in vitro (heterologous cells) and in vivo (Drosophila melanogaster). Ongoing endeavors in the rational design and development of novel small molecules with improved capacity for correcting folding deficiencies are of particular interest to those pathologic transporter variants shown to be irresponsive to the existing drugs.
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ADHD, attention deficit hyperactivity disorder; AGAT, L-Arginine:glycine amidinotransferase; AMPK, AMP-activated protein kinase; BBB, blood-brain barrier; CCDS, cerebral creatine deficiency syndrome; CFTR, cystic fibrosis transmembrane conductance regulator; CK, creatine kinase; CNX, calnexin; CRT1, creatine transporter-1; CTD, creatine transporter deficiency; DAT, dopamine transporter; ER, endoplasmic reticulum; ERAD, ER-associated degradation; GAA, guanidino acetic acid; GABA, γ-aminobutyric acid; GAMT, guanidinoacetate N-methyltransferase; GAT-1, GABA transporter 1; GLYT, glycine transporter; GPA, β-guanidino propionic acid; NET, norepinephrine transporter; 4-PBA, 4-phenyl butyrate; SERT, serotonin transporter; SLC6, solute carrier 6; TMD, transmembrane domain.



REFERENCES

Abdulla, Z. I., Pahlevani, B., Lundgren, K. H., Pennington, J. L., Udobi, K. C., Seroogy, K. B., et al. (2020a). Deletion of the creatine transporter (Slc6a8) in dopaminergic neurons leads to hyperactivity in mice. J. Mol. Neurosci. 70, 102–111. doi: 10.1007/s12031-019-01405-w

Abdulla, Z. I., Pennington, J. L., Gutierrez, A., and Skelton, M. R. (2020b). Creatine transporter knockout mice (Slc6a8) show increases in serotonin- related proteins and are resilient to learned helplessness. Behav. Brain Res. 377:112254. doi: 10.1016/j.bbr.2019.112254

Acosta, M. L., Kalloniatis, M., and Christie, D. L. (2005). Creatine transporter localization in developing and adult retina: importance of creatine to retinal function. Am. J. Physiol. Cell Physiol. 289, C1015–C1023. doi: 10.1152/ajpcell.00137.2005

Adriano, E., Garbati, P., Salis, A., Damonte, G., Millo, E., and Balestrino, M. (2017). Creatine salts provide neuroprotection even after partial impairment of the creatine transporter. Neuroscience 340, 299–307. doi: 10.1016/j.neuroscience.2016.02.038

Alcaide, P., Merinero, B., Ruiz-Sala, P., Richard, E., Navarrete, R., Arias, Á., et al. (2011). Defining the pathogenicity of creatine deficiency syndrome. Hum. Mutat. 32, 282–291. doi: 10.1002/humu.21421

Alcaide, P., Rodriguez-Pombo, P., Ruiz-Sala, P., Ferrer, I., Castro, P., Ruiz Martin, Y., et al. (2010). A new case of creatine transporter deficiency associated with mild clinical phenotype and a novel mutation in the SLC6A8 gene. Dev. Med. Child Neurol. 52, 215–217. doi: 10.1111/j.1469-8749.2009.03480.x

Almeida, L. S., Verhoeven, N. M., Roos, B., Valongo, C., Cardoso, M. L., Vilarinho, L., et al. (2004). Creatine and guanidinoacetate: diagnostic markers for inborn errors in creatine biosynthesis and transport. Mol. Genet. Metab. 82, 214–219. doi: 10.1016/j.ymgme.2004.05.001

Anselm, I. M., Alkuraya, F. S., Salomons, G. S., Jakobs, C., Fulton, A. B., Mazumdar, M., et al. (2006). X-linked creatine transporter defect: a report on two unrelated boys with a severe clinical phenotype. J. Inherit. Metab. Dis. 29, 214–219. doi: 10.1007/s10545-006-0123-4

Ardon, O., Procter, M., Mao, R., Longo, N., Landau, Y. E., Shilon-Hadass, A., et al. (2016). Creatine transporter deficiency: novel mutations and functional studies. Mol. Genet. Metab. Reports 8, 20–23. doi: 10.1016/j.ymgmr.2016.06.005

Arribas-González, E., De Juan-Sanz, J., Aragón, C., and López-Corcuera, B. (2015). Molecular basis of the dominant negative effect of a glycine transporter 2 mutation associated with hyperekplexia. J. Biol. Chem. 290, 2150–2165. doi: 10.1074/jbc.M114.587055

Asjad, H. M. M., Kasture, A., El-Kasaby, A., Sackel, M., Hummel, T., Freissmuth, M., et al. (2017). Pharmacochaperoning in a Drosophila model system rescues human dopamine transporter variants associated with infantile/juvenile parkinsonism. J. Biol. Chem. 292, 19250–19265. doi: 10.1074/jbc.M117.797092

Baroncelli, L., Alessandrì, M. G., Tola, J., Putignano, E., Migliore, M., Amendola, E., et al. (2014). A novel mouse model of creatine transporter deficiency. F1000Res. 3:228. doi: 10.12688/f1000research.5369.1

Baroncelli, L., Molinaro, A., Cacciante, F., Alessandrì, M. G., Napoli, D., Putignano, E., et al. (2016). A mouse model for creatine transporter deficiency reveals early onset cognitive impairment and neuropathology associated with brain aging. Hum. Mol. Genet. 25, 4186–4200. doi: 10.1093/hmg/ddw252

Battini, R., Alessandrì, M. G., Leuzzi, V., Moro, F., Tosetti, M., Bianchi, M. C., et al. (2006). Arginine:glycine amidinotransferase (AGAT) deficiency in a newborn: early treatment can prevent phenotypic expression of the disease. J. Pediatr. 148, 828–830. doi: 10.1016/j.jpeds.2006.01.043

Battini, R., Chilosi, A. M., Casarano, M., Moro, F., Comparini, A., Alessandrì, M. G., et al. (2011). Language disorder with mild intellectual disability in a child affected by a novel mutation of SLC6A8 gene. Mol. Genet. Metab. 102, 153–156. doi: 10.1016/j.ymgme.2010.11.005

Battini, R., Chilosi, A., Mei, D., Casarano, M., Alessandrì, G. M., Leuzzi, V., et al. (2007). Mental retardation and verbal dyspraxia in a new patient with de novo creatine transporter (SLC6A8) mutation. Am. J. Med. Genet. A. 143A, 1771–1774. doi: 10.1002/ajmg.a.31827

Beerepoot, P., Lam, V. M., and Salahpour, A. (2016). Pharmacological chaperones of the dopamine transporter rescue dopamine transporter deficiency syndrome mutations in heterologous cells. J. Biol. Chem. 291, 22053–22062. doi: 10.1074/jbc.M116.749119

Betsalel, O. T., Pop, A., Rosenberg, E. H., Fernandez-Ojeda, M., Jakobs, C., and Salomons, G. S. (2012). Detection of variants in SLC6A8 and functional analysis of unclassified missense variants. Mol. Genet. Metab. 105, 596–601. doi: 10.1016/j.ymgme.2011.12.022

Betsalel, O. T., van de Kamp, J. M., Martínez-Muñoz, C., Rosenberg, E. H., de Brouwer, A. P. M., Pouwels, P. J. W., et al. (2008). Detection of low-level somatic and germline mosaicism by denaturing high-performance liquid chromatography in a EURO-MRX family with SLC6A8 deficiency. Neurogenetics 9, 183–190. doi: 10.1007/s10048-008-0125-5

Bhat, S., Hasenhuetl, P. S., Kasture, A., El-Kasaby, A., Baumann, M. H., Blough, B. E., et al. (2017). Conformational state interactions provide clues to the pharmacochaperone potential of serotonin transporter partial substrates. J. Biol. Chem. 292, 16773–16786. doi: 10.1074/jbc.M117.794081

Bizzi, A., Bugiani, M., Salomons, G. S., Hunneman, D. H., Moroni, I., Estienne, M., et al. (2002). X-linked creatine deficiency syndrome: a novel mutation in creatine transporter geneSLC6A8. Ann. Neurol. 52, 227–231. doi: 10.1002/ana.10246

Boehm, E., Chan, S., Monfared, M., Wallimann, T., Clarke, K., and Neubauer, S. (2003). Creatine transporter activity and content in the rat heart supplemented by and depleted of creatine. Am. J. Physiol. Endocrinol. Metab. 284, 399–406. doi: 10.1152/ajpendo.00259.2002

Borrie, S. C., Brems, H., Legius, E., and Bagni, C. (2017). Cognitive dysfunctions in intellectual disabilities: the contributions of the ras-MAPK and PI3K-AKT-mTOR pathways. Annu. Rev. Genomics Hum. Genet. 18, 115–142. doi: 10.1146/annurev-genom-091416-035332

Braissant, O., Béard, E., Torrent, C., and Henry, H. (2010). Dissociation of AGAT, GAMT and SLC6A8 in CNS: relevance to creatine deficiency syndromes. Neurobiol. Dis. 37, 423–433. doi: 10.1016/j.nbd.2009.10.022

Braissant, O., and Henry, H. (2008). AGAT, GAMT and SLC6A8 distribution in the central nervous system, in relation to creatine deficiency syndromes: a review. J. Inherit. Metab. Dis. 31, 230–239. doi: 10.1007/s10545-008-0826-9

Braissant, O., Henry, H., Loup, M., Eilers, B., and Bachmann, C. (2001). Endogenous synthesis and transport of creatine in the rat brain: an in situ hybridization study. Mol. Brain Res. 86, 193–201. doi: 10.1016/s0169-328x(00)00269-2

Bruun, T. U., Sidky, S., Bandeira, A. O., Debray, F., Ficicioglu, C., Goldstein, J., et al. (2018). Treatment outcome of creatine transporter deficiency: international retrospective cohort study. Metab. Brain Dis. 33, 875–884. doi: 10.1007/s11011-018-0197-3

Clark, A. J., Rosenberg, E. H., Almeida, L. S., Wood, T. C., Jakobs, C., Stevenson, R. E., et al. (2006). X-linked creatine transporter (SLC6A8) mutations in about 1% of males with mental retardation of unknown etiology. Hum. Genet. 119, 604–610. doi: 10.1007/s00439-006-0162-9

Country, M. W. (2017). Retinal metabolism: a comparative look at energetics in the retina. Brain Res. 1672, 50–57. doi: 10.1016/j.brainres.2017.07.025


Cousens, L. S., Gallwitz, D., and Alberts, B. M. (1979). Different accessibilities in chromatin to histone acetylase. J. Biol. Chem. 254, 1716–1723.


Darrabie, M. D., Arciniegas, A. J. L., Mishra, R., Bowles, D. E., Jacobs, D. O., and Santacruz, L. (2011). AMPK and substrate availability regulate creatine transport in cultured cardiomyocytes. Am. J. Physiol. Endocrinol. Metab. 300, E870–E876. doi: 10.1152/ajpendo.00554.2010

Davidson, R. G. (1964). The Lyon hypothesis. J. Pediatr. 65, 765–775. doi: 10.1016/s0022-3476(64)80163-3

De Grauw, T. J., Cecil, K. M., Byars, A. W., Salomons, G. S., Ball, W. S., and Jakobs, C. (2003). The clinical syndrome of creatine transporter deficiency. Mol. Cell. Biochem. 244, 45–48. doi: 10.1007/978-1-4615-0247-0_6

Deldicque, L., Theisen, D., Bertrand, L., Hespe, P., Hue, L., and Francaux, M. (2007). Creatine enhances differentiation of myogenic C2C12 cells by activating both p38 and Akt/PKB pathways. Am. J. Physiol. Cell Physiol. 293, 1263–1271. doi: 10.1152/ajpcell.00162.2007

DesRoches, C. L., Patel, J., Wang, P., Minassian, B., Salomons, G. S., Marshall, C. R., et al. (2015). Estimated carrier frequency of creatine transporter deficiency in females in the general population using functional characterization of novel missense variants in the SLC6A8 gene. Gene 565, 187–191. doi: 10.1016/j.gene.2015.04.011

Di Biase, S., Ma, X., Wang, X., Yu, J., Wang, Y., Smith, D. J., et al. (2019). Creatine uptake regulates CD8 T cell antitumor immunity. J. Exp. Med. 216, 2869–2882. doi: 10.1084/jem.20182044

Dodd, J. R., Birch, N. P., Waldvogel, H. J., and Christie, D. L. (2010). Functional and immunocytochemical characterization of the creatine transporter in rat hippocampal neurons. J. Neurochem. 115, 684–693. doi: 10.1111/j.1471-4159.2010.06957.x

Dover, G. J., Brusilow, S., and Charache, S. (1994). Induction of fetal hemoglobin production in subjects with sickle cell anemia by oral sodium phenylbutyrate. Blood 84, 339–343. doi: 10.1182/blood.v84.1.339.bloodjournal841339

Dunbar, M., Jaggumantri, S., Sargent, M., Stockler-Ipsiroglu, S., and van Karnebeek, C. D. M. (2014). Treatment of X-linked creatine transporter (SLC6A8) deficiency: systematic review of the literature and three new cases. Mol. Genet. Metab. 112, 259–274. doi: 10.1016/j.ymgme.2014.05.011

El-Kasaby, A., Just, H., Malle, E., Stolt-Bergner, P. C., Sitte, H. H., Freissmuth, M., et al. (2010). Mutations in the carboxyl-terminal SEC24 binding motif of the serotonin transporter impair folding of the transporter. J. Biol. Chem. 285, 39201–39210. doi: 10.1074/jbc.M110.118000

El-Kasaby, A., Kasture, A., Koban, F., Hotka, M., Asjad, H. M. M., Kubista, H., et al. (2019). Rescue by 4-phenylbutyrate of several misfolded creatine transporter-1 variants linked to the creatine transporter deficiency syndrome. Neuropharmacology 161:107572. doi: 10.1016/j.neuropharm.2019.03.015

El-Kasaby, A., Koban, F., Sitte, H. H., Freissmuth, M., and Sucic, S. (2014). A cytosolic relay of heat shock proteins HSP70–1A and HSP90β monitors the folding trajectory of the serotonin transporter. J. Biol. Chem. 289, 28987–29000. doi: 10.1074/jbc.M114.595090

Eulenburg, V., Becker, K., Gomeza, J., Schmitt, B., Becker, C. M., and Betz, H. (2006). Mutations within the human GLYT2 (SLC6A5) gene associated with hyperekplexia. Biochem. Biophys. Res. Commun. 348, 400–405. doi: 10.1016/j.bbrc.2006.07.080

Farhan, H., Reiterer, V., Korkhov, V. M., Schmid, J. A., Freissmuth, M., and Sitte, H. H. (2007). Concentrative export from the endoplasmic reticulum of the gamma-aminobutyric acid transporter 1 requires binding to SEC24D. J. Biol. Chem. 282, 7679–7689. doi: 10.1074/jbc.M609720200

Fischer, A., ten Hove, M., Sebag-Montefiore, L., Wagner, H., Clarke, K., Watkins, H., et al. (2010). Changes in creatine transporter function during cardiac maturation in the rat. BMC Dev. Biol. 10:70. doi: 10.1186/1471-213X-10-70

Fons, C., Sempere, A., Sanmartí, F. X., Arias, A., Póo, P., Pineda, M., et al. (2009). Epilepsy spectrum in cerebral creatine transporter deficiency. Epilepsia 50, 2168–2170. doi: 10.1111/j.1528-1167.2009.02142.x


Freissmuth, M., Stockner, T., and Sucic, S. (2018). “SLC6 transporter folding diseases and pharmacochaperoning,” in Handbook of Experimental Pharmacology: Targetting Trafficking in Drug Development, eds A. Ulloa-Aguirre and Y.-X. Tao (Cham, Switzerland: Springer), 249–270.


Fujiwara, M., Yamamoto, H., Miyagi, T., Seki, T., Tanaka, S., Hide, I., et al. (2013). Effects of the chemical chaperone 4-phenylbutylate on the function of the serotonin transporter (SERT) expressed in COS-7 cells. J. Pharmacol. Sci. 122, 71–83. doi: 10.1254/jphs.12194fp

Giménez, C., Pérez-Siles, G., Martínez-Villarreal, J., Arribas-González, E., and López-Corcuera, B. (2012). A novel dominant hyperekplexia mutation Y705C alters trafficking and biochemical properties of the presynaptic glycine transporter GlyT2. J. Biol. Chem. 287, 28986–29002. doi: 10.1074/jbc.M111.319244

Giusti, L., Molinaro, A., Alessandrì, M. G., Boldrini, C., Ciregia, F., Lacerenza, S., et al. (2019). Brain mitochondrial proteome alteration driven by creatine deficiency suggests novel therapeutic venues for creatine deficiency syndromes. Neuroscience 409, 276–289. doi: 10.1016/j.neuroscience.2019.03.030

Gorshkov, K., Wang, A. Q., Sun, W., Fisher, E., Frigeni, M., Singleton, M., et al. (2019). Phosphocyclocreatine is the dominant form of cyclocreatine in control and creatine transporter deficiency patient fibroblasts. Pharmacol. Res. Perspect. 7:e00525. doi: 10.1002/prp2.525

Guzun, R., Timohhina, N., Tepp, K., Gonzalez-Granillo, M., Shevchuk, I., Chekulayev, V., et al. (2011). Systems bioenergetics of creatine kinase networks: physiological roles of creatine and phosphocreatine in regulation of cardiac cell function. Amino Acids 40, 1333–1348. doi: 10.1007/s00726-011-0854-x

Hahn, K. A., Tackels-Horne, D., Wood, T. C., Taylor, H. A., Schroer, R. J., Lubs, H. A., et al. (2002). X-linked mental retardation with seizures and carrier manifestations is caused by a mutation in the creatine-transporter gene (SLC6A8) located in Xq28. Am. J. Hum. Genet. 70, 1349–1356. doi: 10.1086/340092

Hanna-El-Daher, L., Béard, E., Henry, H., Tenenbaum, L., and Braissant, O. (2015). Neurobiology of Disease Mild guanidinoacetate increase under partial guanidinoacetate methyltransferase de fi ciency strongly affects brain cell development. Neurobiol. Dis. 79, 14–27. doi: 10.1016/j.nbd.2015.03.029

Hathaway, S. C., Friez, M., Limbo, K., Parker, C., Salomons, G. S., Vockley, J., et al. (2010). X-linked creatine transporter deficiency presenting as a mitochondrial disorder. J. Child Neurol. 25, 1009–1012. doi: 10.1177/0883073809352109

Hautman, E. R., Kokenge, A. N., Udobi, K. C., Williams, M. T., Vorhees, C. V., and Skelton, M. R. (2014). Female mice heterozygous for creatine transporter deficiency show moderate cognitive deficits. J. Inherit. Metab. Dis. 37, 63–68. doi: 10.1007/s10545-013-9619-x

Heinbockel, L., Marwitz, S., Schromm, A., Watz, H., Kugler, C., Ammerpohl, O., et al. (2018). Identification of novel target genes in human lung tissue involved in chronic obstructive pulmonary disease. Int. J. Chron. Obstruct. Pulmon. Dis. 13, 2255–2259. doi: 10.2147/COPD.S161958

Heussinger, N., Saake, M., Mennecke, A., Dörr, H. G., and Trollmann, R. (2017). Variable white matter atrophy and intellectual development in a family with X-linked creatine transporter deficiency despite genotypic homogeneity. Pediatr. Neurol. 67, 45–52. doi: 10.1016/j.pediatrneurol.2016.10.007

Hiel, H., Happe, H. K., Warr, W. B., and Morley, B. J. (1996). Regional distribution of a creatine transporter in rat auditory brainstem: an in-situ hybridization study. Hear. Res. 98, 29–37. doi: 10.1016/0378-5955(96)00046-9

Inden, M., Kitamura, Y., Takeuchi, H., Yanagida, T., Takata, K., Kobayashi, Y., et al. (2007). Neurodegeneration of mouse nigrostriatal dopaminergic system induced by repeated oral administration of rotenone is prevented by 4-phenylbutyrate, a chemical chaperone. J. Neurochem. 101, 1491–1504. doi: 10.1111/j.1471-4159.2006.04440.x

Huang, L., Xue, Y., Feng, D., Yang, R., Nie, T., Zhu, G., et al. (2017). Blockade of RyRs in the ER attenuates 6-OHDA-induced calcium overload, cellular hypo-excitability and apoptosis in dopaminergic neurons. Front. Cell. Neurosci. 11:52. doi: 10.3389/fncel.2017.00052

Jacobs, M. T., Zhang, Y. W., Campbell, S. D., and Rudnick, G. (2007). Ibogaine, a noncompetitive inhibitor of serotonin transport, acts by stabilizing the cytoplasm-facing state of the transporter. J. Biol. Chem. 282, 29441–29447. doi: 10.1074/jbc.M704456200

Ji, L., Zhao, X., Zhang, B., Kang, L., Song, W., Zhao, B., et al. (2019). Slc6a8-mediated creatine uptake and accumulation reprogram macrophage polarization via regulating cytokine responses. Immunity 51, 272.e7–284.e7.doi: 10.1016/j.immuni.2019.06.007

Jung, H. Y., Kwon, H. J., Kim, W., Nam, S. M., and Kim, J. W. (2019). Tissue and cell role of pyridoxine in GABA synthesis and degradation in the hippocampus. Tissue Cell 61, 72–78. doi: 10.1016/j.tice.2019.09.005

Just, H., Sitte, H. H., Schmid, J. A., Freissmuth, M., and Kudlacek, O. (2004). Identification of an additional interaction domain in transmembrane domains 11 and 12 that supports oligomer formation in the human serotonin transporter. J. Biol. Chem. 279, 6650–6657. doi: 10.1074/jbc.M306092200

Kale, V. P., Wallery, J., Novak, J., Gibbs, S., Bourdi, M., Do, M.-H. T., et al (2020). Evaluation of chronic toxicity of cyclocreatine, a creatine analog, in Sprague Dawley rat after oral gavage administration for up to 26 weeks. Regul. Toxicol. Pharmacol. 117:104750. doi: 10.1016/j.yrtph.2020.104750

Kalkman, H. O. (2012). Potential opposite roles of the extracellular signal-regulated kinase (ERK) pathway in autism spectrum and bipolar disorders. Neurosci. Biobehav. Rev. 36, 2206–2213. doi: 10.1016/j.neubiorev.2012.07.008

Kasture, A. S., Bartel, D., Steinkellner, T., Sucic, S., Hummel, T., and Freissmuth, M. (2019). Distinct contribution of axonal and somatodendritic serotonin transporters in drosophila olfaction. Neuropharmacology 161:107564. doi: 10.1016/j.neuropharm.2019.03.007

Kasture, A., Stockner, T., Freissmuth, M., and Sucic, S. (2017). An unfolding story: small molecules remedy misfolded monoamine transporters. Int. J. Biochem. Cell Biol. 92, 1–5. doi: 10.1016/j.biocel.2017.09.004

Kato, H., Miyake, F., Shimbo, H., Ohya, M., Sugawara, H., Aida, N., et al. (2014). Urine screening for patients with developmental disabilities detected a patient with creatine transporter deficiency due to a novel missense mutation in SLC6A8. Brain Dev. 36, 630–633. doi: 10.1016/j.braindev.2013.08.004

Kern, C., Erdem, F. A., El-Kasaby, A., Sandtner, W., Freissmuth, M., and Sucic, S. (2017). The N terminus specifies the switch between transport modes of the human serotonin transporter. J. Biol. Chem. 292, 3603–3613. doi: 10.1074/jbc.M116.771360

Koban, F., El-Kasaby, A., Häusler, C., Stockner, T., Simbrunner, B. M., Sitte, H. H., et al. (2015). A salt bridge linking the first intracellular loop with the C terminus facilitates the folding of the serotonin transporter. J. Biol. Chem. 290, 13263–13278. doi: 10.1074/jbc.M115.641357

Kreiman, B. L., and Boles, R. G. (2020). State of the art of genetic testing for patients with autism: a practical guide for clinicians. Semin. Pediatr. Neurol. 34:100804. doi: 10.1016/j.spen.2020.100804

Kurian, M. A., Li, Y., Zhen, J., Meyer, E., Hai, N., Christen, H. J., et al. (2011). Clinical and molecular characterisation of hereditary dopamine transporter deficiency syndrome: an observational cohort and experimental study. Lancet Neurol. 10, 54–62. doi: 10.1016/S1474-4422(10)70269-6

Kurian, M. A., Zhen, J., Cheng, S. Y., Li, Y., Mordekar, S. R., Jardine, P., et al. (2009). Homozygous loss-of-function mutations in the gene encoding the dopamine transporter are associated with infantile parkinsonism-dystonia. J. Clin. Invest. 119, 1595–1603. doi: 10.1172/JCI39060

Kurosawa, Y., DeGrauw, T. J., Lindquist, D. M., Blanco, V. M., Pyne-Geithman, G. J., Daikoku, T., et al. (2012). Cyclocreatine treatment improves cognition in mice with creatine transporter deficiency. J. Clin. Invest. 122, 2837–2846. doi: 10.1172/JCI59373

Kurth, I., Andreu, C., Takeda, S., Tian, H., Gonsalves, F., Leites, K., et al. (2018). “RGX-202, a first-in-class small-molecule inhibitor of the creatine transporter SLC6a8, is a robust suppressor of cancer growth and metastatic progression [abstract],” in Proceedings of the American Association for Cancer Research Annual Meeting 2018, Chicago, IL, Abstract no. 5863. doi: 10.1158/1538-7445.AM2018-5863

Lawler, J. M., Barnes, W. S., Wu, G., Song, W., and Demaree, S. (2002). Direct antioxidant properties of creatine. Biochem. Biophys. Res. Commun. 290, 47–52. doi: 10.1006/bbrc.2001.6164

Leuzzi, V., Alessandrì, M. G., Battini, R., and Cioni, G. (2008). Arginine and glycine stimulate creatine synthesis in creatine transporter 1-deficient lymphoblasts. Anal. Biochem. 375, 153–155. doi: 10.1016/j.ab.2008.01.018

Li, Y., Mayer, F. P., Hasenhuetl, P. S., Burtscher, V., Schicker, K., Sitte, H. H., et al. (2017). Occupancy of the zinc-binding site by transition metals decreases the substrate affinity of the human dopamine transporter by an allosteric mechanism. J. Biol. Chem. 292, 4235–4243. doi: 10.1074/jbc.M116.760140

Li, H., Thali, R. F., Smolak, C., Gong, F., Alzamora, R., Wallimann, T., et al. (2010). Regulation of the creatine transporter by AMP-activated protein kinase in kidney epithelial cells. Am. J. Physiol. Physiol. 299, F167–F177. doi: 10.1152/ajprenal.00162.2010

Lion-François, L., Cheillan, D., Pitelet, G., Acquaviva-Bourdain, C., Bussy, G., Cotton, F., et al. (2006). High frequency of creatine deficiency syndromes in patients with unexplained mental retardation. Neurology 67, 1713–1714. doi: 10.1212/01.wnl.0000239153.39710.81

Loike, J. D., Somes, M., and Silverstein, S. C. (1986). Creatine uptake, metabolism, and efflux in human monocytes and macrophages. Am. J. Physiol. Cell Physiol. 251, C128–C135. doi: 10.1152/ajpcell.1986.251.1.C128

LoPresti, P., and Cohn, M. (1989). Direct determination of creatine kinase equilibrium constants with creatine or cyclocreatine as substrate. Biochim. Biophys. Acta 998, 317–320. doi: 10.1016/0167-4838(89)90291-4

Lowe, M. T. J., Faull, R. L. M., Christie, D. L., and Waldvogel, H. J. (2015). Distribution of the creatine transporter throughout the human brain reveals a spectrum of creatine transporter immunoreactivity. J. Comp. Neurol. 523, 699–725. doi: 10.1002/cne.23667

Lunardi, G., Parodi, A., Perasso, L., Pohvozcheva, A. V., Scarrone, S., Adriano, E., et al. (2006). The creatine transporter mediates the uptake of creatine by brain tissue, but not the uptake of two creatine-derived compounds. Neuroscience 142, 991–997. doi: 10.1016/j.neuroscience.2006.06.058

Mak, C. S. W., Waldvogel, H. J., Dodd, J. R., Gilbert, R. T., Lowe, M. T. J., Birch, N. P., et al. (2009). Immunohistochemical localisation of the creatine transporter in the rat brain. Neuroscience 163, 571–585. doi: 10.1016/j.neuroscience.2009.06.065

Mancini, G. M. S., Catsman-Berrevoets, C. E., De Coo, I. F. M., Aarsen, F. K., Kamphoven, J. H. J., Huijmans, J. G., et al. (2005). Two novel mutations in SLC6A8 cause creatine transporter defect and distinctive X-linked mental retardation in two unrelated Dutch families. Am. J. Med. Genet. 132A, 288–295. doi: 10.1002/ajmg.a.30473

Marinko, J. T., Huang, H., Penn, W. D., Capra, J. A., Schlebach, J. P., and Sanders, C. R. (2019). Folding and misfolding of human membrane proteins in health and disease: from single molecules to cellular proteostasis. Chem. Rev. 119, 5537–5606. doi: 10.1021/acs.chemrev.8b00532

McKenzie, K., Milton, M., Smith, G., and Ouellette-Kuntz, H. (2016). Systematic review of the prevalence and incidence of intellectual disabilities: current trends and issues. Curr. Dev. Disord. Rep. 3, 104–115doi: 10.1007/s40474-016-0085-7

Mencarelli, M. A., Tassini, M., Pollazzon, M., Vivi, A., Calderisi, M., Falco, M., et al. (2011). Creatine transporter defect diagnosed by proton NMR spectroscopy in males with intellectual disability. Am. J. Med. Genet. Part. A 155, 2446–2452. doi: 10.1002/ajmg.a.34208

Mercimek-Mahmutoglu, S., Muehl, A., Salomons, G. S., Neophytou, B., Moeslinger, D., Struys, E., et al. (2009). Screening for X-linked creatine transporter (SLC6A8) deficiency via simultaneous determination of urinary creatine to creatinine ratio by tandem mass-spectrometry. Mol. Genet. Metab. 96, 273–275. doi: 10.1016/j.ymgme.2008.12.020

Migeon, B. R. (2020). X-linked diseases: susceptible females. Genet. Med. 22, 1156–1174. doi: 10.1038/s41436-020-0779-4

Molinaro, A., Alessandrì, M. G., Putignano, E., Leuzzi, V., Cioni, G., Baroncelli, L., et al. (2019). A nervous system-specific model of creatine transporter deficiency recapitulates the cognitive endophenotype of the disease: a longitudinal study. Sci. Rep. 9:62. doi: 10.1038/s41598-018-37303-1

Nabuurs, C. I., Choe, C. U., Veltien, A., Kan, H. E., van Loon, L. J. C., Rodenburg, R. J. T., et al. (2013). Disturbed energy metabolism and muscular dystrophy caused by pure creatine deficiency are reversible by creatine intake. J. Physiol. 591, 571–592. doi: 10.1113/jphysiol.2012.241760

Neu, A., Neuhoff, H., Trube, G., Fehr, S., Ullrich, K., Roeper, J., et al. (2002). Activation of GABAA receptors by guanidinoacetate: a novel pathophysiological mechanism. Neurobiol. Dis. 11, 298–307. doi: 10.1006/nbdi.2002.0547

Ng, J., Zhen, J., Meyer, E., Erreger, K., Li, Y., Kakar, N., et al. (2014). Dopamine transporter deficiency syndrome: phenotypic spectrum from infancy to adulthood. Brain 137, 1107–1119. doi: 10.1093/brain/awu022

Niello, M., Gradisch, R., Loland, C. J., Stockner, T., and Sitte, H. H. (2020). Allosteric modulation of neurotransmitter transporters as a therapeutic strategy. Trends Pharmacol. Sci. 41, 446–463. doi: 10.1016/j.tips.2020.04.006

Nigro, P., Pompilio, G., and Capogrossi, M. C. (2013). Cyclophilin A: a key player for human disease. Cell Death Dis. 4:e888. doi: 10.1038/cddis.2013.410

Norris, D. K., Murphy, R. A., and Chung, S. H. (1983). Alteration of amino acid metabolism in epileptogenic mice by elevation of brain pyridoxal phosphate. J. Neurochem. 44, 1403–1410. doi: 10.1111/j.1471-4159.1985.tb08776.x

Nota, B., Ndika, J. D. T., van de Kamp, J. M., Kanhai, W. A., Van Dooren, S. J. M., Van de Wiel, M. A., et al. (2014). RNA sequencing of creatine transporter (SLC6A8) deficient fibroblasts reveals impairment of the extracellular matrix. Hum. Mutat. 35, 1128–1135. doi: 10.1002/humu.22609

Nozaki, F., Kumada, T., Shibata, M., Fujii, T., Wada, T., and Osaka, H. (2015). A family with creatine transporter deficiency diagnosed with urinary creatine/creatinine ratio and the family history: the third Japanese familial case. Brain Dev. 47, 49–52. doi: 10.11251/ojjscn.47.49

Ohtsuki, S., Tachikawa, M., Takanaga, H., Shimizu, H., Watanabe, M., Hosoya, K., et al. (2002). The blood-brain barrier creatine transporter is a major pathway for supplying creatine to the brain. J. Cereb. Blood Flow Metab. 22, 1327–1335. doi: 10.1097/01.WCB.0000033966.83623.7D

Oudman, I., Clark, J. F., and Brewster, L. M. (2013). The effect of the creatine analogue beta-guanidinopropionic acid on energy metabolism: a systematic review. PLoS One 8:e52879. doi: 10.1371/journal.pone.0052879

Perasso, L., Cupello, A., Lunardi, G. L., Principato, C., Gandolfo, C., and Balestrino, M. (2003). Kinetics of creatine in blood and brain after intraperitoneal injection in the rat. Brain Res. 974, 37–42. doi: 10.1016/s0006-8993(03)02547-2

Perna, M. K., Kokenge, A. N., Miles, K. N., Udobi, K. C., Joseph, F., Pyne-Geithman, G. J., et al. (2016). Creatine transporter deficiency leads to increased whole-body and cellular metabolism. Amino Acids 48, 2057–2065. doi: 10.1007/s00726-016-2291-3

Pfefferle, A. D., Warner, L. R., Wang, C. W., Nielsen, W. J., Babbitt, C. C., Fedrigo, O., et al. (2011). Comparative expression analysis of the phosphocreatine circuit in extant primates: implications for human brain evolution. J. Hum. Evol. 60, 205–212. doi: 10.1016/j.jhevol.2010.10.004

Póo-Argüelles, P., Arias, A., Vilaseca, M. A., Ribes, A., Artuch, R., Sans-Fito, A., et al. (2006). X-Linked creatine transporter deficiency in two patients with severe mental retardation and autism. J. Inherit. Metab. Dis. 29, 220–223. doi: 10.1007/s10545-006-0212-4

Pucilowska, J., Vithayathil, J., Pagani, M., Kelly, C., Karlo, J. C., Robol, C., et al. (2018). Pharmacological inhibition of ERK signaling rescues pathophysiology and behavioral phenotype associated with 16p11.2 chromosomal deletion in mice. J. Neurosci. 38, 6640–6652. doi: 10.1523/JNEUROSCI.0515-17.2018

Pucilowska, J., Vithayathil, J., Tavares, E. J., Kelly, C., Colleen Karlo, J., and Landreth, G. E. (2015). The 16p11.2 deletion mouse model of autism exhibits altered cortical progenitor proliferation and brain cytoarchitecture linked to the ERK MAPK pathway. J. Neurosci. 35, 3190–3200. doi: 10.1523/JNEUROSCI.4864-13.2015

Puusepp, H., Kall, K., Salomons, G. S., Talvik, I., Männamaa, M., Rein, R., et al. (2010). The screening of SLC6A8 deficiency among Estonian families with X-linked mental retardation. J. Inherit. Metab. Dis. 33, S5–S11. doi: 10.1007/s10545-008-1063-y

Pyne-Geithman, G. J., DeGrauw, T. J., Cecil, K. M., Chuck, G., Lyons, M. A., Ishida, Y., et al. (2004). Presence of normal creatine in the muscle of a patient with a mutation in the creatine transporter: a case study. Mol. Cell. Biochem. 262, 35–39. doi: 10.1023/b:mcbi.0000038213.15646.4a

Rahimi, R., Mirzaei, B., Rahmani-Nia, F., and Salehi, Z. (2015). Effects of creatine monohydrate supplementation on exercise-induced apoptosis in athletes: a randomized, double-blind, and placebo-controlled study. J. Res. Med. Sci. 20, 733–738. doi: 10.4103/1735-1995.168320

Rees, M. I., Harvey, K., Pearce, B. R., Chung, S. K., Duguid, I. C., Thomas, P., et al. (2006). Mutations in the gene encoding GlyT2 (SLC6A5) define a presynaptic component of human startle disease. Nat. Genet. 38, 801–806. doi: 10.1038/ng1814

Ricobaraza, A., Cuadrado-Tejedor, M., Marco, S., Pérez-Otaño, I., and García-Osta, A. (2012). Phenylbutyrate rescues dendritic spine loss associated with memory deficits in a mouse model of Alzheimer disease. Hippocampus 22, 1040–1050. doi: 10.1002/hipo.20883

Ricobaraza, A., Cuadrado-Tejedor, M., Pérez-Mediavilla, A., Frechilla, D., Del Río, J., and García-Osta, A. (2009). Phenylbutyrate ameliorates cognitive deficit and reduces tau pathology in an Alzheimer’s disease mouse model. Neuropsychopharmacology 34, 1721–1732. doi: 10.1038/npp.2008.229

Riordan, J. D., and Nadeau, J. H. (2017). From peas to disease: modifier genes, network resilience, and the genetics of health. Am. J. Hum. Genet. 101, 177–191. doi: 10.1016/j.ajhg.2017.06.004

Rosenberg, E. H., Almeida, L. S., Kleefstra, T., DeGrauw, R. S., Yntema, H. G., Bahi, N., et al. (2004). High prevalence of SLC6A8 deficiency in X-linked mental retardation. Am. J. Hum. Genet. 75, 97–105. doi: 10.1086/422102

Rostami, P., Hosseinpour, S., Ashrafi, M. R., Alizadeh, H., Garshasbi, M., and Tavasoli, A. R. (2020). Primary creatine deficiency syndrome as a potential missed diagnosis in children with psychomotor delay and seizure: case presentation with two novel variants and literature review. Acta Neurol. Belg. 120, 511–516. doi: 10.1007/s13760-019-01168-6

Rubenstein, R. C., and Zeitlin, P. L. (2000). Sodium 4-phenylbutyrate downregulates Hsc70: implications for intracellular trafficking of ΔF508-CFTR. Am. J. Physiol. Physiol. 278, C259–C267. doi: 10.1152/ajpcell.2000.278.2.C259

Russell, A. P., Ghobrial, L., Wright, C. R., Lamon, S., Brown, E., Kon, M., et al. (2014). Creatine transporter (SLC6A8) knock out mice display an increased capacity for in vitro creatine biosynthesis in skeletal muscle. Front. Physiol. 5:314. doi: 10.3389/fphys.2014.00314

Sakellaris, G., Kotsiou, M., Tamiolaki, M., Kalostos, G., Tsapaki, E., Spanaki, M., et al. (2006). Prevention of complications related to traumatic brain injury in children and adolescents with creatine administration: an open label randomized pilot study. J. Trauma 61, 322–329. doi: 10.1097/01.ta.0000230269.46108.d5

Salazar, M. D., Zelt, N. B., Saldivar, R., Kuntz, C. P., Chen, S., Penn, W. D., et al. (2020). Classification of the molecular defects associated with pathogenic variants of the SLC6A8 creatine transporter. Biochemistry 59, 1367–1377. doi: 10.1021/acs.biochem.9b00956

Schiaffino, M. C., Bellini, C., Costabello, L., Caruso, U., Jakobs, C., Salomons, G. S., et al. (2005). X-linked creatine transporter deficiency: clinical description of a patient with a novel SLC6A8 gene mutation. Neurogenetics 6, 165–168. doi: 10.1007/s10048-005-0002-4

Schulze, A., Hoffmann, G. F., Bachert, P., Kirsch, S., Salomons, G. S., Verhoeven, N. M., et al. (2006). Presymptomatic treatment of neonatal guanidinoacetate methyltransferase deficiency. Neurology 67, 719–721. doi: 10.1212/01.wnl.0000230152.25203.01

Sempere, A., Fons, C., Arias, A., Rodríguez-Pombo, P., Colomer, R., Merinero, B., et al. (2009). Creatine transporter deficiency in two adult patients with static encephalopathy. J. Inherit. Metab. Dis. 32, 91–96. doi: 10.1007/s10545-009-1083-2

Sijens, P. E., Verbruggen, K. T., Oudkerk, M., van Spronsen, F. J., and Soorani-Lunsing, R. J. (2005). 1H MR spectroscopy of the brain in Cr transporter defect. Mol. Genet. Metab. 86, 421–422. doi: 10.1016/j.ymgme.2005.08.004

Skelton, M. R., Schaefer, T. L., Graham, D. L., deGrauw, T. J., Clark, J. F., Williams, M. T., et al. (2011). Creatine transporter (CrT; Slc6a8) knockout mice as a model of human CrT deficiency. PLoS One 6:e16187. doi: 10.1371/journal.pone.0016187

Stockebrand, M., Sasani, A., Das, D., Hornig, S., Hermans-Borgmeyer, I., Lake, H. A., et al. (2018). A mouse model of creatine transporter deficiency reveals impaired motor function and muscle energy metabolism. Front. Physiol. 9:773. doi: 10.3389/fphys.2018.00773

Sucic, S., Dallinger, S., Zdrazil, B., Weissensteiner, R., Jørgensen, T. N., Holy, M., et al. (2010). The N terminus of monoamine transporters is a lever required for the action of amphetamines. J. Biol. Chem. 285, 10924–10938. doi: 10.1074/jbc.M109.083154

Sucic, S., El-Kasaby, A., Kudlacek, O., Sarker, S., Sitte, H. H., Marin, P., et al. (2011). The serotonin transporter is an exclusive client of the coat protein complex II (COPII) component SEC24C. J. Biol. Chem. 286, 16482–16490. doi: 10.1074/jbc.M111.230037

Sucic, S., Kasture, A., Asjad, H. M. M., Kern, C., El-kasaby, A., and Freissmuth, M. (2016). When transporters fail to be transported: how to rescue folding- deficient SLC6 transporters. Neurol. Neuromedicine 1, 34–40. doi: 10.29245/2572.942x/2016/9.1098

Sucic, S., Koban, F., El-Kasaby, A., Kudlacek, O., Stockner, T., Sitte, H. H., et al. (2013). Switching the clientele: a lysine residing in the C terminus of the serotonin transporter specifies its preference for the coat protein complex II component SEC24C. J. Biol. Chem. 288, 5330–5341. doi: 10.1074/jbc.M112.408237

Sullivan, P. G., Geiger, J. D., Mattson, M. P., and Scheff, S. W. (2000). Dietary supplement creatine protects against traumatic brain injury. Ann. Neurol. 48, 723–729. doi: 10.1002/1531-8249(200011)48:5<723::aid-ana5>3.0.co;2-w

Tachikawa, M., Fujinawa, J., Takahashi, M., Kasai, Y., Fukaya, M., Sakai, K., et al. (2008). Expression and possible role of creatine transporter in the brain and at the blood-cerebrospinal fluid barrier as a transporting protein of guanidinoacetate, an endogenous convulsant. J. Neurochem. 107, 768–778. doi: 10.1111/j.1471-4159.2008.05652.x

Tachikawa, M., Fukaya, M., Terasaki, T., Ohtsuki, S., and Watanabe, M. (2004). Distinct cellular expressions of creatine synthetic enzyme GAMT and creatine kinases uCK-Mi and CK-B suggest a novel neuron-glial relationship for brain energy homeostasis. Eur. J. Neurosci. 20, 144–160. doi: 10.1111/j.1460-9568.2004.03478.x

Taii, A., Tachikawa, M., Ohta, Y., Hosoya, K., and Terasaki, T. (2020). Determination of intrinsic creatine transporter (Slc6a8) activity and creatine transport function of leukocytes in rats. Biol. Pharm. Bull. 43, 474–479. doi: 10.1248/bpb.b19-00807

Trotier-Faurion, A., Dézard, S., Taran, F., Valayannopoulos, V., de Lonlay, P., and Mabondzo, A. (2013). Synthesis and biological evaluation of new creatine fatty esters revealed dodecyl creatine ester as a promising drug candidate for the treatment of the creatine transporter deficiency. J. Med. Chem. 56, 5173–5181. doi: 10.1021/jm400545n

Trotier-Faurion, A., Passirani, C., Béjaud, J., Dézard, S., Valayannopoulos, V., Taran, F., et al. (2015). Dodecyl creatine ester and lipid nanocapsule: a double strategy for the treatment of creatine transporter deficiency. Nanomedicine 10, 185–191. doi: 10.2217/nnm.13.205

Udobi, K. C., Delcimmuto, N., Kokenge, A. N., Abdulla, Z. I., Perna, M. K., and Skelton, M. R. (2019). Deletion of the creatine transporter gene in neonatal, but not adult, mice leads to cognitive deficits. J. Inherit. Metab. Dis. 42, 966–974. doi: 10.1002/jimd.12137

Udobi, K. C., Kokenge, A. N., Hautman, E. R., Ullio, G., Coene, J., Williams, M. T., et al. (2018). Cognitive deficits and increases in creatine precursors in a brain-specific knockout of the creatine transporter gene Slc6a8. Genes Brain Behav. 17:e12461. doi: 10.1111/gbb.12461

Uemura, T., Ito, S., Ohta, Y., Tachikawa, M., Wada, T., Terasaki, T., et al. (2017). Abnormal N-glycosylation of a novel missense creatine transporter mutant, G561R, associated with cerebral creatine deficiency syndromes alters transporter activity and localization. Biol. Pharm. Bull. 40, 49–55. doi: 10.1248/bpb.b16-00582

Ullio-Gamboa, G., Udobi, K. C., Dezard, S., Perna, M. K., Miles, K. N., Costa, N., et al. (2019). Dodecyl creatine ester-loaded nanoemulsion as a promising therapy for creatine transporter deficiency. Nanomedicine 14, 1579–1593. doi: 10.2217/nnm-2019-0059

van de Kamp, J. M., Jakobs, C., Gibson, K. M., and Salomons, G. S. (2013). New insights into creatine transporter deficiency: the importance of recycling creatine in the brain. J. Inherit. Metab. Dis. 36, 155–156. doi: 10.1007/s10545-012-9537-3

van de Kamp, J. M., Mancini, G. M., and Salomons, G. S. (2014). X-linked creatine transporter deficiency: clinical aspects and pathophysiology. J. Inherit. Metab. Dis. 37, 715–733. doi: 10.1007/s10545-014-9713-8

Van Goor, F., Hadida, S., Grootenhuis, P. D., Burton, B., Cao, D., Neuberger, T., et al. (2009). Rescue of CF airway epithelial cell function in vitro by a CFTR potentiator, VX-770. Proc. Natl. Acad. Sci. U S A 106, 18825–18830. doi: 10.1073/pnas.0904709106

Wallis, J., Lygate, C. A., Fischer, A., ten Hove, M., Schneider, J. E., Sebag-Montefiore, L., et al. (2005). Supranormal myocardial creatine and phosphocreatine concentrations lead to cardiac hypertrophy and heart failure: insights from creatine transporter-overexpressing transgenic mice. Circulation 112, 3131–3139. doi: 10.1161/CIRCULATIONAHA.105.572990

Wang, Q., Yang, J., Liu, Y., Li, X., Luo, F., and Xie, J. (2018). A novel SLC6A8 mutation associated with intellectual disabilities in a Chinese family exhibiting creatine transporter deficiency: case report 06 Biological Sciences 0604 Genetics. BMC Med. Genet. 19:193. doi: 10.1186/s12881-018-0707-5

Welch, W. J., and Brown, C. R. (1996). Influence of molecular and chemical chaperones on protein folding. Cell Stress Chaperones 1:109. doi: 10.1379/1466-1268(1996)001<0109:iomacc>2.3.co;2

Wong, A. C. Y., Velamoor, S., Skelton, M. R., Thorne, P. R., and Vlajkovic, S. M. (2012). Expression and distribution of creatine transporter and creatine kinase (brain isoform) in developing and mature rat cochlear tissues. Histochem. Cell Biol. 137, 599–613. doi: 10.1007/s00418-012-0922-7

Yu, H., van Karnebeek, C., Sinclair, G., Hill, A., Cui, H., Zhang, V. W., et al. (2013). Detection of a novel intragenic rearrangement in the creatine transporter gene by next generation sequencing. Mol. Genet. Metab. 110, 465–471. doi: 10.1016/j.ymgme.2013.09.018

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Farr, El-Kasaby, Freissmuth and Sucic. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnsyn-12-588954-g003.gif
synthesis e ..":.’-) * ERGIC

(Inefficientin CCDS)
=
COoPIl >,  ER export (COPII
components vesicle budding)
assembly
iz o Ribosome
ERAD ; s :
m—cﬂﬁ & (QIRRd % phamaco- & chemical £ %,
% S chaperones
@ lumen
j.m Othetiansfortet ‘misfolded
protein

® Point mutation (CTD)
Cr Creatine
Cr Lipophilic creatine analogues

Cr Creatine conjugate salts





OPS/images/fnsyn-12-588954-g001.gif
CNS
Provision of neurons with Cr
Neurodifferentiation
Support of higher cognitive functions
Translocation of Cr across the BBB and BCSFB
Intercellular shifting of GAA during Cr synthesis
GAA efflux

Retina
Cr transport across iBRB
Uptake of Cr by retinal cells
(except Mller cells)

Heart
Supplying cardiomyocytes with Cr
Cardiomyogenesis

Skeletal Muscle
Energyzing muscular contractility
Cr plasma clearence

Kidneys
Reabsorption of Cr
skin— from primary urine
Protection from UV-induced
oxidative stress
Wound healing

Lower Gastrointestinal Tract
Transcellular absorption of creatine?
Supplying Cr to gut epithelia for local utilization

Placenta RBCs WBCs
Maternofetal transfer of Cr across the placenta Uptake of Cr for Immunoregulation
Maintenance of placental bioenergetics stabilzation of plasma membrane?





OPS/images/fnsyn-12-588954-g002.gif
Cytoplasm

T™MS TM4 TM2  TM3 ™1 TMé6 ™8 TM7 TM9 TM10TM11 TM12

4 4-PBA-irresponsive CTD variants
4 4-PBA-responsive CTD variants
A CTDvariants not yet tested with 4-PBA





OPS/xhtml/Nav.xhtml


Contents





		Cover



		The Creatine Transporter Unfolded: A Knotty Premise in the Cerebral Creatine Deficiency Syndrome



		The Creatine Transporter Deficiency (Ctd) Syndrome



		Unraveling The Intricate Clinical Phenotype Of Ctd



		The Brain As A Core Source Of The Most Severe Symptoms In Ctd



		Skeletal And Heart Muscles In Ctd



		Effects On The Sensory Organs











		Molecular Features Of Ctd



		Ctd Effects On Neuron Cells: Crt1 Out-Of-Place











		Therapeutic Strategies For Handling Ctd



		The Explored Treatment Avenues: Modifying The Creatine Molecule











		Conclusion



		Author Contributions



		Funding



		Acknowledgments



		Abbreviations

















OPS/images/crossmark.jpg





OPS/images/fnsyn-12-588954-t001.jpg
Variant

Clinical phenotype

References

P31L
G87R
G132v
R207W
G253R
N331K
C337TW
G356V
G381R

P382L
P330L

R391W
T394K

A404P
G424D

G466R
D474G
C491w
M510K
P544L

P554L

G561A
F315del
N336del
1347del
F354del
F360del

F408del

Seizures, speech and motor delay, and thalamus atrophy
Intellectual disabilty

Intellectual disabilty

Global developmental delays, hypotonia, intellectual disabilty, and language apraxia
Mid intellectual disability and language delay

Speech delay, seizures, and hyperactivity

Intellectual disabilty

Epilepsy and mild intellectual disabllity

Intellectual disabilty, seizures, speech, and behavioral disturbance, hypotonia, and
gastrointestinal problems

Severe intellectual disability, speech delay, behavioral problerns, and epllepsy
Intellectual disabilty, learning difficuties, seizures, hyperactive and impulsive behavior

Seizures, hyperactivity, aggressiveness, and hyperphagia
Intellectual disabilties, severe developmental delay and speech impairment, seizures, and mild
scale autism

Mid psychomotor retardation and language impirments

Speech and language delay, learming difficuities, mild autistic features, social anxiety and
attention deficit, aggressiveness, impulsiveness, and hyperactivity

Developmental delay, dystonia, no speech, and epilepsy

Mid intellectual disability and occasional febrie seizures

Generalized tonic-clonic seizures

Moderate intellectual disabilty, antiepileptic crug-responsive seizures, hypotonia, and dysartfria
Moderate intellectual disabilty, generalized hypotonia, delayed language, and speech skills, and
multifocal epileptic waves

Intellectual disabilty, hypotonia, intellectual disabllity, severe speech delay, seizures, autism, and
epllepsy

Intellectual disabilty

Intellectual disabilty, epilepsy, autism, and speech delay

Intellectual disabilty, seizures, and motor dyspraxia

Moderate intellectual disabilty, agaressive behavior, and seizures

Intellectual disabilty

Intellectual disabilty, epilepsy, autism, and speech delay

Intellectual disabilty, epilepsy, autism, seizure, speech and language delay and a reduced
interest in the surroundings

Rostami et al. (2020)
Rosenberg et al. (2004)
Lion-Frangois et al. (2006)

Ardon et al. (2016)

Battini et al. (2011)

Mencareli et al. (2011)

Rosenberg et al. (2004)
Mercimek-Mahrmutoglu et al. (2009)
Hahn et al. (2002)

Mercimek-Mahrmutoglu et al. (2009)
Rosenberg et al. (2004) and Heussinger
etal. (2017)

Mencareli et al. (2011)

Wang et al. (2018)

Alcaide et al. (2010)
Puusepp et al. (2010)

Alcaide et al. (2011)
Bruun et al. (2018)
Lion-Frangois et al. (2006)
Bruun et al. (2018)
Mancini et al. (2005)

Rosenberg et al. (2004) and Nozaki
etal. (2015)

Kato et al. (2014)

Fons et al. (2009)

Battini et al. (2007)

Clark et al. (2006)

Betsalel et al. (2008)

Fons et al. (2009) and Sempere et al.
(2009)

Bizzi et al. (2002) and Péo-Arglielles
et al. (2006)

Only those CTD variants with identified clinical symptoms are listed, according to the reports available in the literature to date.





OPS/images/cover.jpg
’ frontiers
In Synaptic Neuroscience

The Creatine Transporter
Unfolded: A Knotty Premise in the
Cerebral Creatine Deficiency
Syndrome









OPS/images/logo.jpg
’ frontiers
in Synaptic Neuroscience





