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Human prion diseases are rapidly progressive and fatal neurodegenerative conditions caused by a disease-causing isoform of the native prion protein. The prion protein gene (PRNP) encodes for the cellular prion protein, which is the biological substrate for prion disease transmission and neurotoxicity. Human prion diseases have three etiologies: sporadic, genetic, and acquired. PRNP polymorphisms and pathogenic variants play a large role in the frequency, age at onset, and clinicopathologic phenotype of prion diseases. Genetic prion diseases will be covered in detail and information necessary for clinical care, predictive genetic testing, and genetic counseling will be reviewed. Because the prion protein is necessary for transmission and neurotoxicity, many experimental treatments targeting its production are being investigated and hold potential promise as a disease modifying treatment for all forms of prion disease, including asymptomatic mutation carriers. This article will review genetic aspects of human prion disease and their influence on epidemiology, clinicopathologic phenotype, diagnostics, clinical management, and potential treatment approaches.
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Introduction

Prion diseases are rapidly progressive neurodegenerative conditions that are invariably fatal. Disease causing prions (PrPD) cause neurotoxicity and employ template directed protein misfolding to convert normal cellular prion protein (PrPc) into more PrPD. PrPc is necessary for neurotoxicity and for disease propagation (1). Prion protein gene (PRNP) knock-out mice are resistant to developing scrapie when they are intracerebrally inoculated (2). Similarly, PRNP knockout mice are unable to propagate the disease, demonstrating that PrPc is necessary for the clinical manifestation of disease and its transmission (3). Prion diseases affect a variety of animal species such as scrapie in sheep and goat, bovine spongiform encephalopathy in cattle, and chronic wasting disease in cervids.

Prion diseases also affect humans, most commonly in the form of Creutzfeldt-Jakob disease (CJD). CJD has an annual incidence of 1–2 new cases per million individuals worldwide (4). In the U.S., 1 in 6,239 deaths are due to prion disease and incidence is highest in older age groups (5). There are three etiologies for human prion disease: sporadic, genetic, and acquired. Most human prion diseases are sporadic (85%), followed in frequency by genetic (10–15%) and acquired prion diseases from consumption of contaminated beef, cadaveric hormones, cadaveric tissue transplants/grafts, or contaminated neurosurgical instrumentation (~1%). Sporadic prion diseases include sporadic CJD, sporadic fatal insomnia (sFI), and variably protease sensitive prionopathy (VPSPr). Genetic prion diseases include genetic CJD (gCJD), Gerstmann-Straussler-Scheinker Syndrome (GSS), and fatal familial insomnia (FFI). Acquired prion diseases include kuru, iatrogenic CJD (iCJD), and variant CJD (vCJD).

Diagnosis of human prion disease is achieved by recognizing the clinical syndrome, ruling out other potential etiologies, and using certain diagnostic tests that can be suggestive of prion disease. Cerebrospinal fluid (CSF) testing is often used to diagnose prion disease. The most specific CSF test is real time quaking induced conversion (RT-QuIC), which amplifies and detects abnormal prion protein seeding. Across sporadic and genetic prion diseases, CSF RT-QuIC has a diagnostic sensitivity of 90% and specificity of 99% (6). Other less specific CSF surrogate markers, including 14-3-3 and total tau proteins, are also sometimes used in diagnosis (7). Brain magnetic resonance imaging (MRI) is also useful and has a diagnostic sensitivity of 70–95% and specificity of approximately 98% for sporadic CJD depending on the criteria (8). A diagnosis of genetic prion disease is made through the detection of a pathogenic PRNP variant and iatrogenic CJD is diagnosed through recognition of known acquired prion disease risk factors including cadaveric human growth hormone, dura mater grafts, corneal transplants, and contaminated neurosurgical instrumentation (9). Variant CJD is diagnosed by clinical syndrome, potential exposure history, and can be aided by the presence of the pulvinar sign on brain MRI (10). The only way to definitively diagnose prion disease and determine its type is through neuropathologic examination; however, antemortem diagnosis can be reliably achieved with the current diagnostic modalities mentioned above (11, 12) (Table 1).


TABLE 1 Diagnostic criteria for Creutzfeldt-Jakob disease (CJD) (12).

[image: Table 1]

Because prion disease is caused by an aberration of a normally expressed protein, there are many genetic aspects to the illness. In addition to playing a key role in genetic prion diseases, variations in PRNP sequences are also important for sporadic and acquired prion diseases. In this article, we will review how genetic polymorphisms affect all prion diseases. Additionally, we will review the genetic prion diseases and important information for clinicians. Finally, the burgeoning field of genetic approaches for experimental treatments of prion diseases will be discussed.



Genetic associations in sporadic CJD

Sporadic CJD accounts for approximately 85% of all prion diseases. The exact cause of sCJD is unknown and there is no consistent evidence that suggests it is due to infectious transmission. sCJD incidence increases with age, hence sCJD could be due to the stochastic production and reduced clearance of PrPD. Alternatively, sCJD could be due to somatic mutations. In addition to age, PRNP polymorphisms have been associated with risk of developing sCJD, specifically those at codons 129 and 219.


Codon 129

Polymorphic variation at codon 129 of PRNP affects risk of developing sCJD. Three polymorphic combinations can occur at codon 129: methionine-methionine (MM), methionine-valine (MV), and valine-valine (VV). In one analysis, the distribution of codon 129 polymorphisms in a healthy Caucasian population was 51% MV, 37% MM, and 12% VV (13). However, homozygosity is overrepresented in sCJD, especially methionine homozygosity (14). In contrast, methionine homozygosity at codon 129 is vastly overrepresented in normal Asian populations (>90%) and an initial Japanese study did not find an association between methionine homozygosity and the development of sCJD (15, 16). However, when the effects of the codon 219 polymorphism (see below) were accounted for in a multivariable logistic regression model, methionine homozygosity at codon 129 did increase the likelihood of developing sCJD in a Japanese population (17). A meta-analysis examining the association of codon 129 with sCJD also found that methionine homozygosity is a significant risk factor for the development of sCJD compared to heterozygosity (OR: 4.96, 95% CI: 3.48–7.08) (18). Homozygosity is likely a risk factor for sCJD due to sequence homogeneity in expressed prion proteins, thereby enabling a more efficient conversion of PrPc to PrPD.

In addition to being a risk factor for sCJD, polymorphic variation at codon 129 also modifies the phenotypic expression of sCJD. Codon 129 heterozygotes have a longer mean survival time, followed by valine homozygotes and methionine homozygotes, respectively (19). Functional neurologic decline also follows this pattern with methionine homozygotes having the quickest functional decline and heterozygotes having the slowest (20). Because of its influence over disease duration, codon 129 polymorphism can be used in predictive models of survival in sCJD (21). When codon 129 polymorphism is combined with the prion protein type (e.g., type 1, type 2), as determined by western blot analyses, six molecular subtypes of sCJD can be defined (e.g., MM1, VV2, MV2). sCJD molecular subtypes differ in clinical presentation, age at onset, disease duration, diagnostic test results, and neuropathologic findings (6, 22–25) (Table 2). Unlike sCJD, most cases of variably protease sensitive prionopathy (VPSPr), another sporadic prion disease, are homozygous for valine at codon 129 (65%) (26). Patients affected by VPSPr, especially valine homozygotes, may also have a family history of other neurodegenerative conditions.


TABLE 2 Clinical characteristics of sporadic Creutzfeldt-Jakob disease (sCJD) molecular subtypes (6, 8, 23, 27).
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Codon 219

In addition to codon 129, a polymorphism at codon 219 of PRNP is strongly protective for sCJD. This polymorphism only occurs in east and south Asian populations and accounts for approximately 14% and 8% of the general Japanese and Korean populations, respectively (16). Heterozygosity at codon 219 is rarely seen in sCJD (< 1% of cases) but is more common in acquired prion diseases (17).



Other associations

Although most genetic risk for sCJD is associated with PRNP, genetic variation of other genes may also play a role. Genome wide association studies (GWAS) are often used to detect genetic factors that may affect diseases, and typically a large sample is required to achieve statistical significance. The rarity of human prion diseases poses a challenge for GWAS, and some studies have been limited by sample size (28–30). However, the largest GWAS performed to date included 5,208 cases of sCJD that were used to independently replicate findings. Three genes were associated with risk of sCJD; PRNP, STX6, and GAL3ST1 (31). Genetic variation in STX6 is also associated with progressive supranuclear palsy (PSP), a primary tauopathy. These findings suggest that changes to intracellular transport and sphingolipid metabolism may increase the risk of sCJD and other protein misfolding disorders. The age-associated risk of developing sCJD, possibility of non-PRNP gene effects on its development and/or clinical course, and dependence on a host-encoded protein for disease suggest that epigenetic factors may also play a role in disease pathogenesis (32). However, current research into epigenetic risk factors is preliminary and requires further study.




Genetic associations in acquired prion diseases

Acquired prion disease occurs when exogenous prions are transmitted to an individual. Acquired prion diseases include kuru, iatrogenic CJD (iCJD), and variant (CJD). Prions can be transmitted through ingestion of prion contaminated food (i.e., kuru and vCJD) or transmitted through medical procedures such as reusing select cadaveric materials (i.e., pituitary gonadotropins, growth hormone, dura mater grafts, and corneal transplants) or contaminated instrumentation (i.e., EEG depth electrodes and neurosurgical instruments). Variant CJD is the only form of human prion disease that has demonstrated infectivity through blood products.

Like sCJD, codon 129 genotype affects susceptibility to acquired prion diseases as well as other characteristics of the illness. Homozygosity at codon 129 increases the risk of iCJD with homozygotes being over represented and the frequency of MM and VV codon 129 genotypes differing between countries (13, 33, 34). Codon 129 genotype also influences incubation periods. In general, homozygotes have a shorter incubation period compared to heterozygotes (34, 35). Methionine homozygosity was also a risk factor for acquiring kuru and was associated with shorter incubation periods (36). Interestingly, Kuru caused selection of the 129V allele, a more resistant genotype to kuru, when endocannabilism was active in Papua New Guinea (37). A kuru resistant polymorphism (G127V), only found in populations affected by kuru, has also been described in subjects who did not develop kuru, predominantly codon 129 methionine homozygotes (38, 39).

Much of what is known about iCJD and kuru was used to model public health estimates for vCJD. When vCJD was first identified and later found to be associated with eating beef contaminated with bovine spongiform encephalopathy (BSE), public health officials and government representatives looked to other acquired prion diseases to help predict health outcomes (40). Although there are important differences in vCJD, namely that it is a zoonotic illness caused by a non-human prion strain, there are many similarities to other acquired human prion diseases. All but one case of autopsy confirmed vCJD has been homozygous for methionine at codon 129 (41, 42). This finding suggests that methionine homozygotes are at greater risk of developing vCJD. Knowledge obtained from studying other acquired prion diseases demonstrate that codon 129 genotype also affects incubation period. Hence, one possibility is that we may see other cases of vCJD of different codon 129 genotypes (i.e., MV and VV) as the time from exposure lengthens. Preclinical studies that include a case of transfusion related vCJD and surveys of appendectomy specimens indicate that asymptomatic vCJD infectivity can occur in all codon 129 genotypes (43–45). One autopsy-confirmed symptomatic case of vCJD case was heterozygous at codon 129. Importantly, this heterozygous vCJD case did not meet the clinical criteria for vCJD and had a brain MRI that resembled sCJD. Knowledge from other prion diseases would suggest that codon 129 genotype could influence clinical phenotype and diagnostic test results. Thus, it is possible that without autopsy confirmation, vCJD cases that are not homozygous for methionine at codon 129 may be misdiagnosed as probable sCJD.



Genetic prion diseases

Genetic prion disease causes 10–15% of all cases and is caused by pathogenic variations in PRNP. Three types of causal variants/mutations have been identified: missense mutations, insertions or deletions of an octapeptide region of the N-terminal domain, and non-sense mutations (stop codon). Over 60 different mutations have been described in the literature (46), the most common of which is E200K. Four mutations account for more than half of all genetic prion diseases (E200K, D178N, P102L, and A117V). Given the extensive number of PRNP mutations, a detailed discussion of each mutation is beyond the scope of this article. Rather, this article will focus on prevalent themes that are pertinent to clinical practice.

Genetic prion disease is typically broken into three broad clinicopathologic phenotypes: genetic CJD (gCJD), fatal familial insomnia (FFI), and Gerstmann-Straussler-Scheinker syndrome (GSS). These phenotypes differ in clinical phenomenology, diagnostic test results, and neuropathologic features. Although there are general associations between different mutations and these clinicopathologic phenotypes, phenotypic heterogeneity exists within mutations and in families that carry the same mutation. Given the historical classification of these diseases and the clinical approach of this review, the authors have chosen to present features of genetic prion disease by clinicopathologic phenotype.


Genetic Creutzfeldt-Jakob disease (gCJD)

gCJD is the most common genetic prion disease and is mostly caused by missense mutations. E200K is the most common cause of gCJD worldwide. gCJD closely resembles the clinicopathologic features of sCJD. Clinical presentation is heterogenous, like sCJD, but typically includes cognitive impairment, ataxia, and myoclonus. Although variability exists between mutations and within mutations, disease onset typically occurs in midlife and illness duration is typically under 1 year. Diagnostic test results differ by mutation, but CSF RT-QuIC is frequently positive and brain MRIs are often suggestive of prion disease (6, 47). Periodic Sharp Wave Complexes (PSWCs) on electroencephalogram (EEG) and 14-3-3 proteins in CSF are sometimes observed in gCJD, but not as commonly as sCJD. Neuropathologic findings are similar to sCJD, though some mutation specific characteristics have been described (48).



Fatal familial insomnia (FFI)

FFI is a clinicopathologic phenotype causes by the D178N mutation when codon 129M is in cis with the mutated allele. A gCJD phenotype is usually seen when D178N is in cis with 129V. FFI typically starts in midlife and disease duration is typically longer than 1 year (49). Clinical symptoms are characterized by early sleep disturbance, autonomic instability, and symptoms usually associated with CJD (i.e., cognitive impairment, ataxia, and myoclonus). Diagnosis can be difficult without a known family history given the low sensitivity of diagnostic tests typically used in prion diseases. PSWCs on EEG, CSF 14-3-3 proteins, and brain MRI findings are typically absent in FFI. Aside from genetic testing, which would be definitive, suggestive antemortem diagnostic tests include sleep architecture disruption on polysomnogram and thalamic hypometabolism on brain fluorodeoxyglucose positron emission tomography (FDG-PET) or single-photon emission computed tomography (SPECT). CSF RT-QuIC diagnostic sensitivity for FFI may differ depending on the population being tested as Caucasian cases are frequently negative and Asian cases are frequently positive (6, 49).



Gerstmann-Straussler-Scheinker syndrome (GSS)

GSS is associated with a variety of missense and nonsense mutations (premature stop mutations) as well as some octapeptide repeat insertion mutations. Neuropathologic features of GSS include prion protein amyloidosis (e.g., amyloid plaques), neuronal loss, and glial proliferation in the cortex, deep gray nuclei, and cerebellum (50). Some forms of GSS have concomitant tau pathology. Western blot analyses demonstrate truncated protease resistant prion fragments, called internal fragments, that are often 7–8 kDa in size. Disease onset and duration is often mutation dependent but can sometimes occur as early as the 20 s and mean disease duration is ~5 years. Clinical symptoms can include early cerebellar dysfunction, parkinsonism, or frontotemporal dementia-like symptoms. PSWCs on EEG and 14-3-3 proteins in CSF are usually not detected in GSS. Positive CSF RT-QuIC and hyperintensity on brain MRIs are sometimes seen in some GSS mutations.



Octapeptide repeat insertions and deletions

Insertions and deletions in the octapeptide region can also cause genetic prion disease with different clinicopathologic phenotypes. Octapeptide repeat insertion (OPRI) mutations can differ in the sequence and arrangement of repeats, but clinicopathologic phenotype is most influenced by the number of repeats (47). One octapeptide repeat insertion (OPRI) variants are considered benign and 2-OPRI may minimally increase risk of developing CJD (51). In general, penetrance increases with the number of repeats and clinicopathologic phenotypes exist on a spectrum where low repeat numbers (< 8) tend to demonstrate a CJD phenotype and higher repeat numbers (≥8) trend toward a GSS phenotype. Similarly, age at onset is inversely related to repeat number and illness duration correlates with the number of repeats. However, these are broad generalizations and there is considerable variability in these characteristics across repeat numbers. 1- and 2-octapeptide repeat deletions (OPRD) have also been described in the literature. 1-OPRD is considered a benign polymorphism, whereas 2-OPRD is considered a pathogenic variant. Because no reported cases of 2-OPRD had a family history of prion disease and only five cases have been detected through international prion disease surveillance centers, penetrance is likely low (47, 52).



Stop codon mutations

Stop codon or nonsense PRNP mutations are typically associated with PrP amyloid angiopathy and demonstrate a wide array of clinical phenotypes. Many nonsense mutations cause non-specific progressive cognitive impairment or Alzheimer's-like dementia (Y145X, Y160X, Y226X). However, a unique phenotype has been described with Y163X, which causes systemic PrP amyloidosis resulting in diarrhea and autonomic neuropathy (53).

Whereas the majority of the clinicopathologic phenotype is influenced by the specific mutation, the codon 129 genotype is also important in genetic prion diseases. Perhaps the best example of this is the different phenotypes, gCJD and FFI, seen with the D178N mutation. The phenotype is determined by the codon 129 polymorphism located on the mutated allele. Hence, the D178N-129V haplotype is typically expressed as a gCJD phenotype whereas the D178N-129M haplotype usually results in a FFI phenotype. Although this is the most dramatic example, PRNP mutations are often described by haplotype because of frequent differences observed between codon 129 genotypes on the mutated allele. There is also evidence that the codon 129 genotype of the non-mutated allele may influence disease characteristics. For example, in FFI homozygotes have a shorter mean disease duration compared to heterozygotes (49).

Once thought to be fully penetrant, it is now recognized that genetic prion diseases have variable levels of penetrance. Extensive work conducted by Minikel and colleagues has provided the field with important information regarding different penetrance levels across PRNP mutations (46). Although there are mutations that are nearly completely penetrant (D178N, P102L), some mutations exhibit low penetrance such as V180I (1%) and V210I (10%). The most common genetic prion disease mutation, E200K, exhibits incomplete and age-associated penetrance with most mutation carriers developing illness with advancing age. Estimated penetrance of specific mutations is important information to convey to families affected by genetic prion disease and may influence an individual's choice to undergo asymptomatic genetic testing. Whenever possible, information regarding penetrance should be conveyed to families when a mutation is initially disclosed to the family. Most national prion disease surveillance centers can assist genetic counselors and clinicians with this information if needed.

Some genetic illnesses exhibit anticipation, when the age of disease onset commences at earlier ages with successive generations. Several studies reported on the possibility of anticipation in gCJD with the E200K mutation. However, an international study examining 217 individuals with the E200K mutation failed to detect anticipation across generations, attributing earlier reports to ascertainment bias (54). Because genetic prion diseases are not affected by factors associated with anticipation, such as germline expansion of unstable repeats and telomere shortening, there is no biological plausible explanation for such a phenomenon. Thus, anticipation is not likely to affect genetic prion diseases caused by other mutations either.




Genetic testing

Genetic testing for PRNP variants can be done at autopsy or prior to the patient's death using blood, buccal swabs, or saliva. Although most cases of genetic prion diseases will have a family history of prion disease, this is not always the case. Exceptions can be due to low penetrance mutations, misdiagnoses of family members, death of mutation carriers prior to clinical onset of disease, misattributed parentage, or uninformed family history. Hence, genetic testing should always be considered to definitively rule out genetic forms of the disease, as well as to confirm diagnosis and type of prion disease (e.g., sporadic, genetic, variant, or novel prion disease). When conducting post-mortem genetic testing, the possibility of detecting a pathogenic genetic variant should always be considered and discussed with the family. At the time of autopsy consent, the legal next of kin should be asked whether they would like genetic information disclosed as part of the autopsy report. The family can defer receiving genetic information until a later date. The legal next of kin is encouraged to have discussions with all first-degree relatives who may be directly affected by genetic results. Some may wish to know this information, but some may not. Knowledge of others' wishes who will be directly impacted by the genetic results should be considered by the legal next of kin. Genetic counseling can be helpful to weigh the pros and cons of learning this information, how to approach the issue with other family members, and how to interpret results (55). Post-mortem examination results should be discussed with family members, in person whenever possible. If the clinician receiving the results has questions regarding them, they are encouraged to contact the testing facility for more information and guidance. If a pathogenic mutation is discovered, the clinician should have basic information regarding this mutation available for discussion. Such mutation-specific information includes typical clinical presentation, mean age of onset, duration, and most importantly, penetrance (if known) (56). Prion disease centers such as the National Prion Disease Pathology Surveillance Center (cjdsurveillance.com) and patient advocacy groups such as the CJD Foundation (cjdfoundation.org) can provide clinicians with up-to-date information and guide them through this process.

Predictive genetic testing is available to individuals with a family history of genetic prion disease, defined as a family member with a PRNP mutation or two or more family members diagnosed with prion disease. Patients may choose to undergo predictive genetic testing for a variety of reasons, including family planning, financial planning, willingness to participate in research, or for no specific reason aside from knowing their mutation status. Predictive genetic testing should be approached in a cautious and systematic manner given its implications in this uniformly fatal illness. Patients undergoing predictive genetic testing should receive genetic counseling prior to being tested. Genetic counseling should follow the Huntington disease protocol for predictive testing (HD protocol) (57). The HD protocol is a multi-step interdisciplinary process that ensures the patient has adequate information, support, and time to make the correct decision for themselves. The HD protocol involves genetic counseling and neurologic and psychiatric examinations prior to genetic testing. Following testing, much of the pre-testing information and assessments are repeated and results are disclosed in the presence of a support person. Information reviewed in this process includes knowledge regarding the mutation (clinical characteristics, mean age of onset, mean duration, penetrance), assisting the patient with examining why they desire this knowledge and what they plan on doing with it, and ensuring that they comprehend all implications of knowing their genetic status including concepts such as survivor's guilt in mutation-negative individuals. Pre-testing neurologic examinations are important to determine whether someone may be symptomatic since many patients have been found to develop symptoms shortly after receiving results (58). This suggest that prodromal symptoms may prompt some individuals to undergo genetic testing. Psychiatric screening is important to assess mental stability to receive results and risk of suicidality as there is a large amount of psychological burden in families affected by genetic prion disease (59). Individual preferences and needs vary, and a modified version of the HD protocol may be considered for some individuals (60). Modifications may include having different clinicians perform some of the assessments if access to some specialties are limited or improving access to knowledgeable counselors using telemedicine. Genetic testing is not conducted on minors unless there is valid concern that the individual may be symptomatic, which would rarely occur in genetic prion disease.

One reason for undergoing predictive genetic testing is family planning. There are several options available for mutation carriers who would like to have children that are not at risk of carrying the mutation. Adoption is one option but removes the possibility of biological children. There are two primary options for having biological children without the mutation. Genetic testing can be performed in utero and may change pregnancy management should the fetus carry the mutation. However, this approach can raise moral, ethical, and legal issues, and may not be suitable for all patients. An alternative approach is preimplantation genetic diagnosis (PGD) with in vitro fertilization which selectively implants embryos that do not carry a mutation (61). PGD can even be performed if the parent does not wish to know their own mutation status.



Genetic approaches to treatment

There are several possible treatment targets in prion disease and genetic modifying approaches are potentially promising (62). Prior clinical trials have mainly focused on reducing conversion of PrPc to PrPD. Experimental therapies using this approach have largely failed in human clinical trials (e.g., quinacrine, doxycycline, pentosan polysulfate). Other possible avenues for treatment include reducing toxicity of PrPD, which is complicated by the fact that this mechanism is poorly understood, or increasing clearance of PrPD. Because the expression of normal host PrPc is required for prion disease, targeting the substrate that underlies prion disease is an alternative approach that holds promise for all forms of prion disease.

Reducing the amount of PrPc removes a necessary requirement for prion disease and is potentially achievable with current genetic modifying techniques. The complete function of PrPc is poorly understood, but it is highly conserved across species. PRNP knock out mice are phenotypically normal with some slight electrophysiologic and circadian rhythm changes (63, 64). Complete ablation of the prion protein caused chronic demyelinating polyneuropathy in mice, suggesting that it has some role in myelin maintenance (65). Importantly, older individuals with heterozygous loss of PRNP function have been identified and were devoid of overt neurologic illness (46). These data suggest that affecting normal production of PrPc would not likely be catastrophic, but less severe effects are unknown.

Genetic approaches to treatment would primarily be designed to reduce the production of PrPc, not eliminate it. Theoretically, any genetic modification that results in reduced PrPc would be expected to demonstrate a possible treatment effect. A variety of genetic approaches to treatment could achieve this goal such as gene editing (CRISPR/Cas9) and a variety of genetic silencing techniques. Although CRISPR/Cas9 has been examined in some prion disease models, it has not been extensively studied in prion disease treatment models and has some limitations in treating post-natal genetic neurologic diseases (66–68). Silencing techniques, including antisense oligonucleotides (ASOs) and RNA interference (RNAi), have been most the most studied genetic approaches in preclinical models of prion disease. Engineered ASOs bind to complementary RNA of the prion protein, leading to its degradation and overall decrease in PrPc production (69). ASOs do not cross the blood-brain barrier and need to be administered via intrathecal infusion. Mice that were intracerebrally infected with prions were administered ASOs every 2–3 months and demonstrated prolonged illness durations by 61–98% compared to untreated mice (70). Survival was prolonged by 55% in mice that were given one injection late in the incubation period. ASOs also prolonged survival when administered to mice who were already symptomatic (71). RNAi reduces target protein by facilitating degradation of mRNA or through silencing gene expression by interfering with protein translation. RNAi has successfully reduced PrPc in a variety of species (72). RNAi has also been shown to prolong survival in some prion inoculated mice. Total prion protein can be reliably measured in human CSF to assess target engagement and measure its reduction with treatment (27). As baseline CSF prion protein levels are lower in mutation carriers and differ between mutations, measurement of the relative reduction of total prion protein levels would be required to accurately assess target engagement (73).

Although genetic approaches to treatment seems promising in prion disease, there remain several challenges. Because of the variety of genetic prion disease mutations and the heterogenous age at clinical onset of these mutations, evaluating a treatment's effect on asymptomatic pathogenic variant carriers by measuring time until illness onset is impractical (74). Surrogate markers will be required to study these treatments more efficiently in genetic mutation carriers. Total prion protein CSF levels could serve as a measure of target engagement and as a disease-specific biomarker. Other markers of neurodegeneration, such as neurofilament light chain (NfL) may also hold promise in measuring treatment effects prior to overt phenoconversion (75). Animal models suggest that treatments could be beneficial to symptomatic patients as well. However, successfully treating symptomatic prion disease patients will require early diagnosis to have a chance of producing a clinically meaningful effect.



Summary

Prion diseases are caused by a disease-associated form of the prion protein that causes a rapid and fatal neurodegenerative illness. Although there are three types of prion diseases (sporadic, genetic, and acquired), all forms are affected by PRNP as the production of PrPc is necessary for disease. PRNP can contain pathogenic variants/mutations that result in various forms of genetic prion disease that differ in penetrance, clinical phenomenology, age at onset, disease duration, and diagnostic test results. However, all prion diseases are also affected by PRNP polymorphisms, with the polymorphic codon 129 having the strongest influence across all prion diseases. Genetic testing should always be discussed with families affected by prion disease, regardless of the presence of a family history. Predictive genetic testing is available for at-risk individuals and should be performed using the HD protocol. There are several options available to at-risk individuals who desire to have biological children free from PRNP mutations. Predictive genetic testing may increase as individuals may want to participate in upcoming clinical trials. Genetic approaches to treatment may be more applicable to prion diseases than other neurodegenerative conditions and could potentially be used to prevent or delay clinical onset in mutation carriers and treat patients with symptomatic disease. Genetic therapies aim to reduce PrPc, which removes a necessary substrate for prion disease pathogenesis. More work is needed to evaluate how genetic therapies may impact human prion disease.
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