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Growth arrest and DNA damage-inducible beta (Gadd45b) is directly intertwined with stress-induced DNA repair, cell cycle arrest, survival, and apoptosis. Previous research on Gadd45b has focused chiefly on non-neuronal cells. Gadd45b is extensively expressed in the nervous system and plays a critical role in epigenetic DNA demethylation, neuroplasticity, and neuroprotection, according to accumulating evidence. This article provided an overview of the preclinical and clinical effects of Gadd45b, as well as its hypothesized mechanisms of action, focusing on major psychosis, depression, autism, stroke, seizure, dementia, Parkinson’s disease, and autoimmune diseases of the nervous system.
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Introduction

The growth arrest DNA damage-inducible gene (Gadd45) family consists of Gadd45a, Gadd45b, and Gadd45g. All of them are nuclear proteins with a molecular weight of 18 KD. These molecules are widely expressed in the nervous system. And it is required for the stress response, apoptosis, and mitosis of neuronal and glial cells (Kearsey et al., 1995; Hildesheim et al., 2002). The Gadd45 protein is mainly involved in regulating the cell cycle, cell apoptosis, proliferation, and DNA damage repair and may be interested in DNA demethylation (Barreto et al., 2007; Liebermann and Hoffman, 2007; Ma et al., 2009). DNA methylation is a major epigenetic factor, the specific temporal control of which is critical for the growth and differentiation of the mammalian central nervous system (CNS) (Fan et al., 2001, 2005; Feng et al., 2005; Golshani et al., 2005). DNA methylation is a crucial regulatory process involved in brain formation, learning, memory, and disorder (Rizzardi et al., 2019), and it is known to be modified in individuals with neuropsychiatric disorders such as schizophrenia, addiction, and Alzheimer’s disease (Jeong et al., 2021). Writers, erasers, and readers are the three main types of enzymes that create, identify, and remove DNA methylation. DNA methylation is the mechanism by which methyl groups can be covalently attached to the 50 positions on cytosine nucleotides, resulting in the formation of 5-methylcytosine (5mC). Demethylation remains incompletely understood but includes DNA damage repair enzymes and various intermediates, such as 5-hydroxymethylcytosine (5-hmC) (Tahiliani et al., 2009). Specifically, the conversion of 5mC to 5hmC may be mediated by base-excision and repair (BER) or after the transformation of 5hmC to 5-hydroxymethyluracil (5hmU) by the activation-induced deaminase (AID). As a member of the Gadd45 family, Gadd45b, is a demethylase, participating in the BER of mutated cytosines and may perform a similar function in neurons. Besides, Gadd45b has been proven to have a crucial function in the nervous system and immunity, epigenetic DNA demethylation, neuroplasticity, and neuroprotection. Conclusively, Gadd45b is commonly implicated in neurologic and neuropsychiatric diseases because of its critical involvement in brain plasticity (Figure 1).
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FIGURE 1
The role of growth arrest and DNA damage-inducible beta (Gadd45b) in neurologic and neuropsychiatric disorders.


Neurological diseases are a group of disorders or abnormalities in the nervous system, commonly including stroke, seizure, dementia, Parkinson’s disease and multiple sclerosis. Meanwhile, brain diseases often result in psychological symptoms, including schizophrenia, depression, autism, etc. Neuropsychiatric diseases mainly affect cognitive, emotional, and behavioral disorders. Although neurological and neuropsychiatric illnesses are two distinct disease categories, their etiology and pathophysiology often overlap Gadd45b-dependent molecular signaling pathways.



The role of Gadd45b in neuropsychiatric disorders


Major psychosis

Major psychosis, which refers chiefly to schizophrenia and bipolar disorder, is a severe, recurrent, and chronic mental condition. These disorders are not only a cause of morbidity but also increased mortality, which results from a relatively high rate of suicide and a shorter life span, due mainly to the medical complications of these illnesses.

Multiple investigations over the last decade have identified Gadd45b in the pathogenesis of psychosis of the major psychosis. Patients with psychiatric disorders were shown to have increased Gadd45b-stained cells in prefrontal cortex layers II, III, and V. This research demonstrated that individuals with psychiatric disorders bind less Gadd45b to the BDNF promoter (Gavin et al., 2012). In addition, the scientists showed a decrease in BDNF mRNA expression and an increase in 5-methylcytosine and 5-hydroxymethylcytosine at its promoter. Similarly, the Gadd45 protein is also engaged in regulating histone modifications in the pathological process and therapy of schizophrenia (Guidotti et al., 2009; Labrie et al., 2012). Altered metabotropic glutamate receptor (mGlu) activity is followed by DNA methylation dynamics, as activation of subclass II (composed of mGlu2 and mGlu3 types) attenuates presynaptic glutamate activity, which is linked with antipsychotic effects, according to prior studies (Conn et al., 2009; Kurita et al., 2012). In the mouse frontal cortex and hippocampus, intraperitoneal injection of LY379268 (a brain-permeable mGlu2/3 activator) increases the expression of the Gadd45b mRNA and restores social function. LY379268 also enhances the specific binding of Gadd45b to BDNF and glutamate decarboxylase 67 (GAD67) promoter regions (Matrisciano et al., 2011). Thus, evidence suggests Gadd45b as a viable target for treating schizophrenia. Additionally, Gadd45b is sometimes considered DNA demethylase. Gadd45b binds differentially to the BDNF and GAD67 promoters, altering the demethylation of the BDNF and GAD67 promoters. Notably, Gadd45b levels are increased in mice administered antipsychotic drugs (Guidotti et al., 2011; Matrisciano et al., 2011). Gadd45b appears to control methylation and upregulate reelin, GAD67, and BDNF expression in the brains of individuals with psychosis. These findings imply that Gadd45b is involved in altering brain circuits in patients with major psychosis and modulates antipsychotic treatment (Figure 2).
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FIGURE 2
Roles of growth arrest and DNA damage-inducible beta (Gadd45b) in major psychosis. (A) Increased expression of gadd45b in the hippocampal region is detected in schizophrenic mice after intraperitoneal injection of ly379268, which alters the Demethylation of BDNF and Gad67, increasing BDNF and Gad67 activation in large amounts. (B) Decreased Gadd45b, BDNF and Reelin expression in the brain of patients with major psychosis (Figure was created with BioRender.com).




Chronic stress and depression

Depression is a prevalent mental illness. According to estimates, 5% of individuals worldwide experience depression (Evans-Lacko et al., 2018). Nevertheless, mechanisms involved in depression pathophysiology are not yet fully understood, and current therapies are inadequate for a substantial proportion of patients with depression (Evans-Lacko et al., 2018; Hasin et al., 2018). Depression severely affects the incidence and prognosis of many common general medical comorbidities, such as stroke. Nevertheless, mechanisms involved in depression pathophysiology are not yet fully understood, and current therapies are inadequate for a substantial proportion of patients with depression. Multiple mechanisms contribute to the pathophysiology and etiology of depression, such as microglia activation, neuroinflammation, and reduced neurogenesis in the hippocampus (Ménard et al., 2016).

Restricted hippocampus neurogenesis elicits depressive-like effects (Kraus et al., 2017). Neurogenesis is governed by substances like BDNF, which is absent in patients with major depression. Anti-depressant treatments, whether pharmacological or psychosocial, restore BDNF levels in individuals with depression (Molendijk et al., 2014; Gururajan et al., 2016). In particular, Gadd45b contributes to BDNF promoter demethylation by enabling the elimination of 5HMC (Gavin et al., 2015).

Likewise, in the Flinders Sensitive Line (FSL) genetic rodent model of depression, an observed trend of decreased Gadd45b mRNA levels in these hypermethylated untreated rats is consistent with the demethylating function of Gadd45b in the adult brain (Melas et al., 2012). In unpredictable chronic mild stress (UCMS) mice, a model for depression, the expression of Gadd45b was down-regulated in the hippocampus by the growth factor β (TGF-β) signaling pathway. This process was involved in the transcriptional regulation of genes (Grassi et al., 2017).

Furtherly, Yin et al. identified a substantial correlation between Gadd45b knockdown and depressive-like behaviors following ischemic stroke. They determined that Gadd45b could play a role in neuronal remodeling activity-related neurogenesis in the hippocampus of adult rats, alleviating poststroke depression through the BDNF signaling pathway (Yin et al., 2021). These findings suggest that Gadd45b is involved in antidepressant-like activity induction.

Electroconvulsive therapy (ECT) was claimed to be an effective treatment for depression (Rasmussen, 2011; Azis et al., 2019). Likewise, ECT has been discovered to trigger the gene Gadd45b, which plays a part in BDNF demethylation in the dentate gyrus of the hippocampus formation (Ma et al., 2009). After ECT treatment, an analysis of the gene expression profiles of hippocampal dentate gyrus granulosa cells revealed that BDNF, neuropeptide Y, and Gadd45b were up-regulated (Ploski et al., 2006). Accordingly, Gadd45b, generated by ECT, at least in part mediates the therapeutic benefits of ECT on depression.

On the contrary, a recent study showed the pro-depressant role of Gadd45b on social behaviors through chronic social defeat stress (Labonté et al., 2019). Gadd45b intervenes in depression by modifying the DNA methylation levels of GAD67, recombinant neurotrophic tyrosine kinase receptor type 2 (Ntrk2), neurturin, and distal-less homeobox 5 (Dlx5). Gadd45b expression was considerably elevated in the nucleus accumbens of susceptible mice in response to persistent social defeat stress. Also, the over-activation of Gadd45b promoted depressed behavior in mice. Moreover, this study revealed that Gadd45b is a novel downstream molecular target of BDNF in the nucleus accumbens.

Collectively, these findings indicate that Gadd45b could be a novel mediator of depression-like behaviors (Figure 3). Presently, the clinical effect of Gadd45b in the treatment of depression remains contentious and requires additional investigation in future trials.
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FIGURE 3
Roles of growth arrest and DNA damage-inducible beta (Gadd45b) in depression. (A) Increased gadd45b expression in the brain of nucleus accumbens of susceptible mice alters the demethylation of Neurturin, Dlx5, and Ntrk2, resulting in increased Neurturin, Dlx5, and Ntrk2 performance. (B) Increased gadd45b expression in the brains of depressed mice after ect therapy boosts BDNF function by modifying BDNF demethylation. (C) Decreased Gadd45b, BDNF expression in the brain of patients with depression (Figure was created with BioRender.com).




Autism

Autism is a neurodevelopmental condition characterized by language and social interaction deficits and is generally accompanied by seizures, cognitive deficits, or other brain disorders (Kidd, 2002). This condition is considered to be caused by hereditary factors and cerebral inflammation (Ratajczak, 2011). Some studies have revealed the abnormal DNA and histone methylation regulation in the prefrontal cortex of patients with autism (Nguyen et al., 2010; Shulha et al., 2012). Furthermore, A microarray analysis has detected elevated Gadd45b expression in the superior temporal gyrus of autism (Garbett et al., 2008).

Noteworthily, Gadd45b deletion in neonatal rats reduces the expression of numerous genes linked to psychiatric illnesses, including MeCP2, Reelin, and BDNF (Kigar et al., 2015). Similarly, Serum BDNF levels are decreased in patients with autism (Hashimoto et al., 2006; Abdallah et al., 2013). Also, Methyl-CpG-binding protein 2 (MeCP2) deletion in the developing amygdala limits social interaction in adolescent rats (Kurian et al., 2008). A2-adrenoceptor (Adra2a) is required to regulate social behavior in adolescent rats. Furthermore, Gadd45b siRNA therapy considerably reduced Adra2a expression in the juvenile rat amygdala (Siviy and Baliko, 2000). In addition, multiple ankyrin repeat domains protein 3 (SHANK3) is a potential autism-related gene. And it has been shown to be involved in the action of Gadd45b on DNA demethylation (Monteiro and Feng, 2017). Collectively, these findings suggest that Gadd45b has a vital role in the epigenetic process of autism (Figure 4). Still, its precise mechanism must be proven by conducting a large number of studies.
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FIGURE 4
Roles of growth arrest and DNA damage-inducible beta (Gadd45b) in autism. (A) Stereotactic injection of gadd45b siRNA decreases the production of MeCP2, BDNF, Adra2a, and Reelin in autistic rats, where MeCP2, BDNF, and Adra2a contribute to adolescent rats’ social competence. (B) SHANK3 enhances gadd45b expression, which may be related to gadd45b demethylation. (C) Decreased Gadd45b and BDNF expression in the brain of patients with autism (Figure was created with BioRender.com).





The role of Gadd45b in neurologic disorders


Stroke

Stroke is the leading cause of permanent severe disability. More than half of older than 65-year-old stroke survivors have reduced mobility. Approximately 87% of all strokes are ischemic stroke. Due to the time limits of surgical therapy and the danger of recombinant tissue-type plasminogen activator therapy, neuroprotectants that inhibit the inflammatory response to combat ischemic injury have recently emerged as a new direction in stroke treatment (Paul and Candelario-Jalil, 2021). In the past several decades, Gadd45b has been demonstrated as an inherent neuroprotective factor protecting retinal ganglion cells from injury (Liu et al., 2009, 2013). Therefore, Gadd45b may be a new target for stroke treatment.

Researchers reported the continuous detection of Gadd45 immunoreactivity in neurons within the infarct from 4 to 24 h and in sublethally injured neurons within the penumbra from 24 to 48 h (Charriaut-Marlangue et al., 1999). From this investigation, we reached the conclusion that the expression of the Gadd45 family changes after cerebral ischemia. Specifically, the term of the Gadd45 mRNA in the ischemic hemisphere increases 3 h after reperfusion and approximately three-fold after 24 h compared to the contralateral or sham-operated group (Hou et al., 1997). In addition, Jin et al. (1996) discovered that Gadd45 protein is continuously expressed only in the ischemic penumbra from 4 to 24 h after cerebral ischemia. Meanwhile, the evidence revealed that Gadd45 protein could promote injury repair and expressed at higher levels in surviving neurons after cerebral ischemia. Consequently, the Gadd45 protein may protect against neuronal injury caused by cerebral ischemia.

In addition, several newly published preclinical studies demonstrate that Gadd45b protects against cerebral ischemia damage in both transitory localized and global models of cerebral ischemia. Chen et al. (1998) discovered meaningful increases in the expression of the Gadd45 mRNA and protein in the brain after transient global cerebral ischemia. Liu and coworkers showed that cerebellar fastigial nucleus stimulation induces Gadd45b expression in the cerebral cortex after cerebral ischemia. Over-activation of Gadd45b promotes functional recovery after focal cerebral ischemia, implying that Gadd45b may be related to motor function after cerebral ischemia (Liu et al., 2012).

The recovery process after a stroke involves neurogenesis and axonal remodeling within the ischemic brain. Neurogenesis occurs following ischemic brain injury. Stroke generates a considerable increase in cell proliferation in the lateral ventricle’s subventricular zone (SVZ) in the ischemic penumbra. However, the intrinsic neurogenesis abilities are generally insufficient to improve functional recovery (Arvidsson et al., 2002). A recent study showed that Gadd45b is related to SVZ neurogenesis following middle cerebral artery occlusion (MCAO), and Gadd45b mediates neurogenesis in the SVZ via BDNF (Tan et al., 2021). Gadd45b has been shown to alter the methylation of BDNF following cerebral ischemia-reperfusion injury (He et al., 2015). Both activin receptor-like kinase 5 (ALK5) signaling and DNA demethylation are crucial in adult neurogenesis. ALK5 regulates the protein level and demethylation of BDNF through controlling the production of Gadd45b, consequently encouraging the recovery of brain function (Zhang et al., 2019). Axonal remodeling is also induced by cerebral ischemia. Liu et al. (2015a) discovered that Gadd45b leads to axonal regeneration and promotes functional recovery following MCAO in rats. Gadd45b regulated axon regeneration by BDNF and its downstream cAMP/PKA/CREB pathway after transient cerebral ischemia. In summary, Gadd45b could play a role in promoting axonal plasticity and neurogenesis. This procedure may enhance stroke recovery, which is important for brain recovery.

Neuronal apoptosis in ischemic brain penumbra is one of the major factors of neurological diseases. To investigate the role of Gadd45b in cerebral ischemia, lentiviral vector-associated RNA interference was injected stereotaxically into the ipsilateral lateral ventricle to inhibit Gadd45b expression. In this study, Gadd45b was shown to protect against rat brain ischemia injury by inhibiting apoptosis. The investigation suggested Gadd45b as a neuroprotective effector against apoptosis by regulating Bcl-2 and Bax (Liu et al., 2015b). In addition, Gadd45b expression is dramatically increased in hippocampal CA1 neurons from rats with transient global cerebral ischemia. Gadd45b protects neurons from ischemic injury by activating the DNA demethylation of the BDNF regulatory region in global ischemia-induced neuronal death (Cho et al., 2019). Equally, in an in vitro model of hypoxia and ischemia, Gadd45b was also shown to inhibit autophagy and alleviate neuron cell apoptosis (He et al., 2016).

Of note, microglia activation is critical for attenuating neuronal apoptosis, enhancing neurogenesis, and facilitating functional recovery after cerebral ischemia. In a mouse model of transient focal cerebral ischemia, Guo et al. used unbiased single-cell sequencing in conjunction with bulk RNA-seq analysis to study microglia diversity at an early stage of ischemic stroke. They discovered that Gadd45b is overexpressed in microglia cells in the ischemic brain (Guo et al., 2021). Mitogen-activated protein kinase kinase-7 (MKK-7) is an upstream activator of the c-Jun-N-terminal kinase (JNK) signaling pathway, which is related to brain damage after acute cerebral ischemia. Fortunately, researchers have discovered Gadd45b-I, an effector peptide based on the Gadd45b domain (Vercelli et al., 2015). Gadd45-I was capable of binding to MKK7 and, by coupling it to the TAT peptide sequence, enabling membrane penetration. Studies in vitro reveal that Gadd45-I significantly lowers neuronal mortality generated by N-methyl-D-aspartate exposure or oxygen-glucose deprivation-induced excitotoxicity. In addition, Gadd45-I exhibited long-lasting neuroprotection against ischemia in vivo. Taken together, Gadd45b is a new putative target for ischemic stroke (Figure 5 and Table 1).
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FIGURE 5
Roles of growth arrest and DNA damage-inducible beta (Gadd45b) in cerebral ischemic disease. (A) Gadd45b-I specifically binds to MKK-7 and inhibits JNK-mediated neural death. (B) Gadd45b promotes neurogenesis and synaptic remodeling by altering the demethylation of BDNF. (C) Gadd45b decreases the release of Bcl-2 and Bax to inhibit apoptosis. (D) Gadd45b inhibits cellular autophagy by stimulating PI3K/P53 signaling pathway and suppressing the P38 signaling pathway. (E) Gadd45b may be associated with microglia polarization. (F) Gadd45b promotes axonal regeneration through the camp/PKA/CREB signaling pathway (Figure was created with BioRender.com).



TABLE 1    Studies of growth arrest and DNA damage-inducible beta (Gadd45b) in cerebral ischemia.
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Seizure

A seizure is an abrupt, uncontrolled electrical disruption in the brain. Seizures are associated with several alterations in the neuroplasticity of hippocampal circuits, including neurogenesis and dendritic development in the dentate gyrus (Naegele, 2009). Seizures are among the most potent stimulators of neurogenesis, hastening the differentiation of adult-born neurons (Tongiorgi et al., 2004; McNamara et al., 2006). Similarly, electroconvulsive therapy-induced epileptic episodes have increased dentate granulosa cell neurogenesis (Madsen et al., 2000; Scott et al., 2000). Coincidentally, recent research has linked neurogenesis to Gadd45b (Ma et al., 2009). Seizures have also been shown to stimulate the transcription of the Gadd45 gene (Henshall et al., 1999).

It is well-established that matrix metallopeptidase 9 (MMP-9) is a critical protein inducing the development of epilepsy in humans and rodents, and excess MMP-9 enhances the incidence of seizures (Wilczynski et al., 2008; Konopka et al., 2013). The increased MMP-9 expression in the hippocampus induced by epileptogenesis results from a complex epigenetic mechanism. Further research revealed that Gadd45b accumulation in vivo is one of the mechanisms of MMP-9 demethylation (Zybura-Broda et al., 2016). The study also implied that Gadd45b production induced by status epilepticus is mainly limited to postmitotic granule cells in the dentate gyrus.

In addition, Gadd45b-induced demethylation of BDNF has been hypothesized as a potential mechanism for the SE-induced enhancement of neurogenesis in the dentate gyrus (Xiao et al., 2020). The authors elegantly noted that following the elimination of Gadd45b, the degree of SE-induced demethylations of BDNF effectively was increased bout 5-fold. The mechanism of SE-induced BDNF demethylation by Gadd45b involves binding to the BDNF-specific Oct4 promoter, which drives region-specific demethylation through DNA nucleotide and base excision repair pathways, similar to the known role of Gadd45b in 5-hmC excision.

Ma et al. found that electroconvulsive treatment (ECT) in adult mice induced Gadd45b expression in granule cells of the hippocampal dentate gyrus with endogenous neural stem cell proliferation, new neuron formation, and temporal hippocampal dendrite growth. Gadd45b functions as an immediate-early gene by promoting endogenous gene (BDNF and FGF-1) demethylation. Knockdown of the Gadd45b gene in rats reduced ECT-induced proliferation of endogenous neural stem cells, neurite production, and dendritic growth in the hippocampus. The Gadd45b-induced increases in BDNF and FGF-1 expression are virtually eliminated in Gadd45b knockout rats. Based on these observations, Gadd45b could play a role in enhancing long-term neuroplasticity in the post-epileptic brain. This procedure, to some extent, facilitates structural repair of brain tissue and promotes functional recovery after epilepsy (Figure 6).
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FIGURE 6
Roles of growth arrest and DNA damage-inducible beta (Gadd45b) in the seizures and Alzheimer’s disease. (A) Gadd45b suppresses seizures by altering the demethylation of MMP-9, BDNF, and FGF-1. (B) α-synuclein and rs17070145, recognized pathological features in AD, promote Gadd45b expression in hippocampal, facilitating synaptic remodeling and memory repairment (Figure was created with BioRender.com).




Dementia

Dementia is a disorder defined by a deterioration in cognition relative to a prior level, impairing occupational, household, or social functioning (Gale et al., 2018). Memory loss is a crucial and early indication of dementia and occurs in conjunction with it.

Interestingly, a new modified porcine placenta extract improves age-related memory loss in mice by upregulating Gadd45b (Yamauchi et al., 2019). Meanwhile, Gadd45b knockout mice exhibit a hippocampus-dependent long-term memory impairment (Leach et al., 2012). Furthermore, Gadd45b deletion increases fear in a hippocampus-dependent manner and promotes memory and synaptic plasticity (Sultan et al., 2012). These studies implicate Gadd45b as a regulator of memory formation and may be a viable therapeutic target in cognitive disease.

The most widespread type of dementia is Alzheimer’s disease (AD). It is a progressive neurodegenerative disease of the brain that disrupts memory and other basic cognitive functions, leading to persistent mental decline and behavioral abnormalities that severely affect the daily life of patients. Deposing extracellular amyloid β-peptide (Aβ) plaques in the brain is a hallmark pathological feature of AD (Lambert et al., 1998). According to previous studies, Gadd45 is expressed in hippocampal CA1 pyramidal cells, which are susceptible to AD (Torp et al., 1998).

Alzheimer’s disease is characterized by the pathological combination of Aβ, tau, and α-synuclein. Mutations in the genes encoding Aβ, tau, and α-synuclein are common. Overexpression of these mutant proteins may result in a disease-associated phenotype (Goedert, 2015). Of note, extracellular α-synuclein induces the activation of Gadd45b (Motyl et al., 2018). The rs17070145-T variant of the WWC1 gene, which encodes the KIBRA protein, has a connection to improved episodic memory performance and a lower risk of late-onset AD, whereas rs17070145 increases Gadd45b expression (Piras et al., 2017). Thus, we infer that Gadd45b represents a potential target for AD treatment, but the exact mechanism remains to be investigated (Figure 6).



Parkinson’s disease

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by a significant loss of dopamine (DA) neurons in substantia nigra pars compacta (SNpc) (Benayoun et al., 2015). Studies showed that Gadd45b expression rose dramatically both in SNpc of patients with PD and mouse brains with age. Therefore, Gadd45b, a known DNA demethylation enzyme, may play a significant role in PD (Figure 7).
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FIGURE 7
Roles of growth arrest and DNA damage-inducible beta (Gadd45b) in Parkinson’s disease. (A) Gadd45b could prevent LID caused by excessive L-DOPA. (B) Oxidized DA and Excess Zn2+ could increase Gadd45b, which induced cell death by inhibiting the JNK/P38 signaling pathway and promoting the cell death process. (C) Gadd45b may be related to chromatin destructuration, DNA methylation, susceptibility to oxidative stress and DNA damage. (D) Increased Gadd45b expression in the brain of patients with PD (Figure was created with BioRender.com).


Recent research (Ravel-Godreuil et al., 2021) revealed that Gadd45b overexpression led to a variety of alterations in the striatum of PD model mice, including loss of Chromatin structure, altered DNA methylation, and increased vulnerability of mDA neurons to oxidative stress, and neuronal death. Clearly, they hypothesized that the Gadd45b activates methylation changes of LINE-1, a prospective DNA damage factor (Blaudin de Thé et al., 2018), altering the heterochromatic structure and causing neurological disease.

Dopamine is prone to oxidation when discharged into the cytoplasm or extracellular space. Both oxidized DA and excessive Zn2+ may contribute to neuronal death and cause Parkinson’s disease (Blum et al., 2001; Jenner, 2003). Yang indicated that Gadd45b could be the mediator of this route. It was found that the expression of Gadd45b was considerably boosted in PC12 cells induced by oxidized DA and excessive Zn2+. They hypothesized that Gadd45b induces PC12 death by blocking the P38/JNK signaling pathway and increasing the cell death process.

However, Gadd45b could be a potential target in countering dopamine precursor 3,4-dihydroxyphenyl-L-alanine (L-DOPA)-induced dyskinesia (LID) Parkinson’s disease (Park et al., 2016). Researchers developed a 6-OHDA animal model of hemi-parkinsonism. In the striatum of the model animals, prolonged overstimulation with L-DOPA raised Gadd45b mRNA levels through the R1D pathway (Heiman et al., 2014). Park et al. (2016) demonstrated that overexpression of Gadd45b inhibited the L-DOPA-induced elevation in c-Fos and FosB/FosB mRNA levels, which inhibited LID.



Brain tumor

Gadd45 is associated with the development of several oncological diseases. Numerous studies have shown that the Gadd45 protein is aberrantly expressed in pancreatic cancer, hepatocellular carcinoma, lung cancer, gastrointestinal tumors, and lymphoma. Upregulation of Gadd45 induces tumor cell cycle arrest and apoptosis. Coincidentally, the anticancer activity of chemotherapeutic agents (Rishi et al., 1999) and non-steroidal anti-inflammatory drugs depends on this effect (Zerbini et al., 2006). Therefore, Gadd45 has been identified as a potential target for antitumor drug therapy. The Gadd45b protein has been studied in neurological tumors, mainly in pituitary tumors, fibrillary astrocytoma, and adult neural tube cell tumors (Figure 8).
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FIGURE 8
Roles of growth arrest and DNA damage-inducible beta (Gadd45b) in brain tumor. (A) Gadd45b is associated with NF-kB and P53 signaling pathways inhibiting pituitary adenoma cell growth. (B) The inhibitory effect of Gadd45b on melanoma growth is associated with IL-12. (C) The inhibitory effect of Gadd45b on glioma growth may be related to P53, IREI, and Tricyclodecan-9-yl-xanthogenate (Figure was created with BioRender.com).


Human pituitary adenoma is a common intracranial tumor caused by hormone-secreting cells in the anterior pituitary (Ezzat et al., 2004). According to microarray studies, Gadd45b was downregulated 68-fold in pituitary tumors, and its loss may contribute to tumorigenesis or progression (Michaelis et al., 2011). Thus, this study identified Gadd45b as a novel pituitary tumor suppressor whose re-expression blocks proliferation, survival, and tumorigenesis. In addition, Gadd45b is a putative downstream target of protein 53 (p53) (Michaelis et al., 2011). Daptomycin has been shown to inhibit cell proliferation in AtT 20 corticotropic tumor cells via the p53-Gadd45b pathway, exerting anticancer effects (Kageyama et al., 2015). Furthermore, inhibiting the Gadd45 gene family through promoter methylation or nuclear factor kappa-B (NF-κB) activation is a critical step in cancer development (Tamura et al., 2012). In addition, p53 regulates Gadd45b expression through the NF-κB pathway (Zhai et al., 2019). Conversely, Gadd45b protein and mRNA expression are significantly reduced in human patients with gonadotrophic tumors. Gadd45b promotes gonadotrophic tumor apoptosis, primarily by arresting cells in G1/S and G2/M phases, but its upstream regulatory pathways are unknown (Zhang et al., 2002).

Gliomas are the most common primary tumors of the brain and spinal cord. The primary gliomas include astrocytic, oligodendrocyte, ependymal, neuronal, and mixed glial tumors (such as ganglioglioma) (Chen et al., 2017). Inhibition of the inositol requiring enzyme-1 (IRE1) pathway has been shown to substantially slow glioma growth in previous investigations (Drogat et al., 2007; Auf et al., 2010). Hypoxia is also related to the development of gliomas, and both hypoxia and IRE1 inhibition have been shown to promote Gadd45b gene expression in U87 glioma cells (Minchenko et al., 2016). Galectin-1 is an effective regulator of glioblastoma cell growth. Reduced production of the proangiogenic molecule Galectin-1 abolishes the level of the Gadd45b mRNA (Le Mercier et al., 2008). Gourabine E retards mitosis in human glioblastoma cell tumor cells by upregulating the expression of Gadd45b, thereby inhibiting tumor growth (Cheng et al., 2019). In addition, Tricyclodecan-9-yl-xanthogenate also blocks cell cycle progression and inhibits tumor cell growth by decreasing Gadd45b expression in glioma stem cell-like cells (Kalluri et al., 2017).

Primary intracranial melanoma is sporadic, accounting for only 0.07% of all intracranial tumors (Arai et al., 2018). Hiring A (HA) inhibits melanin production. Coincidentally, the expression of Gadd45b is increased drastically in B16 melanoma cells treated with HA. The dendritic morphology observed after HA treatment is most likely attributed to increased expression of Gadd45b. In general, the melanocyte dendritic morphology is directly related to melanogenic activity (Villareal et al., 2012). Gadd45b specifically stimulates p38 activation, increasing interferon γ (IFN-γ) levels in CD8+ T cells. Gadd45b expression is upregulated by interleukin-12 (IL-12), which increases TCR-triggered activation of p38 MAP kinase and thus encodes a key signaling protein required for effective anti-melanoma immune responses (Ju et al., 2009).



Autoimmune diseases of the nervous system

Autoimmune diseases are disorders of the autoimmune system that cause the body to attack its organs, cells, and tissues. Because the specific biological pathogenesis of autoimmune diseases is unknown, the condition cannot be cured but only managed. In particular, the potential importance of epigenetic phenomena in autoimmune diseases has been highlighted (Wang et al., 2015). Interestingly, in vivo and in vitro studies have shown that immunization increases Gadd45b expression (Wang et al., 2006). Experimental studies have indicated that some autoimmune diseases are closely related to Gadd45b. For example, the Gadd45b mRNA is expressed at lower levels in patients with rheumatoid arthritis (RA) than in healthy people (Li et al., 2019). In particular, increased Gadd45b expression or inhibition of the activity of JNK or its upstream regulator MKK-7 alleviates the clinical symptoms of patients with RA (Svensson et al., 2009).

Neurological autoimmune diseases are diseases in which autoimmune cells and molecules are the main pathogenic factors attacking the nervous system. Multiple sclerosis (MS) is an immune-mediated inflammatory demyelinating disease of the central nervous system driven by autoreactive Th cells. Experimental allergic encephalitis (EAE) is an animal model of induced demyelinating disease with major symptoms that are very similar to those of humans with MS. Gadd45b deletion exacerbates EAE (Liu et al., 2005; Lu, 2006). Gadd45b is important for initiating TH1 cell responses by mediating pathogen-associated molecular pattern (PAMP) signaling in innate immune cells, enhancing and prolonging TCR signaling in T cells, and prolonging IL-12/IL-18 signaling in TH1 cells, which are important for initiating the TH1 response. TH1 cells are important components of chronic inflammation and are involved in the pathogenesis of autoimmune diseases (Svensson et al., 2009).

Additionally, myasthenia gravis (MG) is an autoimmune disease caused by dysfunctional neuromuscular junction transmission, and Gadd45b expression is downregulated in patients with thymoma presenting with myasthenia gravis (Yu et al., 2019). Thus, Gadd45b is involved in the regulation of several neurological autoimmune diseases. However, the specific mechanisms and functions of Gadd45b in these diseases have not been thoroughly established due to the lack of sufficient evidence.




Conclusion

In summary, Gadd45b is widely expressed in the central nervous system, plays a vital role in various nervous system diseases, and is a potential target for the treatment of various nervous system diseases. Gadd45b could enhance the long-term neuroplasticity of the brain and exert a neuroprotective effect. Consistent with their discovery, knockdown or overexpression of Gadd45b could cause a range of neurodevelopmental outcomes. For instance, the phenotypes of Gadd45b in mice include aberrant dendritic cell physiology, inappropriate production of IL-4, IL-6, and IFN-γ, as well as enhanced T cell proliferation (McMurry et al., 2016; Shefchek et al., 2020). Gadd45b knockdown or knockout inhibited the activity-driven proliferation of neural progenitors and the dendritic formation of newborn neurons (Kaufmann et al., 2011). Still, we are unaware of any observed human phenotypes associated with the Gadd45 family. In addition, no PWAS research linking Gadd45 to human disorders has been discovered by the authors. GWAS have effectively revealed risk loci for a multitude of neuropsychiatric disorders and traits, such as anorexia nervosa, major depressive disorder, schizophrenia, insomnia, and Alzheimer’s disease, among others (Brandes et al., 2020). Therefore, future research is required to connect genes and phenotypes via functional changes in proteins, revealing insights into the architecture of the discovery of novel disease-causing genes and pathways as well as the identification of new therapeutic targets and disease biomarkers.

Noteworthy, multiple intriguing studies have displayed Gadd45b’s contribution to the growing subject of cognitive neuro-epigenetics. The most notable distinction between these processes and those previously addressed is their operation in normal, senescent adult neurons, as opposed to those undergoing intentional cell death or growth (Sultan and Sawaya, 2022). Also, disruptions in DNA methylation patterns have been linked to the development of neurologic and neuropsychiatric illnesses (Shirvani-Farsani et al., 2021). Drug addiction is a chronic psychiatric disorder in which global and site-specific changes in DNA methylation can be observed (Wang et al., 2012). In addition, there is a substantial correlation between BDNF promoter methylation and the likelihood of drug abuse (Wang et al., 2012). However, only a single study has shown that striatal Gadd45b operates as a dopamine-induced gene that is required for cocaine reward memory through modulating DRD1 transcriptional activity (Zipperly et al., 2021). Therefore, the exploration of Gadd45 in its field holds great promise.

In addition, the breadth of loci targeted by Gadd45b for epigenetic regulation is largely unknown and a subject for future investigation. Fortunately, certain therapies, such as electroconvulsive treatment, have enhanced Gadd45b expression. Of note, researchers have discovered Gadd45b-I, an effector peptide based on the Gadd45b domain. Therefore, we conclude that using Gadd45b as a target for the therapy of neurologic and neuropsychiatric diseases may have far-reaching implications.



Author contributions

X-YS and S-HS were responsible for literature review, investigation, and draft preparation. BL was responsible for literature review and editing. Y-BL was responsible for drawing and editing. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by National Natural Science Foundation of China (grant no. 81601018), Natural Science Foundation of Shandong Province, China (ZR2021MH043), and Academic Promotion Programme of Shandong First Medical University (2019QL013).



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.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Abbreviations

Gadd45b, growth arrest and DNA damage-inducible beta; BDNF, brain-derived neurotrophic factor; mGlu2, metabotropic glutamate receptor 2; GAD67, glutamate decarboxylase 67; TGF-β, transforming growth factor β; ECT, electroconvulsive therapy; Ntrk2, neurotrophic tyrosine kinase receptor type 2; Dlx5, distal-less homeobox 5; MeCP2, methyl-CpG-binding protein 2; Adra2a, A2-adrenoceptor; SVZ, subventricular zone; ALK5, activin receptor-like kinase 5; MMP-9, matrix metallopeptidase 9; p53, protein 53; NF-κB, nuclear factor kappa-B; HA, Hirsein A; IFN-γ, interferon γ; AD, Alzheimer’s disease; Aβ, amyloid β-protein; EAE, experimental allergic encephalitis; MG, myasthenia gravis.


References

Abdallah, M. W., Mortensen, E. L., Greaves-Lord, K., Larsen, N., Bonefeld-Jørgensen, E. C., Nørgaard-Pedersen, B., et al. (2013). Neonatal levels of neurotrophic factors and risk of autism spectrum disorders. Acta Psychiatr. Scand. 128, 61–69. doi: 10.1111/acps.12020

Arai, N., Kagami, H., Mine, Y., Ishii, T., and Inaba, M. (2018). Primary solitary intracranial malignant melanoma: A systematic review of literature. World Neurosurg. 117, 386–393. doi: 10.1016/j.wneu.2018.06.138

Arvidsson, A., Collin, T., Kirik, D., Kokaia, Z., and Lindvall, O. (2002). Neuronal replacement from endogenous precursors in the adult brain after stroke. Nat. Med. 8, 963–970. doi: 10.1038/nm747

Auf, G., Jabouille, A., Guérit, S., Pineau, R., Delugin, M., Bouchecareilh, M., et al. (2010). Inositol-requiring enzyme 1alpha is a key regulator of angiogenesis and invasion in malignant glioma. Proc. Natl. Acad. Sci. U.S.A. 107, 15553–15558. doi: 10.1073/pnas.0914072107

Azis, I. A., Hashioka, S., Tsuchie, K., Miyaoka, T., Abdullah, R. A., Limoa, E., et al. (2019). Electroconvulsive shock restores the decreased coverage of brain blood vessels by astrocytic endfeet and ameliorates depressive-like behavior. J. Affect. Disord 257, 331–339. doi: 10.1016/j.jad.2019.07.008

Barreto, G., Schäfer, A., Marhold, J., Stach, D., Swaminathan, S. K., Handa, V., et al. (2007). Gadd45a promotes epigenetic gene activation by repair-mediated DNA demethylation. Nature 445, 671–675. doi: 10.1038/nature05515

Benayoun, B. A., Pollina, E. A., and Brunet, A. (2015). Epigenetic regulation of ageing: Linking environmental inputs to genomic stability. Nat. Rev. Mol. Cell Biol. 16, 593–610. doi: 10.1038/nrm4048

Blaudin de Thé, F. X., Rekaik, H., Peze-Heidsieck, E., Massiani-Beaudoin, O., Joshi, R. L., Fuchs, J., et al. (2018). Engrailed homeoprotein blocks degeneration in adult dopaminergic neurons through LINE-1 repression. EMBO J. 37:e97374. doi: 10.15252/embj.201797374

Blum, D., Torch, S., Lambeng, N., Nissou, M., Benabid, A. L., Sadoul, R., et al. (2001). Molecular pathways involved in the neurotoxicity of 6-OHDA, dopamine and MPTP: Contribution to the apoptotic theory in Parkinson’s disease. Prog. Neurobiol. 65, 135–172. doi: 10.1016/s0301-0082(01)00003-x

Brandes, N., Linial, N., and Linial, M. (2020). PWAS: Proteome-wide association study-linking genes and phenotypes by functional variation in proteins. Genome Biol. 21:173. doi: 10.1186/s13059-020-02089-x

Charriaut-Marlangue, C., Richard, E., and Ben-Ari, Y. (1999). DNA damage and DNA damage-inducible protein Gadd45 following ischemia in the P7 neonatal rat. Brain Res. Dev. Brain Res. 116, 133–140. doi: 10.1016/s0165-3806(99)00084-x

Chen, J., Uchimura, K., Stetler, R. A., Zhu, R. L., Nakayama, M., Jin, K., et al. (1998). Transient global ischemia triggers expression of the DNA damage-inducible gene GADD45 in the rat brain. J. Cereb Blood Flow Metab. 18, 646–657. doi: 10.1097/00004647-199806000-00007

Chen, R., Smith-Cohn, M., Cohen, A. L., and Colman, H. (2017). Glioma subclassifications and their clinical significance. Neurotherapeutics 14, 284–297. doi: 10.1007/s13311-017-0519-x

Cheng, A. C., Hsu, Y. C., and Tsai, C. C. (2019). The effects of cucurbitacin E on GADD45β-trigger G2/M arrest and JNK-independent pathway in brain cancer cells. J. Cell Mol. Med. 23, 3512–3519. doi: 10.1111/jcmm.14250

Cho, C. H., Byun, H. R., Jover-Mengual, T., Pontarelli, F., Dejesus, C., Cho, A. R., et al. (2019). Gadd45b Acts as neuroprotective effector in global ischemia-induced neuronal death. Int. Neurourol. J. 23(Suppl 1), S11–S21. doi: 10.5213/inj.1938040.020

Conn, P. J., Lindsley, C. W., and Jones, C. K. (2009). Activation of metabotropic glutamate receptors as a novel approach for the treatment of schizophrenia. Trends Pharmacol. Sci. 30, 25–31. doi: 10.1016/j.tips.2008.10.006

Drogat, B., Auguste, P., Nguyen, D. T., Bouchecareilh, M., Pineau, R., Nalbantoglu, J., et al. (2007). IRE1 signaling is essential for ischemia-induced vascular endothelial growth factor-A expression and contributes to angiogenesis and tumor growth in vivo. Cancer Res. 67, 6700–6707. doi: 10.1158/0008-5472.Can-06-3235

Evans-Lacko, S., Aguilar-Gaxiola, S., Al-Hamzawi, A., Alonso, J., Benjet, C., Bruffaerts, R., et al. (2018). Socio-economic variations in the mental health treatment gap for people with anxiety, mood, and substance use disorders: Results from the WHO World Mental Health (WMH) surveys. Psychol. Med. 48, 1560–1571. doi: 10.1017/s0033291717003336

Ezzat, S., Asa, S. L., Couldwell, W. T., Barr, C. E., Dodge, W. E., Vance, M. L., et al. (2004). The prevalence of pituitary adenomas: A systematic review. Cancer 101, 613–619. doi: 10.1002/cncr.20412

Fan, G., Beard, C., Chen, R. Z., Csankovszki, G., Sun, Y., Siniaia, M., et al. (2001). DNA hypomethylation perturbs the function and survival of CNS neurons in postnatal animals. J. Neurosci. 21, 788–797. doi: 10.1523/jneurosci.21-03-00788.2001

Fan, G., Martinowich, K., Chin, M. H., He, F., Fouse, S. D., Hutnick, L., et al. (2005). DNA methylation controls the timing of astrogliogenesis through regulation of JAK-STAT signaling. Development 132, 3345–3356. doi: 10.1242/dev.01912

Feng, J., Chang, H., Li, E., and Fan, G. (2005). Dynamic expression of de novo DNA methyltransferases Dnmt3a and Dnmt3b in the central nervous system. J. Neurosci. Res. 79, 734–746. doi: 10.1002/jnr.20404

Gale, S. A., Acar, D., and Daffner, K. R. (2018). Dementia. Am. J. Med. 131, 1161–1169. doi: 10.1016/j.amjmed.2018.01.022

Garbett, K., Ebert, P. J., Mitchell, A., Lintas, C., Manzi, B., Mirnics, K., et al. (2008). Immune transcriptome alterations in the temporal cortex of subjects with autism. Neurobiol. Dis. 30, 303–311. doi: 10.1016/j.nbd.2008.01.012

Gavin, D. P., Kusumo, H., Sharma, R. P., Guizzetti, M., Guidotti, A., and Pandey, S. C. (2015). Gadd45b and N-methyl-D-aspartate induced DNA demethylation in postmitotic neurons. Epigenomics 7, 567–579. doi: 10.2217/epi.15.12

Gavin, D. P., Sharma, R. P., Chase, K. A., Matrisciano, F., Dong, E., and Guidotti, A. (2012). Growth arrest and DNA-damage-inducible, beta (GADD45b)-mediated DNA demethylation in major psychosis. Neuropsychopharmacology 37, 531–542. doi: 10.1038/npp.2011.221

Goedert, M. (2015). NEURODEGENERATION. Alzheimer’s and Parkinson’s diseases: The prion concept in relation to assembled Aβ, tau, and α-synuclein. Science 349:1255555. doi: 10.1126/science.1255555

Golshani, P., Hutnick, L., Schweizer, F., and Fan, G. (2005). Conditional Dnmt1 deletion in dorsal forebrain disrupts development of somatosensory barrel cortex and thalamocortical long-term potentiation. Thalamus Relat. Syst. 3, 227–233. doi: 10.1017/s1472928807000222

Grassi, D., Franz, H., Vezzali, R., Bovio, P., Heidrich, S., Dehghanian, F., et al. (2017). Neuronal Activity, TGFβ-Signaling and unpredictable chronic stress modulate transcription of Gadd45 Family Members and DNA methylation in the hippocampus. Cereb. Cortex 27, 4166–4181. doi: 10.1093/cercor/bhx095

Guidotti, A., Auta, J., Chen, Y., Davis, J. M., Dong, E., Gavin, D. P., et al. (2011). Epigenetic GABAergic targets in schizophrenia and bipolar disorder. Neuropharmacology 60, 1007–1016. doi: 10.1016/j.neuropharm.2010.10.021

Guidotti, A., Dong, E., Kundakovic, M., Satta, R., Grayson, D. R., and Costa, E. (2009). Characterization of the action of antipsychotic subtypes on valproate-induced chromatin remodeling. Trends Pharmacol. Sci. 30, 55–60. doi: 10.1016/j.tips.2008.10.010

Guo, K., Luo, J., Feng, D., Wu, L., Wang, X., Xia, L., et al. (2021). Single-Cell RNA sequencing with combined use of bulk RNA sequencing to reveal cell heterogeneity and molecular changes at acute stage of ischemic stroke in mouse cortex penumbra area. Front. Cell Dev. Biol. 9:624711. doi: 10.3389/fcell.2021.624711

Gururajan, A., Clarke, G., Dinan, T. G., and Cryan, J. F. (2016). Molecular biomarkers of depression. Neurosci. Biobehav. Rev. 64, 101–133. doi: 10.1016/j.neubiorev.2016.02.011

Hashimoto, K., Iwata, Y., Nakamura, K., Tsujii, M., Tsuchiya, K. J., Sekine, Y., et al. (2006). Reduced serum levels of brain-derived neurotrophic factor in adult male patients with autism. Prog. Neuropsychopharmacol. Biol. Psychiatry 30, 1529–1531. doi: 10.1016/j.pnpbp.2006.06.018

Hasin, D. S., Sarvet, A. L., Meyers, J. L., Saha, T. D., Ruan, W. J., Stohl, M., et al. (2018). Epidemiology of Adult DSM-5 Major Depressive Disorder and Its Specifiers in the United States. JAMA Psychiatry 75, 336–346. doi: 10.1001/jamapsychiatry.2017.4602

He, G. Q., Xu, W. M., Li, J. F., Li, S. S., Liu, B., Tan, X. D., et al. (2015). Huwe1 interacts with Gadd45b under oxygen-glucose deprivation and reperfusion injury in primary Rat cortical neuronal cells. Mol. Brain 8:88. doi: 10.1186/s13041-015-0178-y

He, G., Xu, W., Tong, L., Li, S., Su, S., Tan, X., et al. (2016). Gadd45b prevents autophagy and apoptosis against rat cerebral neuron oxygen-glucose deprivation/reperfusion injury. Apoptosis 21, 390–403. doi: 10.1007/s10495-016-1213-x

Heiman, M., Heilbut, A., Francardo, V., Kulicke, R., Fenster, R. J., Kolaczyk, E. D., et al. (2014). Molecular adaptations of striatal spiny projection neurons during levodopa-induced dyskinesia. Proc. Natl. Acad. Sci. U.S.A. 111, 4578–4583. doi: 10.1073/pnas.1401819111

Henshall, D. C., Sinclair, J., and Simon, R. P. (1999). Relationship between seizure-induced transcription of the DNA damage-inducible gene GADD45. DNA fragmentation, and neuronal death in focally evoked limbic epilepsy. J. Neurochem. 73, 1573–1583. doi: 10.1046/j.1471-4159.1999.0731573.x

Hildesheim, J., Bulavin, D. V., Anver, M. R., Alvord, W. G., Hollander, M. C., Vardanian, L., et al. (2002). Gadd45a protects against UV irradiation-induced skin tumors, and promotes apoptosis and stress signaling via MAPK and p53. Cancer Res. 62, 7305–7315.

Hou, S. T., Tu, Y., Buchan, A. M., Huang, Z., Preston, E., Rasquinha, I., et al. (1997). Increases in DNA lesions and the DNA damage indicator Gadd45 following transient cerebral ischemia. Biochem. Cell Biol. 75, 383–392.

Jenner, P. (2003). Oxidative stress in Parkinson’s disease. Ann. Neurol. 53 Suppl 3, S26–S36. doi: 10.1002/ana.10483

Jeong, H., Mendizabal, I., Berto, S., Chatterjee, P., Layman, T., Usui, N., et al. (2021). Evolution of DNA methylation in the human brain. Nat. Commun. 12:2021. doi: 10.1038/s41467-021-21917-7

Jin, K., Chen, J., Kawaguchi, K., Zhu, R. L., Stetler, R. A., Simon, R. P., et al. (1996). Focal ischemia induces expression of the DNA damage-inducible gene GADD45 in the rat brain. Neuroreport 7, 1797–1802. doi: 10.1097/00001756-199607290-00022

Ju, S., Zhu, Y., Liu, L., Dai, S., Li, C., Chen, E., et al. (2009). Gadd45b and Gadd45g are important for anti-tumor immune responses. Eur. J. Immunol. 39, 3010–3018. doi: 10.1002/eji.200839154

Kageyama, K., Sugiyama, A., Murasawa, S., Asari, Y., Niioka, K., Oki, Y., et al. (2015). Aphidicolin inhibits cell proliferation via the p53-GADD45β pathway in AtT-20 cells. Endocr. J. 62, 645–654. doi: 10.1507/endocrj.EJ15-0084

Kalluri, H. S. G., Kuo, J. S., and Dempsey, R. J. (2017). Chronic D609 treatment interferes with cell cycle and targets the expression of Olig2 in Glioma Stem like Cells. Eur J Pharmacol 814, 81–86. doi: 10.1016/j.ejphar.2017.08.001

Kaufmann, L. T., Gierl, M. S., and Niehrs, C. (2011). Gadd45a, Gadd45b and Gadd45g expression during mouse embryonic development. Gene Expr. Patterns 11, 465–470. doi: 10.1016/j.gep.2011.07.005

Kearsey, J. M., Coates, P. J., Prescott, A. R., Warbrick, E., and Hall, P. A. (1995). Gadd45 is a nuclear cell cycle regulated protein which interacts with p21Cip1. Oncogene 11, 1675–1683.

Kidd, P. M. (2002). Autism, an extreme challenge to integrative medicine. Part: 1: The knowledge base. Altern. Med. Rev. 7, 292–316.

Kigar, S. L., Chang, L., and Auger, A. P. (2015). Gadd45b is an epigenetic regulator of juvenile social behavior and alters local pro-inflammatory cytokine production in the rodent amygdala. Brain Behav. Immun. 46, 60–69. doi: 10.1016/j.bbi.2015.02.018

Konopka, A., Grajkowska, W., Ziemiańska, K., Roszkowski, M., Daszkiewicz, P., Rysz, A., et al. (2013). Matrix metalloproteinase-9 (MMP-9) in human intractable epilepsy caused by focal cortical dysplasia. Epilepsy Res. 104, 45–58. doi: 10.1016/j.eplepsyres.2012.09.018

Kraus, C., Castrén, E., Kasper, S., and Lanzenberger, R. (2017). Serotonin and neuroplasticity - Links between molecular, functional and structural pathophysiology in depression. Neurosci. Biobehav. Rev. 77, 317–326. doi: 10.1016/j.neubiorev.2017.03.007

Kurian, J. R., Bychowski, M. E., Forbes-Lorman, R. M., Auger, C. J., and Auger, A. P. (2008). Mecp2 organizes juvenile social behavior in a sex-specific manner. J. Neurosci. 28, 7137–7142. doi: 10.1523/jneurosci.1345-08.2008

Kurita, M., Holloway, T., García-Bea, A., Kozlenkov, A., Friedman, A. K., Moreno, J. L., et al. (2012). HDAC2 regulates atypical antipsychotic responses through the modulation of mGlu2 promoter activity. Nat. Neurosci. 15, 1245–1254. doi: 10.1038/nn.3181

Labonté, B., Jeong, Y. H., Parise, E., Issler, O., Fatma, M., Engmann, O., et al. (2019). Gadd45b mediates depressive-like role through DNA demethylation. Sci. Rep. 9:4615. doi: 10.1038/s41598-019-40844-8

Labrie, V., Pai, S., and Petronis, A. (2012). Epigenetics of major psychosis: Progress, problems and perspectives. Trends Genet. 28, 427–435. doi: 10.1016/j.tig.2012.04.002

Lambert, M. P., Barlow, A. K., Chromy, B. A., Edwards, C., Freed, R., Liosatos, M., et al. (1998). Diffusible, nonfibrillar ligands derived from Abeta1-42 are potent central nervous system neurotoxins. Proc. Natl. Acad. Sci. U.S.A. 95, 6448–6453. doi: 10.1073/pnas.95.11.6448

Le Mercier, M., Lefranc, F., Mijatovic, T., Debeir, O., Haibe-Kains, B., Bontempi, G., et al. (2008). Evidence of galectin-1 involvement in glioma chemoresistance. Toxicol. Appl. Pharmacol. 229, 172–183. doi: 10.1016/j.taap.2008.01.009

Leach, P. T., Poplawski, S. G., Kenney, J. W., Hoffman, B., Liebermann, D. A., Abel, T., et al. (2012). Gadd45b knockout mice exhibit selective deficits in hippocampus-dependent long-term memory. Learn. Mem. 19, 319–324. doi: 10.1101/lm.024984.111

Li, R. N., Lin, Y. Z., Pan, Y. C., Lin, C. H., Tseng, C. C., Sung, W. Y., et al. (2019). GADD45a and GADD45b Genes in Rheumatoid arthritis and systemic lupus erythematosus patients. J. Clin. Med. 8:801. doi: 10.3390/jcm8060801

Liebermann, D. A., and Hoffman, B. (2007). Gadd45 in the response of hematopoietic cells to genotoxic stress. Blood Cells Mol. Dis. 39, 329–335. doi: 10.1016/j.bcmd.2007.06.006

Liu, B., Li, J., Li, L., Yu, L., and Li, C. (2012). Electrical stimulation of cerebellar fastigial nucleus promotes the expression of growth arrest and DNA damage inducible gene β and motor function recovery in cerebral ischemia/reperfusion rats. Neurosci. Lett. 520, 110–114. doi: 10.1016/j.neulet.2012.05.044

Liu, B., Li, L. L., Tan, X. D., Zhang, Y. H., Jiang, Y., He, G. Q., et al. (2015a). Gadd45b mediates axonal plasticity and subsequent functional recovery after experimental stroke in rats. Mol. Neurobiol. 52, 1245–1256. doi: 10.1007/s12035-014-8909-0

Liu, B., Sun, X., Suyeoka, G., Garcia, J. G., and Leiderman, Y. I. (2013). TGFβ signaling induces expression of Gadd45b in retinal ganglion cells. Invest. Ophthalmol. Vis. Sci. 54, 1061–1069. doi: 10.1167/iovs.12-10142

Liu, B., Suyeoka, G., Papa, S., Franzoso, G., and Neufeld, A. H. (2009). Growth arrest and DNA damage protein 45b (Gadd45b) protects retinal ganglion cells from injuries. Neurobiol. Dis. 33, 104–110. doi: 10.1016/j.nbd.2008.09.020

Liu, B., Zhang, Y. H., Jiang, Y., Li, L. L., Chen, Q., He, G. Q., et al. (2015b). Gadd45b is a novel mediator of neuronal apoptosis in ischemic stroke. Int. J. Biol. Sci. 11, 353–360. doi: 10.7150/ijbs.9813

Liu, L., Tran, E., Zhao, Y., Huang, Y., Flavell, R., and Lu, B. (2005). Gadd45 beta and Gadd45 gamma are critical for regulating autoimmunity. J. Exp. Med. 202, 1341–1347. doi: 10.1084/jem.20051359

Lu, B. (2006). The molecular mechanisms that control function and death of effector CD4+ T cells. Immunol. Res. 36, 275–282. 36, 275. doi: 10.1385/ir

Ma, D. K., Jang, M. H., Guo, J. U., Kitabatake, Y., Chang, M. L., Pow-Anpongkul, N., et al. (2009). Neuronal activity-induced Gadd45b promotes epigenetic DNA demethylation and adult neurogenesis. Science 323, 1074–1077. doi: 10.1126/science.1166859

Madsen, T. M., Treschow, A., Bengzon, J., Bolwig, T. G., Lindvall, O., and Tingström, A. (2000). Increased neurogenesis in a model of electroconvulsive therapy. Biol. Psychiatry 47, 1043–1049. doi: 10.1016/s0006-3223(00)00228-6

Matrisciano, F., Dong, E., Gavin, D. P., Nicoletti, F., and Guidotti, A. (2011). Activation of group II metabotropic glutamate receptors promotes DNA demethylation in the mouse brain. Mol. Pharmacol. 80, 174–182. doi: 10.1124/mol.110.070896

McMurry, J. A., Köhler, S., Washington, N. L., Balhoff, J. P., Borromeo, C., Brush, M., et al. (2016). Navigating the phenotype frontier: The monarch initiative. Genetics 203, 1491–1495. doi: 10.1534/genetics.116.188870

McNamara, J. O., Huang, Y. Z., and Leonard, A. S. (2006). Molecular signaling mechanisms underlying epileptogenesis. Sci. STKE 2006:re12. doi: 10.1126/stke.3562006re12

Melas, P. A., Rogdaki, M., Lennartsson, A., Björk, K., Qi, H., Witasp, A., et al. (2012). Antidepressant treatment is associated with epigenetic alterations in the promoter of P11 in a genetic model of depression. Int. J. Neuropsychopharmacol. 15, 669–679. doi: 10.1017/s1461145711000940

Ménard, C., Hodes, G. E., and Russo, S. J. (2016). Pathogenesis of depression: Insights from human and rodent studies. Neuroscience 321, 138–162. doi: 10.1016/j.neuroscience.2015.05.053

Michaelis, K. A., Knox, A. J., Xu, M., Kiseljak-Vassiliades, K., Edwards, M. G., Geraci, M., et al. (2011). Identification of growth arrest and DNA-damage-inducible gene beta (GADD45beta) as a novel tumor suppressor in pituitary gonadotrope tumors. Endocrinology 152, 3603–3613. doi: 10.1210/en.2011-0109

Minchenko, O. H., Kryvdiuk, I. V., Riabovol, O. O., Minchenko, D. O., Danilovskyi, S. V., and Ratushna, O. O. (2016). Inhibition of IRE1 modifies the hypoxic regulation of GADD family gene expressions in U87 glioma cells. Ukr. Biochem. J. 88, 25–34. doi: 10.15407/ubj88.02.025

Molendijk, M. L., Spinhoven, P., Polak, M., Bus, B. A., Penninx, B. W., and Elzinga, B. M. (2014). Serum BDNF concentrations as peripheral manifestations of depression: Evidence from a systematic review and meta-analyses on 179 associations (N=9484). Mol. Psychiatry 19, 791–800. doi: 10.1038/mp.2013.105

Monteiro, P., and Feng, G. (2017). SHANK proteins: Roles at the synapse and in autism spectrum disorder. Nat. Rev. Neurosci. 18, 147–157. doi: 10.1038/nrn.2016.183

Motyl, J., Wencel, P. L., Cieślik, M., Strosznajder, R. P., and Strosznajder, J. B. (2018). Alpha-synuclein alters differently gene expression of Sirts, PARPs and other stress response proteins: Implications for neurodegenerative disorders. Mol. Neurobiol. 55, 727–740. doi: 10.1007/s12035-016-0317-1

Naegele, J. (2009). Epilepsy and the plastic mind. Epilepsy Curr. 9, 166–169. doi: 10.1111/j.1535-7511.2009.01331.x

Nguyen, A., Rauch, T. A., Pfeifer, G. P., and Hu, V. W. (2010). Global methylation profiling of lymphoblastoid cell lines reveals epigenetic contributions to autism spectrum disorders and a novel autism candidate gene, RORA, whose protein product is reduced in autistic brain. FASEB J. 24, 3036–3051. doi: 10.1096/fj.10-154484

Park, H. Y., Ryu, Y. K., Kim, Y. H., Park, T. S., Go, J., Hwang, J. H., et al. (2016). Gadd45β ameliorates L-DOPA-induced dyskinesia in a Parkinson’s disease mouse model. Neurobiol. Dis. 89, 169–179. doi: 10.1016/j.nbd.2016.02.013

Paul, S., and Candelario-Jalil, E. (2021). Emerging neuroprotective strategies for the treatment of ischemic stroke: An overview of clinical and preclinical studies. Exp. Neurol. 335:113518. doi: 10.1016/j.expneurol.2020.113518

Piras, I. S., Krate, J., Schrauwen, I., Corneveaux, J. J., Serrano, G. E., Sue, L., et al. (2017). Whole transcriptome profiling of the human hippocampus suggests an involvement of the KIBRA rs17070145 polymorphism in differential activation of the MAPK signaling pathway. Hippocampus 27, 784–793. doi: 10.1002/hipo.22731

Ploski, J. E., Newton, S. S., and Duman, R. S. (2006). Electroconvulsive seizure-induced gene expression profile of the hippocampus dentate gyrus granule cell layer. J. Neurochem. 99, 1122–1132. doi: 10.1111/j.1471-4159.2006.04156.x

Rasmussen, K. G. (2011). Electroconvulsive therapy and melancholia: Review of the literature and suggestions for further study. J. ECT 27, 315–322. doi: 10.1097/YCT.0b013e31820a9482

Ratajczak, H. V. (2011). Theoretical aspects of autism: Causes–a review. J. Immunotoxicol. 8, 68–79. doi: 10.3109/1547691x.2010.545086

Ravel-Godreuil, C., Massiani-Beaudoin, O., Mailly, P., Prochiantz, A., Joshi, R. L., and Fuchs, J. (2021). Perturbed DNA methylation by Gadd45b induces chromatin disorganization, DNA strand breaks and dopaminergic neuron death. iScience 24:102756. doi: 10.1016/j.isci.2021.102756

Rishi, A. K., Sun, R. J., Gao, Y., Hsu, C. K., Gerald, T. M., Sheikh, M. S., et al. (1999). Post-transcriptional regulation of the DNA damage-inducible gadd45 gene in human breast carcinoma cells exposed to a novel retinoid CD437. Nucleic Acids Res. 27, 3111–3119. doi: 10.1093/nar/27.15.3111

Rizzardi, L. F., Hickey, P. F., Rodriguez DiBlasi, V., Tryggvadóttir, R., Callahan, C. M., Idrizi, A., et al. (2019). Neuronal brain-region-specific DNA methylation and chromatin accessibility are associated with neuropsychiatric trait heritability. Nat. Neurosci. 22, 307–316. doi: 10.1038/s41593-018-0297-8

Scott, B. W., Wojtowicz, J. M., and Burnham, W. M. (2000). Neurogenesis in the dentate gyrus of the rat following electroconvulsive shock seizures. Exp. Neurol. 165, 231–236. doi: 10.1006/exnr.2000.7458

Shefchek, K. A., Harris, N. L., Gargano, M., Matentzoglu, N., Unni, D., Brush, M., et al. (2020). The Monarch Initiative in 2019: An integrative data and analytic platform connecting phenotypes to genotypes across species. Nucleic Acids Res. 48, D704–D715. doi: 10.1093/nar/gkz997

Shirvani-Farsani, Z., Maloum, Z., Bagheri-Hosseinabadi, Z., Vilor-Tejedor, N., and Sadeghi, I. (2021). DNA methylation signature as a biomarker of major neuropsychiatric disorders. J. Psychiatr. Res. 141, 34–49. doi: 10.1016/j.jpsychires.2021.06.013

Shulha, H. P., Cheung, I., Whittle, C., Wang, J., Virgil, D., Lin, C. L., et al. (2012). Epigenetic signatures of autism: Trimethylated H3K4 landscapes in prefrontal neurons. Arch. Gen.Psychiatry 69, 314–324. doi: 10.1001/archgenpsychiatry.2011.151

Siviy, S. M., and Baliko, C. N. (2000). A further characterization of alpha-2 adrenoceptor involvement in the rough-and-tumble play of juvenile rats. Dev. Psychobiol. 37, 25–34. doi: 10.1002/1098-2302(200007)37:1<25::aid-dev4<3.0.co;2-c

Sultan, F. A., and Sawaya, B. E. (2022). Gadd45 in neuronal development. Function, and Injury. Adv. Exp. Med. Biol. 1360, 117–148. doi: 10.1007/978-3-030-94804-7_9

Sultan, F. A., Wang, J., Tront, J., Liebermann, D. A., and Sweatt, J. D. (2012). Genetic deletion of Gadd45b, a regulator of active DNA demethylation, enhances long-term memory and synaptic plasticity. J. Neurosci. 32, 17059–17066. doi: 10.1523/jneurosci.1747-12.2012

Svensson, C. I., Inoue, T., Hammaker, D., Fukushima, A., Papa, S., Franzoso, G., et al. (2009). Gadd45beta deficiency in rheumatoid arthritis: Enhanced synovitis through JNK signaling. Arth. Rheum 60, 3229–3240. doi: 10.1002/art.24887

Tahiliani, M., Koh, K. P., Shen, Y., Pastor, W. A., Bandukwala, H., Brudno, Y., et al. (2009). Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in mammalian DNA by MLL partner TET1. Science 324, 930–935. doi: 10.1126/science.1170116

Tamura, R. E., de Vasconcellos, J. F., Sarkar, D., Libermann, T. A., Fisher, P. B., and Zerbini, L. F. (2012). GADD45 proteins: Central players in tumorigenesis. Curr. Mol. Med. 12, 634–651. doi: 10.2174/156652412800619978

Tan, X. D., Liu, B., Jiang, Y., Yu, H. J., and Li, C. Q. (2021). Gadd45b mediates environmental enrichment-induced neurogenesis in the SVZ of rats following ischemia stroke via BDNF. Neurosci. Let. 745:135616. doi: 10.1016/j.neulet.2020.135616

Tongiorgi, E., Armellin, M., Giulianini, P. G., Bregola, G., Zucchini, S., Paradiso, B., et al. (2004). Brain-derived neurotrophic factor mRNA and protein are targeted to discrete dendritic laminas by events that trigger epileptogenesis. J. Neurosci. 24, 6842–6852. doi: 10.1523/jneurosci.5471-03.2004

Torp, R., Su, J. H., Deng, G., and Cotman, C. W. (1998). GADD45 is induced in Alzheimer’s disease, and protects against apoptosis in vitro. Neurobiol. Dis. 5, 245–252. doi: 10.1006/nbdi.1998.0201

Vercelli, A., Biggi, S., Sclip, A., Repetto, I. E., Cimini, S., Falleroni, F., et al. (2015). Exploring the role of MKK7 in excitotoxicity and cerebral ischemia: A novel pharmacological strategy against brain injury. Cell Death Dis. 6:e1854. doi: 10.1038/cddis.2015.226

Villareal, M. O., Han, J., Ikuta, K., and Isoda, H. (2012). Mechanism of Mitf inhibition and morphological differentiation effects of hirsein A on B16 melanoma cells revealed by DNA microarray. J. Dermatol. Sci. 67, 26–36. doi: 10.1016/j.jdermsci.2012.04.005

Wang, J. C., Kapoor, M., and Goate, A. M. (2012). The genetics of substance dependence. Annu. Rev. Genom. Hum. Genet. 13, 241–261. doi: 10.1146/annurev-genom-090711-163844

Wang, L., Du, F., Cao, Q., Sheng, H., Shen, B., Zhang, Y., et al. (2006). Immunization with autologous T cells enhances in vivo anti-tumor immune responses accompanied by up-regulation of GADD45beta. Cell Res. 16, 702–712. doi: 10.1038/sj.cr.7310083

Wang, L., Wang, F. S., and Gershwin, M. E. (2015). Human autoimmune diseases: A comprehensive update. J. Intern. Med. 278, 369–395. doi: 10.1111/joim.12395

Wilczynski, G. M., Konopacki, F. A., Wilczek, E., Lasiecka, Z., Gorlewicz, A., Michaluk, P., et al. (2008). Important role of matrix metalloproteinase 9 in epileptogenesis. J. Cell Biol. 180, 1021–1035. doi: 10.1083/jcb.200708213

Xiao, X. L., Wu, X. L., Yang, P. B., Hu, H. B., Chen, Y., Min, L., et al. (2020). Status epilepticus induced Gadd45b is required for augmented dentate neurogenesis. Stem Cell Res. 49:102102. doi: 10.1016/j.scr.2020.102102

Yamauchi, A., Tone, T., Sugimoto, K., Seok Lim, H., Kaku, T., Tohda, C., et al. (2019). Porcine placental extract facilitates memory and learning in aged mice. Food Sci. Nutr. 7, 2995–3005. doi: 10.1002/fsn3.1156

Yin, Q., Du, T., Yang, C., Li, X., Zhao, Z., Liu, R., et al. (2021). Gadd45b is a novel mediator of depression-like behaviors and neuroinflammation after cerebral ischemia. Biochem. Biophys. Res. Commun. 554, 107–113. doi: 10.1016/j.bbrc.2021.03.104

Yu, L., Ke, J., Du, X., Yu, Z., and Gao, D. (2019). Genetic characterization of thymoma. Sci. Rep. 9:2369. doi: 10.1038/s41598-019-38878-z

Zerbini, L. F., Czibere, A., Wang, Y., Correa, R. G., Otu, H., Joseph, M., et al. (2006). A novel pathway involving melanoma differentiation associated gene-7/interleukin-24 mediates nonsteroidal anti-inflammatory drug-induced apoptosis and growth arrest of cancer cells. Cancer Res. 66, 11922–11931. doi: 10.1158/0008-5472.Can-06-2068

Zhai, X., Wang, L., Xu, C., Hou, Q., Zhang, L., Li, Z., et al. (2019). Triptolide preserves glomerular barrier function via the inhibition of p53-mediated increase of GADD45B. Arch. Biochem. Biophys. 671, 210–217. doi: 10.1016/j.abb.2019.07.012

Zhang, K., Zhang, Q., Deng, J., Li, J., Li, J., Wen, L., et al. (2019). ALK5 signaling pathway mediates neurogenesis and functional recovery after cerebral ischemia/reperfusion in rats via Gadd45b. Cell Death Dis. 10:360. doi: 10.1038/s41419-019-1596-z

Zhang, X., Sun, H., Danila, D. C., Johnson, S. R., Zhou, Y., Swearingen, B., et al. (2002). Loss of expression of GADD45 gamma, a growth inhibitory gene, in human pituitary adenomas: Implications for tumorigenesis. J. Clin. Endocrinol. Metab. 87, 1262–1267. doi: 10.1210/jcem.87.3.8315

Zipperly, M. E., Sultan, F. A., Graham, G. E., Brane, A. C., Simpkins, N. A., Carullo, N. V. N., et al. (2021). Regulation of dopamine-dependent transcription and cocaine action by Gadd45b. Neuropsychopharmacology 46, 709–720. doi: 10.1038/s41386-020-00828-z

Zybura-Broda, K., Amborska, R., Ambrozek-Latecka, M., Wilemska, J., Bogusz, A., Bucko, J., et al. (2016). Epigenetics of Epileptogenesis-Evoked Upregulation of Matrix Metalloproteinase-9 in Hippocampus. PLoS One 11:e0159745. doi: 10.1371/journal.pone.0159745



OPS/xhtml/Nav.xhtml




Contents





		Cover



		The role of Gadd45b in neurologic and neuropsychiatric disorders: An overview



		Introduction



		The role of Gadd45b in neuropsychiatric disorders



		Major psychosis



		Chronic stress and depression



		Autism







		The role of Gadd45b in neurologic disorders



		Stroke



		Seizure



		Dementia



		Parkinson’s disease



		Brain tumor



		Autoimmune diseases of the nervous system







		Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Abbreviations



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Neuroscience

The role of Gadd45b
in neurologic
and neuropsychiatric disorders:
An overview











OPS/images/fnmol-15-1021207-g005.jpg
(_Gadd4sb-1 )

A

a I
|

(' Gadda5b-1 ) | 4 @
New :
composition

Neurogenesis

Apé?)tosis "

e .
/R
= -
o ac -' e

Autophagy

Ek—_' — <R § - » o .
"‘ """ > '. Microgiia activation

F [ cMAP/PKA/CREB | Axonal
\,»\- regeneration







OPS/images/fnmol-15-1021207-g006.jpg
Alzheimer's disease

(a—synuclein) rs17070145

Gadd4sb . "

Transcription

NP romoterNIFNZNZNTN

Demethylation

) oo s

Demethylation

|

oéﬁ:. ISeizure|

Synaptic ~ Memory
plasticity Impalrment






OPS/images/logo.jpg
’ frontiers | Frontiers in Molecular Neuroscience






OPS/images/fnmol-15-1021207-g003.jpg
: @caddash :

: Transcription :

E Promote E (NeurturirD“
—» (Gadd45b) | ——  Demethylation — ( bixs )

= {_DIx5 )= {(Neurturin)= (Ntrk2 ) = = ( Ntrk2 )

Demethylation

Nucleusaccumbens of
susceptible mice L

«\“ (Gaddasb) | (LBDNF )
W, E :

femsEsEssssEsssssseEs l e AP

WT mice < RO

o | ek,

Depression model m&, —

Gadd45b KO

Depression |

—





OPS/images/fnmol-15-1021207-g004.jpg
Stereotactic Solbi bl

injection

Amygdala

Autism model rats

- (MeCP2) (Adraza) |

E(Reelin) (' BDNF)

Gadd4sb . * "

BDNFl |
Gadd45b |

| o
| o [ N
N \ e [ ——
- -
-







OPS/images/fnmol-15-1021207-g001.jpg
——————————————

_____________________________

| Mental illness |

' Schizophrenia  Depression  Autism
| BDNF |
i Gad67 E
i Reelin E
~ mGlu2 |

| Brain tumor| ‘/\I

' Pituitary adenoma Glioma

@
R /_‘@ :;,—/ &)
Axonal WS- s
: ' .. dynaptoc
regeneration Neutogenesis

.. Pplasticity

@ A0 e
Microglia s SN
activation Apoptosis  Autophagy

| Cerebral ischemic injury |

Melanoma

(P53 )
NF-B
i PD :
Susceptibility to Chromatin :
.| oxidative stress || destructuration | .
" [ DNA methylation |I DNA damage | o
: L-DOPA -

| Celldeath |

induced LID

Synaptic -
impairment

; . Memory

Immune
—
response MS

plasticity @)

A |

Autoimmune disease






OPS/images/fnmol-15-1021207-g002.jpg
--------- Demethylation

Transcription ° >

ONGPromote \4‘ BDNF s/

Transgripjion ° ::<

BDNF ]‘

Transcription ° ;< /
Promote Qa{ Gad67) 7

(St \, A . ity - 3
L BDNF IS L :

i S ® :
: Gadd{le : : h{)ppocagmpusD :
] Reelin | : .

Intraperitoneal
injection

Major psychosis | ¥379268

Schizophrenia model mice






OPS/images/fnmol-15-1021207-g007.jpg
Chromatin
destructuration

Excess L-DOPA /'

e e e e e e | | DNA methylation |

Gadd§5/b D, -

wl_/ / \ \ Susceptibility to

oxidative stress

Cell death pathway (PSBXJNK)

\ / | DNA damage |
Y O
s
PR Parkinson's

Cell death disease






OPS/images/fnmol-15-1021207-t001.jpg
Study type Study Study findings

(year)/references
Rat global cerebral ischemia Cho et al. (2019) (1) Ischemic insults increase the abundance of Gadd45b and BDNF
(2) Gadd45b blocks caspase activation and neuronal death
Rat tMCAO Liu et al. (2012) The expression of Gadd45b increased after transient focal cerebral ischemic injury
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(3) Inhibition of Gadd45b ameliorates the increased neurogenesis induced by EE
Zhang et al. (2019) (1) ALK5 mediates Gadd45b protein levels by regulating Smad2/3 phosphorylation
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OGD He et al. (2016) Gadd45b prevents autophagy and apoptosis
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