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Abstract

One in four adults are diagnosed with a psychiatric disorder. Psychiatric genetic counseling, a

rather new discipline of genetic counseling, assesses the familial history of a mental illness and

analyzes the risk to transmit the psychiatric disorder to offspring. Psychiatric disorders are

controlled by a multitude of genes, i.e. are polygenic, and are mediated by several environmental

parameters, i.e., are multifactorial, including, but not limited to, trauma, stress, abuse, smoking,

and maternal physical or mental illness during pregnancy. Due to the complexity of their

etiologies, there are no genetic tests specific for psychiatric disorders. This manuscript proposes

using gene methylation, a mechanism for gene silencing or inactivation, as a marker for

psychiatric disorders, with the CACNA1C gene as the model.  The CACNA1C gene encodes for

the alpha subunit of the CaV1.2, an L-type voltage-gated calcium ion channel, which controls the

calcium ion flow into neurons of the brain. Methylation at the promoter of the CACNA1C gene

inactivates the gene which negatively affects both brain functionality and an individual’s

electrochemical balance. Methylation of the CACNA1C gene is a risk factor in bipolar disorder

and schizophrenia, as this negatively affects brain development. Transgenerational inheritance of

traumatic stress, as shown in the offspring of Tutsi women in the Rwanda genocide experience,

involved inheritance of a methylation imprint. Acknowledging the role of methylation as a

transgenerational epigenetic mechanism in inheritance, it is suggested that gene methylation be

used by the genetic counselor as a biomarker to screen for psychiatric disorders, using the

CACNA1C gene as the model. Furthermore, utilizing gene therapy protocols, e.g., CRISPR-Cas9.

elimination of methylation from the CACNA1C gene, either in germline cells, the zygote, or in

cells of the early embryo, would decrease the likelihood of transmitting/inheriting a psychiatric

disorder. Another approach to lessen the transmission of psychiatric disorders due, in part, to
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gene methylation, would be pharmaceuticals, such as DNA methyltransferase (DNMT)

inhibitors.
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I. Psychiatric Genetic Counseling

Genetic counseling is the process by which healthcare providers, termed genetic counselors,

work to identify the individual or familial risk of an individual or an offspring having a genetic

disorder by collecting a family history and analyzing the information. Genetic counselors then

use this information to help families understand and make informed decisions regarding their

genetic health (Genetic Alliance, 2009).

Within genetic counseling, there are many specialties in which a genetic counselor can practice.

These include, but are not limited to, prenatal, preconception, cancer, pediatrics, and most

recently psychiatrics. Typically, genetic counseling appointments consist of the genetic counselor

evaluating the patient’s risk for a certain disorder based on a familial medical history.

Additionally, genetic testing is offered to give the patient additional information about their risk.

The genetic counselor explains the genetic testing process, how the test works, and the emotions

that the patient may experience (Dailey et al., 1995).

Psychiatric genetic counseling aims to provide genetic counseling for those whose offspring are

at risk for a psychiatric disorder or for those already diagnosed with a disorder. This specialty

within genetic counseling is incredibly niche and currently exists only in the Adapt Clinic

located in the British Columbia Women’s Hospital and headed by Dr. Jehannine Austin, Ph.D.,

M.S., C.G.C.. This niche is despite the fact that one in four adults suffer from a psychiatric

disorder. (Andrade, 2019).
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Psychiatric disorders are controlled by many genes, i.e., are polygenic traits, over which are

superimposed environmental factors that mediate the expression of the disorder. Such traits are

termed to be multifactorial, polygenic traits. Whereas simple genetic screening is possible for

single-gene disorders, e.g., Tay-Sachs disease where the HEXA gene is mutated, currently, there

is no genetic testing to identify or assess risk for a psychiatric disorder.

An obvious question is what tools are available to psychiatric genetic counselors to assess the

risk factors of a psychiatric disorder. The role of a psychiatric genetic counselor is to first

develop a family history of mental illness and then collect and analyze the information regarding

known causes of the mental illness. Therefore, the role of a psychiatric genetic counselor is to

educate the patient on the etiology of the psychiatric disorder and provide direction and strategies

for the patient to alleviate the occurrence of the disorder. Guidance is provided by the psychiatric

genetic counselor to educate family members who may be affected by the mental illness or who

may have children affected. Another aspect of psychiatric genetic counseling focuses on

preparation for the future as well as providing emotional support and validation, rather than a

computer-calculated assessment of risk (Austin, 2019).

The unique aspect of this manuscript is directed around the idea that as psychiatric genetic

counseling evolves, genetic screening for gene methylation, a process that mediates the

expression of various mental and psychiatric disorders, should be integrated into the initial

consultation between the genetic counselor and a patient with a family history of mental illness

when evaluating whether or not this mental illness will be transferred to the patient’s offsprings.

An example of a gene that methylation testing needs to be developed for is the CACNA1C gene.
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Recent research has assessed that the methylated form of the CACNA1C gene is a major risk

gene for psychiatric disorders such as bipolar disorder and schizophrenia (Starnawska &

Demontis, 2021).

II. The CACNA1C Gene

The CACNA1C gene encodes for the formation of an ion channel, known as CaV1.2, a L-type

voltage-gated calcium ion channel that mediates the number of calcium ions entering the cell in

response to a proton gradient across the membrane. Calcium ions participate in many important

cellular functions such as muscle contraction, regulation of intercellular electrical activity, and

gene activation/inaction. The CaV1.2  L-type voltage-gated calcium ion channel allows for these

essential functions by ensuring the proper amount of calcium ions enter the cell. In particular, the

CaV1.2 channel encoded by the CACNA1C gene is connected to the genes that aid in the

development of the fetal brain and bones. CaV1.2

specifically assists in the functioning of both

neurons in the brain, as well as cardiomyocytes,

the cells responsible for heart contraction

(Hofmann et al., 2014).

The structure of the CaV1.2  L-type voltage-gated

calcium ion channel is composed of four

subunits: alpha-1, alpha-2/delta, gamma, and

beta. These subunits exist in a 1:1:1:1 ratio.
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Distinctly, the CACNA1C gene encodes for the alpha-1 subunit of the CaV1.2 calcium ion

channel (Figure 1). The alpha-1 subunit forms the tunnel through which ions enter the cell and is

composed of twenty-four integral protein segments, which span the entirety of the cell

membrane. Within the alpha-1 subunit are binding sites, where most drugs and regulatory

circuits bind, as well as voltage sensors that monitor the amount of voltage entering the cell

through this tunnel. The alpha-1 subunit of the CaV1.2 L-type voltage-gated calcium channel

encoded by the CACNA1C gene is located on the p arm of chromosome 12, specifically at 13.33-

spot 13 subsections 33. However, the CACNA1C gene has various isoforms resulting from

alternative splicing, a process that produces diverse mRNAs and subsequently diverse proteins

from one gene via the assembly of multiple exons in varying order. This process allows for

different versions of the CaV1.2 L-type voltage-gated calcium ion channel to be present in

humans (Hofmann et al., 2014). The difference between each isoform is crucial in analyzing

mutations in the CACNA1C gene, including the methylated form of the gene that will be

discussed further.

III. Importance of Calcium Ion Channels

It is well researched that mutations in the CACNA1C gene are linked to diseases that affect the

heart such as Brugada Syndrome, Timothy Syndrome, and Short QT Syndrome. This is a result

of the role the CACNA1C gene plays in controlling calcium ion flow. When mutated, the

structure of the L-type voltage-gated calcium ion channel is altered, changing the heart’s

electrical system and the proper functioning of the brain (Moon et al., 2021).
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To add, calcium channels are essential for synaptic plasticity (Figure 2): the ability of synapses,

in response to usage or disusage in their activity, to strengthen or weaken (Kreutz, 2012). In

patients with polygenetic psychiatric disorders such as bipolar disorder and schizophrenia, one of

the hallmarks is that the synaptic

plasticity has been disrupted (Forsyth &

Lewis, 2017). The disruption of calcium

signaling, as well as intracellular calcium

imbalance, is attributed to the methylated

version of the CACNA1C gene

(Psychiatric GWAS Consortium Bipolar

Disorder Working Group, 2011) which is

explored later in this manuscript.

IV. Polygenic, Multifactorial Disorders

Each gene in an individual exists in two copies, one carried on the person’s maternal

chromosome and the other on the person’s paternal chromosome. At times, a gene may carry a

mutation, which causes it to lose function (i.e., known as a loss-of-function allele). However,

sometimes only one copy of the gene is defective. If the defect in one copy of the gene is not

noticeable in the person, that allelic form of the gene is said to be recessive. If, on the other hand,

one defective form of the gene causes an observable effect, the defective gene is termed

dominant. The above information forms the basis of Mendelian genetics, in which the

trait/disorder is governed by one pair of genes, To analyze phenotype, or the appearance, of the
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expected progeny from a mating between two individuals, a Punnett square is constructed. Genes

controlling the phenotype are not linked i.e., their transmission is independent of one another.

A Punnett square is constructed by

recording the genotypes, or genetic

variations of a gene transmitted in the

sperm and egg and using that information

to determine the potential phenotypic

variations in the offspring. The Punnett

square is designed to include the various

genotypes carried by the egg and sperm, allowing for the determination of the phenotypic and

genotypic ratios in the offspring. For example, consider a mating between two heterozygotes,

hybrid for the genes, R and r (Figure 3). Using the Punnett square, it is predicted that such a

mating would yield the 1:2:1 genotypic ratio, 1RR: 2Rr 1rr. The capital letter (R) indicates the

dominant allele, meaning this phenotype is always exhibited. The lowercase letter (r) indicates

that this allelic form of the gene is recessive, meaning that this variant is masked when paired

with a dominant allele. This is because while each dominant trait contributes to the phenotype,

each recessive gene does not. Therefore, the recessive form of the gene is not observed unless an

individual carries two doses of the recessive allele. The above is the overall theme of Mendelian

inheritance, but there are many variations upon this theme. One mode of inheritance is autosomal

recessive, which occurs when an individual has two recessive alleles (rr). Both recessive alleles

are necessary for the individual to exhibit the trait. In an autosomal dominant pattern of
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inheritance, only one dominant allele is necessary for the person to exhibit the trait (either Rr or

RR).

For traits or disorders controlled by a plethora of genes and environmental elements, the range of

phenotypes in the offspring varies continuously, generating a bell-shaped curve. Such

quantitative traits are characterized as polygenetic. For quantitative traits, it is impossible to use a

Punnett square for risk assessment and, instead, statistical methods are commonly employed.

As quantitative traits are controlled by multiple genes, when genes affecting the quantitative

traits are recognized, they are called quantitative trait loci (QTL). QTLs are able to be identified

based on the location of the genes affecting a quantitative trait on a specific chromosome. QTLs

are established based on their proximity to already known unique identifiers, called markers.

(Brooker, 2021, p. 712-715).

V. Determination of Genetic Contributions

Heritability Value

There are many ways in which researchers distinguish between environmental and genetic

components of a polygenic, multifactorial disorder. One is determining the heritability (H) value,

which ranges from 0 – 1. H values greater than 0.5 indicate a strong genetic component as the

cause of a disorder. To calculate the H value, the researcher compares the ratio of observed

phenotypic variations to the expected variations for a population of related individuals

(Sanfilippo et al., 2019).  For bipolar disorder and schizophrenia, H values were calculated for
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identical, or monozygotic, twins raised

by their biological parents as well as

identical twins who were separated and

raised by adopted parents. Such studies

allowed for determining if the disorders

were caused by genetic or

environmental factors. It was

established that while both bipolar

disorder and schizophrenia have large

genetic components, bipolar disorder

has a stronger genetic component than

schizophrenia (Gejman et al., 2010).

In bipolar disorder, the concordance rate, or the rate at which a trait is present in identical twins,

is around 60% (Kerner, 2014) and the heritability value is estimated to be around 85%

(McGuffin et al., 2003) (Figure

4). This indicates that the genetic

components play a larger role in

the diagnosis of bipolar disorder

than the environmental

components. For schizophrenia, it

is known that the concordance

rate in monozygotic twins is
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around 50% and the heritability value is 81% (Sullivan et al., 2003) (Figure 5). This indicates

that there are equally strong environmental components and genetic components that come into

play when one is diagnosed with schizophrenia.

Contrastingly, when dizygotic, or fraternal twins, were raised by their biological parents versus

dizygotic twins who were separated and raised by adopted parents, the concordance value was

said to be around 8% for bipolar disorder (Smoller & Finn, 2003) and around 10% for

schizophrenia (Imamura et

al., 2020) (Table 1). The low

rate at which the trait was

present indicates a weak

environmental component

and strong genetic onset. A

large component of the

genetic inheritance is due to

the methylation that is passed from parent to offspring.

Threshold Model

Multifactorial polygenic disorders are best described using the threshold model, which is a plot

of the frequency of the disorder within a population versus the genetic liability for the disorder

being analyzed. A point within the bell-shaped curve is reached at which the genetic liability is
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so great (i.e., at the threshold) that the disorder is now manifested. Environmental factors are of

most concern near the threshold level (Figure 6).

The threshold model takes into account the effects of the deleterious genes and the

environmental factors which influence the point at which a person will become affected by the

disorder (Frisen, 2002). For one to

overshoot the threshold value and

be affected by the disorder, these

multiple components – defective

genes and environmental factors –

are summed. Examples of

environmental factors include

abuse, smoking, maternal virus

infections or obstetric

complications, and exposure to

toxins during childhood (Schmitt et al., 2014). The threshold model can be used for psychiatric

disorders such as bipolar disorder and schizophrenia.

VI. Bipolar Disorder

Bipolar disorder is a psychiatric disorder that affects around 3% of the world (National Institute

of Mental Health, 2017). It is classified as a mood disorder that involves intense mood swings

and changes in energy levels. Within bipolar disorder, there are multiple types. Bipolar disorder I
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is categorized by a long-lasting manic episode, during which the person is extremely elated and

with much energy, followed by depressive episodes, during which the person is extremely

hopeless and sad. Bipolar disorder II is categorized by depressive episodes and hypomanic

episodes, a less severe version of a manic episode. The third type of bipolar disorder,

cyclothymic disorder, involves both depressive episodes as well as hypomanic episodes.

However, the episodes last for a shorter duration of time and are less intense (Medline Plus,

2021). While bipolar disorder is thought to be mostly genetic, there are environmental factors

that play a role. It is indicated that the older the parent, the greater the chance of offspring with

bipolar disorder (Chudal et al., 2014).  However, the most important environmental factor that

influences bipolar disorder is childhood trauma. This includes instances of physical, emotional,

or sexual abuse. Additionally, other stressful life events such as losing a job or the death of a

loved one are thought to be environmental risk factors for bipolar disorder (Menculini et al.,

2020).

VII. Schizophrenia

Schizophrenia is a psychiatric disorder that affects less than 1% of the population. It involves

behavioral abnormalities as well as cognitive issues such as hallucinations and psychosis due to

impairment of neurological functions. Symptoms of schizophrenia fall into three categories:

positive, negative, and cognitive. Positive symptoms are when something is added to a person’s

behavior, such as delusions; negative symptoms are when something is removed, such as an

individual distancing from social environments; and cognitive symptoms relate to an individual’s

thoughts, such as disorganized thinking (Canadian Mental Health Association, 2018).
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Schizophrenia is a late-onset disease that typically exhibits itself in one’s early twenties and

thirties. It is thought to be due to a combination of genetics and environmental stressors (Batinic

et al., 2019). An individual whose mother experienced complications in pregnancy or birth has

an increased risk of being affected with schizophrenia at a later age. This was correlated with

hypoxia, or the lack of oxygen, often experienced by these individuals.

Furthermore, viral, bacterial, and parasitic infections both during pregnancy and in individuals

post-birth are thought to increase one’s risk of schizophrenia. Specifically, Toxoplasma gondii

has been shown to increase the odds of schizophrenia by 80% when found latent inside an

individual (Robinson & Bergen, 2021). T. gondii, a common pathogenic protozoan, is a

single-cell parasite that causes toxoplasmosis. As T. gondii typically remains latent, the infected

person will be asymptomatic and unaware of the entry of the pathogen. However, despite the

latency, T. gondii can regulate the behavior of its host and is implicated in altering the gene

activity and many biological pathways in the host (Sutterland et al., 2015). Therefore, there is a

high correlation between individuals that are hosting the latent form of T. gondii and these

individuals developing schizophrenia at a later age. Childhood trauma such as financial

struggles, abuse, or neglect are also environmental factors that increase the risk of schizophrenia

(Robinson and Bergen, 2021). The older the paternal age, the larger the risk of an offspring being

affected with schizophrenia (Miller et al., 2011).

VIII. Genome-Wide Association Study (GWAS)
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A Genome-Wide Association Study (GWAS), or Whole Genome Study, scans the unique

markers of a genome with the purpose of recognizing if any specific variants or single nucleotide

polymorphisms (SNPs) are associated with a trait or disorder (Chang et al., 2018).

When searching for risk loci that may be associated with schizophrenia, the GWAS identified

one hundred and eight genes that may be implicated in this disorder (table 2). Many of those

genes are those that assist in neurological functioning. The etiology and mechanisms that lead to

an individual having schizophrenia are still being discovered, despite extensive research over the

past century (He, 2020). With bipolar disorder, as well, sixty-four loci have been found via

GWAS to be associated with this disorder (table 1). Within those sixty-four loci, many were

found to be related to synaptic signaling pathways and genes that assist with brain function

(Mullins, 2021). With the addition of GWAS, new genes that may be risk alleles are constantly

being uncovered.  The whole-genome study has allowed researchers to gain better insight into

the genes affected in an individual with polygenic disorder.

In psychiatric disorders, many risk loci are related to genes coding for voltage-gated calcium ion

channels. Being that the CACNA1C gene affects synaptic plasticity as well as the regulation of

genes associated with development of the brain, hypermethylation of this gene is a risk factor in

both bipolar disorder and schizophrenia (Bigos, 2010).

Hertzberg et al. (2015), in a combination of a GWAS with genomic data from post-mortem

patients diagnosed with schizophrenia, found a significant amount of calcium ions within the risk

genes for schizophrenia. This indicates that the correlation between schizophrenia and highly
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elevated calcium levels is statistically significant. Additionally, a study by Harrison et al. (2021)

indicated a larger amount of calcium ions in the platelets and lymphocytic cells of patients with

bipolar disorder compared to the healthy controls.

Typically, a low amount of free calcium ions are found in the cytoplasm due to the strict calcium

ion regulation done by the voltage-gated calcium ion channels. However, when these channels

are methylated, an influx of calcium ions flow into the cytoplasm, consequently disrupting

neurological pathways necessary for development (Heyes et al., 2015).

IX. Methylation

Recently, there has been research regarding the correlation between the CACNA1C gene in its

hypermethylated form and bipolar disorder and schizophrenia

Although these disorders are

polygenic as well as multifactorial,

the new research indicated that the

CACNA1C gene was a major

susceptibility gene within the

multiplicity of genes that cause these

psychiatric disorders (Starnawska and

Demontis, 2021). Methylation occurs

when methyl (-CH3) groups are added

18



to a DNA molecule. As a result, methylation affects the functionality and, at times, even

survival, of the individual (Holland, 2016). When a substantial amount of methyl groups are

added, the resultant state is stated to be hypermethylated. In the hypermethylated state, the

CACNA1C gene’s function is impaired, causing an abnormal current of calcium ions generated in

the CaV1.2 L-type voltage-gated calcium ion channel. In specific, hypermethylation occurs in

the CpG islands, or, groups of repeating cytosine and guanine nucleotides linked with a

phosphate. In an experiment by Starnawska et al. (2016), five CpG islands, abbreviated CGIs,

were analyzed. While four of those islands were shown to be completely methylated or

completely unmethylated, CGI 3 displayed intermediate levels of methylation. The experiment

concluded that in the patients with bipolar disorder there was a highly significant increase in

methylation compared to the healthy patients (Figure 7).

If tests were available to reveal the methylation status of the CACNA1C gene, perhaps it would

inform patients if their offspring are predisposed to develop bipolar disorder and schizophrenia.

Psychiatric genetic counseling is primarily about empowering the patient and the development of

methylation testing will cater to this goal. There is power in knowledge and patients with a

family history of mental illness can provide a sense of if they carry the hereditary components

and if they will pass it to their offspring.

Implementation of methylation testing for genes like the CACNA1C gene, which is linked to

mental illness in its methylated form, will allow for documentation of medical records. Thereby

assisting medical professionals in making a diagnosis.
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X. Inheritance of Methylation

Methylation status can be impacted both by environmental and genetic factors. Environmental

factors include diet, drugs, or undergoing trauma. In many psychiatric disorders, such as bipolar

disorder and schizophrenia, stress or trauma is a large risk factor (Umeoka, 2021) as stress can

cause long-term effects on the body. Commonly, the effect of stress is methylation of the

promoter sites of genes that are expressed in the brain (Wein, 2010). The addition of methyl

groups to cysteines of a promoter inhibits RNA polymerase from transcribing the gene, or in

effect, silencing the gene. In an experiment with rats, pups who received a lower level of

nurturing in their early phases of life had a higher level of methylation in exons encoding for the

glucocorticoid receptor in the hippocampus. Contrastingly, the pups who received nurturing in

the early phases of their life had a lower degree of gene methylation (Weaver et al., 2004) in the

exons encoding for the glucocorticoid receptor in the hippocampus.

Although gene methylation does not alter one’s DNA sequence, it does alter the gene’s function.

The addition of a methyl group on a gene is labeled as a “marker”, or unique identifier, and can

be inherited by gametes. This is due to DNA replication as well as independent assortment, the

process by which genes separate independently from each other, contributing to genetic

variation.

During DNA replication, the regions containing the additional methyl groups are replicated,

resulting in the daughter chromosomes inheriting the methylated regions. During gametogenesis,

the process by which gametes are produced, the chromosomes passed down to the gametes
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contain the genes that have methylated regions. Therefore, the methylated status is maintained

and manifested in the next generation (Kim & Costello, 2017). In the case of the CACNA1C

gene, research indicates that in individuals with bipolar disorder and schizophrenia, chromosome

12 is transmitted in its hypermethylated form, serving as an indicator for these psychiatric

disorders. The genetic inheritance of mutated or methylated genes to offspring is why family

history is the strongest predictor of mental illness. One in three individuals with a mentally ill

parent will develop the same illness (Sandstrom, 2019).

XI. Transgenerational Epigenetics of Traumatic Stress: The Rwandan Genocide

Stress and trauma play a major role in epigenetics, as is seen in the offspring of women who

survived the Rwandan Genocide of 1994, in which Hutu nationalists murdered around 800,000

people in an effort to eliminate the Tutsi ethnicity. The brutality of this genocide caused

long-lasting trauma and stress in those who were exposed to this attempt at ethnic cleansing

(History.com Editors, 2009).

Musanabaganwa et al.

(2022) studied the offspring

of women who were

pregnant in Rwanda during

the genocide and, thereby,

were directly exposed to the

tragedy. Subsequently, their
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offspring were compared to offspring of women pregnant during the Rwandan Genocide, but

who were not living in Rwanda. Leukocyte-derived DNA from mothers (exposed and

nonexposed) and their offspring (exposed and nonexposed) identified 24 differentially

methylated regions (DMRs). In utero genocide exposure was associated with cytosine residues in

3 of the 24 DMRs (Figure 8), with higher DNA methylation in exposed versus unexposed

offspring. Thus, in utero genocide exposure was linked with methylation differences in maternal

DMRs, with higher methylation in exposed offspring. Two of three DMRs showed correlation

between brain and blood methylation within individuals, suggesting that peripherally derived

signals of genocide exposure may be relevant to the brain. These results indicated that

methylation due to trauma in a parent was transmitted to offspring (Musanabaganwa et al.,

2022).

In many psychiatric disorders, such as bipolar disorder and schizophrenia, a large role in the

disorder is due to methylation of many genes. This includes the CACNA1C gene. The study of

the Rwandan Genocide established that the transmission of methylation was due not only to

genetics, but also to environmental parameters, i.e., trauma, which lead to transgenerational

effects. The inheritance of epigenetic mechanisms from a pregnant woman to offspring, as seen

in the Rwandan Genocide, allows insight into how environmental components can alter

expression of DNA.

XII. Single Nucleotide Polymorphisms (SNPs) and their Relation to Methylation
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Molecular psychiatry is the study of biological pathways and mechanisms associated with mental

illnesses and psychiatric disorders. This scientific method lacks consistency in its genetic

components due to the complicated epigenetic nature of mental illness. However, with science

evolving and more studies regarding risk genes for psychiatric disorders coming to completion,

DNA methylation has become a consistent factor in molecular psychiatry. Specifically, DNA

methylation in, or near, the promoter site of a gene which silences the expression of that gene

(Starnawska and Demontis, 2021).

Scientists are able to locate genes associated with specific diseases as a result of SNP analyses,

the main cause of genetic variability among individuals. A SNP is a change in one of the

nucleotides within a sequence of DNA. On average, there are around four million SNPs per

genome, which allows scientists to recognize reoccurring SNPs in people diagnosed with a

common disorder. The specific sequence associated with the disease - complete with the SNPs -

is termed a genetic marker (Medline Plus, 2020).

Typically, when SNPs are located

close to a regulator region or a

promoter site, they have an

impact on the functioning of the

gene. In turn, this allows the

SNPs to have a greater connection

to the manifestation of a disorder.

In the case of the CACNA1C
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gene, the SNPs associated with many psychiatric disorders are termed rs1006737 (Liu et al.,

2020). When this biological marker was noted in individuals, it was shown to increase

depression and anxiety scores, as well as paranoia and amygdala activity (Starnawska and

Demontis, 2021). The amygdala is the part of the brain that processes fear and threatening

stimuli (Dixon and Dweck, 2021). All of these traits are associated with the etiology of

psychiatric disorders.

Rs1006737 (Figure 9) is a “risk SNP '' that does not change the coding sequence of the

CACNA1C gene. Despite this, since it is located in intron three, which affects important

regulatory activity, rs1006737 does affect the structure and function of the CACNA1C gene.

Additionally, recent research has indicated that the rs1006737 risk allele within the CACNA1C

gene is associated with a statistically significant level of DNA methylation despite its location in

a non-coding region of the genome. This is due to its location near a promoter site that regulates

gene function (Starnawska and Demontis, 2021).

This risk allele and its relation to DNA methylation levels were implicated in both bipolar

disorder and schizophrenia as a result of the impact the risk SNPs had on the functionality of the

CACNA1C gene and the encoded L-type voltage-gated calcium ion channel (Bigos et al., 2010).

The higher the degree of methylation, the more likely an individual is to be diagnosed with a

psychiatric diagnosis (Liu, 2018). This newfound knowledge allows for future treatment of

psychiatric disorders as well as grounds to create a testing option for hypermethylation within the

CACNA1C gene, specifically by locating the risk SNP known as the rs1006737 allele.
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XIII. Future Direction

Methylation Analysis

Methylation analysis is a tool that studies the patterns of methylation within a genome

(Kurdyukov and Bullock, 2016). However, methylation analysis is not widely used and when

used, is to locate the methylation of the MTHFR gene, responsible for neurotransmitter

production. However, as limits of technology are continuously tested and the machine learning

approach, through which computer analysis shifts with additional data, is utilized, methylation

analysis continues to become more accurate. Specifically, as more data is added and more

methylation patterns are noted in the genome, this new information will allow new genetic

markers to be recognized (Sadikovic, 2018). The human genome was recently resequenced for

epigenetic patterns, allowing scientists to recognize the points of methylation in the genome

(Gershman et al., 2022). This can assist with methylation analysis of the CACNA1C gene as well

as other genes that impact psychiatric disorders.

With recent research indicating the effects of methylation on psychiatric disorders, a methylation

analysis test for the CACNA1C gene that searches for the hypermethylation in intron three will

further the future of psychiatric genetic counseling and the diagnosis of psychiatric disorders in

general. It will allow a genetic marker to be established which is extremely helpful as psychiatric

diagnoses are extremely difficult to make due to the uncertainty regarding the epigenetics

surrounding each disorder. For genetic counselors, this methylation analysis of the CACNA1C

gene will allow for a more accurate risk assessment of an offspring’s likelihood to inherit a

psychiatric disorder, such as bipolar disorder and schizophrenia. This is due to the high
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hereditary values these disorders have, indicating that genetic components are the main factors in

each disorder.

Gene Therapy and CRISPR-Cas9

Gene therapy is the process by which damaged or missing genes are replaced with normal,

working copies. Although gene therapy is still in the experimental phases, the linkage between

high methylation status in the CACNA1C gene and psychiatric disorders allows the thought that

perhaps, with the assistance of gene therapy, a copy of the CACNA1C gene with the proper

methylation levels can replace the highly methylated copy. This will result in a decreased

likelihood of being diagnosed with a psychiatric disorder. Currently, gene therapy is being tested

in disorders that have no known cures (Gelfand and Kaplitt, 2013). As psychiatric disorders have

no cures, only treatment with

medication, gene therapy is a tool

that is essential in the progression

of knowledge for these disorders

and can be the cure that scientists

are seeking.

Gene therapy is a tricky process.

As a result, it has raised some

concerns specifically regarding its

reliance on a viral delivery to

inject DNA into the host cell.
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There is concern that this can cause other issues within the genome, such as the cells triggering

an immune response. However, within gene therapy, there is a technique called CRISPR-Cas9, or

Clustered Regularly Interspaced Short Palindromic Repeats and CRISPR- associated protein 9

that has shifted the concerns of gene therapy.

The CRISPR- Cas9 system captures pieces of DNA from invading viruses and uses them to

create a copy to store in its DNA. These DNA copies are known as CRISPR arrays and allow

recognition if viral DNA attempts to invade the host cell again. Cas9 is an endonuclease used to

cut the target DNA. Researchers use the cell’s DNA repair enzymes to replace the sequence with

the desired sequence of DNA (Figure 10) (Nambiar et al., 2022).

Drugs to Reverse Methylation

When discussing methylation of the CACNA1C gene, it refers to the covalent modification of a

DNA molecule. In specific, it refers to the functional impairment of the encoded CaV1.2 L-type

voltage-gated calcium ion channel, specifically the alpha subunit which makes up the structural

component of the ion channel. As discussed earlier in the manuscript, the impairment of this

L-type voltage-gated calcium ion channel leads to an abnormal flow of calcium ions into the cell

and subsequently causes issues in neurological function.

However, there are epigenetic drugs that aim to reverse DNA methylation by a class of inhibitors

called DNMT, DNA methyltransferases, inhibitors. DNA methyltransferases are the category of

enzymes that catalyze DNA methylation. The use of DNMT inhibitors is shown to reverse
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methylated DNA regions and prevent future methylation. By doing this, the impaired gene will

be reactivated (Gurwitz & Karsli-Ceppioglu, 2016).

DNMT inhibitors are injected into a patient and get transported into the cell via hCNT1 (human

concentrative nucleoside transporter-1). In the cell, it is converted to an active form. There are

two forms of DNMT inhibitors, nucleoside inhibitors, and non-nucleoside inhibitors.

In nucleoside inhibitors, depending on if the DNMT inhibitor is a ribonucleoside or a

deoxyribonucleoside, the DNMT inhibitor will get incorporated into the RNA or the DNA. Once

integrated into the genome, the DNMT inhibitor works to disrupt the interaction between the

DNA methyltransferases and the DNA region by covalently bonding to DNMTs. This results in

the inability of the DNA

methyltransferases to promote

methylation (Figure 11). In

non-nucleoside inhibitors, the DNMT

inhibitor will covalently bond to the

DNA methyltransferase, reactivating

the inactivated gene.

To prevent future methylation, the

DNMT inhibitors also trigger a

response to DNA damage. This leads to

the degradation of any remaining DNA
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methyltransferases embedded in the DNA (Gnyszka et al., 2013).

If researchers were to specifically target the DNA methyltransferases located at the promoter

region of the CACNA1C gene, it would result in the reactivation of the CACNA1C gene. Perhaps

this would lessen the risk of one being diagnosed with a psychiatric disorder such as bipolar

disorder or schizophrenia.

XIV. Conclusion

In genetic counseling, an essential part of meeting with the patient is to ensure they understand

the facts of the disorder and explain all available options. This gives the patient autonomy. As a

future genetic counselor, giving a patient more choices such as undergoing a methylation

analysis test, undergoing a gene therapy treatment, or taking a DNMT inhibitor drug will assist

in the goal of empowerment and allowing the patient to make the choices best aligned with their

values. Therefore, implementing methylation testing of the CACNA1C gene can be pivotal in

evaluating the likelihood that a psychiatric disorder like bipolar disorder and schizophrenia will

be inherited by the patient’s offspring and in providing the next steps to lessen the offspring’s

risk.
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