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Abstract

Rapid development of molecular methods has led to the identification of an increasing number of
disease-causing genes and variants, but their molecular function is often unknown. However,
understanding their role in normal physiology and in disease is essential for the development of
treatment options. In vitro and in vivo disease models are important tools for biomedical research.
In vivo models enable the study of physiological processes in the context of a whole animal.
Among animal models, mouse is the most used, and has been widely utilised to understand human
biology and disease.

In the current study, a novel rare multiorgan disease is characterised. Three patients with a
previously undescribed early infantile-onset disease were discovered from two unrelated Finnish
families. The patients presented with progressive cerebropulmonary and multiorgan symptoms
leading to death before 2 years of age. The disease was named FINCA after its main
histopathological findings: fibrosis, neurodegeneration, and cerebral angiomatosis. Whole-exome
sequencing revealed hetero compound variants in a poorly characterised NHL repeat containing 2
(NHLRC2) gene of the patients. Both variants segregated from healthy heterozygous parents.
Patient-derived skin fibroblasts showed a significant decrease in the amount of NHLRC2 protein.

Zebrafish and knockout and knockin (KI) mouse models were generated to study the molecular
function of the disease-causing gene and the pathogenesis of the disease in vitro and in vivo.
Complete loss of Nhlrc2 resulted in early embryonic lethality in mouse revealing an important role
for the gene in early embryogenesis. Further analysis showed Nhlrc2 to be essential for completion
of gastrulation but not for the viability of embryonic stem cells. The FINCA KI mouse model
showed a consistent decrease in NHLRC2 but lacked a severe phenotype. However, studies of the
mouse model revealed altered proteins associated with endo- and autolysosomal pathways, and
RNA homeostasis in neuronal precursor cells and the brain.

The results presented in this thesis reveal NHLRC2 as a novel actor in neurodegeneration,
fibrosis, and early embryogenesis. In recent years, NHLRC2 has also been associated with more
common diseases, and future studies will determine its role in neurodevelopmental disorders,
neurodegeneration, inflammation, fibrosis, and cancer.

Keywords: central nervous system, CRISPR/Cas9, embryogenesis, FINCA,
gastrulation, mouse model, NHL repeat containing 2, rare disease





Hiltunen, Anniina, NHLRC2 alkionkehityksessä sekä hermoston kehityksessä ja
rappeutumisessa. Uuden FINCA-taudin hiirimallit
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta; Biocenter Oulu;
Oulun yliopistollinen sairaala; Medical Research Center Oulu
Acta Univ. Oul. D 1674, 2022
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Molekyylibiologian menetelmien nopea kehittyminen on mahdollistanut uusien, toiminnaltaan
tuntemattomien tautigeenien ja varianttien tunnistamisen. Geenin toiminnan ymmärtäminen nor-
maalissa fysiologiassa ja taudissa on välttämätöntä, jotta hoitojen kehittäminen on mahdollista.
In vivo- ja in vitro -tautimallit ovat tärkeitä työkaluja biolääketieteen tutkimuksessa. Eläinmallit
mahdollistavat fysiologisten toimintojen tutkimuksen koko eläimessä. Hiiri on malleista käyte-
tyin, ja sitä on käytetty laajalti ihmisen biologian ja tautien tutkimuksessa.

Tässä tutkimuksessa kuvattiin uusi, harvinainen monielintauti. Kolme potilasta, jotka olivat
kahdesta suomalaisesta perheestä, sairastui ennestään tuntemattomaan tautiin ensimmäisten elin-
kuukausiensa aikana. Heille kehittyi etenevä keskushermosto- ja keuhko-oireisto sekä monielin-
tauti, joka johti potilaiden menehtymiseen ennen kahden vuoden ikää. Tauti nimettiin FINCA-
taudiksi kudostason päälöydösten eli fibroosin (fibrosis), hermostorappeuman (neurodegenerati-
on) ja aivojen verisuonimuutosten (cerebral angiomatosis) mukaan. Koko eksomin sekvensointi
paljasti potilailla yhdistelmän variantteja huonosti tunnetussa NHL repeat containing 2
(NHLRC2) -geenissä. Variantit periytyivät terveiltä heterotsygooteilta vanhemmilta. NHLRC2-
proteiinin määrä oli merkittävästi alentunut potilaislähtöisissä fibroblasti-soluissa.

Taudin taustalla olevan geenin molekyylitason toimintaa ja FINCA-taudin etenemistä tutkit-
tiin in vitro ja in vivo hyödyntäen seeprakalaa, Nhlrc2-poistogeenistä hiirtä ja luotua FINCA-hii-
rimallia. Poistogeeniset hiiret menehtyivät aikaisin alkionkehityksen aikana. NHLRC2 paljastui
välttämättömäksi gastrulaatiolle, mutta ei alkion kantasolujen elinkyvylle. FINCA-hiirimallin
kudosten NHLRC2-taso laski merkittävästi, mutta hiirelle ei kehittynyt vakavaa ilmiasua. Hiiri-
mallin tutkimukset paljastivat kuitenkin muutoksia endo- ja autolysosomaalisiin reaktioreittei-
hin sekä RNA-homeostaasiin yhdistetyissä proteiineissa neuronien kantasoluissa sekä aivoissa.

Tutkimuksen tuloksena NHLRC2-proteiinin merkitys hermostorappeumassa, fibroosissa ja
alkionkehityksessä tunnistettiin ensimmäistä kertaa. Jatkotutkimuksia kuitenkin tarvitaan selven-
tämään NHLRC2:n merkitystä näissä ja viimevuosina geeniin liitetyissä yleisemmissä taudeis-
sa, kuten aivojen kehityshäiriöissä, hermostorappeumissa, tulehduksissa, fibrooseissa ja syövis-
sä.

Asiasanat: alkionkehitys, CRISPR/Cas9, FINCA, gastrulaatio, harvinaiset taudit,
hiirimalli, keskushermosto, NHL repeat containing 2





“All models are wrong, but some are useful” ~ George 
Box 
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1 Introduction  

An estimated 17.8–30.3 million people in the European Union, and 262.9–446.2 

million people worldwide, suffer from a rare disease (Nguengang Wakap et al., 

2020). Although rare diseases are a heterogeneous group, the majority of them 

affect young children and are often severe, chronic, degenerative, and life-

threatening, thus seriously affecting not only patients but also their families 

(Nguengang Wakap et al., 2020; Wright et al., 2018). Rare disease diagnostics has 

greatly benefitted from the advancements of next-generation sequencing methods, 

such as whole-exome sequencing (WES), enabling the identification of disease-

causing variants (Wright et al., 2018). From the perspective of research, rare 

monogenic diseases offer a unique possibility to recognise novel disease-causing 

genes and their function in a disease-associated pathway. However, the lack of 

background knowledge on the functions and pleiotropy of most genes hampers our 

understanding of the resulting pathophysiology (Brown & Lad, 2019). This 

understanding can be achieved by using appropriate disease models.  

Animal models enable the study of physiological processes in the context of 

the whole organism, a goal that has yet to be reached with in vitro models. Mouse 

is the most commonly used animal model in biomedical research (European 

Comission, 2020). Although offering a mammalian model, mouse is not equivalent 

to a human, and the two species differ substantially in several organ systems. These 

differences, and the evolutionary conservation of the studied biological process, 

need to be considered when designing a mouse model and interpreting results 

obtained from it. Despite these limitations, mouse models have provided valuable 

information on the molecular mechanisms behind human physiology and disease 

for decades. Currently, the International Mouse Phenotyping Consortium (IMPC), 

is generating and phenotyping KO mice for every gene in the mouse genome (The 

International Mouse Knockout Consortium, 2007; Skarnes et al., 2011; White et al., 

2013). So far, 7824 KO genes have been phenotyped by the consortium (The 

International Mouse Phenotyping Consortium, 2021). Out of these, 4736 KO genes 

have been reported to show at least one phenotypic abnormality, with 1484 of 

them associated with a rare monogenic disease (Cacheiro et al., 2019). In recent 

years, the development of clustered regularly interspaced short palindromic repeats 

(CRISPR)/CRISPR associated (Cas) 9 gene editing methodology has opened new 

opportunities for researchers by enabling the generation of variant-specific disease 

models (Cong et al., 2013; Jinek et al., 2012).  



24 

In this thesis, a novel rare FINCA disease is characterised (fibrosis, 

neurodegeneration, and cerebral angiomatosis, OMIM: 618278) and demonstrated 

to be caused by compound heterozygous variants of the NHLRC2 gene. NHLRC2 

has not previously been connected to any human disease, and its function is poorly 

understood. However, the multiorgan manifestations of the disease suggest an 

important role for NHLRC2 protein in several tissues. The aim of this study was to 

elucidate the pathogenesis of FINCA disease and the molecular function of the 

highly conserved NHLRC2 utilising in vivo and in vitro models.  
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2 Review of the literature  

2.1 Rare diseases and rare disease research 

The European definition of a rare disease is a disease affecting fewer than five 

people in 10,000. There are an estimated 6000–8000 rare diseases, and 

consequently, 6–8% of people suffer from one of these conditions (European 

Organisation of Rare Diseases, 2005; The Lancet, 2020). Rare diseases are an 

extremely heterogenous group of diseases affecting several organ systems and 

people of all ages. However, 69.9% of the 6172 unique rare diseases described in 

the Orphanet database are exclusively paediatric onset (Nguengang Wakap et al., 

2020). Out of all the rare diseases in Orphanet, 71.9% are of genetic origin 

(Nguengang Wakap et al., 2020). Other causes for rare diseases can be 

environmental, such as infections, allergies, chemicals, and radiation, or a 

combination of genetic and environmental (European Organisation of Rare 

Diseases, 2005).  

As patients with the same rare disease are scarce and often scattered across the 

globe, international collaboration, such as the European Reference Networks 

(ERNs), have been set up to aid patient care, genetic counselling, and research. 

Altogether, 24 ERNs working on various thematic issues, such as rare neurological 

diseases (ERN-RND) and lung diseases (ERN-LUNG), have been established to 

provide access to specialised treatment, concentrated knowledge, and other 

resources. In addition, biobanks storing a collection of human samples linked to the 

sample donors’ health data provide access to patient-derived samples for 

researchers. However, access to relevant biological samples from children is 

limited. 

Rare diseases are usually detrimental to an individual’s fitness, and thus the 

diseases, and their causative variants, remain rare in the general population 

(European Organisation of Rare Diseases, 2005; Manolio et al., 2009). Also, large 

numbers of neutral variants in a heterogenic population can hide the disease-

causing variants (Lim et al., 2014). Isolated populations, with recent bottlenecks, 

offer an advantage as they can present certain deleterious variants in higher 

frequencies and have less neutral variation (Lim et al., 2014). The Finnish 

population is one of the best-studied genetic isolates where the gene pool has been 

shaped by the founder effect, genetic drift, and isolation (Peltonen et al., 1999). The 

homogeneity of the Finnish population, in combination with long-standing national 
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population registries, makes Finland a fertile ground to study the genetic aetiology 

of diseases. The isolated population has also led to the development of a unique 

Finnish Disease Heritage, which includes at least 39 rare inherited monogenic 

disorders more prevalent in Finland than in other populations (Jokela et al., 2011; 

Kurki et al., 2019; Norio, 2003; Polla et al., 2019; Vieira et al., 2021). 

The development of molecular methods in recent decades, such as WES and 

other next-generation sequencing methods, has led to discoveries of increasing 

numbers of novel diseases, or subtypes of diseases, and their genetic causes. For 

patients, an accurate genetic diagnosis enables a better understanding of the 

prognosis, required treatment, and management of the disease as well as accurate 

genetic counselling for the family (Wright et al., 2018). Despite the advancements 

in recognition of disease-causing genes, the aetiological mechanism of most rare 

diseases is unknown due to a lack of knowledge regarding the function of the gene 

in question and the resulting physiopathology of the disease (Brown & Lad, 2019). 

Thus, extensive research is necessary to ensure better outcomes for patients in 

future. Research on novel disease-causing genes can result in new insights, not only 

for the rare disease in question, but also for more common disorders associated 

with the same disease pathways. This similarity may allow researchers to identify 

common concepts and apply findings between seemingly unrelated diseases.  

One example of a common disease-associated pathway in which rare diseases 

have revealed new actors is the endo- and autolysosomal pathway. This pathway is 

responsible for ensuring cell survival via clearance of proteins, cell organelles, and 

aggregates by intricate vesicular trafficking machinery (Fig. 1). Postmitotic 

neurons are highly metabolically active, have long axons, and live for a long time, 

which makes them particularly vulnerable to defects in the endo- and 

autolysosomal pathway (Winckler et al., 2018). Despite the heterogenous disease 

mechanisms behind neurodegeneration, paediatric and late-onset 

neurodegenerative diseases are often characterised by polysaccharide or lipid 

accumulation around or within cells. Not surprisingly, variants in genes related to 

the endo- and autolysosomal pathway have been associated with several common 

late-onset neurodegenerative disorders, including Alzheimer’s disease (AD), 

Parkinson’s disease (PD), frontotemporal dementia (FTD), and Huntington’s 

disease (HD) (Menzies et al., 2015; C. Wang et al., 2018). As a result, endo- and 

autolysosomal dysfunction has been proposed as a possible therapeutic target in 

neurodegenerative diseases (Djajadikerta et al., 2020). However, the design of a 

successful therapy requires a profound understanding of the underlying pathway. 

Studies on rare paediatric neurodegenerative diseases have uncovered several 
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missing links of the endo- and autolysosomal pathway (Ebrahimi-Fakhari et al., 

2014) (Table 1), indicating the potential for rare disease research to help generate 

a comprehensive image of a particular pathway.  

Fig. 1. Schematic of intracellular vesicle trafficking in endo- and autolysosomal 

pathways. The pathway comprises; autophagy, endocytosis, fusion into lysosomes, 

and lysosomal degradation or exocytosis via multilamellar bodies and exosomes (T. E. 

Hansen & Johansen, 2011; van Weering & Scheper, 2019; C. Wang et al., 2018). The 

delivery of vesicular cargo from endosomes to the plasma membrane and to the trans-

Golgi network is required for normal lysosomal function (Burd & Cullen, 2014; 

Tammineni et al., 2017). Created with BioRender.com.  
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2.2 Disease models 

Disease models are cells or animals employed to recapitulate pathological 

processes observed in a disease. They are utilised to validate genetic associations 

and understand functional pathways leading to the development of a disease; these 

findings form the basis for discoveries of new therapies and diagnostics. However, 

models are always just models and simplifications of a system, and their 

possibilities and limitations need to be considered. The soundness of a disease 

model can be evaluated according to three criteria: how similar to the disease it 

appears (face validity), whether it arises through the right mechanism (construct 

validity), and how well the results in the model will translate to humans (predictive 

validity). Often, models fall short on at least one of these criteria, but this does not 

mean that they cannot be used to obtain useful information (Tadenev & Burgess, 

2019). Biological disease models can be divided into two groups: in vitro, meaning 

models outside of a living organism, and in vivo, as in a living organism. These 

models, including their benefits and limitations, are discussed below. Since human 

diseases are extremely complex, it is often necessary to use several models in 

combination to obtain a complete picture of a disease’s aetiology and progression.  

2.2.1 In vitro models 

The major advantages of in vitro models, compared to animal models, is that they 

can utilise human cells, which increases their predictive validity, and they bypass 

ethical issues associated with animal experimentation. The legislation on animal 

experimentation states that animals should not be used for research purposes when 

an in vitro model can be used (Directive 2010/63/EU). One thing to consider when 

choosing an in vitro model is the complexity of the model required to answer the 

question at hand. A model that is too simple will not give adequate information, but 

complexity adds variability to an experiment that can complicate the interpretation 

of the results. 

The simplest in vitro model is a monolayer cell culture. Selecting a tissue- and 

organ-specific cell type that accurately recapitulates the disease phenotype, or is 

relevant for the studied pathway, is vital. Availability of such cells is often the 

limiting factor. Commercially available cancer cells or transformed cells are readily 

available. The cells can be genetically modified to contain a disease-causing 

mutation, and the obtained clones can be compared to unmodified cells with 
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otherwise the same genetic background. This will give information on the 

phenotype arising from a specific mutation. Transformed or cancer cells achieve 

infinite growth which then produces infinite research material, but this often leads 

to genetic abnormalities that can change how the cells behave compared to primary 

cells (Alge et al., 2006).  

Patient-derived primary cells are more representative of the functional units of 

the tissue and are particularly useful for purposes of personalised medicine as they 

possess the same genetic background as the patient. However, they are difficult to 

obtain, proliferate slowly, have a limited life span, and are often poorly 

characterised. The heterogeneity of patients also complicates the comparison of cell 

lines obtained from different individuals. Induced pluripotent stem (iPS) cells are 

somatic cells that have been reprogrammed into stem cells (K. Takahashi et al., 

2007; K. Takahashi & Yamanaka, 2006; J. Yu et al., 2007). These cells can be 

established from patient-derived primary cells, cultured indefinitely, genetically 

modified to obtain isogenic controls, and differentiated into cells that would 

otherwise be unobtainable from patients (for example, neurons). However, 

differentiation of some cell linages is still not possible and maturation of iPS cells 

needs further study (Benam et al., 2015). 

The downside of using a monolayer culture is that cells in an organism are 

affected by their microenvironment, consisting of chemical and physical factors 

originating from extracellular matrix, supporting cells, immune cells, and soluble 

factors (Langhans, 2018). One adaptation to counter this is to use a co-culture of 

two or more cell types. For example, neurons and astrocytes can be co-cultured 

(Odawara et al., 2014), as astrocytes are vital for neuronal development and 

function (Clarke & Barres, 2013). Another adaptation is to culture cells in three 

dimensions (3D), using matrices or scaffolds. Cells cultured in 3D exhibit features 

that better resemble those seen in vivo and can better capture, for example, the 

complexity of the nervous system (W. A. Anderson et al., 2021). The development 

of alternative experimental systems to recapitulate tissue- and organ-level 

pathophysiology in vitro has also given rise to systems like organoids and organ-

on-a-chip (Jihoon Kim et al., 2020). One example among many is the cerebral 

organoid that has been used to model microcephaly (Lancaster et al., 2013). Organ-

on-a-chip refers to micro-engineered biomimetic systems containing microfluidic 

channels lined with living human cells, aiming to replicate functional units of living 

organs (Huh et al., 2013). The goal of developing ever more complex in vitro 

models is to eventually produce experimental systems that closely resemble a given 

tissue and its features that are critical for disease progression. 
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2.2.2 In vivo models 

Although in vitro models are versatile, they do not provide a comprehensive picture 

of what happens at the organ or whole-organism level. Experiments done on 

humans have ethical limitations, and patient-derived samples are not always 

available. Thus, several animal models have been utilised in an attempt to elucidate 

human biology and disease. Several genes and their molecular functions are 

conserved throughout the animal kingdom, and the level of conservation in the 

biology of a disease mechanism is a key consideration when opting to use an animal 

model. Whole-genome sequencing (WGS) initiatives and recent advancements in 

genome-editing technologies have enabled the use of an increasing number of 

species with unique sets of physiological traits. A wide range of species is used for 

biomedical research, and only some of the most commonly used models are 

discussed below. Mouse models will be discussed in a separate chapter in more 

detail, as 61% of all animals used in animal research are mice (European Comission, 

2020). 

Invertebrates 

The idea that heritable traits are carried on chromosomes was first developed using 

the common fruit fly (Drosophila melanogaster) in the 1910s (Rubin & Lewis, 

2000), and fruit fly was the first complex organism whose genome was fully 

sequenced (Adams et al., 2000). In addition to its well-defined genome, D. 

melanogaster provides several advantages as a model organism. Fruit fly is a cost-

effective alternative to even in vitro models and can produce hundreds of offspring 

within 10–12 days. Each developmental stage – embryo, larva, pupa, and adult – 

has its own advantages (Pandey & Nichols, 2011). D. melanogaster has been 

pivotal in the discovery of several genes involved in embryogenesis, that have been 

translated to mammals. The adult fly has structures equivalent to the mammalian 

brain, heart, lung, kidney, gut, and reproductive tract. An estimated 700 human 

disease genes have sufficiently well-conserved homologues to be analysed in D. 

melanogaster (Bier, 2005). D. melanogaster has also been used to study the 

molecular bases of neurodegenerative diseases and may be a valuable tool for drug 

discovery, as its responses to central nervous system (CNS)-acting drugs are very 

similar to those seen in mammalian systems (C. D. Nichols, 2006). 

Another famous invertebrate is the nematode Caenorhabditis elegans. The 

advantages of C. elegans as a model organism are its transparency, its short 
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lifecycle of approximately 4 days, and its well-defined genome (C. elegans 

Sequencing Consortium, 1998; Teschendorf & Link, 2009). C. elegans is used in 

neuroscience, for example, as its neurons and their synaptic connections have been 

fully mapped, from sensory input to end-organ (Cook et al., 2019). Although this 

transparent worm appears very different from us, the formation and trafficking of 

synaptic vesicles is highly conserved, employing many of the same proteins as 

mammalian neurons (Teschendorf & Link, 2009). 

Teleost fish 

As vertebrates, fish, such as zebrafish (Danio rerio), offer a more accurate 

representation of human physiology compared to invertebrates. Fish orthologues 

display less than 70% identity to their human orthologues, but conserved functional 

domains, such as substrate-binding regions, approach 100% similarity 

(Langheinrich, 2003). Although the lifecycle is relatively long, like that of a rodent, 

a female zebrafish can produce several hundreds of embryos each week, and these 

embryos develop all of their organs during the following 5 days. Because the 

zebrafish embryo develops outside of its parent and is transparent, it is easily 

manipulated and observed, making it a good model for vertebrate embryonic 

development (Veldman & Lin, 2008). Zebrafish has been successfully used to 

model, for example, Charcot-Marie-Tooth disease 2 (CMT2), as Mitofusin 2 (mfn2) 

mutation leads to an adult-onset, progressive motor dysfunction in the fish similar 

to that of CMT2 patients (Chapman et al., 2013). As mutation in Mfn2 leads to 

placental defects and embryonic lethality in mice (H. Chen et al., 2003), this 

example highlights another advantage of a fish model: its independence from 

placental development.  

Rodents and rabbits 

Although more expensive, rats (Rattus norvegicus) have certain advantages 

compared to mice. The larger size of a rat enables serial blood draws, sophisticated 

surgical manipulations, and easier and thus more reliable physiological 

measurements, making it superior to mice in cardiovascular research, for example. 

More complex cognitive abilities and sociability make it a better research model 

also for the study of neurodevelopmental disorders, such as autism. The methods 

to genetically modify the rat genome have been lagging mouse, mostly due to an 

inability to establish rat embryonic stem (ES) cells for gene targeting (Ellenbroek 
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& Youn, 2016; Szpirer, 2020). The first KO rat was made using zinc-finger 

nucleases (ZFNs) only as recently as 2009 (Geurts et al., 2009), and the first rat 

model obtained through ES cell targeting was described in 2010 (Tong et al., 2010). 

Advances in gene editing methodology, most recently, via the development of 

CRISPR/Cas9-mediated genome editing, have removed this disadvantage.  

Rabbits (Oryctolagus cuniculus) have been widely used in immunological 

studies (Esteves et al., 2018), and this use is supported by a suggested greater 

similarity between rabbit and human immune system genes compared to rodent 

genes (Neves et al., 2015).  

Large animals and non-primate monkeys 

As the passive transgenesis approach, based on random integration of foreign DNA, 

has been replaced by active genetic engineering techniques based on transposases, 

recombinases, and programmable nucleases, the species range of transgenic disease 

models has also broadened to larger animals (Gün & Kues, 2014). Large animals 

such as dogs, pigs, and sheep are more similar in size, and thus in physiology, to 

humans, and their longevity is also beneficial for certain types of research. However, 

costs and ethical considerations escalate when using larger animals; thus, these 

animals are not as frequently used. However, they are sometimes an essential step 

towards translating findings to humans. Porcine, for example, are a strong model 

for cancer, cardiovascular diseases, diabetes, neurodegenerative diseases, 

ophthalmology, and xenotransplantation research (Gün & Kues, 2014). 

Xenotransplantation using pigs as the transplant source has the potential to resolve 

the shortage of human organ donors (Jennings et al., 2016; Yang & Sykes, 2007).  

In addition to transgenic models, genetic drift and bottle necks caused by 

animal breeding have led to the sporadic development of naturally occurring 

disease models. The naturally occurring ovine models of neuronal ceroid 

lipofuscinoses are an example of this (Palmer et al., 2015). Studies on diseases of 

pet dogs, with whom we share our environment with, have provided candidate 

genes for human diseases and insights into their aetiology, for example in epilepsy 

(Wielaender et al., 2017) and cerebellar ataxia (Jenkins et al., 2020).  

Monkeys are used when the phenomenon studied is not present in other 

animals, for example in the study of complex cognitive functions. They also 

provide a unique platform for preclinical studies and long-term assessment of 

translatable outcome measures in brain disorders (Snyder & Chan, 2018).  
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Limitations of animal models 

To justify the use of animals in biomedical research, the results obtained need to be 

translational to humans. There is an ongoing debate in the research community 

regarding whether the concept of animal-to-human predictability is fundamentally 

flawed or whether animal experiments are generally predictive but show a 

translational failure due to suboptimal experimental design (Leenaars et al., 2019; 

Martić-Kehl et al., 2012; Pound & Ritskes-Hoitinga, 2018). Identification of what 

an animal model can and cannot represent is essential for bridging the gap between 

promising findings in animal models and effective clinical intervention (Bolker, 

2017). For example, the use of transgenic mouse models of AD has been questioned 

due to the failure rate of approximately 99.6% of clinical trials of therapeutics that 

had been successful in preclinical testing using these animals (Cummings et al., 

2014). However, it is often overlooked that these animal models do not in fact have 

AD; rather, they recapitulate only specific pathological features of the disease, and 

need to be used in succession with other methods to evaluate their potential to 

translate to human therapies (Drummond & Wisniewski, 2017).  

Although animals are indispensable as models of human physiology, it is 

important to consider the species differences when translating findings from 

animals to humans. For example, evolution has driven mice and humans to adapt 

to very different environments, which has led to big differences in size, metabolic 

rate, life cycle, microbiome, and pathogens of the two species (Perlman, 2016). 

Humans and mice share a large proportion of their protein-coding genes but 

differences in transcriptional regulation have given rise to two very different 

species (Yue et al., 2014). For instance, a single-nucleus RNA sequencing study 

revealed that although the cortex of human and mouse are highly conserved in 

cellular architecture, homologous cell types differ substantially in gene expression, 

markers, morphology, and laminar distribution (Hodge et al., 2019).  

“Phenotype” refers to a set of observable traits that result from interactions of 

an individual genotype and the environment. When studying the effect of a 

treatment on the phenotype of a mouse, researchers often attempt to control for 

other variables with varying degrees of success. Inbred mouse lines are often used 

to limit trait variability arising from genetics, and the aim is to decrease the number 

of mice needed to have enough power in an experiment. However, the genetic 

background of an inbred mouse may cause a phenotype that interferes with the 

study (P. V. Nguyen et al., 2000), and in some cases phenotypes vary among 

individuals with different genetic backgrounds due to genetic modifier loci 
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(Rozmahel et al., 1996). One solution is to test the effect against several 

backgrounds, but this increases the number of animals used. The use of more 

diverse subjects, as in outbred mouse lines, has been suggested to produce more 

generalisable conclusions, and outbred lines do not seem to have as much trait 

variability as has been assumed (Tuttle et al., 2018). Another common issue is that 

in our attempt to control for environmental factors, we have generated a very 

different environment for the animal used to model human than the one humans 

live in. For example the lack of normal microbiota in mice living in specific 

pathogen-free (SPF) conditions can affect their immune response and thus their 

accuracy to model human disease (Rosshart et al., 2019).  

Reproducibility is a major problem in research in general (Baker & Penny, 

2016), and this is particularly challenging in animal models with complex genetics 

and experimental cues compared to in vitro models. Reproducibility is the ability 

to replicate results demonstrated in a particular study, and it requires the reporting 

of sufficient details of the study. Guidelines such as PREPARE (Planning Research 

and Experimental Procedures on Animals) (Smith et al., 2018) and ARRIVE 

(Animal Research: Reporting of In Vivo Experiments) (Kilkenny et al., 2010; Sert 

et al., 2020) have been established by the research community to help meet the 

demands for reproducibility in animal research.  

2.2.3 Ethics  

While the goal of medical research is to generate new knowledge on a disease, this 

goal must never be achieved at the expense of the rights and interests of an 

individual research subject. The World Medical Association presented the 

Declaration of Helsinki in 1964 which, together with its amendments (WMA, 

2013), describes the ethical principles for medical research involving human 

subjects, including research on identifiable human material and data. This 

declaration dictates the evaluation and approval, by an ethics committee, of a 

research proposal involving patient-derived material. In the European Union, EU 

regulation 2016/679 (General Data Protection Regulation, GDPR) has been 

established to protect the fundamental rights and freedoms of natural persons and 

their right to the protection of personal data (The European Parliament and the 

Council of the European Union, 2016), and this needs to be taken into account when 

working on patient-derived material. 

Transition in the long run from the use of animal models to non-animal models 

is desirable, but alternative methods are still lacking in many research areas (Haahr, 
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2021). As discomfort to the animals cannot always be avoided, the question 

becomes; What is an acceptable amount of harm inflicted on an individual animal 

considering the benefits obtained for humans? The 3R principle (reduction, 

replacement, and refinement) was developed by Russell and Burch (W. M. S. 

Russell & Burch, 1959) as a framework for the humane use of animals in research 

and has since formed the backbone for national and international legislation, 

regulations, and guidelines. Reduction means avoiding the use of animals where 

possible, and replacing the use of animals with other methods, to decrease the 

number of animals used. Replacement refers to minimising the number of animals 

used per experiment by employing an appropriate experimental design and analysis. 

The objective of refinement is to minimize suffering of the research animals and 

improve their welfare. When a project involving animal experiments is authorised 

by the project authorization board, the implementation of the 3R principle is 

thoroughly evaluated.  

2.3 Mouse as a model organism  

Lucien Cuénot was the first to describe, in 1902, that inheritance of coat colour in 

mice followed a Mendelian ratio, and thus Mendelism applies to not only plants 

but also animals (Cuénot, 1902). This began the 120-year history of mouse research 

to model and understand human biology and disease (Paigen, 2003a). In the 1980s, 

the classical mouse genetics was revolutionised by advances in molecular 

techniques (Paigen, 2003b), and this led to the generation of the first transgenic 

mouse (Gordon et al., 1980). Sequencing of the whole mouse genome revealed that 

mouse and human share the majority of their protein-coding genes (Waterston et 

al., 2002). Since then, large international consortia have been established to first 

generate and later phenotype a KO for each of the approximately 20,000 mouse 

genes (The International Mouse knockout Consortium, 2007; Skarnes et al., 2011; 

White et al., 2013). These systematically collected data and data obtained from 

individual research groups have been incorporated into numerous freely available 

databases (Table 2). 

The popularity of mouse in research results from several practical advantages. 

Firstly, mice are mammals with roughly the same organs, tissues, and physiology 

as humans. Secondly, their small size makes them easy and cheap to maintain, they 

breed efficiently in captivity, and they have a short life cycle. Lastly, mice have a 

well-defined and easily modifiable genome.  
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Mouse has been instrumental for understanding mammalian biology, and the 

molecular and cellular pathways leading to human diseases. The majority of the 

genes in the human and mouse genome remain functionally unsolved and this is 

the main obstacle for interpreting the impact of variants in disease (Brown & Lad, 

2019). As mice have been vital in illuminating this dark genome (Cacheiro et al., 

2020; Meehan et al., 2017), we will most likely rely on mouse models for decades 

to come. 

Table 2. List of useful databases on mouse genetics. 

URL  Description Reference 

http://www.informatics.jax.org/ Mouse genome informatics (Bult et al., 2019) 

https://www.mousephenotype.org/ IMPC and International Knockout 

Mouse Consortium 

(Dickinson et al., 2016) 

https://www.infrafrontier.eu/ INFRAFRONTIER mouse disease 

models 

(Meehan et al., 2015; Raess et 

al., 2016) 

https://www.emouseatlas.org eMouseAtlas, developing mouse 

anatomy, histology, and gene-

expression data 

(Graham et al., 2015; 

Richardson et al., 2014) 

https://apps.kaessmannlab.org/evod

evoapp/ 

RNA expression across 

development in multiple species 

(Cardoso-Moreira et al., 2019) 

https://www.brainrnaseq.org/ RNA expression in human and 

mouse brain, cell types 

(Y. Zhang et al., 2014, 2016) 

2.3.1 Modification of the mouse genome 

In phenotype-driven research, naturally occurring polymorphism in mice and 

spontaneously arising phenotypes in inbred mouse lines are fruitful lines of 

investigation into genetic causalities in vivo (Janecka et al., 2017; Noben-Trauth et 

al., 2003). The mouse genome can also be manipulated in phenotype-driven 

research by inducing mutagenesis in spermatogonia of male mice with mutagenic 

ethylnitrosourea, after which the genetics behind the phenotypes that arise in the 

progeny can be studied (Bode, 1984; N. Nguyen et al., 2011; W. L. Russell et al., 

1979).  

On the other hand, several techniques have been developed to modify the 

mouse genome and to enable a genotype-driven approach. The first transgenic mice 

were generated by DNA microinjection into a fertilised mouse oocyte followed by 

integration of the DNA into the genome by the cells’ own DNA repair machinery 

(Gordon et al., 1980). DNA microinjections can result in multiple copies of a 
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transgene to integrate into unpredictable sites of the mouse genome, which can be 

problematic as the transgene needs to integrate into a site on the host DNA that will 

permit its expression (Nakanishi et al., 2002). This method results in a low yield of 

transgenic animals (Nakanishi et al., 2002), and a multitude of techniques 

improving transgenesis efficiency and accuracy have been developed since, such 

as lentiviral vector transgene delivery (Lois et al., 2002) and transposon systems 

(Ding et al., 2005; Shinohara et al., 2007), to name a few. The advantage of DNA 

injection into a zygote is that it can be used in several species. However, in mice, 

the development of ES cells that can contribute to the germ cells has been key in 

formulating robust gene-targeting techniques (Gossler et al., 1986; Robertson et al., 

1986). In recent years great advancements have been made, not only in mice but 

also in other species, due to the development of programmable nucleases, such as 

ZFNs (Urnov et al., 2010), transcription activator-like effector nucleases (TALENs) 

(F. Zhang et al., 2011), and, most recently, CRISPR/Cas nucleases (Cong et al., 

2013; Jinek et al., 2012).  

ES cell-based gene targeting 

Integration of the DNA construct designed by a researcher into the genome utilises 

two distinct pathways that have evolved to protect the genomic DNA from double-

stranded breaks (DSBs): non-homologous end-joining (NHEJ) and homologous 

recombination (HR) (van Gent et al., 2001). HR uses the undamaged sister 

chromatin as a repair template. This property is utilised in gene targeting by 

including homology arms – nucleotide sequences corresponding to the genomic 

sequence – at both ends of the construct, which facilitate its integration into the 

intended site in the genome. In ES cell-based gene targeting, the designed DNA 

construct is first inserted into the genome of a germline-competent mouse ES cell 

(Fig. 2A). This allows the selection of correctly targeted ES cells in vitro with, for 

example, a selection cassette such as a neomycin resistance gene (Gossler et al., 

1986). The correctly targeted ES cells are either injected into mouse blastocysts or 

aggregated with morulae, where they contribute to the developing embryo. The 

chimeric embryos are transferred into the oviduct of a pseudo-pregnant female 

mouse. If the ES cells are incorporated into the germ line of the resulting chimeric 

mice, these mice transmit the gene modification to their offspring, giving rise to a 

GM mouse line. 



 

40 

Fig. 2. Gene editing of mouse genome. A. Conventional ES cell-based gene targeting 

through homologous recombination (Gossler et al., 1986; Robertson et al., 1986). 

Germline-competent ES cells are transfected with the DNA construct by electroporation. 

After selection of correctly targeted ES cell clones, they are injectected into the 

blastocyst where they become part of the developing embryo. If the ES cells contribute 

to the germ cells of the chimeric founder, it passes the gene modification on to its first-

generation (F1) offspring. B. CRISPR/Cas9 gene editing (Cong et al., 2013; Jinek et al., 

2012). Ribonucleoprotein, containing Cas9, crRNA, and tracrRNA, is injected into a 

mouse zygote. A repair template, such as a single-stranded oligodeoxynucleotide 

(ssODN), may also be provided. Cas9 induces a DSB into the genomic DNA, resulting 

in the activation of the DNA repair mechanism in the cell. The founder may have different 

alleles and it can be chimeric if the DNA fragment is incorporated into the genomic DNA 

after the first cell division. These alleles will be segregated into the F1 offspring. Created 

with BioRender.com.  
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One example of a targeting construct is the widely used KO-first allele utilised by 

the KnockOut Mouse Project (KOMP) and the European Conditional Mouse 

Mutagenesis Program (EUCOMM) (The International Mouse Knockout 

Consortium, 2007; Skarnes et al., 2011) (Fig. 3). In this scheme, the initial modified 

allele is a null allele resulting from splicing to an internal ribosome entry site 

(IRES):LacZ trapping element (tm1a). LacZ is the bacterial β-galactosidase gene, 

which can be used as a reporter to detect the expression pattern of the trapped gene 

(Shuman et al., 1980). The construct also includes several flippase (FLP) 

recombinase target (FRT) and locus of X-over P1 (loxP) sites that enable further 

temporal and spatial regulation of the gene by FLP/FRT and Cre/loxP recombinase 

systems. These systems are quite similar and are based on recombination between 

two recombinase target sequences and removal of the interjacent sequence. The 

Cre/loxP system is based on the recombination between two loxP sites by Cre 

recombinase discovered from P1 bacteriophage (Sauer & Henderson, 1988; 

Sternberg & Hamilton, 1981). In the FLP/FRT system, the FLP, from the yeast 

Saccharomyces cerevisiae, leads to recombination between two FRT sites 

(Sadowski, 1995). The mouse line containing the recombinase target sites is 

crossed with a transgenic recombinase-expressing mouse line, leading to the 

excision of the interjacent sequence in the offspring. FLP converts the KO-first 

tm1a allele to a conditional allele (tm1c) and restores gene activity. Subsequently, 

Cre can be used to delete the floxed exon in tm1c to generate a truncating mutation 

(tm1d). Cre can also be used to delete the selection cassette and floxed exon of the 

tm1a allele to generate a lacZ-tagged allele (tm1b) (Skarnes et al., 2011). The 

recombinase can be expressed under a tissue- or cell-specific promoter, enabling a 

sophisticated study design where only a portion of the mouse’s cells are KO. The 

recombinase can also be ligand dependent, enabling temporal regulation of the 

targeted gene. One example is the popular tamoxifen-inducible Cre recombinase 

(Feil et al., 1996). In this system, the binding of tamoxifen to a Cre fusion protein, 

containing a modified ligand binding domain of the oestrogen receptor alpha, leads 

to translocation of the fusion protein from the cytoplasm into the nucleus and 

subsequent recombination in the genome. 
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Fig. 3. Schematic of the KO-first targeting construct and the resulting alleles in 

presence of either Cre or FLP recombinase (The International Mouse Knockout 

Consortium, 2007; Skarnes et al., 2011). In Tm1a the transcription ends in the LacZ 

trapping cassette. Tm1a can be modified into conditional allele (Tm1b) or LacZ-tagged 

allele (tm1b) in the presence of FLP or Cre recombinase, respectively. Tm1c can be 

further modified to Tm1d allele, leading to nonsense-mediated decay of the transcript 

(NMD) with Cre. Created with BioRender.com. 

ES cell gene targeting is a versatile and robust gene editing tool that has been used 

for decades and is partly responsible for the popularity of mouse as a research 

animal. In recent years it has been rivalled and partly surpassed by more straight 

forward and easier gene editing technologies, such as CRISPR/Cas9, which excels 

at rapid generation of KO alleles.  

CRISPR/Cas9 system in modification of the mouse genome 

The CRISPR/Cas system was developed in prokaryotes to provide adaptive 

immunity against viruses (Barrangou et al., 2007). Cas9 is a bacterial type II RNA-

guided DNA endonuclease, which has become a popular gene editing tool in cells 

and in a variety of animal species (Cong et al., 2013; Jinek et al., 2012). The Cas9 

protein forms a ribonucleoprotein with trans-activating crispr RNA (tracrRNA) and 

targeting crispr RNA (crRNA). The crRNA recognises an invading nucleic acid, 
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and Cas9 cleaves a DSB on it. In addition to complementarity between crRNA and 

the target DNA, the site-specific cleavage requires a protospacer-adjacent motif 

(PAM) in the DNA juxtaposed to the cutting site, which, in the case of the 

commonly used Streptococcus pyogenes Cas9, is NGG (Mojica et al., 2009). The 

major advantages of CRISPR/Cas9-based genome editing are that PAM sites are 

abundant in the mammalian genome and that it relies on complementary nucleic 

acids, making it easy to design and use (Pickar-Oliver & Gersbach, 2019).  

In the generation of a GM mouse, the zygote is microinjected with the 

components described above, including the targeting crRNA designed by the 

researcher, to induce DSBs in a specific site of a mouse genome (Fig. 2B). These 

breaks are again fixed either by NHEJ or by homology-dependent repair (HDR). 

NHEJ is quick but error prone (Mao et al., 2008) and may result in the generation 

of unpredictable indels in addition to correctly fixed alleles. As the indels often lead 

to frameshift, this is a quick way to obtain KO animals. If a repair template with 

homology arms and desired mutation is introduced into the zygote, it is also 

possible to obtain a precise gene edit through HDR. The CRISPR/Cas9 system 

enables the incorporation of specific patient mutations, even one nucleotide 

variants (Inui et al., 2014), into the mouse genome. Compared to KO models, the 

KI models, with a single pathogenic variant created in the endogenous mouse gene, 

provide a tool to study the role of a specific variant in a disease, rather than a 

phenotype arising from the complete loss of a protein. KI models also circumvent 

the artificial overexpression of gene products seen in transgenic mouse models, but 

often show a milder phenotype, requiring more advanced phenotyping (Dawson et 

al., 2018).  

There are certain pitfalls to CRISPR/Cas9 gene editing. As the complexity of 

the targeted mutation increases, from inducing a disruptive deletion to inserting 

genetic material, the time and cost advantage of CRISPR/Cas9 diminishes. In these 

cases, CRISPR/Cas9 can be used in combination with ES cells for complicated and 

large genome editing (Oji et al., 2016). As the gene editing is done to the preferred 

genetic background in zygote injections, CRISPR/Cas9 has been thought to 

decrease the need for backcrossing before experimentation. For example, in cases 

where the ES cells have a different genetic background to the preferred strain, a 

minimum of five backcrosses is required. Yet Cas9 may also cleave DNA at off-

target sites, meaning genomic sites other than the intended on-target site, with 

adequate sequence similarity with respect to the crRNA sequence. Deep-

sequencing data from 81 CRISRP/Cas9 genome edited mouse and rat strains 

revealed that 32 of the predicted 1423 off-target sites had a confirmed mutation (K. 
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R. Anderson et al., 2018). Thus, the possibility of off-targets should not be ignored 

when first generating a mouse line and some backcrossing is required. As the 

generation of KO alleles with CRISPR/Cas9 is very efficient, phenotyping of more 

than one KO mouse line is a viable option to identify possible off-target 

interference.  

In addition to genome editing, the discovery the of the CRISPR/Cas system 

has resulted in the expansion of other applications including gene regulation, 

epigenetic editing, chromatin engineering, and imaging with inactive Cas9 and 

other Cas nucleases (Adli, 2018; Pickar-Oliver & Gersbach, 2019). The 

CRISPR/Cas system shows great potential in the development of gene therapy, and 

the first human trial of CRISPR-based cell therapy safety and feasibility was 

published in 2020 (Lu et al., 2020). However, its delivery to the target site in the 

body is still a limiting factor (Lino et al., 2018).  

2.3.2 Comparison of human and mouse embryonic development 

Human development is divided into an 8-week embryonic period and a subsequent 

32-week foetal period. Mouse gestational length is approximately 20 days. During 

the embryonic period, mouse and human embryos go through the same 

developmental stages, including fertilisation, morula and blastocyst formation, 

implantation, gastrulation, and organogenesis. Gene expression is conserved during 

early development, but mouse and human development diverge during 

organogenesis, giving rise to species-specific traits (Xue et al., 2011). The mouse 

embryo is born soon after organogenesis, while the human embryo continues the 

growth and maturation of several organs in utero during the foetal period (Xue et 

al., 2011).  

In fertilisation the haploid egg and haploid sperm give rise to a diploid zygote. 

The fusion of the posterior of the sperm with the egg cell membrane triggers 

fertilisation cascades including the second meiotic division of the egg (Sanders & 

Jones, 2018). Mature sperm is transcriptionally inactive, and the sperm egg 

recognition, prevention of polyspermy, paternal genome remodelling, and 

embryonic genome activation are under maternal control. The zygote transitions 

from maternal to zygotic transcripts at a species-specific time after one or several 

blastomere cleavages (Li et al., 2013). The embryo develops into a morula after 

several cell divisions through cleavage. A cavity forms inside the morula, leading 

to the formation of a blastocyst consisting of a blastocoel surrounded by giant 

trophoblast cells and a mass of cells called the inner cell mass. The blastocyst 
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“hatches” from the zona pellucida, enabling the implantation of the embryo to the 

uterine wall. At the time of implantation, the embryo has three cell linages: epiblast, 

which gives rise to the embryo; and trophectoderm and primitive endoderm, which 

contribute largely to the placenta and the yolk sac. After implantation the embryo 

goes through gastrulation, during which ectoderm, mesoderm, and endoderm are 

formed from the epiblast. During this stage the mouse embryo forms a cup-shaped 

cylinder, whereas the humans embryo forms an embryonic disc. Mouse embryos 

undergo an axial rotation starting at the 9–10-somite stage and ultimately resulting 

in the typical foetal position, similar to that of humans (Pereira et al., 2011). The 

gross morphology of mouse and human placentas differs, but they have the same 

type of haemochorial placentation and are thus more similar to each other than 

humans are to some larger animals, for example sheep (Hemberger et al., 2019). 

During organogenesis, ectoderm gives rise to skin and nervous system, endoderm 

forms the gastrointestinal tract, and mesoderm gives rise to the rest of the organs in 

a highly complex and coordinated manner. The timing of the main events during 

embryogenesis in human and mouse is shown in Table 3.  

Mouse gastrulation 

At the start of mouse gastrulation, the epiblast and the trophoblast-derived 

extraembryonic ectoderm have formed adjacent epithelia with their apical side 

towards the proamniotic cavity and the basal side surrounded by visceral endoderm 

(Fig. 4). The ectoplacental cone and the outer lining of the parietal yolk sac have 

developed from trophoblasts, whereas the visceral and parietal endoderm have 

developed from the primitive endoderm (Rivera-Pérez & Hadjantonakis, 2015). At 

this time the visceral endoderm is the site of nutrient and gas exchange between the 

mother and embryo before placental formation (Bielinska et al., 1999). The 

proamniotic cavity side of the epiblast corresponds to the dorsal side of the future 

embryo, and the visceral endoderm corresponds to the ventral side. The posterior–

anterior axis of the embryo has also been determined at this point. 
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Table 3. Comparison of human and mouse embryonic development timeline (O’Rahilly, 

1979; Otis & Brent, 1954; Theiler, 1989). 

Carnegie stage Main events Human 

embryonic day 

Mouse 

embryonic 

day 

1 Fertilisation, zygote 1 1 

2 Morula, blastula, blastocyst 2-3 2 

3 Blastocyst hatches and loses zona pellucida 4-5 3 

4 Early implantation 5-6 4.5 

5 Late implantation 7-12 5 

6 Chorionic cavity 13-15 6 

7 Gastrulation: formation of ecto-, meso- and endoderm 15-17 7 

8 Neural groove forms 17-19 8 

9 Somatogenesis begins, neural groove still open, 

neural crest, cardiogenesis begins 

20 9 

10 Neural fold begins to fuse, differentiation of spinal 

cord, three primary brain vesicles form, 

Laryngotracheal groove forms, heart begins to beat 

22 9.5 

11 Rostral neuropore closes 24 10 

12 Liver starts to form, caudal neuropore closes, 

secondary neurulation  

28 10.5 

13 Organogenesis: Spinal ganglia, spinal cord ventral 

roots, telencephalon cavity, vascular development, 

nasal plate, optic vesicle, lens, pituitary, 

pleuroperitoneal fold, septation of the heart, lung 

buds, optic vesicle 

30 11 

14 Upper and lower limb, cerebral hemispheres, 

organogenesis 

33 11.5 

15 Cranial nerves, descent of heart and lungs into liver, 

pleuroperitoneal formation closes, adrenal, thymus, 

vision lens closed and retinal pigment present 

36 12 

16 First parasympatic ganglia, upper limb bud nerves, 

upper lip, eyelid 

40 12.5 

17 Choroid plexus, olfactory nerves, diaphragm, aortic 

arch and pulmonary aorta, pancreatic hormone 

secretion increases 

42 13 

18 Limb bone, vomeronasal fibres and nervus terminalis, 

uterus opening, separation of myoblasts into inner and 

outer layers of abdominal wall, biliary ductules 

44 13.5 

19 Bronchial tree, genitals 48 14 

20 Scalp vascular plexus visible, upper limbs rotate 

ventrally, cerebellum and its cell layers 

52 14.5 
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Carnegie stage Main events Human 

embryonic day 

Mouse 

embryonic 

day 

21 Lower limbs rotate, pericardioperitoneal canals close 54 15 

22 Neocortical fibres to thalamus and mesencephalon 55 15.5 

23 Nose, ears, eyelids, external ears, chorionic cavity lost 

by fusion with amniotic cavity, transition to foetal 

development 

58 16 

The regulation of gastrulation is governed by Nodal, Bone morphogenetic protein 

(BMP)/Transforming growth factor β (TGF-β), Wnt, and Fibroblast growth factor 

(FGF) signalling (Rivera-Pérez & Hadjantonakis, 2015; Tam & Loebel, 2007). 

Gastrulation begins with the formation of the primitive streak on the posterior of 

the dorsal side of the embryo at embryonic day (E) 6.5. Nodal (F. L. Conlon et al., 

1994; Zhou et al., 1993), TGF-β-related factor, and wnt3 (P. Liu et al., 1999) are 

the two major signalling molecules in the induction of the primitive streak. The 

earliest molecular markers of primitive streak formation are the wnt3 expression in 

the posterior visceral endoderm at E5.5 and wnt3 and Brachyury on the adjacent 

epiblast at E5.75 (Rivera-Pérez & Magnuson, 2005).  

Epiblast cells at the primitive streak undergo an epithelial-to-mesenchymal 

transition (EMT), ingress and migrate away from the primitive streak, giving rise 

to mesoderm and definitive endoderm (Williams et al., 2012). In addition, bipolar 

neuromesodermal progenitors, giving rise to both the elongating spinal cord and 

the adjacent paraxial mesoderm, have been described (Henrique et al., 2015; 

Tzouanacou et al., 2009). The first step of EMT is the breakdown of basement 

membrane in the interface between epiblast and visceral endoderm, and this is 

mediated by transforming protein RhoA (RhoA) activity and its effect on the basal 

microtubule dynamics (Nakaya et al., 2008; Williams et al., 2012). Next, the cells 

go through EMT and ingress into the primitive streak. FGF receptor 1 signals have 

been shown to downregulate E-cadherin expression to promote EMT during 

gastrulation by regulating Snail gene expression (Ciruna & Rossant, 2001). In 

addition, Wnt signalling has been connected to EMT in mouse gastrula where 

stabilisation of β-catenin leads to premature EMT in the epiblast (Kemler et al., 

2004).  
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Fig. 4. Mouse gastrulation. A. Stereomicroscope image of embryonic day (E)6.5 mouse 

gastrula dissected out of its decidua. The embryonic and extraembryonic portion of the 

cylinder-stage embryo as well as the ectoplacental cone are indicated. B. Schematic of 

the cell types present during early gastrulation in a mouse embryo (Pereira et al., 2011; 

Tam & Loebel, 2007). Created with BioRender.com. 

As gastrulation progresses, the primitive streak elongates towards the distal part of 

the embryo reaching the anterior tip at E7.5. Migration away from the primitive 

streak and extensive cell proliferation are seen during the elongation. Interactions 

between cells and extracellular matrix (ECM) are not yet well known but are likely 

to be critical for gastrulation (Rivera-Pérez & Hadjantonakis, 2015). Cells adopt 

different fates depending on when and where they leave the primitive streak, most 

likely due to the duration and level of Nodal exposure within the primitive streak 

(Rivera-Pérez & Hadjantonakis, 2015). At the end of gastrulation, cell populations 

that are required for specific organs are physically brought together, facilitating 

inductive interactions (Nagy et al., 2003; Tam & Behringer, 1997).  

The mammalian conceptus needs to develop extraembryonic tissues and organs 

to facilitate development in utero. In addition to the embryonic cell layers, the 

amnion and chorion are formed during gastrulation from an amniochorionic fold, 

which arises from the accumulation of extraembryonic mesoderm posterior to the 

primitive streak (Pereira et al., 2011). 
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2.3.3 Comparison of the human and mouse brain  

The complexity and limited accessibility of the human CNS has led to the use of 

mouse models in the study of normal function and pathogenesis of the human brain. 

However, the CNS may be the organ system with the greatest differences between 

mouse and human, both anatomically and functionally. When working on 

developmental disorders, determining the exact equivalences in developmental 

maturity between species is not straightforward (Pressler & Auvin, 2013; Semple 

et al., 2013). Mouse and human follow the same basic steps of brain development, 

but the timing differs between species, between brain regions (Stagni et al., 2015), 

and/or within different areas of a specific brain region, for example the neocortex 

(Huttenlocher & Dabholkar, 1997).  

The embryonic and foetal brains of mammals develop similarly, although 

specific structures differ in their relative mass and volume between species. The 

cell precursor of the brain and spinal cord develop after gastrulation through the 

process of neurulation. The notochord, which will be incorporated into the cerebral 

system, induces the overlying ectodermal tissue to form a neural plate which 

invaginates to form the neural tube; this occurs on approximately E9–9.5 in mice, 

with birth typically occurring on E20–21. In humans, the neural tube develops in 

week 3 or 4 of the 40-week gestation period (Semple et al., 2013). The neural tube 

begins to close anteriorly and posteriorly from an area of the hindbrain, creating a 

caudal-to-rostral gradient in the development of the brain, with some exceptions 

like the delayed development of the cerebellum. The rostral portion of the neural 

tube forms three vesicles – prosencephalon, mesencephalon, and rhombencephalon 

– that will ultimately give rise to the forebrain, the midbrain, and the hindbrain, 

respectively (Rice & Barone, 2000). Prosencephalon forms two vesicles: the 

telencephalon (cerebral cortex) and the diencephalon (thalamus, hypothalamus, and 

other structures) (Tau & Peterson, 2010). Mesencephalon gives rise to the midbrain, 

and rhombencephalon develops into metencephalon and myelencephalon, giving 

rise to the pons, medulla, and cerebellum. Brain development is the result of 

complex, dynamic, sequential, and temporally overlapping cellular events resulting 

in neuronal proliferation and migration, synaptogenesis, pruning, and myelination 

in utero, and continued myelination and cortical thinning in childhood (Tau & 

Peterson, 2010). Figure 5 shows some of the developmental milestones and their 

timing in the cerebral cortex of human and mouse. 
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Fig. 5. Timeline of some key cellular processes in the developing cerebral cortex of 

human and mouse (Chini & Hanganu-Opatz, 2021; Silbereis et al., 2016): neurogenesis 

(Bystron et al., 2006; Meyer, 2007; T. Takahashi et al., 1996), gliogenesis (Choi & Lapham, 

1978; DeAzevedo et al., 2003; Delaunay et al., 2008; R. A. Hill et al., 2018; Kang et al., 

2011; Semple et al., 2013), synaptogenesis (Fukuda et al., 2005; Huttenlocher, 1979; 

Kwan et al., 2012; Molliver et al., 1973; Petanjek et al., 2011; Semple et al., 2013), 

myelination (R. A. Hill et al., 2018; Miller et al., 2012; Semple et al., 2013), and synaptic 

pruning (Huttenlocher, 1979; Petanjek et al., 2011; Price et al., 1997). pcw: post 

conception week, dpf: days post-fertilisation. Created with BioRender.com. 

As an example, neurogenesis in the mouse cortex (Fig. 6) begins with the 

generation of neuronal stem cells (NSCs) by the neuroepithelial cells at E9 (Gal et 

al., 2006). During the early phases of cortical neurogenesis (E10.5–11.5), the NSCs 

undergo symmetrical stem cell divisions in the ventricular zone (VZ) lining the 

brain vesicle, expanding the stem cell pool. NSCs give rice to radial glial cells 

(RGCs) that can self-renew or undergo asymmetrical cell divisions, allowing for 

both self-renewal and generation of either an immature neuron or a committed basal 

progenitor (BP), often termed intermediate progenitor (IP) in mice (Penisson et al., 

2019). The IP cells migrate to the subventricular zone (SVZ) formed outside of the 

ventricular zone and divide once in mice to generate two immature neurons (Borrell 

& Götz, 2014). The immature neurons migrate towards the outer cortical plate (CP) 

along the RGCs through the previously developed neurons. Upon arriving at the 

outer pial surface they become mature neurons. This migration results in the inside-

out formation of the six cortical layers (Mukhtar & Taylor, 2018). Although cortex 

development is very similar in human and mouse, there are some exceptions. In 

humans the SVZ expands into an outer SVZ, which inhabits an additional 

progenitor cell type of humans, outer or basal RGCs (D. V. Hansen et al., 2010). In 

addition, human IP cells can divide several times (Betizeau et al., 2013). This 

expansion of neuronal progenitors may have been critical for the evolution of 

increased cortical size and complexity in the human brain (D. V. Hansen et al., 
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2010). This idea is supported by the appearance of cortical gyri and sulci, features 

of the primate brain, in the mouse brain following increased proliferation (Chenn 

& Walsh, 2002) or inhibited apoptosis (Kingsbury et al., 2003) of neuronal 

progenitor cells.  

Fig. 6. Neurogenesis of mouse cerebral cortex. The NSC pool is expanded at the 

ventricular surface. These cells give rise to the RGCs. During neurogenesis the RGCs 

divide asymmetrically, forming an RGC and a neuronal progenitor. The neuronal 

progenitor migrates to the pial surface along the RGCs. The layers of the cortical plate 

are formed in an inside-out manner as the new neurons migrate through the previous 

layers (Mukhtar & Taylor, 2018). Created with BioRender.com. 

When studying human neurological diseases, it is fundamental to recognise the 

differences of the comparable region of the mouse brain (Treuting et al., 2012). 

Mouse brain has grossly the same structures as human brain, but they differ 

substantially in size (1300 g in human and 0.4 g in mice) and anatomical 

arrangement (Fig. 7). A prominent difference between the species is the expansion 

of a gyrencephalic cerebral cortex in humans, compared to the relatively small 

lissencephalic cerebral cortex of a mouse (R. S. Hill & Walsh, 2005; Treuting et al., 

2012). The folding of cortex in larger animals, such as primates, saves space, and 
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the human cortex is the largest among primates, thus containing the most neurons, 

which has been suggested to explain the development of higher cognitive function 

in humans (Herculano-Houzel, 2009). The large olfactory bulb in mice compared 

to humans, on the other hand, is indicative of the importance of smell as a sensory 

modality for mice.  

The brain consists of neurons, astrocytes, oligodendrocytes, and ependymal 

cells originating from the neuroectoderm, as well as meninges and blood vessels of 

mesenchymal origin (Treuting et al., 2012). The brain also inhabits resident 

immune cells, microglia and border-associated macrophages, originating from the 

erythro-myeloid precursors of the embryonic yolk sac (Tay et al., 2017; Utz et al., 

2020). The adult mouse brain has approximately 108  106 cells, of which 71  106 

are neurons (Herculano-Houzel et al., 2006); the human brain contains 86  109 

neurons and 85  109 non-neuronal cells (Azevedo et al., 2009). Even though the 

upper cerebral cortical layers, generated late in neurogenesis, are over-represented 

in the human cortex (R. S. Hill & Walsh, 2005), the cellular architecture is relatively 

well conserved between human and mouse (Hodge et al., 2019). Classically, 

neurons have been categorised by their neurotransmitter phenotype and 

morphology, but the development of single-cell RNA sequencing has led to the 

identification of around 100 distinct cell types in one cortical area (Tasic et al., 2018; 

Zeisel et al., 2015). Distinct transcriptional-level differences between 

corresponding neurons in human and mouse have been reported, emphasising the 

need for complementary studies on human neurons (Hodge et al., 2019). In addition, 

there are some distinct astrocyte (Oberheim et al., 2009) and neuron subtypes 

(Boldog et al., 2018) in humans that are not present in mice. 

Even though mouse models of neurological diseases seldom show the whole 

spectrum of the human disease, they have proven to be invaluable tools for studying 

the molecular pathogenesis of a variety of neurodevelopmental and 

neurodegenerative disorders (Dawson et al., 2018; Leung & Jia, 2016). 
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Fig. 7. Sagittal view of the gross anatomy of the mouse (upper) and human (lower) brain. 

Created with BioRender.com. 
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3 Aims of the study  

In this thesis a novel rare early infantile-onset cerebropulmonary and multiorgan 

disease, FINCA, is characterised. FINCA patients were found to harbour 

potentially pathogenic variants in NHLRC2 gene encoding a protein with an 

unknown function. The aim was to elucidate the aetiology and pathogenesis of 

FINCA disease and the molecular function of NHLRC2 utilising in vivo and in vitro 

methods.  

The aims of this study were: 

1. to characterise the novel FINCA disease and its genetic aetiology through 

extensive examinations of patients and patient-derived samples and WES 

analysis. After identification of the disease-causing variants segregated within 

the affected families’ patient-derived cells, Nhlrc2 KO mouse and nhlrc2 

morphant zebrafish were utilised to further study the function of NHLRC2. 

Population-based cohorts were utilised to evaluate the frequencies of the 

identified NHLRC2 variants (I).  

2. to understand the disease progression, especially neurological manifestations 

in vivo, by generating and phenotyping a FINCA KI mouse model harbouring 

a disease-specific variant in Nhlrc2. Cortical neuronal precursor cells of 

FINCA and wild type (wt) mouse embryos were compared using two-

dimensional difference gel electrophoresis to identify affected molecular 

pathways. Expression pattern of Nhlrc2 in the mouse brain was studied by in 

situ hybridisation (ISH) (II).  

3. to determine the precise time of lethality for Nhlrc2 KO mice and to clarify the 

essential role of Nhlrc2 in embryonic development. The morphology of the KO 

embryos was examined. LacZ reporter was utilised to determine Nhlrc2 

expression pattern in embryos and the spontaneous differentiation of Nhlrc2 

KO and wt ES cells was analysed (III).  
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4 Material and methods  

4.1 Patients and subjects (I) 

Three patients with severe, early-onset undefined progressive cerebropulmonary 

and multi-organ disease from two Northern Finnish families were examined at the 

Department of Paediatrics of Oulu University Hospital (Patients 1 and 2 from 

Family A and Patient 3 from Family B). Investigations included clinical 

assessments, brain magnetic resonance imaging (MRI), neurophysiological 

investigations (electroencephalogram (EEG), visual evoked potential (VEP), 

electroretinogram (ERG), brain auditory evoked potentials (BAEP), chest X-rays 

and high-resolution computed tomography, and extensive analyses from blood, 

urine, and cerebrospinal fluid, as well as metabolic screening. Biochemical and 

molecular genetic analyses excluded mitochondrial defect, infantile neuronal 

ceroid lipofuscinosis, brain–lung–thyroid syndrome, and gene defects related to 

surfactant proteins. As part of the diagnostic protocol, lung, skin, and skeletal 

muscle biopsy samples were analysed. The disease course was progressive and led 

to early death of the patients. Autopsy was performed to investigate the previously 

undefined disease, and autopsy samples were available for further studies. 

All procedures performed in the studies involving human participants were in 

accordance with the ethical standards of the institutional and national research 

committee and with the 1964 Helsinki Declaration and its later amendments, or 

comparable ethical standards. Guardians of the patients gave written informed 

consent to participate in the studies, approved by the Ethics Committee of Oulu 

University Hospital, and for publication. 

4.2 In vivo models 

The mice were bred in the SPF facility of Oulu Laboratory Animal Center. During 

experimentation the mice were housed in the conventional unit which is free of all 

mouse pathogens listed in the Federation of European Laboratory Animal Science 

Associations recommendations (Nicklas et al., 2002) apart from mouse norovirus. 

The temperature of the animal facility was 21 ± 2°C and the humidity was 55% 

(40–70%). The animals were kept in a 12-hour light/dark cycle. Adult animals were 

euthanised using carbon dioxide sedation or terminal anaesthesia followed by 

cervical dislocation. Embryos were euthanised by decapitation. DNA samples were 
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obtained from earmark biopsies at weaning or tail clips of embryos. All mouse 

experiments were approved by the Regional State Administrative Agency of 

Southern Finland. Zebrafish housing and maintenance were done according to 

facility permission at the Tampere University, Finland. The animal care and 

experimental procedures were conducted according to the national legislation and 

EU Directive 2010/63/EU.  

4.2.1 Nhlrc2 KO mouse line (I–III) 

Nhlrc2 KO mouse (C57BL/6N-Atm1BrdNhlrc2tm1a(KOMP)Wtsi/WtsiOulu, EMMA ID: 

EM:10219) (Skarnes et al., 2011) was obtained from The European Mouse Mutant 

Archive (EMMA) repository and backcrossed to C57BL/6NCrl background. 

4.2.2 FINCA mouse model (II) 

FINCA mouse line (C57BL/6N-Nhlrc2em1Rthl), harbouring the FINCA patient 

variant (NM_025811: c.442G>T, p.Asp148Tyr) and a silent (NM_025811: 

c.408C>A) mutation, was generated by CRISPR/Cas9-based genome editing. The 

silent mutation removed the original PAM site and added a TatI digestion site. The 

CRISPR finder tool at the Wellcome Trust Sanger Institute Genome Editing 

webpage (sanger.ac.uk/htgt/wge; WGE CRISPR ID: 427801623) was used for 

crRNA design. An ssODN (IDT, Coralville, IA, USA) and preassembled crRNA/ 

tracrRNA (Sigma-Aldrich, St. Louis, MO, USA)/Cas9 (IDT, Coralville, IA, USA) 

ribonucleoprotein complex was injected into C57BL/6NCrl mouse zygotes at the 

Biocenter Oulu Transgenic and Tissue Phenotyping Core Facility, University of 

Oulu, Finland. The resulting embryos were transferred to pseudo-pregnant females, 

and the pups obtained were screened by Sanger sequencing. Founders, carrying 

mutations, were crossed with wt C57BL/6NCrl mice to separate the generated 

alleles and to verify germline transmission either through natural mating or in vitro 

fertilization (IVF). To obtain a similar hetero compound genotype to that of FINCA 

patients, this mouse line was crossed with the Nhlrc2 KO mouse line (FINCA/KO 

hereafter). 
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4.2.3 Zebrafish morphants (I) 

Two morpholinos, translation blocking and splicing blocking, were designed 

against zebrafish nhlrc2 (ENSDARG00000089581). The splicing-preventing 

morpholino led to a frameshift and premature termination of translation.  

To evaluate the effect of the splice site-blocking morpholino in zebrafish (I), 

RNA was extracted from four to seven pooled embryos using Tri reagent 

(Molecular Research Centre, OH, USA). SensiFAST cDNA synthesis kit (Bioline, 

Taunton, MA, USA) was used for cDNA synthesis according to the manufacturer’s 

instructions and polymerase chain reaction (PCR) was performed using SsoFast 

Evagreen Supermix (Bio-Rad, Hercules, CA, USA). PCR product (5 µl) was run 

on 2% agarose gel with SybrSafe DNA gel stain (Thermo Fischer Scientific, 

Waltham, MA, USA) and the knockdown efficiency was determined using ImageJ. 

4.3 Mouse embryo isolation (I, III) 

Embryos were collected from IVF or timed matings. The day of vaginal plug was 

regarded as E0.5.  

4.3.1 In vitro fertilization (II, III) 

IVF was performed at the Transgenic and Tissue Phenotyping core facility 

according to the INFRAFRONTIER IVF protocol (INFRAFRONTIER, 2018). The 

method was utilised to obtain offspring from the subfertile FINCA mouse founder 

(II) and to determine the presence of homozygous Nhlrc2 KO embryos before 

implantation (III). After the blastocyst stage, the KO embryos were cultured on 

gelatinised plates in ES cell medium with 15% foetal bovine serum (FBS) (Thermo 

Fisher Scientific Waltham, MA, USA), 5% Serum Replacement (Thermo Fisher 

Scientific, Waltham, MA, USA), and 1000 IU leukaemia inhibitory factor (ESGRO, 

Merck-Sigma, Temecula CA, USA) to obtain sufficient material for genotyping. 

4.3.2 E2.5 embryo isolation and culture (I) 

Heterozygous Nhlrc2 KO females were mated with heterozygous males. On E2.5, 

morulae were flushed from the uterus as described previously (Nagy et al., 2003). 

Shortly, uterine horns were flushed with M2 medium (Amsbio, Abingdon, UK). 

The morulae were transferred into KSOM (Amsbio, Abingdon, UK) micro-drop 
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culture. After overnight culture the embryos were transferred onto individual 

gelatinised 24-well-plate wells and cultured in 300 µl of ES cell medium. The 

embryos were observed for 10–12 days.  

4.3.3 E6.5–8.5 embryos isolation (III) 

Heterozygous Nhlrc2 KO mice were mated, and embryos were dissected as 

previously described (Nagy et al., 2003) into Dulbecco's Modified Eagle Medium 

(DMEM) with 4.5 g/L glucose and sodium pyruvate without L-glutamine (Corning, 

Mediatech, Manassas, VA, USA), supplemented with 10% FBS (Pan-Biotech, 

Aidenbach, Germany) and 25 mM HEPES (Gibco, Life Technologies Limited, 

Paisley, UK).  

4.4 In vitro models 

4.4.1 Human fibroblast culture (I) 

Fibroblasts from healthy individuals and patients were grown at 37°C in an 

atmosphere of 5% CO2 in high-glucose DMEM (Corning, Manassas, VA, USA) 

supplemented with 10% FBS. The cell lines were immortalised at the Montreal 

Neurological Institute, McGill University, Quebec, Canada, with a retroviral vector 

expressing the E7 gene of type-16 human papilloma virus and a retroviral vector 

expressing the protein component of human telomerase (Yao & Shoubridge, 1999). 

4.4.2 Mouse neuronal precursor cell culture (II)  

Heterozygous FINCA and Nhlrc2 KO mice were mated to obtain FINCA/KO and 

wt litter mates. E13.5 embryos were decapitated, and the cortices were dissected 

into 250 µl of Hanks’ Balanced Salt solution (HBSS) without calcium or 

magnesium (Gibco, Paisley, UK) on ice. The tissue was trypsinised with 0.05% 

trypsin (Lonza, Vervier, Belgium) for 20 min at 37°C. The trypsin was inactivated 

by adding 200 µL of FBS (Pan-Biotech, Aidenbach, Germany). The supernatant 

was removed and the cells were resuspended into pre-warmed neurobasal medium 

supplemented with 2% B27 (Thermo Fisher Scientific, Grand Island, NY, USA), 

100 u/ml penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA), 0.5 mM 

sodium pyruvate (Gibco, Paisley, UK), and 1mM L-alanyl-L-glutamine (Corning, 
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Manassas, VA, USA). 0.5 × 106 cells were plated onto laminin (Sigma-Aldrich, St. 

Louis, MO, USA) and poly-l-lysine (Sigma-Aldrich, St. Louis, MO, USA) coated 

12-well plates and grown in a cell culture incubator (37°C, 5% CO2; BINDER, 

Tuttlingen, Germany). The medium was changed on the second and fifth day of 

culture. The neuronal precursor cells (NPCs) were harvested after 6 days in vitro 

(DIV), and cell pellets were stored at −70°C until analysis.  

4.4.3 Mouse ES cell culture (III) 

The two inhibitors (2i) method (J. Nichols et al., 2009) was used to establish wt 

and Nhlrc2 KO mouse ES cell cultures at Biocenter Oulu Transgenic and Tissue 

Phenotyping Core facility, University of Oulu, Finland. Embryos were isolated at 

E2.5 from super-ovulated female oviducts after heterozygous Nhlrc2 KO matings. 

The embryos were cultured overnight in KSOM (Merck, Darmstadt, Germany) 

supplemented with two inhibitors: Glycogen synthase kinase-3 inhibitor (CHIR 

99021, Axon Medchem, Groningen, the Netherlands) and MAP kinase kinase 1 

inhibitor (PD 0325901, Axon Medchem, Groningen, the Netherlands). The 

embryos were transferred to 2i medium (N2B27 + ESGRO + 2i) until they 

developed to the blastocyst stage. Immunosurgery was used to remove the 

trophectoderm (Solter & Knowles, 1975). The inner cell mass was transferred first 

onto feeders in 2i medium supplemented with 100 u/ml penicillin/streptomycin 

(Sigma-Aldrich, St. Louis, MO, USA) and after Accutase treatment (Gibco™ 

StemPro™ Accutase™ Fisher Scientific) the cells were transferred onto gelatinised 

(Gelatin, Sigma-Aldrich, St. Louis, MO, USA) plates. The medium was changed 

to complete basal medium (Millipore, Billerica, MA, USA) supplemented with a 

2i Supplement Kit (Millipore, Billerica, MA, USA) and 100 u/ml 

penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA). The medium was 

changed daily, and the cells were passaged using Accutase (Millipore, Billerica, 

MA, USA). After passage four, the cells did not attach to the gelatinised plate and 

were cultured in suspension thereafter.  

For spontaneous differentiation experiment, 5  106 cells were plated into two 

wells of an uncoated six-well plate at passage five. On day 3, the embryoid bodies 

that had formed were transferred to a 6-cm gelatin-coated plate, and the medium 

was changed to a differentiation medium consisting of complete basal medium 

(Millipore, Billerica, MA, USA) with 10% FBS (Pan-Biotech, Aidenbach, 

Germany) and 100 u/ml penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, 
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USA). The medium was changed every other day, and the cells were collected for 

analysis on day 16. 

4.5 Molecular methods 

4.5.1 DNA analysis of patients and human derived samples (I) 

Total genomic DNA from the blood samples of the patients and their parents, as 

well as patient fibroblasts, was extracted with the QIAamp DNA Mini Kit (Qiagen, 

Hilden, Germany). Saliva samples were collected from the family members of the 

affected children using Oragene DNA Collection Kits (DNA Genotek, Ottawa, 

Canada) and DNA extraction was performed using the prepIT L2P kit (DNA 

Genotek, Ottawa, Canada). WES (Sulonen et al., 2011) was performed on samples 

from affected patients and their parents. The variants and their segregation within 

the families were confirmed by Sanger sequencing. The ancestors of the patients 

were traced from the Finnish Population Registries and National Archives of 

Finland. The variants were searched from the Sequencing Initiative Suomi (SISu) 

(Institute for Molecular Medicine Finland (FIMM), 2016) and ExAC database (Lek 

et al., 2016).  

4.5.2 Mouse genotyping (I–III) 

PCR and Sanger sequencing (I–III) 

PCR was performed using a Phire Hot Start II Polymerase (Thermo Fisher 

Scientific, Waltham, MA, USA) and a Piko Thermal Cycler (Thermo Fisher 

Scientific, Vantaa, Finland) according to the manufacturer’s instructions. PCR 

products and digested fragments were run on a 1.5% agarose gel (BioNordika, 

Helsinki, Finland) and detected with SYBR safe DNA gel stain (Invitrogen, 

Carlsbad, CA, USA). Sanger sequencing of PCR products was performed using an 

ABI3500xL Genetic Analyzer at the Biocenter Oulu Sequencing Center, University 

of Oulu, Finland, and analysed with Sequencher 5.0 software (Gene Codes 

Corporation Ann Arbor, MI, USA).  
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E2.5 embryo genotyping (I) 

DNA was extracted from cultured embryos (10 DIV) with 30–50 µl of PCR Buffer 

Nonionic Detergents (Scavizzi et al., 2015) with 0.1mg/ml of proteinase K. The 

cells were incubated in 56°C for 30 min with agitation, then moved to 55°C for 30 

minutes, and lastly transferred to 95°C for 10 min. The lysate was used for PCR. 

The presence of wt allele and the KO-first allele were determined with two 

separate PCRs using wt primers (INFRAFRONTIER, 2014) and LacZ primers, 

respectively. 

Genotyping of mouse ES cells, IVF-derived embryos, and E6.5–8.5 
embryos (III) 

Cell pellets, from cultured IVF embryos (10 DIV) or mouse ES cells, were 

suspended in lysis buffer (0.1 M Tris pH 8.5, 5 mM EDTA, 0.2% SDS, 0.2 M NaCl) 

containing 0.1mg/ml proteinase K. DNA was isolated through ethanol precipitation.  

Whole E6.5–E8.5 embryos were lysed using 40 µl of QuickExtract (Lucigen, 

WI, USA) solution according to the manufacturer’s instructions and 1–5 µl of the 

lysate was used for PCR.  

PCR was used to amplify a region of the Nhlrc2 gene where the KO allele leads 

to the generation of a new SacI digestion site. This enables the distinction of KO 

and wt allele from the same PCR product. The PCR product from E6.5–E8.5 

embryos was precipitated overnight at −20°C or for 30 min at −70°C in NaCl (4 

M, 1:10) and ethanol before digestion with SacI restriction enzyme (Thermo 

Scientific, Vilnius, Lithuania). The digested PCR product was detected from 

agarose gel. 

KO and FINCA mouse genotyping (I, II) 

Earmarks, obtained from 3-week-old pups at weaning, or tail clips of embryos (E 

10.5 and older) were transferred to lysis buffer (0.1 M Tris pH8 .5, 5 mM EDTA, 

0.2% SDS, 0.2M NaCl) containing 0.1 mg/ml proteinase K and agitated over night 

at 55°C. DNA was isolated through ethanol precipitation.  

KO mice were genotyped using wt, mutant, and LacZ primers 

(INFRAFRONTIER, 2014). 

For FINCA mice, a PCR product of the modified region was sequenced to 

determine the correct insertion of the ssODN for founders and first-generation pups. 
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The insertion of a silent mutation adding a TatI digestion site was used for 

subsequent genotyping by digestion of the PCR product with TatI restriction 

enzyme (Thermo Fisher Scientific, Vilnius, Lithuania) before agarose 

electrophoresis and imaging. 

4.5.3 RNA analysis (I) 

Total RNA was isolated from fibroblasts of all three patients and from healthy 

control subjects using RNeasy Plus Mini Kit (Qiagen, Hilden, Germany). Sanger 

sequencing was used to investigate the expression of the variant alleles after 

reverse-transcription PCR (RT-PCR).  

RNA from patient and control fibroblasts (I), mouse NPCs (II), and mouse ES 

cells (III) were isolated using RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) 

and stored at −70° C. Complementary DNA was produced using a OneStep RT-

PCR kit (Qiagen, Hilden, Germany) for human fibroblasts and the QuantiTect 

Reverse Transcription Kit (Qiagen, Hilden, Germany) for other samples. 

Quantitative PCR (qPCR) analyses were performed according to the 

manufacturer’s instructions (IQTM SYBR Green Supermix, Bio-Rad, Hercules, CA, 

USA) with a CFX ConnectTM Real-Time System (Bio-Rad, Hercules, CA, USA). 

Human primers were obtained from Primer bank (Spandidos et al., 2009) and 

mouse primers were designed with NCBI Primer-BLAST (Jian Ye et al., 2012). 

4.5.4 Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

and immunoblotting (I–III) 

Protein expression in the whole-cell extracts of patient and control fibroblasts (I), 

mouse NPCs (II), and mouse ES cells (III), as well as mouse (II) and human (I) 

brain, lung, liver, muscle, and kidney tissue homogenates, was analysed by sodium 

dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and 

immunoblotting.  

Human tissues were obtained from control autopsy samples. Mouse tissues 

were transferred to liquid nitrogen immediately after dissection. The tissues were 

homogenised with Ultra Turrax in ice-cold 20 mM Tris-HCl (pH 7.5) with protease 

inhibitor cocktail (Thermo Fisher Scientific, Rockford, IL, USA). Homogenates 

were constantly agitated for 2 h at 4°C, centrifuged for 20 min at 13,500 × g at 4°C 

and the supernatant was moved to a new microcentrifuge tube. Cell samples were 

solubilised for 40 min on ice in 1.5% Dodecyl β-d-maltopyranoside (Sigma-
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Aldrich, St. Louis, MO, USA) with protease inhibitor cocktail. The lysate was 

centrifuged for 20 min at 20,000  g at 4 ̊C, after which the supernatant containing 

the proteins was transferred to a new microcentrifuge tube. All lysates were stored 

at −70°C. 

Coomassie protein assay (Thermo Fisher Scientific, Rockford, IL, USA) and a 

FLUOstar Omega microplate reader (BMG LabTech, Ortenberg, Germany) were 

used to determine the amount of protein in a sample. Protein samples were run on 

4–20% polyacrylamide gel (Bio-Rad, Hercules, CA, USA) in Tris/Glycine/SDS 

buffer (Bio-Rad, Hercules, CA, USA). Proteins were transferred onto a 

nitrocellulose membrane (Amersham Hybond ECL; GE Healthcare, 

Buckinghamshire, UK or Bio-Rad, Hercules, CA, USA), and Ponceaus S (Biotium, 

Fremont, CA, USA) was used to verify even transfer. Five percent non-fat dry milk 

(Valio, Finland) in Tris-buffered saline (Medicago, Uppsala, Sweden) with 0.01% 

tween 20 (Fisher Scientific, Geel, Belgium) was used as blocking solution. 

Chemiluminescence detection of the protein bands was carried out using an ECL 

kit (Advansta, Menlo Park, CA, USA) and LAS-3000 Luminescent Image Analyser 

(Fuji Photo Film, Tokyo, Japan) following primary antibody incubations and 

secondary antibody incubation. Analysis of the bands was done using Fiji software 

(Schindelin et al., 2012). 

4.5.5 Two-dimensional difference gel electrophoresis and mass 

spectrometry (II) 

Two-dimensional difference gel electrophoresis (2D-DIGE) was performed at the 

Biocenter Oulu Proteomics Core Facility, University of Oulu, Finland. Proteins 

from NPC pellets were solubilised in urea buffer (7 M urea, 2 M thiourea, 4% 

CHAPS, 30 mM Tris, pH 8.0) and stored at −20°C. The amount of protein was 

determined with a Bradford-based assay according to the manufacturer’s 

instructions (Roti®-Nanoquant, Carl Roth, Karlsruhe, Germany). Proteins were 

labelled using a saturation DIGE kit (GE Healthcare, Piscataway, NJ, USA) with 

0.25 nmol of dye per 5 µg of protein. The proteins were separated by isoelectric 

focusing in the IPGphor 3 system (GE Healthcare) with pH gradient strips (pH 4−7, 

24 cm; GE Healthcare). SDS-PAGE was performed in polyacrylamide gels (12.5%) 

with the Ettan DALT II system (GE Healthcare). Fluorescence signals were 

detected with a Typhoon 9400 (GE Healthcare) and two-dimensional (2D) gels 

were analysed with Delta2D 4.6 (Decodon, Greifswald, Germany).  
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For mass spectrometry (MS), 400−800 μg of unlabelled protein was run on 2D 

gel with 5 μg Cy3-labeled internal standard. After detection of fluorescence signals 

and silver staining, labelled and unlabelled protein patterns were matched with the 

2-DE image analysis software Melanie 3.09 (GeneBio, Geneva, Switzerland). 

Spots were excised, digested with trypsin (recombinant; Roche), and prepared as 

described previously (Ohlmeier et al., 2010). Peptide masses were measured with 

an UltrafleXtreme MALDI-TOF/TOF (Bruker, Billerica, MA, USA). Proteins were 

identified with BioTools Version 3.2.  

4.5.6 Immunocytochemistry (II) 

The presence of βIII-tubulin positive NPCs was confirmed by 4.5.6

immunocytochemistry ICC. NPCs plated on laminin-coated coverslips were fixed 

for 10 min with 4% paraformaldehyde (PFA). After fixation the cells were washed 

with phosphate-buffered saline and permeabilised with 0.1% X-100, and unspecific 

binding was blocked with 5% bovine serum albumin. Cells were incubated with 

primary antibody, washed and incubated with secondary antibodies. After counter-

staining with Hoechst (Thermo Fisher Scientific, Waltham, MA, USA), the 

coverslips were mounted with Immu-Mount (Thermo Fisher Scientific, Waltham, 

MA, USA). The cells were imaged with a Leica SP8 FALCON confocal 

microscope (Leica Microsystems, Wetzlar, Germany) and LAS X software at the 

Light Microscopy Core Facility at Biocenter Oulu, University of Oulu, Finland. 

4.5.7 Insulin turbidity assay (I) 

The full-length human NHLRC2 or the thioredoxin-like domain alone was 

expressed in the E. coli strain BL21 (DE3) and subjected to an insulin turbidity 

assay to test thioredoxin activity (Karala & Ruddock, 2010). 

4.6 Tissue phenotyping (I–III) 

4.6.1 Histology (I–III) 

Lung and skeletal muscle biopsies as well as autopsy samples from all three 

affected patients were fixed in 4% formaldehyde, processed into paraffin blocks, 

and cut into 5.0-μm sections.  
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 Adult mouse tissues (brain, lung, and liver) or whole mouse decidua from 

timed matings were collected and fixed by immersion into 4% neutral buffered 

formaldehyde (FF-Chemicals, Haukipudas, Finland). The brains were fixed for 48 

h and other mouse tissues were fixed for 24 h at room temperature under agitation. 

The brains were weighed after fixation. Tissues were processed using Tissue Tek 

VIP 5 Jr, embedded into paraffin, and sectioned into 5.0-µm sections (Microm, 

Walldorf, Germany).  

The sections were stained with haematoxylin and eosin. In addition, mouse and 

human brain sections were stained with Luxol Fast Blue (Bancroft & Stevens, 

1990), and mouse lung sections were stained with a modified Masson’s trichrome 

staining. For immunohistochemistry, the patient lung sections were stained against 

CD68, Ck-PAN, alpha-smooth muscle actin, and smooth muscle myosin heavy 

chain. 

β-galactosidase-stained mouse embryos were embedded in paraffin by hand 

after dehydration in ethanol and isopropanol and sectioned into 6.0-µm sections. 

The embryos were counterstained with eosin using minimal xylene treatment to 

avoid the loss of the X-gal product.  

A NanoZoom S60 scanner (Hamamatsu, Hamamatsu city, Japan) was used to 

acquire whole-slide images at 20 or 40 magnification and NDP.view2 

(Hamamatsu, Hamamatsu city, Japan) was used for image analysis (II and III). 

4.6.2 In situ hybridization (II) 

RNAscope 2.5 HD RED Assay (ACD, Newark, CA, USA) (F. Wang et al., 2012) 

was used according to the manufacturer’s instructions for paraffin-embedded 

mouse brain sections. Target retrieval was performed to 5.0-µm paraffin-embedded 

brain tissue sections by boiling the sections at 98°C for 15 min in RNAscope target 

retrieval reagent using a KOS Microwave HistoSTATION (Milestone, Sorisole, 

Italy). Probe mm-Nhlrc2 (591971, ADC) was used for Nhlrc2 mRNA detection. 

Probes mm-Ppib and mm-dapB were used as positive and negative controls, 

respectively. Counterstaining was performed with haematoxylin (Sigma-Aldrich, 

MO, USA) and coverslips were mounted with EcoMount (Biocare Medical, CA, 

USA). Whole slide images were acquired with a NanoZoom S60 scanner 

(Hamamatsu, Hamamatsu city, Japan) at 40x magnification. 
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4.6.3 β-galactosidase staining (I, III) 

β-galactosidase staining was performed to detect the LacZ trapped Nhlrc2 

expression in situ.  

Heterozygous and wt whole embryos, collected at E14.5, were fixed at room 

temperature for 30 min in 0.2% glutaraldehyde, 2 mM MgCl2, 5 mM EGTA, and 

0.1 M kaolinite phenyl phosphonate (KPP) (pH 7.3). After three 10-min washes in 

0.02% Nonidet P-40, 0.01% Na-deoxycholate, 5 mM EGTA, 2 mM MgCl2, and 0.1 

M KPP pH 7.3, the embryos were incubated in β-galactosidase staining solution 

(ThermoFisher, Waltham, MA, USA) at room temperature overnight. The embryos 

were post-fixed with 4% PFA. 

For E6.5 and E7.5 embryos, heterozygous and wt embryos were stained using 

a β-galactosidase staining kit (Biovision, Milpitas, CA, USA) according to the 

manufacturer’s instructions. After staining the embryos were post-fixed for 10 min 

with 4% PFA and mounted in 1% low-melt agarose (ROTH, Karlsruhe, Germany). 

The embryos were cleared using 1:2 benzoic alcohol–benzyl benzoate (Merck, 

Darmstadt, Germany) for 3 h after dehydration through an alcohol series and 

imaged with a Zeiss Axio Zoom V16 macroscope equipped with an Axiocam 305 

colour camera, as well as a PlanNeoFluar Z 2.3/0.57 objective (Carl Zeiss GmbH, 

Oberkochen, Germany) at the Light Microscopy Core Facility at Biocenter Oulu, 

University of Oulu, Finland. Uncleared samples were prepared for histological 

sections and for transmission electron microscopy (TEM). 

4.6.4 Transmission electron microscopy (I, III) 

Lung and liver autopsy samples from Patient 2, β-galactosidase stained and 

unstained E7.5 embryos, and nhlrc2 morphant zebrafish embryos were fixed with 

1% glutaraldehyde and 4% formaldehyde in 0.1 M phosphate buffer (pH 7.4). The 

samples were post-fixed with 1% osmium tetroxide (Electron Microscopy Sciences, 

Hatfield, PA, USA), dehydrated in acetone, and embedded in Epon LX112 (#21210; 

Ladd Research Industries Inc., Williston, VT, USA). Hydroxypropyl methacrylate 

(Sigma, St. Louis, MO, USA) was used in the embedding of β-galactosidase-

stained embryos to stabilise the X-gal reaction product (Masahira et al., 2005). Thin 

and semi-thin sections were cut using a Leica Ultracut UCT microtome (Leica, 

Wetzlar, Germany). The thin sections were stained with uranyl acetate and lead 

citrate and examined using a Tecnai G2 Spirit 120 kV transmission electron 

microscope (FEI, Eindhoven, Netherlands). Images were captured using a 
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Quemesa CCD camera (Olympus Soft Imaging Solutions GmbH, Münster, 

Germany). Specimens for electron microscopy were processed and analysed in the 

Electron Microscopy Core Facility at Biocenter Oulu, University of Oulu, Finland. 

Five random electron micrographs were taken from sagittal thin sections of the 

midbrain area of five zebrafish injected with random sequence control morpholino 

(5.1 ng) or nhlrc2 splice site-blocking morpholino (5.0 ng). Cells with excess 

vacuolisation or disintegration were classified as affected.  

4.6.5 Mouse blood analysis (II) 

Mouse blood samples were collected from the retro-orbital venous plexus under 

terminal anaesthesia into EDTA tubes (Sartsted, Sarsted, Gemany) with EDTA 

disodium dihydrate (Merck, Netherlands) coated haematocrit capillary tubes 

(Heinz Herenz medizinalbedarf, Hamburg, Germany). Hemocue Hb 201+ 

(HemoCue AB, Ängelholm, Sweden) was used to measure haemoglobin. Next, 75 

µl of blood was moved to a microhaematocrit tube, centrifuged in a 

microhaematocrit centrifuge (Clay-Adams, New York, NY, USA), and measured 

with a microhaematocrit reader (Clay-Adams, New York, NY, USA). 

4.7 Data analysis (II) 

Protein−protein interaction analysis was performed using a STRING resource 

(string-db.org) (Szklarczyk et al., 2019). The Gene Ontology (GO) resource was 

used for GO term enrichment analysis (geneontology.org) (Ashburner et al., 2000; 

The Gene Ontology Consortium, 2019).  

4.8 Statistical considerations (I–III) 

X2-test was used to test the deviation of Nhlrc2 KO offspring from Mendelian ratio. 

Student’s unpaired t-test was used for two-group comparisons, and analysis of 

variance (ANOVA) was used for repeated measures. Differences were considered 

statistically significant (*) if the p-value was 0.01–0.05, very significant (**) if the 

p-value was 0.001–0.01, and highly significant (***) if the p-value was < 0.001. 
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5 Results  

5.1 Novel cerebropulmonary disease leading to fibrosis, 

neurodegeneration, and cerebral angiomatosis (FINCA) (I) 

Three patients from two Finnish families were identified with a novel 

cerebropulmonary disease resembling no known disease. The patients were born 

asymptomatic after normal pregnancies but manifested with the disease during the 

first 2 months of life. The symptoms and signs included progressive 

cerebropulmonary symptoms, malabsorption, progressive growth failure, recurrent 

infections, seizures, chronic haemolytic anaemia, and transient liver dysfunction.  

Radiological investigations of the patients revealed over-inflated lungs with 

perihilar interstitial opacities, diffuse infiltrations, and atelectasis. Brain MRI 

demonstrated a thin corpus callosum in all patients. Additionally, dilated lateral 

ventricles and frontal sulci resembled cerebral atrophy (Patients 2 and 3). 

Furthermore, a T2-weighted axial MRI of Patient 3 revealed a mildly increased 

signal intensity of the globus pallidi. In neurophysiological examinations BAEP 

and ERG were normal, but VEP showed increased latencies and giant responses in 

Patient 1. EEG revealed slow background activity and frontal bilateral rhythmic 

high-amplitude sharp delta transients, indicating metabolic encephalopathy (Patient 

1), whereas Patient 2 did not present with seizures, and electrophysiological 

examinations were not performed. The EEG of Patient 3 was normal during 

wakefulness but unusually monotonic during sleep, during which it consisted of 4-

Hz delta waves without normal sleep spindles or vertex waves.  

Laboratory investigations revealed haemolytic anaemia in all patients, with 

decreased blood haemoglobin and haematocrit, reticulocytosis, and increased 

plasma lactate dehydrogenase. Blood cell morphology analysis revealed 

anisocytosis, microcytosis, macrocytosis, poikilocytosis, polychromasia, 

hypochromia, microcytosis, ovalocytes, and red cell fragments. A nitroblue 

tetrazolium (NBT) assay was performed on Patient 2 due to the recurrent infections 

and pulmonary granulomatosis identified in the elder brother (Patient 1), along with 

other immunological tests. NBT showed normal oxidative activity in neutrophils 

(95.5% versus reference 99.1%) but decreased activity in the monocytes (57% 

versus reference 90.9%). Furthermore, serum carcinoembryonic antigen (S-CEA) 

was elevated at 5 months (13.2–22.1 μg/l, reference <3 μg/l), and serum neuron-

specific enolase (S-NSE) levels were slightly elevated at the age of 6 months (20.1–



 

72 

20.4 μg/l, reference <12.5 μg/l). Immunological tests of the Patient 3 revealed 

slightly diminished serum immunoglobulin G (1.1–1.6 g/l, reference 2.7–10.1 g/l). 

Wide metabolic screenings were mostly negative, except for some abnormal liver 

and kidney function tests taken during acute metabolic crisis. 

The progressive disease course led to death before 2 years of age. Post-mortem 

neuropathology revealed brain atrophy, vacuolar degeneration, myelin loss with 

gliosis, and neuronal depletion of the anterior horns of the spinal cord. Increased 

leptomeningeal cortical and superficial white matter vascularisation was detected. 

Interstitial fibrosis and previously undescribed granuloma-like lesions, consisting 

of myofibroblasts, were present in the lungs. Lung analysis by TEM indicated that 

the alveolar epithelial cells were almost exclusively type II cells with intracellular 

lamellar bodies. Livers of the patients showed hepatomegaly, steatosis, and 

collagen accumulation. Basement membrane was detected in the space of Disse by 

TEM. One patient also had cardiomegaly with slightly increased connective tissue. 

The disease was named FINCA after its main histopathological findings: fibrosis, 

neurodegeneration, and cerebral angiomatosis. 

5.1.1 Genetic analysis revealed variants in NHLRC2 gene 

As the aetiology of the disease remained unknown, WES was performed to identify 

the disease-causing variant. All patients harboured compound heterozygous 

NHLRC2 variants: a missense variant NM_198514:c.442G>T leading to an amino 

acid (aa) substitution (p.Asp148Tyr), and a frameshift 2-bp deletion 

NM_198514:c.601_602delAG, leading to a premature termination of translation 

(p.Arg201GlyfsTer6). The variants segregated from heterozygous healthy parents. 

The two families did not share common ancestors according to genealogies going 

back to the 1750s.  

The patient variants are rare according to SISu and ExAc data. The 

p.Asp148Tyr (rs201701259) and p.Arg201GlyfsTer6 (rs757267294) have 

frequencies of 3:1000 and 1:10000 in the Finnish population, and 3:10000 and 

1:10000 in non-Finnish Europeans, respectively. At the time of identification, no 

variants of the NHLRC2 gene had been connected to any human disease. 

5.1.2 Human NHLRC2 expression and function 

Patient-derived transformed fibroblasts expressed only the c.442G>T form of 

NHLRC2, indicating nonsense-mediated RNA decay of the other allele. Although 
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the patient cells showed approximately 50% mRNA expression in qPCR compared 

to wt cells, they had only 10% residual NHLRC2 protein in immunoblotting, 

suggesting notable destabilisation of the mutated protein in vivo.  

The molecular function of NHLRC2 is not known. Both identified variants 

reside in the N-terminal thioredoxin-like (Trx-like) domain of NHLRC2. An insulin 

turbidity assay did not show any thioredoxin activity for the wt protein.  

NHLRC2 was detected in all studied human tissues – brain, lung, liver, muscle, 

and kidney – indicating importance in the homeostasis of several tissues, supported 

by the multiorgan involvement in FINCA disease.  

5.1.3 Nhlrc2 is widely expressed during embryogenesis and its loss 

leads to early embryonic lethality in mouse 

Nhlrc2 KO mice were studied to evaluate the causality of the gene to the FINCA 

disease in vivo and to identify its primary manifestations. No homozygous Nhlrc2 

KO pups, E10.5, or E2.5 embryos were detected, revealing an early embryonic 

lethal phenotype. β-galactosidase staining showed widespread expression of Nhlrc2 

in mouse embryo at E14.5, further suggesting an important role for the gene in 

embryogenesis.  

5.1.4 nhlrc2 maintains cellular integrity in zebrafish embryo CNS  

To further evaluate the developmental phenotype, zebrafish zygotes were injected 

with nhlrc2 morpholinos leading to knockdown of the gene. The effect of 

morpholinos is transient and faded towards 4 dpf but the primary organ systems of 

zebrafish are complete in 48 h. The morphants developed normally without any 

apparent developmental defects. Nevertheless, TEM revealed an increase in the 

number of affected cells in the midbrain of nhlrc2 morphants, with 95.2% 

knockdown efficiency at 2 dpf. 

5.2 FINCA mouse model generation and phenotyping (II) 

Complete loss of Nhlrc2 leads to early embryonic lethality in mice, but patients 

with a small amount of mutated NHLRC2 protein developed normally in utero. 

This suggests that the mutated NHLRC2 has retained some of its function enabling 

normal embryonic development, and a more presentative mouse model is needed 

for further in vivo studies of FINCA disease. NHLRC2 is highly conserved between 
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mouse and human, allowing the generation of a FINCA KI mouse model by 

introducing the patient missense mutation (c.44G>T) into the mouse endogenous 

Nhlrc2 gene using CRISPR/Cas9. This point mutation leads to the same amino acid 

substitution (p.Asp148Tyr) in the mouse and human protein.  

Cas9 ribonucleoprotein together with an ssODN were microinjected into 

C57BL/6NCrl mouse zygotes. Out of 230 microinjected zygotes, 21 pups were 

born, including three founders with a mutation in the intended cut site observed by 

Sanger sequencing. The three founders were mated with C57BL/6NCrl mice to 

confirm the germline transmission and identification of separate alleles. Two of the 

founders harboured unspecified indels whereas one of the three founders was 

subfertile. After successful IVF, this male was the only founder producing F1 pups 

with the correctly edited missense allele. Based on segregation of the variants, this 

founder was compound heterozygote for the FINCA allele and an indel allele. 

The FINCA KI mouse line was crossed with the Nhlrc2 KO line to obtain a 

similar compound heterozygote genotype to that seen in FINCA patients. 

Immunoblotting showed significantly decreased NHLRC2 in hippocampus (1.1%, 

p < 0.0001), cerebellum (3.3%, p < 0.0001), brainstem (6.2%, p = 0.0004), lung 

(1.7%, p = 0.011), and liver (3.2%, p < 0.0001) of FINCA/KO mice compared to 

wt mice. NHLRC2 was observed in all other analysed tissues – olfactory bulb, 

cortex, midbrain, brainstem, heart, muscle, and kidney – and showed consistent and 

robust decrease in FINCA/KO mice compared to wt mice, although this was not 

quantified. 

The compound heterozygous FINCA/KO mice (6 males and 6 females) and 

their wt litter mates (6 males and 5 females) were observed for 32 weeks, during 

which the FINCA/KO mice did not present a severe phenotype indicative of FINCA 

disease. The FINCA/KO mice grew comparably to their wt littermates and 

reproduced normally. No brain atrophy or abnormal histology was detected in 

hippocampal and cerebellar sections. There were no observable abnormalities in 

lung or liver of the FINCA/KO mice. In addition, haemoglobin and haematocrit 

values of FINCA/KO mice did not show any significant change compared to wt 

mice.  

5.2.1 FINCA variant leads to changes in NPC proteins 

Nhlrc2 and NHLRC2 mRNA expression is highest during early brain development 

in mice and humans (Cardoso-Moreira et al., 2019). As ISH of E14.5 embryo shows 

the highest Nhlrc2 expression in the ventricular layer of the telencephalon (Diez-
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Roux et al., 2011), we established NPC cultures from FINCA/KO and wt littermate 

cortices on E13.5. FINCA/KO NPCs had residual 70% (p = 0.004) Nhlrc2 mRNA 

in qPCR with primers prior to and 50% with primers after the LacZ trapping 

cassette. Thus, the KO allele retained 20% expression of the truncated protein and 

showed no sign of leakage of the full-length Nhlrc2. NHLRC2 protein was 

decreased to 5% (p < 0.0001) in FINCA/KO NPCs compared to wt litter mates 

according to immunoblotting, suggesting similar destabilisation of the mutated 

NHLRC2 as observed in FINCA patient-derived fibroblasts.  

The FINCA/KO and wt NPCs were analysed by 2D-DIGE and MS to detect 

differentially expressed proteins, and 19 unique affected proteins were discovered 

(Table 4). String analysis showed significant enrichment of interactions in the 

identified proteins. GO enrichment analysis connected these proteins to 

extracellular exosomes, vesicles, protein-containing complexes, and cytosol, but no 

specific biological process or molecular function could be identified.  

Most of the affected proteins, however, did not show significant differences in 

subsequent qPCR and immunoblotting analyses of FINCA/KO and wt NPCs. 

Anxa6, Ftl1, and Hnrnpc showed significant but opposite changes in mRNA levels, 

most probably reflecting the independent nature of transcription and translation. 

Altered isoforms (hnRNP C2, RBM8A, PEA15) as well as fragments (UBA1, 

FTL1) identified in the 2D-DIGE suggest additional regulatory mechanisms apart 

from transcription, such as alternative splicing or post-translational modifications 

(PTMs). Detection of PTMs may require protein separation by 2D-electrophoresis 

before immunoblotting or may lead to the loss of an epitope for a specific antibody, 

which can prevent detection by immunoblotting.  

5.2.2 Nhlrc2 expression in mouse brain 

As there is currently no reliable antibody for detection of NHLRC2 in 

immunohistochemistry for mouse, we performed ISH on coronal sections of 

hippocampal and cerebral areas of adult mouse brain. Nhlrc2 was expressed 

ubiquitously with strongest expression in cerebellar granule cells, granule cells in 

the dentata gyrus, and pyramidal cells in the hippocampal CA1 layer and layer 2 of 

the piriform cortex. 
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Table 4. List of significantly changed proteins in FINCA/KO NPCs compared to wt cells 

from 2D-DIGE identified by MS (p < 0.05, minimum 1.5-fold change).  

Protein Description ratio t-test 

VCP Transitional endoplasmic reticulum ATPase −2.07 0.01 

ANXA6 Annexin A6 1.85 0.04 

PLS3 Plastin-3 1.62 0.05 

SNX6 Sorting nexin 6 1.62 0.02 

hnRNP C1/C2 Heterogeneous nuclear ribonucleoprotein C1/C2 (isoform C2) 1.54 0.03 

UBL7 Ubiquitin-like protein 7 1.95 0.04 

GPD1L Glycerol-3-phosphate dehydrogenase 1-like protein (isoform 1 or 

2) 

1.54 0.03 

TIMM29 Mitochondrial import inner membrane translocase subunit Tim29 1.57 0.03 

UBA1 Ubiquitin-like modifier-activating enzyme 1 (C-terminal fragment) 2.45 0.04 

PRDX6 Peroxiredoxin-6 1.90 0.01 

PSMA2 Proteasome subunit α type 2 1.66 0.04 

FTL1 Ferritin light chain 1 1.77 0.04 

RBM8A RNA-binding protein 8A (isoform 1) 1.60 0.05 

FTL1 Ferritin light chain 1 (N-terminal fragment) 2.14 0.02 

PFDN2 Prefoldin subunit 2 1.68 0.05 

HIST1H4A Histone H4 1.62 0.03 

HIST1H4A Histone H4 2.89 0.03 

DYNLRB1 Dynein light chain roadblock-type 1 1.68 0.04 

ABRACL Costars family protein ABRACL 1.63 0.04 

PEA15 Astrocytic phosphoprotein PEA-15 (isoform 1) 2.04 0.04 

BRK1 Protein BRICK1 1.81 0.03 

Under CC BY 4.0 (http://creativecommons.org/licenses/by/4.0/) licence from Paper II © 2020 Hiltunen, 

A. E., Kangas, S. M., Ohlmeier, S., Pietilä, I., Hiltunen, J., Tanila, H., McKerlie, C., Govindan, S., 

Tuominen, H., Kaarteenaho, R., Hallman, M., Uusimaa, J., Hinttala, R. 

5.2.3 Increased hnRNP C2 in NPCs and the hippocampus 

of FINCA/KO mouse 

The increase in heterogeneous nuclear ribonucleoprotein C1/C2 (isoform C2) 

(hnRNP C2) was verified with immunoblotting. However, mRNA expression of 

hnRNP C2 was decreased according to qPCR, suggesting compensative regulation 

of translation. In addition to NPCs, the amount of hnRNP C2 was increased in the 

hippocampus of adult FINCA/KO mice, suggesting effects beyond development. 

Interestingly, hnRNP C2 regulates myelination-related genes in human 

neuroblastoma cells (Iwata et al., 2011); we discovered that myelin-associated 

glycoprotein was significantly decreased in the FINCA/KO hippocampus 
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according to immunoblotting, and a similar trend was observed with myelin basic 

protein, further confirming our findings.  

5.3 Complete loss of Nhlrc2 leads to gastrulation defect in mice (III) 

The current study and others have shown that complete loss of Nhlrc2 leads to early 

embryonic lethality (Delhotal, 2016; Perez-Garcia et al., 2018), but the precise 

timing is not known. Only a few giant trophoblasts have been detected at E9.5 from 

the Nhlrc2 KO mouse line used here (Perez-Garcia et al., 2018). Identification of 

the time of lethality would provide new information on early embryogenesis and 

the function of NHLRC2.  

Based on the previous work (I), the halt in development of homozygous Nhlrc2 

KO embryos was expected to occur soon after fertilisation; however, IVF with 

heterozygous gametes did not result in the expected 25% loss of embryos. Further 

optimisation of genotyping revealed, contrary to our previous report, that 

homozygous Nhlrc2 KO mouse embryos developed to the blastocyst stage in vitro 

and attached to gelatinised plates.  

Nhlrc2 KO embryos were found to fail at the approximate time of gastrulation, 

after E6.5, according to an analysis of early post-implantation embryos obtained 

from heterozygous matings. On E7.5 the homozygous Nhrc2 KO embryos were 

delayed or degenerating and only 6% of embryos were homozygous on E8.5. TEM 

did not reveal any ultrastructural changes in E7.5 poorly surviving, presumed KO 

embryos. Histological sections of presumed KO embryos revealed a loss of the 

normal columnar morphology of the ectoderm and the appearance of apoptotic cells 

within the proamniotic cavity on E7.5. However, the embryos developed cells 

suggestive of primitive streak formation and mesoderm initiation. On E8.5, the 

presumed Nhlrc2 KO embryos had remained at the egg cylinder stage, lacked 

organised mesoderm and ectoderm layers, and amniotic folding, and showed 

massive apoptosis. 

5.3.1 Nhlrc2 KO ES cells are viable  

As KO embryos developed normally and formed colonies in vitro, we utilised the 

2i method to establish KO and wt ES cell cultures. Despite complete loss of 

NHLRC2, verified by immunoblotting, the KO ES cells grew comparably to their 

wt counterparts and expressed comparable amounts of pluripotency markers 

according to qPCR. Since the normal formation of germ layers seemed to be 
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defective in the embryos, ES cells were cultured under spontaneous differentiation 

conditions. QPCR of ectoderm, mesoderm, and endoderm markers did not show 

differences between the mutant and wt cells. Thus, NHLRC2 is expressed in ES 

cells but is not essential for their viability. 

5.3.2 Nhlrc2 expression in embryo  

As the targeting construct in Nhlrc2 KO mouse includes a LacZ reporter, β-

galactosidase staining was performed on E6.5 and E7.5 heterozygous KO embryos 

to obtain information on the Nhlrc2 expression pattern. The staining was observed 

by stereomicroscopy examination, histological sections, and TEM. The strongest 

expression was detected in the epiblast on E6.5 and in the extraembryonic and 

embryonic ectoderms on E7.5. The expression was moderate in the mesoderm and 

almost non-existent in the visceral and definitive endoderm at E7.5. 
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6 Discussion 

Here, a novel and rare FINCA disease was described and a gene with an unknown 

function, NHLRC2, was discovered to be behind it (I). To understand the 

pathogenesis of the disease in vivo, an Nhlrc2 KO mouse obtained from IMPC and 

a generated patient-mutation-harbouring FINCA KI mouse were studied. The KO 

mouse was discovered to be lethal at the time of gastrulation, offering new 

knowledge on the essential role of NHLRC2 in early embryonic development (I, 

III). The generated KI mouse is the first published viable NHLRC2-deficient mouse. 

It enables studies of molecular pathways behind FINCA and gives access to FINCA 

disease-specific tissues and cells (II). The animal models described here are a prime 

example of how mouse models may deviate from the original disease they are 

designed to model but can nevertheless offer valuable information building towards 

new knowledge.  

At the time of its discovery, next to nothing was known about the gene 

suspected to cause the FINCA disease. The molecular function of NHLRC2 is still 

largely unknown, but recent publications, including those presented in this thesis, 

have started to unravel the diverse biological processes and pathways affected by 

NHLRC2. These are the first steps towards understanding FINCA disease and 

dysregulation of NHLRC2 in the disease progression of other, more common 

human diseases.  

6.1 NHLRC2 structure and function 

Orthologs of NHLRC2 are widespread in metazoa, plantae, cyanobacteria, 

actinobacteria, and planctomycetes but not as frequent in prokaryotes, and no 

homologs are present in fungi or any archaeal species (Biterova et al., 2018). The 

human NHLRC2 gene, coding the NHLRC2 protein (Uniprot Q8NBF2), is located 

on chromosome 10 (NC_000010.11: 113854634–113917194), and its mouse 

ortholog (Nhlrc2) resides on mouse chromosome 19 (NC_000085.7:56536682-

56591935). NHLRC2 is a highly conserved protein among eukaryotes, and the 

human NHLRC2 shares 84% sequence identity to mouse, 61% to zebrafish, and 

46% to fruit fly orthologues. The protein structure of human NHLRC2 was 

described in detail by Biterova et al. in 2018 (Fig. 8). It comprises three domains: 

N-terminal Trx-like domain (aa1–210), a six-bladed NHL repeat-containing β-

propeller domain (aa 221–572), and a C-terminal β-stranded domain (aa 593–726). 
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 Trx-like domain is characteristic of oxidoreductases and is commonly 

involved in regulating the redox state of thiol groups in a variety of biological 

processes, such as the ferredoxin/thioredoxin system, the nicotinamide adenine 

dinucleotide phosphate (NADP)/thioredoxin system, and the 

glutathione/glutaredoxin system (Buchanan & Balmer, 2005). Redox state 

regulation is based on the cysteines (C) of the CXXC motif in which the two 

cysteines are cycled between an active (reduced) dithiol form and an inactive 

(oxidised) disulphide form. In place of the CXXC motif, NHLRC2 contains an 

unusual CCINC (aa 89–93) (Biterova et al., 2018). However, NHLRC2 did not 

show oxidoreductase activity in a classical insulin reduction assay (I) or in a 

thioredoxin reductase assay (Yeung et al., 2019), contradicting its involvement in 

thiol-disulphide exchange.  

The “NHL” stands for a structural motif originally identified in NCL-1 (also 

known as CAPN3), HT2A (also known as TRIM32), and LIN-41 (Slack & Ruvkun, 

1998). The six-bladed β-propeller domain includes six NHL repeats (aa 212–254, 

265–307, 335–369, 409–439, 461–505, and 518–562). β-propeller domains are 

often protein–protein interaction modules (Tocchini & Ciosk, 2015) and have also 

been linked to RNA binding (Kumari et al., 2018; Loedige et al., 2014, 2015). 

Comparison of NHLRC2 orthologues across a wide range of eukaryotic and 

prokaryotic species has revealed an evolutionarily conserved cleft formation, with 

negative electrostatic surface potential, between the Trx-like and NHL repeat β-

propeller domains, which may form a binding site for ligands or interaction partners 

(Biterova et al., 2018). It should be noted that the amino acid substitution, 

p.Asp148Tyr (I, II), is not located in the predicted active core of the protein 

(Biterova et al., 2018), but the mutation seems to be destabilising in human cells (I) 

and mouse (II). 

The structure of the C-terminal β-stranded domain has not been solved for the 

human protein. A recent preprint describes the structure of the luminal domains of 

Suppressor of quenching 1 (SOQ1), a plant orthologue of NHLRC2, including the 

structure of the C-terminal β-stranded domain. They also suggested that the C-

terminal domain may participate in redox-transduction from the Trx-like domain to 

target proteins (G. Yu et al., 2021).  
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Fig. 8. Structure of TRX-like fold and six-bladed NHL repeat-containing β-propeller 

domain of human NHLRC2, presented as cartoon (upper) and surface (lower). 

Generated with Pymol 2.4.1 from Protein Data Bank, 6GC1, biological assembly 1 

(Biterova et al., 2018) (10.2210/pdb6GC1/pdb, 11.11.20). 
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The molecular function of NHLRC2 is still unknown, but some hints may be 

obtained from SOQ1. It shares ~40% amino acid identity to human NHLRC2, 

including the CCINC motif (Biterova et al., 2018). SOQ1 contains an additional 

haloacid dehalogenase-like hydrolase domain and is anchored to the thylakoid 

membrane on a chloroplast, but its luminal domain is very similar to the human 

NHLRC2. SOQ1 is part of the chloroplast thioredoxin system and is linked to non-

photochemical quenching, which alleviates oxidative stress in plants (Nikkanen & 

Rintamäki, 2019). NHLRC2 has also been associated with oxidative stress in colon 

cancer cells, where the amount of NHLRC2 protein decreases in response to 

oxidative stress, mediated by caspase 8 cleavage at Asp580 (Nishi et al., 2017). 

Loss of NHLRC2 increased the susceptibility of these cell to reactive oxygen 

species (ROS)-induced apoptosis indicating an important role for NHLRC2 in this 

process (Nishi et al., 2017). In addition, SOQ1 is a putative chloroplast 

nicotinamide adenine dinucleotide phosphate hydrate (NADPH)-dependant 

thioredoxin reductase interactor (Nikkanen et al., 2018), and the human NHLRC2 

was found to be the oxidoreductase activity target of thioredoxin in HEK 293T cells 

(Araki et al., 2017; Nakao et al., 2015).  

The absence of SOQ1 leads to a change in the electrophoretic motility of 

plastid lipocalin due to an unidentified protein modification in Arabidopsis thaliana 

(Malnoë et al., 2018). Our result from 2D-DIGE of FINCA/KO NPCs indicated 

that NHLRC2 may affect PTMs in animals also (II). The FINCA/KO genotype 

affected proteins identified by 2D-DIGE showed unchanged or opposite changes in 

their expression, possibly due to a compensatory mechanism, and the amount of 

most of the proteins had not changed according to immunoblotting. In 2D gel 

electrophoresis, the proteins are separated first by their isoelectric point and then 

according to their molecular mass as in SDS-PAGE. The difference in 2D-gel 

motility in NHLRC2-deficient NPCs may result from a small PTM affecting the 

isoelectric point of the proteins. In redox signalling, protein cysteines can be 

modified by ROS-mediated reactions resulting in the formation of many reversible 

and irreversible redox-dependent PTMs (Duan et al., 2017). Whether this could be 

the case with NHLRC2 will require further research to determine. 

The exact cellular localisation of NHLRC2 is still under investigation. In 

fibroblasts NHLRC2 has been reported to localise in cytosol (Paakkola et al., 2018), 

whereas in macrophages NHLRC2 colocalises with Golgi reassembly-stacking 

protein 2 (Yeung et al., 2019), which is present in the Golgi apparatus and 

endoplasmic reticulum membrane (Jiyoon Kim et al., 2016). So far, NHLRC2 

protein has been found in all analysed human tissues, by us (I) and by others 
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(http://www.proteinatlas.org) (Uhlén et al., 2015), as well as all mouse tissues (II). 

Nhlrc2 mRNA is expressed widely and is detected, for example, in several cell 

types of the human and mouse brain (brainrnaseq.org) (Y. Zhang et al., 2014, 2016) 

and mouse embryo at gastrulation and early organogenesis 

(https://marionilab.cruk.cam.ac.uk/MouseGastrulation2018/) (Pijuan-Sala et al., 

2019). This is in line with the in situ Nhlrc2 expression in adult mouse brain (II) 

and in mouse embryo during gastrulation (III) presented herein. Although 

ubiquitous, higher expression was detected in certain cells in the brain and 

ectodermal layer of the gastrulating embryo. So far, however, the location of 

NHLRC2 has not given clues to its function.  

6.2 NHLRC2 in disease 

6.2.1 FINCA disease 

NHLRC2 variants have not been linked to any human disease other than FINCA 

(OMIM: 618278). The characterised of the first FINCA patients, presenting a 

unique combination of manifestations (I), has enabled the identification of other 

patients from several countries. A Ukrainian patient with the c.442G>T, 

p.Asp148Tyr variant, also observed by us, and a novel variant, c.428A>C, 

p.His143Pro in the Trx-like domain of NHLRC2, showed a very similar disease 

course to that described for the Finnish patients, leading to an early-onset disease 

with lung fibrosis, neurodegeneration, chronic haemolytic anaemia, malabsorption, 

growth failure, and recurrent infections (Brodsky et al., 2020). MRI revealed a thin 

corpus callosum, dilated ventricles and cortical sulci, and frontotemporal atrophy. 

The patient manifested with the disease immediately after birth. Cerebral 

angiomatosis or progressive respiratory disease was not present. The patient died 

of respiratory failure at the age of 2 years and 5 months following an acute 

gastroenteritis and a possible viral pneumonia resulting in a worsening of the 

disease state. Phenotypic spectrum of FINCA disease was later further expanded 

by a report of six FINCA patients (Rapp et al., 2021). Rapp and colleagues reported 

two new variants, c.224A>T p.Asp75Val in the Trx-like domain and c.1013C>T 

p.Pro339Leu in the NHL repeat-containing β-propeller domain, in combination 

with c.442G>T p.Asp148Tyr with, again, similar symptoms to those seen 

previously. In addition, they reported two patients with homozygous c.442G>T 

variants showing a milder phenotype. These siblings were born to consanguineous 
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Jordanian parents, and only one suffered from respiratory distress. At their last 

evaluation (14 years and 7 years, respectively) they were in stable condition, 

presenting intellectual disability, irritability, and muscular hypotonia. In all 

surviving cases, including two surviving compound heterozygous patients 

(p.Asp75Val, p.Asp148Tyr and p.Asp148Tyr, p.Pro339Leu), the respiratory 

symptoms were later alleviated, and neurodevelopmental disorder became the key 

clinical finding. Recently, three more patients surviving to late childhood were 

discovered (Badura-Stronka et al., 2022). Two of the cases were again homozygous 

for the c.442G>T variant, whereas one was compound heterozygous for the 

c.442G>T and a novel c.977G>T (p.Gly326Val) variant in the NHLRC2 gene. The 

patients manifested with recurrent infections, intellectual disability with severely 

retarded speech expression, relatively well preserved speech comprehension, 

aggression outbursts, attention deficit, and irritability as well as hand stereotypic 

movement and poor fine motor function. Epilepsy with infrequent focal and 

generalised seizures was present in two patients. At the age of 10 years, thickening 

of the skull bones was observed in MRI of one of the patients, suggesting bone 

marrow hyperplasia. The patients did not present visual impairment, hepatomegaly, 

cardiomegaly, or progressive respiratory insufficiency.  

The discovery of these additional FINCA cases and their similarity to the first 

patients have verified that NHLRC2 is the disease-causing gene in FINCA. 

Neurodegeneration, fibrosis, recurrent infections, and chronic haemolytic anaemia 

have been confirmed as the main manifestations of FINCA disease, supporting our 

original findings. Although first discovered in Finland, these new cases make it 

evident that FINCA is not solely a Finnish disease. In addition, FINCA does not 

fulfil the criteria set for Finnish heritage diseases, as one prerequisite is that a 

minimum of 10 families with the disease are known (Norio, 2003), and the carrier 

frequencies of the founder variant are commonly much higher, from 1/45 to 1/100–

200 (Kääriäinen et al., 2017). 

6.2.2 Other diseases  

Variants in NHLRC2 have not been associated with any other human disease, but 

altered levels of NHLRC2 protein or mRNA have been reported in several diseases. 

NHLRC2 may affect the pathogenesis of the following disease mechanisms and 

more common diseases groups, and this requires further attention. 
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Neurodevelopmental disorders 

NHLRC2 is important during brain development, as indicated by the 

neurodevelopmental delay of FINCA patients (I). The milder phenotype of 

homozygous p.Asp148Tyr patients, mainly presenting as a neurodevelopmental 

disorder (Badura-Stronka et al., 2022; Rapp et al., 2021), urges future studies on 

the involvement of NHLRC2 in other, more subtle neurodevelopmental disorders. 

Also, a homozygous p.Val311Ala substitution in the β-propeller domain of 

NHLRC2 has been associated with a wide range of neural tube-related 

developmental malformations called Developmental Duplications (OMIA: 

002103-9913), with less than 50% penetrance in Angus cattle (Delhotal, 2016; 

Denholm, 2017; Kelani et al., 2017; Polkoff et al., 2017). 

Expression of NHLRC2 is highest during high neocortical neurogenesis, at 8–

9 pcw, in the developing human brain (www.brainspan.org) (I). In mice, Nhlrc2 has 

been detected in the transcriptional waves of differentiating new born neurons and 

is highly expressed in the VZ of the developing cortex (Diez-Roux et al., 2011; 

Telley et al., 2016). The observation that cell integrity is compromised in the 

developing midbrain of nhlrc2 morphant zebrafish suggests that developing 

neurons are particularly vulnerable to loss of NHLRC2 (I). The FINCA/KO mouse 

NPCs show that p.Asp148Tyr NHLRC2 affects several proteins in the developing 

cortical neurons (II), but the consequences of these changes in neurodevelopment 

require further study.  

Neurodegenerative diseases 

Neurodegeneration is one of the main findings in FINCA disease (I), revealing 

NHLRC2 as a gene of interest in the study of the molecular basis of other 

neurodegenerative diseases. In addition to FINCA, NHLRC2 is dysregulated in, and 

possibly indicative of, more common neurodegenerative diseases. NHLRC2 is 

found in a locus of chromosome 10 that was strongly associated with AD already 

in 2006 (Grupe et al., 2006). Later, high NHLRC2 expression was proposed as a 

blood biomarker of AD, together with enoyl-coenzyme A hydratase 1 peroxisomal 

(Long et al., 2016). A proteomic study of post-mortem PD patient locus coeruleus 

has revealed an increased amount of NHLRC2 compared to healthy controls (van 

Dijk et al., 2012). NHLRC2 is also differentially present in cerebrospinal fluid of 

patients suffering from sporadic amyotrophic lateral sclerosis (ALS), a progressive 

neurodegenerative disease affecting upper and lower motor neurons (Andrés-
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Benito et al., 2020). Frataxin deficiency leads to Friedreich’s ataxia in humans, 

affecting the central and peripheral nervous system, especially dorsal root ganglia 

(Koeppen & Mazurkiewicz, 2013). In frataxin-deficient mice, Nhlrc2 expression is 

downregulated in spinal cord, brainstem, and cerebellum even without 

neurodegeneration (Coppola et al., 2006).  

Inflammation 

FINCA patients suffered from recurrent infections, especially during early 

childhood, suggesting immunodeficiency, and the infections resulted in permanent 

worsening of their disease state (I) (Brodsky et al., 2020; Rapp et al., 2021). The 

involvement of NHLRC2 in immune response is also supported by in vitro studies, 

in which fibroblasts overexpressing NHLRC2 show decreased expression of 

interleukin-1 beta (IL-1β), a major proinflammatory cytokine (Paakkola et al., 

2018). Two genome wide CRISPR screens have identified NHLRC2 as a new 

immune regulator, as its deficiency leads to impaired phagocytosis in macrophages 

(Haney et al., 2018; Yeung et al., 2019). Knockdown of NHLRC2 causes hyper 

activity in macrophages and leads to 4- to 6-fold higher expression of IL-1β, tumour 

necrosis factor-α, and interleukin-6 compared to wt cells (Yeung et al., 2019). In 

vivo, expression of NHLRC2 has been found to be downregulated after parasite 

Eimeria tenella infection in the caecum of a chicken compared to non-infected 

animals or animals treated with probiotics (Memon et al., 2021). NHLRC2 is also 

upregulated in serum extracellular vesicles (EV) in atopic dermatitis, which is a 

chronic inflammatory cutaneous disorder (Chang et al., 2021). These findings 

indicate that NHLRC2 is most likely important for normal immune response, and 

this may affect FINCA disease progression. Future studies will tell whether the lack 

of immune stressors for FINCA/KO mice in SPF conditions makes the mouse 

model unable to recapitulate FINCA disease (II).  

Fibrosis 

One main manifestation of FINCA disease is fibrosis, especially in lungs and liver 

(I). Patient-derived and immortalised skin fibroblasts of FINCA patients show 

enhanced differentiation into myofibroblasts (Paakkola et al., 2018) which are 

responsible for the secretion of greater amounts of ECM proteins and so contribute 

to the pathogenesis of fibrosis. This differentiation involves TGF-β signalling, 

which is the major regulator to drive fibrosis (Petrov et al., 2002; Yun et al., 2019). 
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The inactive TGF-β1 level was significantly lower in FINCA patient fibroblast cells 

compared to controls and this could be normalised by complementation with wt 

NHLRC2 (Paakkola et al., 2018). Accordingly, NHLRC2 expression has been found 

to be decreased in progressive idiopathic pulmonary fibrosis (Boon et al., 2009). 

Severe asthma with chronic inflammation leads to remodelling in the lungs, 

including subepithelial fibrosis (Benayoun et al., 2003; Lavoie et al., 2012). Hay 

and barn dust challenge leads to airway obstruction in horses susceptible to heaves, 

resulting in a naturally occurring model of asthma. NHLRC2 expression has been 

shown to increase in heaves-affected horses after the challenge (Lavoie et al., 2012). 

Besides pathological fibrosis, fibrous connective tissue formation is essential for 

wound healing and tissue repair in normal conditions. Increased NHLRC2 has been 

observed, using 2D-DIGE and MS, in healing wounds of mice (Murase et al., 2017).  

Cancer 

As cancer-associated fibrosis affects cancer behaviour by altering the tumour 

microenvironment (Chandler et al., 2019), it is not surprising that NHLRC2 has 

also been associated with cancers. In a recent pan-cancer study, NHLRC2 was 

found to positively correlate with vacuolar protein sorting-associated protein 13A 

(VPS13A), which itself is positively correlated with the level of cancer-associated 

fibroblasts in some tumours (X. Q. Zhang & Li, 2021). Interestingly, mutations in 

VPS13A cause chorea-acanthocytosis, leading to neurodegeneration and 

acanthocytotic red blood cells (Rubio et al., 1997). Oher examples of cancer 

association are the finding that high expression of NHLRC2 in lung 

adenocarcinoma tissue is predictive of better survival (Jing Ye et al., 2019), and it 

has been discovered to hold a possible risk variant for colorectal cancer (W. Liu et 

al., 2021). The role of NHLRC2 in ROS-induced apoptosis was first described in 

colorectal cancer cells (Nishi et al., 2017). Since increased ROS generation in 

cancer cells contributes to cancer pathophysiology, manipulating ROS balance may 

open a route to interfere with cancer progression in the future (Galadari et al., 2017). 

6.3 Affected pathways in FINCA mouse model neurons and their 

association with neurological disorders 

The FINCA/KO NPCs revealed changes in 19 proteins that may indicate the first 

steps of misregulation relevant to neurodegeneration in FINCA disease (II). The 

enrichment of vesicular compartment proteins and the verified increase in hnRNP 
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C2 direct attention to common neurodegenerative pathways discussed below: endo- 

and autolysosomal pathways, and RNA homeostasis. 

6.3.1 Endo- and autolysosomal pathways, and actin dynamics  

Neurons are highly vulnerable to defects in endo- and autolysosomal pathways in 

which cytoskeleton organisation is pivotal. The first indication of the involvement 

of NHLRC2 in these pathways comes from studies carried out with FINCA patient 

dermal fibroblasts (Paakkola et al., 2018). These cells were found to contain fibre 

aggregates of intermediate size, partly vimentin, as well as accumulation of 

lysosome-associated membrane glycoprotein 1 (LAMP1)-positive multilamellar 

bodies. Motor proteins, kinesin light chain 1, and dynein cytoplasmic 1 heavy chain 

1, were decreased in FINCA patient fibroblasts, whereas overexpression of 

NHLRC2 led to decreased keratin 17 and keratin 18 expression (Paakkola et al., 

2018). In macrophages, NHLRC2 was discovered to be a novel regulator of 

phagocytosis in two genome-wide KO screens (Haney et al., 2018; Yeung et al., 

2019). NHLRC2 was proposed to affect phagocytosis initiation via its effect on 

actin dynamics through RhoA–Rac1 signalling as KO of NHLRC2 led to increased 

activation of RhoA, disorganized F-actin, and loss of surface filopodia (Haney et 

al., 2018). Taken together, this evidence indicates NHLRC2 likely has an important 

role in endocytosis, vesicle transport, and cytoskeleton organisation.  

Several of the affected proteins in FINCA/KO mouse NPCs are associated with 

the endo- and autolysosomal pathways, again supporting the role for NHLRC2 in 

these processes also in neurons (II). Some of the most interesting changed proteins 

were: transitional endoplasmic reticulum ATPase (VCP), sorting nexin 6 (SNX6), 

and peroxiredoxin 6 (PRDX6). Interestingly, VCP was the only spot showing 

decreased intensity in FINCA/KO mouse NPCs in the proteomic analysis and it 

was a central node in the protein–protein interaction analysis. SNX6 has previously 

been identified as a potential interaction partner for NHLRC2 in proximity-

dependent biotin identification analysis using HEK 293 cells (Paakkola et al., 2018), 

and PRDX6 has been described as a hit in a co-immunoprecipitation assay for 

NHLRC2 (Yeung et al., 2019).  

Mutations in VCP have been connected to neurodegenerative multisystemic 

proteinopathies in humans, such as inclusion body myopathy with Paget disease of 

bone and frontotemporal dementia (IBMPFD) (Kimonis et al., 2000), ALS 

(Johnson et al., 2010), and CMT2 (Gonzalez et al., 2014). VCP is involved in a 

large number of cellular processes, but it is also involved in endo- (Pleasure et al., 
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1993; Ramanathan & Ye, 2012; Ritz et al., 2011) and autophagic pathways (Ju & 

Weihl, 2010). VCP deficiency leads to accumulation of immature autophagic 

vesicles (Ju et al., 2009; Tresse et al., 2010), and IBMPFD patient myoblasts 

accumulate large LAMP1- and LAMP2-positive vacuoles and microtubule-

associated protein light chain 3 II (Tresse et al., 2010).  

SNX6 is a component of the SNX-BAR subcomplex of the retromer complex, 

where it links the dynein–dynactin motor complex to vesicular cargoes (Hong et 

al., 2009; Wassmer et al., 2007, 2009). The retromer delivers vesicular cargo from 

endosomes to the plasma membrane or to the trans-Golgi network and is needed 

for normal lysosomal function (Burd & Cullen, 2014; Tammineni et al., 2017). 

Brain-specific KO of Snx6 causes spatial learning and memory deficits and 

decreases the spine density of distal dendrites of hippocampal CA1 neurons as well 

as their hydroxy-5-methyl-4-isoxazolepropionic acid receptors-mediated synaptic 

transmission (Niu et al., 2017). SNX6 has also been linked to activation of TGF-β- 

induced EMT (Hu et al., 2018), and this may be important considering the fibrosis 

seen in FINCA patients (I) and the tendency of patient fibroblast to differentiate 

towards myofibroblasts (Paakkola et al., 2018).  

Lastly, PRDX6 is a bifunctional enzyme which has glutathione peroxidase 

activity in the cytosol and phospholipase A₂ activity in lysosomes (J. W. Chen et 

al., 2000; Fisher, 2011). Loss of PRDX6 phospholipase activity has been proposed 

to contribute to phospholipid accumulation to lamellar bodies of alveolar type 2 

cells in Hermansky–Pudlak syndrome (Kook et al., 2016). In CNS, PRDX6 is 

mainly expressed in astrocytes and has been found to have a protective function in 

the AD mouse model, where it regulates astrocyte response towards β-amyloid 

plaques and astrocyte-guided microglia activation (Pankiewicz et al., 2020). 

Cytoskeletal and motor proteins play a major role in the vesicular trafficking 

and plasma membrane reorganisation needed for normal endo- and autolysosomal 

function (Anitei & Hoflack, 2012; Kast & Dominguez, 2017). This includes actin 

cytoskeleton dynamics, which are important for cellular functions requiring 

remodelling of plasma membrane, or biogenesis and transport of vesicular cargo 

such as cell motility, cytokinesis, endocytosis, and autophagy (Anitei & Hoflack, 

2012). Proteomic analysis of FINCA/KO NPCs revealed changes in several 

proteins connected to actin dynamics (II) including Protein BRICK1 (Eden et al., 

2002; Gautreau et al., 2004), Costars family protein ABRACL (Pang et al., 2010), 

Plastin-3 (Bretscher, 1981), Prefoldin subunit 2 (Martin-Benito et al., 2002; Tsao et 

al., 2006), and VCP (H. T. Chan et al., 2012; Nalbandian et al., 2012; Shah & 

Beverly, 2015). Although, dynein light chain roadblock-type 1 (DYNLRB1) is 
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better known as part of the light chain of cytoplasmic dynein (Jiang et al., 2001; Q. 

Tang et al., 2002), it has been reported to interact with actin-modulating proteins 

and its knockdown decreases RhoA activation and cell migration (Jin et al., 2012). 

Interestingly, DYNLRB1 has recently been shown to be important for axonal 

transport of lysosomes and retrograde signalling endosomes in neurons (Terenzio 

et al., 2020). 

In conclusion, although further studies in human cells are needed, the mouse 

data indicate that dysfunction in vesicular trafficking resulting from defective 

NHLRC2 may predispose to neurodegeneration in FINCA disease (II). 

6.3.2 RNA homeostasis 

Dysregulation of RNA homeostasis has been suggested as a common feature of 

neurodegenerative diseases where RNA binding proteins (RBPs) play a crucial role 

(E. G. Conlon & Manley, 2017; Wolozin & Ivanov, 2019). Low-complexity 

domains, common to RBPs, are thought to facilitate their function in stress and P 

body formation, but also make them prone to self-aggregate (March et al., 2016). 

It is also noteworthy that VCP has been shown to function in the clearance of stress 

and P bodies (Buchan et al., 2013). In addition to pathogenic variants in RBPs 

leading to self-aggregation, changes in mRNA intronic repeats can lead to 

formation of RNA foci and subsequent sequestration of RBPs. This can lead to 

disrupted RNA processing and contribute to pathogenesis, for example in the case 

of C9orf72 hexanucleotide repeats in ALS/FTD (Lee et al., 2013). 

We discovered two RBPs affected in FINCA/KO NPCs: hnRNP C2 and RNA-

binding protein 8A (RBM8A) (II). The increase in hnRNP C2 was also detected in 

the hippocampus of adult FINCA/KO mice. Heterogeneous nuclear 

ribonucleoproteins (hnRNPs) are a large RBP family contributing to multiple 

aspects of nucleic acid metabolism. hnRNPs have been recognised in several 

common late-onset neurodegenerative diseases, such as spinal muscular atrophy, 

ALS, AD, and FTD (Geuens et al., 2016; Purice & Taylor, 2018; Wolozin & Ivanov, 

2019). Several de novo variants in hnRNP family members have been associated 

with neurodevelopmental disorders, and two cases have been reported for 

HNRNPC (Gillentine et al., 2021), the gene encoding the founding member of 

hnRNP family: hnRNP C1/C2 (Geuens et al., 2016). hnRNP C1/C2 functions in 

splicing, sorting of transcripts by length, and packaging transcripts (Geuens et al., 

2016). In AD, hnRNP C1/C2 and fragile X mental retardation protein (FMRP) act 

competitively on β-amyloid precursor protein (APP) translation, where hnRNP 
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C1/C2 stabilises APP mRNA and FMRP moves the mRNA to P bodies for 

degradation (Borreca et al., 2016). RBM8A is a core component of the exon 

junction complex which acts as a binding platform for factors involved in splicing, 

transport, translation, and NMD (Hir et al., 2016). RBM8A has been found to 

regulate several neurodegenerative and -psychiatric disease risk genes in mouse 

neuronal progenitors (Zou et al., 2015).  

NHL repeat domain has been suggested to act in RNA binding, for example in 

LIN-41 (Kumari et al., 2018). Recently, NHLRC2 was found to be a putative RNA 

binding protein (Z. Zhang et al., 2021). Interestingly, transcription of one-fourth of 

all human genes was affected by knockdown of NHLRC2 in human macrophages 

(Yeung et al., 2019). Thus, NHLRC2 may have an important role in RNA 

metabolism, and perturbed RNA homeostasis may contribute to the 

neurodegeneration seen in FINCA disease (II).  

6.4 NHLRC2 in embryonic development 

Although differentiated cell lines lacking NHLRC2 altogether have proven difficult 

to generate (Paakkola et al., 2018; Yeung et al., 2019), mouse ES cells are viable 

without NHLRC2 and seem to be able to differentiate towards all three germ layer 

linages in vitro (III). However, Nhlrc2 KO embryos fail during gastrulation, after 

E6.5. The KO embryos showed a loss of normal columnar morphology of the 

ectoderm, impaired mesoderm induction, lack of amniotic folding and massive 

apoptosis. Thus, the function of NHLRC2 is imperative for the morphogenesis of 

an embryo (III).  

The germ layer organisation during gastrulation requires the intricate 

rearrangement of cells. Gastrulation begins with EMT in ectodermal cells, which 

lose their apical-basal polarity and loosen cell–cell junctions to take on 

mesenchymal cell properties, facilitating migration (Amack, 2021; Williams et al., 

2012). Actomyosin and microtubule cytoskeletal systems are essential for the 

various cell behaviours needed for gastrulation movements (Solnica-Krezel & 

Sepich, 2012). These movements are directed by differential cell adhesion, 

chemotaxis, chemokinesis, and planar polarity (Solnica-Krezel & Sepich, 2012). 

The endocytic pathway is required during gastrulation for the recruitment of 

cytosolic mediators for signal amplification, and signal termination is achieved by 

late endosomes and lysosomes, enabling spatiotemporal regulation (Wada & Sun-

Wada, 2013). For example, loss of Ras-related protein Rab-7, a key regulator in 

endo-lysosomal trafficking, leads to gastrulation defect due to its role in the 
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regulation of the extracellular concentration of Dickkopf-related protein 1, a Wnt 

antagonist, resulting in a defective Wnt-β-catenin signalling (Kawamura et al., 

2020). Thus, cytoskeleton, and endocytic and exocytic vesicle-trafficking pathways, 

are essential for normal gastrulation. This presents an intriguing line of future 

investigation into the molecular mechanism behind gastrulation failure due to loss 

of NHLRC2. 

Mouse and human follow the same steps in early embryonic development, 

which may allow the extrapolation of these findings to human. Currently, there are 

no reports of FINCA patients with complete loss of NHLRC2, indicating that the 

gene is most likely also essential for human embryonic development. Compound 

heterozygous human patients developed normally in utero, as do FINCA/KO mice 

(II), revealing that the mutated protein has retained some of its physiological 

activity, and even a small amount of this relatively unstable protein is enough for 

normal embryonic development. Studies on the function of NHLRC2 in 

embryogenesis provide new insight into the regulation of gastrulation.  

6.5 Strengths, limitations, and future perspectives 

The recognition of a unique set of multi-organ symptoms, and identification of the 

patients from two families whose cases were encountered almost a decade apart, 

was made possible by the precise and careful clinical assessment conducted by the 

attending physicians. The identification of the third patient from a non-

consanguineous family was essential to verify the discovery of a novel disease and 

enabled the identification of the disease-causing gene candidate with the WES 

method, which became available at that time. The low number of patients prevented 

the final conclusion that NHLRC2 was the causative gene in FINCA disease, since 

with WES there is a possibility that a non-coding variant is overlooked. This can 

be avoided these days by use of WGS, which has since become more accessible 

and cost effective. Recognition of the first three Finnish FINCA patients made it 

possible to diagnose other patients, and after reports of similar variants and 

phenotypes, the genetic aetiology has become undeniable. In addition, as the 

patients described here were temporally far apart and died early in life, the samples 

that had been collected during clinical assessment had to suffice for research 

purposes, and the identification of primary and secondary manifestations in only 

three severely affected children with multiorgan symptoms was challenging. As 

new patients are diagnosed, and disease models are studied in more detail, we will 
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obtain more information on the geno–phenotype variation and the natural history 

of the disease. 

Although not a perfect model of human, mouse is still a versatile model system, 

enabling the examination of disease-causing pathways in a complete mammalian 

system. Nhlrc2 KO and FINCA KI mouse, one representing complete loss of the 

protein and the other displaying the effects of a mutated NHLRC2 protein, utilise 

two different methods available for the modification of the mouse genome. 

Currently, the main limitation for the efficient use of both models is the inadequate 

understanding of the basic molecular function of NHLRC2. Although these mouse 

lines can clarify – and have clarified – this function, a more refined knowledge base 

will allow the definition of the research question and phenotyping protocols and 

subsequently lead to a more efficient use of these models in the correct disease 

context.  

The major strength of the Nhlrc2 KO mouse resides in the loxP and FRT sites 

in the targeting construct, which enable sophisticated spatial and temporal 

regulation of the KO that can be used to elucidate the basic function of NHLRC2 

in different tissues. However, Nhlrc2 KO mouse is not representative of FINCA 

disease, as there are no patients with complete loss of NHLRC2. In addition, it is 

still unknown how the FINCA-causing variant affects the function of NHLRC2. 

Thus, this mouse is not a disease model but a tool to study the basic function of 

NHLRC2 in vivo. As early embryonic development is quite conserved between 

mouse and human, Nhlrc2 KO mouse can reveal new information on mammalian 

development that may ultimately be used in reproductive medicine. Also, the fact 

that ES cells can survive without Nhlrc2 opens new opportunities to study the 

protein’s function in vitro by differentiating KO ES cells into other cell types. 

The high evolutionary conservation of NHLRC2 and the development of 

CRISPR/Cas9 gene editing have enabled the generation of FINCA mouse with a 

single pathogenic variant, giving it a far superior construct validity compared to the 

KO mouse. The FINCA KI mouse is the first NHLRC2-deficient mouse to 

overcome early embryonic lethality, thus enabling studies after birth. Compound 

heterozygous FINCA/KO mice have a prominent decrease in the amount of 

NHLRC2 throughout their body, like patient fibroblasts, and both mouse and 

human cells have a more modest decrease in mRNA level. This suggests a similar 

instability of the mutated NHLRC2 in human and mouse. Despite these similarities, 

FINCA/KO mice did not develop a severe phenotype, and the presence of a milder 

phenotype requires further study. As disease progression leads to accompanying 

events, such as cell loss and inflammation, they may hide the primary pathogenic 



 

94 

changes. FINCA mouse model can be utilised to gain insight into early changes in 

molecular pathways caused by reduced NHLRC2 before the onset of the disease. 

In addition, it provides a new a tool for the study of a variety of disease-associated 

mechanisms, considering the broad spectrum of manifestations of FINCA disease. 

Also, the role of environmental factors, such as pathogens, or the specific genetic 

background in the development of the FINCA disease phenotype in mice needs to 

be investigated.  
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7 Conclusions 

The aims of this study were to characterise the identified FINCA disease and its 

genetic aetiology utilising patient-derived samples and disease models, to study the 

effects of FINCA missense variant c.442G>T (p.Asp148Tyr) in a variant-

harbouring FINCA KI mouse model, and to study the early embryonically lethal 

phenotype of Nhlrc2 KO mouse.  

The following conclusions can be drawn from this work: 

1. Variants in NHLRC2 lead to a severe early infantile-onset multiorgan disease 

named FINCA (fibrosis, neurodegeneration, and cerebral angiomatosis) in 

humans. Here, the first known FINCA patients were described. The main 

manifestations of the disease were progressive cerebropulmonary symptoms, 

haemolytic anaemia, and recurrent infections. Pathology of the patients 

revealed neurodegeneration, tissue fibrosis, and cerebral angiomatosis as main 

findings. The patients harboured hetero compound variants in the Trx-like 

domain of NHLRC2 protein. Both identified variants segregated from healthy 

heterozygous parents. Allele frequency analysis revealed that both discovered 

NHLRC2 variants are rare and undetected as homozygous occurrences in ExAc. 

Despite the presence of Trx-like domain, NHLRC2 did not show thioredoxin 

activity in the insulin turbidity assay. Patient-derived skin fibroblasts expressed 

only the p.Asp148Tyr missense variant and showed a 10-fold decrease in the 

amount of NHLRC2 protein. NHLRC2 was detected in all studied human 

tissues indicating an important role for the protein in several tissues – a 

conclusion also supported by the wide range of manifestations in FINCA 

disease. Knockdown of nhlrc2 in morphant zebrafish embryos led to a loss of 

cell integrity in the midbrain area, indicating an important role for the protein 

in developing neurons. KO of Nhlrc2 resulted in early embryonic lethality in 

mice, revealing an essential role for the gene in embryogenesis.  

2. Compound heterozygous FINCA/KO mice develop normally in utero, 

providing the first viable Nhlrc2 deficient mouse line. These mice harbour the 

same p.Asp148Tyr variant in combination with the null allele and show a 

similar decrease in the NHLRC2 protein to FINCA patient skin fibroblasts. 

This small amount of mutated protein has retained enough function to facilitate 

normal embryogenesis. The primary phenotyping of FINCA/KO mice did not 

reveal severe phenotypes suggestive of the main manifestations of FINCA, 
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possibly due to a lack of immune challenge. However, FINCA/KO mouse NPC 

proteins showed changes indicative of dysregulation of endo- and 

autolysosomal pathways, and RNA metabolism. Changes in the hnRNP C2 in 

hippocampus of FINCA/KO mouse also suggests an RNA homeostasis defect 

in vivo. These findings demonstrate the potential of the generated mouse lines 

to provide new insight into predisposing pathways in FINCA-associated 

neurodegeneration. As the changes in NPC proteins were mainly observed in 

2D-DIGE, they may be due to changes in PTMs affecting protein motility in 

2D electrophoresis. Nhlrc2 expression was ubiquitous in adult mouse 

hippocampal and cerebellar brain sections. 

3. The study of Nhlrc2 KO mouse revealed an essential role for Nhlrc2 in mouse 

gastrulation and amniotic folding. However, NHLRC2 is dispensable for ES 

cell viability. Nhlrc2 is mostly expressed in the embryonic and extraembryonic 

ectoderm on E6.5 and 7.5, according to LacZ reporter.  

The studies described in this thesis have generated new knowledge about a 

previously uncharacterised NHLRC2 gene and its role in early embryogenesis, 

neurodevelopment, and a novel human disease with multiorgan manifestations, 

highlighting the potential for new discoveries in rare disease research. 

 



 

97 

References  

Adams, M. D., Celniker, S. E., Holt, R. A., Evans, C. A., Gocayne, J. D., Amanatides, P. G., 
Scherer, S. E., Li, P. W., Hoskins, R. A., Galle, R. F., George, R. A., Lewis, S. E., 
Richards, S., Ashburner, M., Henderson, S. N., Sutton, G. G., Wortman, J. R., Yandell, 
M. D., Zhang, Q., … Craig Venter, J. (2000). The genome sequence of Drosophila 
melanogaster. Science, 287(5461), 2185–2195. https://doi.org/10.1126/ 
science.287.5461.2185 

Adli, M. (2018). The CRISPR tool kit for genome editing and beyond. Nature 
Communications, 9(1911). https://doi.org/10.1038/s41467-018-04252-2 

Aguado, C., Sarkar, S., Korolchuk, V. I., Criado, O., Vernia, S., Boya, P., Sanz, P., de 
Córdoba, S. R., Knecht, E., & Rubinsztein, D. C. (2010). Laforin, the most common 
protein mutated in Lafora disease, regulates autophagy. Human Molecular Genetics, 
19(14), 2867–2876. https://doi.org/10.1093/hmg/ddq190 

Alexander, W. S. (1949). Progressive fibrinoid degeneration of fibrillary astrocytes 
associated with mental retardation in a hydrocephalic infant. Brain, 72(3), 373–381. 
https://doi.org/10.1093/brain/72.3.373 

Alge, C. S., Hauck, S. M., Priglinger, S. G., Kampik, A., & Ueffing, M. (2006). Differential 
protein profiling of primary versus immortalized human RPE cells identifies expression 
patterns associated with cytoskeletal remodeling and cell survival. Journal of Proteome 
Research, 5(4), 862–878. https://doi.org/10.1021/PR050420T 

Amack, J. D. (2021). Cellular dynamics of EMT: lessons from live in vivo imaging of 
embryonic development. Cell Communication and Signaling, 19(79). 
https://doi.org/10.1186/s12964-021-00761-8 

Amir, R. E., Van Den Veyver, I. B., Wan, M., Tran, C. Q., Francke, U., & Zoghbi, H. Y. 
(1999). Rett syndrome is caused by mutations in X-linked MECP2, encoding methyl- 
CpG-binding protein 2. Nature Genetics, 23(2), 185–188. https://doi.org/10.1038/ 
13810 

Anderson, K. R., Haeussler, M., Watanabe, C., Janakiraman, V., Lund, J., Modrusan, Z., 
Stinson, J., Bei, Q., Buechler, A., Yu, C., Thamminana, S. R., Tam, L., Sowick, M. A., 
Alcantar, T., O’Neil, N., Li, J., Ta, L., Lima, L., Roose-Girma, M., … Warming, S. 
(2018). CRISPR off-target analysis in genetically engineered rats and mice. Nature 
Methods, 15(7), 512. https://doi.org/10.1038/S41592-018-0011-5 

Anderson, W. A., Bosak, A., Hogberg, H. T., Hartung, T., & Moore, M. J. (2021). Advances 
in 3D neuronal microphysiological systems: towards a functional nervous system on a 
chip. In Vitro Cellular and Developmental Biology - Animal, 57(2), 191–206. 
https://doi.org/10.1007/s11626-020-00532-8 

Andrés-Benito, P., Povedano, M., Domínguez, R., Marco, C., Colomina, M. J., López-Pérez, 
Ó., Santana, I., Baldeiras, I., Martínez-Yelámos, S., Zerr, I., Llorens, F., Fernández-
Irigoyen, J., Santamaría, E., & Ferrer, I. (2020). Increased c-x-c motif chemokine ligand 
12 levels in cerebrospinal fluid as a candidate biomarker in sporadic amyotrophic lateral 
sclerosis. International Journal of Molecular Sciences, 21(22), 1–21. 
https://doi.org/10.3390/ijms21228680 



 

98 

Anitei, M., & Hoflack, B. (2012). Bridging membrane and cytoskeleton dynamics in the 
secretory and endocytic pathways. Nature Cell Biology, 14(1), 11–19. 
https://doi.org/10.1038/ncb2409 

Anttonen, A.-K., Metzidis, A., Avela, K., Aula, P., & Peltonen, L. (2019). FinDis- Finnish 
Disease Database. http://www.findis.org/index.php 

Araki, K., Ushioda, R., Kusano, H., Tanaka, R., Hatta, T., Fukui, K., Nagata, K., & Natsume, 
T. (2017). A crosslinker-based identification of redox relay targets. Analytical 
Biochemistry, 520, 22–26. https://doi.org/10.1016/J.AB.2016.12.025 

Ariani, F., Hayek, G., Rondinella, D., Artuso, R., Mencarelli, M. A., Spanhol-Rosseto, A., 
Pollazzon, M., Buoni, S., Spiga, O., Ricciardi, S., Meloni, I., Longo, I., Mari, F., 
Broccoli, V., Zappella, M., & Renieri, A. (2008). FOXG1 Is Responsible for the 
Congenital Variant of Rett Syndrome. American Journal of Human Genetics, 83(1), 
89–93. https://doi.org/10.1016/j.ajhg.2008.05.015 

Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., Davis, A. P., 
Dolinski, K., Dwight, S. S., Eppig, J. T., Harris, M. A., Hill, D. P., Issel-Tarver, L., 
Kasarskis, A., Lewis, S., Matese, J. C., Richardson, J. E., Ringwald, M., Rubin, G. M., 
& Sherlock, G. (2000). Gene Ontology: tool for the unification of biology. Nature 
Genetics, 25(1), 25–29. https://doi.org/10.1038/75556 

Azevedo, F. A. C., Carvalho, L. R. B., Grinberg, L. T., Farfel, J. M., Ferretti, R. E. L., Leite, 
R. E. P., Filho, W. J., Lent, R., & Herculano-Houzel, S. (2009). Equal numbers of 
neuronal and nonneuronal cells make the human brain an isometrically scaled-up 
primate brain. Journal of Comparative Neurology, 513(5), 532–541. 
https://doi.org/10.1002/cne.21974 

Badura-Stronka, M., Śmigiel, R., Rutkowska, K., Szymańska, K., Hirschfeld, A. S., 
Monkiewicz, M., Kosińska, J., Wolańska, E., Rydzanicz, M., Latos-Bieleńska, A., & 
Płoski, R. (2022). FINCA syndrome-Defining neurobehavioral phenotype in survivors 
into late childhood. Molecular Genetics and Genomic Medicine, e1899. 
https://doi.org/10.1002/mgg3.1899 

Baker, M., & Penny, D. (2016). Is there a reproducibility crisis? Nature, 533(7604), 452–
454. https://doi.org/10.1038/533452A 

Bancroft, J. D. ed., & Stevens, A. (1990). Theory and practice of histological techniques 
(3rd ed.). Wiley, Churchill Livingstone. 

Barrangou, R., Fremaux, C., Deveau, H., Richards, M., Boyaval, P., Moineau, S., Romero, 
D. A., & Horvath, P. (2007). CRISPR provides acquired resistance against viruses in 
prokaryotes. Science, 315(5819), 1709–1712. https://doi.org/10.1126/ 
SCIENCE.1138140 

Benam, K. H., Dauth, S., Hassell, B., Herland, A., Jain, A., Jang, K. J., Karalis, K., Kim, H. 
J., MacQueen, L., Mahmoodian, R., Musah, S., Torisawa, Y. S., Van Der Meer, A. D., 
Villenave, R., Yadid, M., Parker, K. K., & Ingber, D. E. (2015). Engineered in vitro 
disease models. Annual Review of Pathology: Mechanisms of Disease, 10, 195–262. 
https://doi.org/10.1146/annurev-pathol-012414-040418 



 

99 

Benayoun, L., Druilhe, A., Dombret, M. C., Aubier, M., & Pretolani, M. (2003). Airway 
structural alterations selectively associated with severe asthma. American Journal of 
Respiratory and Critical Care Medicine, 167(10), 1360–1368. 
https://doi.org/10.1164/rccm.200209-1030OC 

Betizeau, M., Cortay, V., Patti, D., Pfister, S., Gautier, E., Bellemin-Ménard, A., Afanassieff, 
M., Huissoud, C., Douglas, R. J., Kennedy, H., & Dehay, C. (2013). Precursor Diversity 
and Complexity of Lineage Relationships in the Outer Subventricular Zone of the 
Primate. Neuron, 80(2), 442–457. https://doi.org/10.1016/J.NEURON.2013.09.032 

Bielinska, M., Narita, N., & Wilson, D. B. (1999). Distinct roles for visceral endoderm 
during embryonic mouse development. International Journal of Developmental 
Biology, 43(3), 183–205. https://doi.org/10.1387/ijdb.10410899 

Bier, E. (2005). Drosophila, the golden bug, emerges as a tool for human genetics. Nature 
Reviews Genetics 2005 6:1, 6(1), 9–23. https://doi.org/10.1038/nrg1503 

Biterova, E., Ignatyev, A., Uusimaa, J., Hinttala, R., & Ruddock, L. W. (2018). Structural 
analysis of human NHLRC2, mutations of which are associated with FINCA disease. 
PLoS ONE, 13(8), e0202391. https://doi.org/10.1371/journal.pone.0202391 

Bode, V. C. (1984). Ethylnitrosourea mutagenesis and the isolation of mutant alleles for 
specific genes located in the T region of mouse chromosome 17. Genetics, 108(2), 457–
470. https://doi.org/10.1093/genetics/108.2.457 

Boldog, E., Bakken, T. E., Hodge, R. D., Novotny, M., Aevermann, B. D., Baka, J., Bordé, 
S., Close, J. L., Diez-Fuertes, F., Ding, S. L., Faragó, N., Kocsis, Á. K., Kovács, B., 
Maltzer, Z., McCorrison, J. M., Miller, J. A., Molnár, G., Oláh, G., Ozsvár, A., … 
Tamás, G. (2018). Transcriptomic and morphophysiological evidence for a specialized 
human cortical GABAergic cell type. Nature Neuroscience, 21(9), 1185–1195. 
https://doi.org/10.1038/s41593-018-0205-2 

Bolker, J. A. (2017). Animal Models in Translational Research: Rosetta Stone or Stumbling 
Block? BioEssays, 39(12), 1700089. https://doi.org/10.1002/bies.201700089 

Boon, K., Bailey, N. W., Yang, J., Steel, M. P., Groshong, S., Kervitsky, D., Brown, K. K., 
Schwartz, M. I., & Schwartz, D. A. (2009). Molecular phenotypes distinguish patients 
with relatively stable from progressive idiopathic pulmonary fibrosis (IPF). PLoS ONE, 
4(4). https://doi.org/10.1371/journal.pone.0005134 

Borreca, A., Gironi, K., Amadoro, G., & Ammassari-Teule, M. (2016). Opposite 
Dysregulation of Fragile-X Mental Retardation Protein and Heteronuclear 
Ribonucleoprotein C Protein Associates with Enhanced APP Translation in Alzheimer 
Disease. Molecular Neurobiology, 53(5), 3227–3234. https://doi.org/10.1007/s12035-
015-9229-8 

Borrell, V., & Götz, M. (2014). Role of radial glial cells in cerebral cortex folding. Current 
Opinion in Neurobiology, 27, 39–46. https://doi.org/10.1016/J.CONB.2014.02.007 

Brenner, M., Johnson, A. B., Boespflug-Tanguy, O., Rodriguez, D., Goldman, J. E., & 
Messing, A. (2001). Mutations in GFAP, encoding glial fibrillary acidic protein, are 
associated with Alexander disease. Nature Genetics, 27(1), 117–120. 
https://doi.org/10.1038/83679 



 

100 

Bretscher, A. (1981). Fimbrin is a cytoskeletal protein that crosslinks F-actin in vitro. 
Proceedings of the National Academy of Sciences of the United States of America, 
78(11), 6849–6853. https://doi.org/10.1073/pnas.78.11.6849 

Brodsky, N. N., Boyarchuk, O., Kovalchuk, T., Hariyan, T., Rice, A., Ji, W., Khokha, M., 
Lakhani, S., & Lucas, C. L. (2020). Novel compound heterozygous variants in 
NHLRC2 in a patient with FINCA syndrome. Journal of Human Genetics, 1–5. 
https://doi.org/10.1038/s10038-020-0776-0 

Brown, S. D. M., & Lad, H. V. (2019). The dark genome and pleiotropy: challenges for 
precision medicine. Mammalian Genome, 30(7–8), 212–216. https://doi.org/10.1007/ 
s00335-019-09813-4 

Buchan, J. R., Kolaitis, R. M., Taylor, J. P., & Parker, R. (2013). Eukaryotic stress granules 
are cleared by autophagy and Cdc48/VCP function. Cell, 153(7), 1461–1474. 
https://doi.org/10.1016/j.cell.2013.05.037 

Buchanan, B. B., & Balmer, Y. (2005). Redox regulation: A broadening horizon. Annual 
Review of Plant Biology, 56, 187–220. https://doi.org/10.1146/ 
annurev.arplant.56.032604.144246 

Bult, C. J., Blake, J. A., Smith, C. L., Kadin, J. A., Richardson, J. E., Anagnostopoulos, A., 
Asabor, R., Baldarelli, R. M., Beal, J. S., Bello, S. M., Blodgett, O., Butler, N. E., 
Christie, K. R., Corbani, L. E., Creelman, J., Dolan, M. E., Drabkin, H. J., Giannatto, S. 
L., Hale, P., … Zhu, Y. (2019). Mouse Genome Database (MGD) 2019. Nucleic Acids 
Research, 47(D1), D801–D806. https://doi.org/10.1093/nar/gky1056 

Burd, C., & Cullen, P. J. (2014). Retromer: A master conductor of endosome sorting. Cold 
Spring Harbor Perspectives in Biology, 6(2). https://doi.org/10.1101/ 
cshperspect.a016774 

Bystron, I., Rakic, P., Molnár, Z., & Blakemore, C. (2006). The first neurons of the human 
cerebral cortex. Nature Neuroscience 2006 9:7, 9(7), 880–886. https://doi.org/10.1038/ 
nn1726 

C. elegans Sequencing Consortium. (1998). Genome sequence of the nematode C. elegans: 
A platform for investigating biology. Science, 282(5396), 2012–2018. 
https://doi.org/10.1126/science.282.5396.2012 

Cacheiro, P., Haendel, M. A., Smedley, D., Meehan, T., Mason, J., Mashhadi, H. H., Muñoz-
Fuentes, V., Tocchini, G., Lloyd, K. K. C., McKerlie, C., Bower, L., Clary, D., Nutter, 
L. M. J., Flenniken, A. M., Teboul, L., Codner, G., Wells, S., Herault, Y., Sorg, T., … 
Brown, S. D. M. (2019). New models for human disease from the International Mouse 
Phenotyping Consortium. Mammalian Genome, 30(5–6), 143–150. 
https://doi.org/10.1007/s00335-019-09804-5 

Cacheiro, P., Muñoz-Fuentes, V., Murray, S. A., Dickinson, M. E., Bucan, M., Nutter, L. M. 
J., Peterson, K. A., Haselimashhadi, H., Flenniken, A. M., Morgan, H., Westerberg, H., 
Konopka, T., Hsu, C. W., Christiansen, A., Lanza, D. G., Beaudet, A. L., Heaney, J. D., 
Fuchs, H., Gailus-Durner, V., … Kane, C. (2020). Human and mouse essentiality 
screens as a resource for disease gene discovery. Nature Communications, 11(1), 1–16. 
https://doi.org/10.1038/s41467-020-14284-2 



 

101 

Cardoso-Moreira, M., Halbert, J., Valloton, D., Velten, B., Chen, C., Shao, Y., Liechti, A., 
Ascenção, K., Rummel, C., Ovchinnikova, S., Mazin, P. V., Xenarios, I., Harshman, K., 
Mort, M., Cooper, D. N., Sandi, C., Soares, M. J., Ferreira, P. G., Afonso, S., … 
Kaessmann, H. (2019). Gene expression across mammalian organ development. Nature, 
571(7766), 505–509. https://doi.org/10.1038/s41586-019-1338-5 

Carstea, E. D., Morris, J. A., Coleman, K. G., Loftus, S. K., Zhang, D., Cummings, C., Gu, 
J., Rosenfeld, M. A., Pavan, W. J., Krizman, D. B., Nagle, J., Polymeropoulos, M. H., 
Sturley, S. L., Ioannou, Y. A., Higgins, M. E., Comly, M., Cooney, A., Brown, A., 
Kaneski, C. R., … Tagle, D. A. (1997). Niemann-Pick C1 disease gene: Homology to 
mediators of cholesterol homeostasis. Science, 277(5323), 228–231. 
https://doi.org/10.1126/science.277.5323.228 

Chan, E. M., Young, E. J., Ianzano, L., Munteanu, I., Zhao, X., Christopoulos, C. C., 
Avanzini, G., Elia, M., Ackerley, C. A., Jovic, N. J., Bohlega, S., Andermann, E., 
Rouleau, G. A., Delgado-Escueta, A. V., Minassian, B. A., & Scherer, S. W. (2003). 
Mutations in NHLRC1 cause progressive myoclonus epilepsy. Nature Genetics, 35(2), 
125–127. https://doi.org/10.1038/ng1238 

Chan, H. T., Lee, T. R., Huang, S. H., Lee, H. Y., Sang, T. K., Chan, H. L., & Lyu, P. C. 
(2012). Proteomic analysis of a drosophila IBMPFD model reveals potential pathogenic 
mechanisms. Molecular BioSystems, 8(6), 1730–1741. https://doi.org/10.1039/ 
c2mb25037c 

Chandler, C., Liu, T., Buckanovich, R., & Coffman, L. G. (2019). The double edge sword 
of fibrosis in cancer. Translational Research, 209, 55–67. https://doi.org/10.1016/ 
j.trsl.2019.02.006 

Chang, C. J., Wang, H. Q., Zhang, J., Zou, Y., Zhang, Y. H., Chen, J. W., Chen, C. B., 
Chung, W. H., & Ji, C. (2021). Distinct proteomic profiling of plasma extracellular 
vesicles from moderate-to-severe atopic dermatitis patients. Clinical, Cosmetic and 
Investigational Dermatology, 14, 1033–1043. https://doi.org/10.2147/CCID.S325515 

Chapman, A. L., Bennett, E. J., Ramesh, T. M., Vos, K. J. De, & Grierson, A. J. (2013). 
Axonal Transport Defects in a Mitofusin 2 Loss of Function Model of Charcot-Marie-
Tooth Disease in Zebrafish. PLOS ONE, 8(6), e67276. https://doi.org/10.1371/ 
JOURNAL.PONE.0067276 

Chen, H., Detmer, S. A., Ewald, A. J., Griffin, E. E., Fraser, S. E., & Chan, D. C. (2003). 
Mitofusins Mfn1 and Mfn2 coordinately regulate mitochondrial fusion and are essential 
for embryonic development. Journal of Cell Biology, 160(2), 189–200. 
https://doi.org/10.1083/JCB.200211046 

Chen, J. W., Dodia, C., Feinstein, S. I., Jain, M. K., & Fisher, A. B. (2000). 1-Cys 
peroxiredoxin, a bifunctional enzyme with glutathione peroxidase and phospholipase 
A2 activities. Journal of Biological Chemistry, 275(37), 28421–28427. 
https://doi.org/10.1074/jbc.M005073200 

Chenn, A., & Walsh, C. A. (2002). Regulation of cerebral cortical size by control of cell 
cycle exit in neural precursors. Science, 297(5580), 365–369. https://doi.org/10.1126/ 
science.1074192 



 

102 

Chini, M., & Hanganu-Opatz, I. L. (2021). Prefrontal Cortex Development in Health and 
Disease: Lessons from Rodents and Humans. Trends in Neurosciences, 44(3), 227–240. 
https://doi.org/10.1016/J.TINS.2020.10.017 

Choi, B. H., & Lapham, L. W. (1978). Radial glia in the human fetal cerebrum: A combined 
golgi, immunofluorescent and electron microscopic study. Brain Research, 148(2), 
295–311. https://doi.org/10.1016/0006-8993(78)90721-7 

Ciruna, B., & Rossant, J. (2001). FGF Signaling Regulates Mesoderm Cell Fate 
Specification and Morphogenetic Movement at the Primitive Streak. Developmental 
Cell, 1(1), 37–49. https://doi.org/10.1016/S1534-5807(01)00017-X 

Clarke, L. E., & Barres, B. A. (2013). Emerging roles of astrocytes in neural circuit 
development. Nature Reviews Neuroscience, 14(5), 311–321. https://doi.org/10.1038/ 
nrn3484 

Cong, L., Ran, F. A., Cox, D., Lin, S., Barretto, R., Habib, N., Hsu, P. D., Wu, X., Jiang, W., 
Marraffini, L. A., & Zhang, F. (2013). Multiplex genome engineering using 
CRISPR/Cas systems. Science, 339(6121), 819–823. https://doi.org/10.1126/ 
science.1231143 

Conlon, E. G., & Manley, J. L. (2017). RNA-binding proteins in neurodegeneration: 
Mechanisms in aggregate. Genes and Development, 31(15), 1509–1528. 
https://doi.org/10.1101/gad.304055.117 

Conlon, F. L., Lyons, K. M., Takaesu, N., Barth, K. S., Kispert, A., Herrmann, B., & 
Robertson, E. J. (1994). A primary requirement for nodal in the formation and 
maintenance of the primitive streak in the mouse. Development, 120(7), 1919–1928. 
https://doi.org/10.1242/dev.120.7.1919 

Cook, S. J., Jarrell, T. A., Brittin, C. A., Wang, Y., Bloniarz, A. E., Yakovlev, M. A., Nguyen, 
K. C. Q., Tang, L. T.-H., Bayer, E. A., Duerr, J. S., Bülow, H. E., Hobert, O., Hall, D. 
H., & Emmons, S. W. (2019). Whole-animal connectomes of both Caenorhabditis 
elegans sexes. Nature, 571(7763), 63–71. https://doi.org/10.1038/s41586-019-1352-7 

Coppola, G., Choi, S.-H., Santos, M. M., Miranda, C. J., Tentler, D., Wexler, E. M., Pandolfo, 
M., & Geschwind, D. H. (2006). Gene expression profiling in frataxin deficient mice: 
Microarray evidence for significant expression changes without detectable 
neurodegeneration. Neurobiology of Disease, 22(2), 302–311. https://doi.org/10.1016/ 
J.NBD.2005.11.014 

Cuénot, L. (1902). La loi de Mendel et l’hérédité de la pigmentation chez les souris. Archives 
de Zoologie Expérimentale et Générale. https://ci.nii.ac.jp/naid/10019205311/ 

Cullup, T., Kho, A. L., Dionisi-Vici, C., Brandmeier, B., Smith, F., Urry, Z., Simpson, M. 
A., Yau, S., Bertini, E., McClelland, V., Al-Owain, M., Koelker, S., Koerner, C., 
Hoffmann, G. F., Wijburg, F. A., Ten Hoedt, A. E., Rogers, R. C., Manchester, D., 
Miyata, R., … Jungbluth, H. (2013). Recessive mutations in EPG5 cause Vici syndrome, 
a multisystem disorder with defective autophagy. Nature Genetics, 45(1), 83–87. 
https://doi.org/10.1038/ng.2497 

Cummings, J. L., Morstorf, T., & Zhong, K. (2014). Alzheimer’s disease drug-development 
pipeline: few candidates, frequent failures. Alzheimer’s Research & Therapy, 6(4), 37. 
https://doi.org/10.1186/ALZRT269 



 

103 

Dawson, T. M., Golde, T. E., & Lagier-Tourenne, C. (2018). Animal models of 
neurodegenerative diseases. Nature Neuroscience, 21(10), 1370–1379. 
https://doi.org/10.1038/s41593-018-0236-8 

DeAzevedo, L. C., Fallet, C., Moura-Neto, V., Daumas-Duport, C., Hedin-Pereira, C., & 
Lent, R. (2003). Cortical radial glial cells in human fetuses: Depth-correlated 
transformation into astrocytes. Journal of Neurobiology, 55(3), 288–298. 
https://doi.org/10.1002/NEU.10205 

Delaunay, D., Heydon, K., Cumano, A., Schwab, M. H., Thomas, J. L., Suter, U., Nave, K. 
A., Zalc, B., & Spassky, N. (2008). Early neuronal and glial fate restriction of 
embryonic neural stem cells. Journal of Neuroscience, 28(10), 2551–2562. 
https://doi.org/10.1523/JNEUROSCI.5497-07.2008 

Delhotal, J. D. J. (2016). Characterization of NHLRC2 gene-edited mice: a model for bovine 
developmental duplications. https://www.ideals.illinois.edu/handle/2142/92824 

Denholm, L. (2017). Genotype disclosure in the genomics era: roles and responsibilities. 
Australian Veterinary Journal, 95(9), 308–316. https://doi.org/10.1111/avj.12606 

Dickinson, M. E., Flenniken, A. M., Ji, X., Teboul, L., Wong, M. D., White, J. K., Meehan, 
T. F., Weninger, W. J., Westerberg, H., Adissu, H., Baker, C. N., Bower, L., Brown, J. 
M., Brianna Caddle, L., Chiani, F., Clary, D., Cleak, J., Daly, M. J., Denegre, J. M., … 
Murakami, A. (2016). High-throughput discovery of novel developmental phenotypes. 
Nature, 537(7621), 508–514. https://doi.org/10.1038/nature19356 

Diez-Roux, G., Banfi, S., Sultan, M., Geffers, L., Anand, S., Rozado, D., Magen, A., Canidio, 
E., Pagani, M., Peluso, I., Lin-Marq, N., Koch, M., Bilio, M., Cantiello, I., Verde, R., 
De Masi, C., Bianchi, S. A., Cicchini, J., Perroud, E., … Ballabio, A. (2011). A High-
Resolution Anatomical Atlas of the Transcriptome in the Mouse Embryo. PLoS Biology, 
9(1), e1000582. https://doi.org/10.1371/journal.pbio.1000582 

Ding, S., Wu, X., Li, G., Han, M., Zhuang, Y., & Xu, T. (2005). Efficient Transposition of 
the piggyBac (PB) Transposon in Mammalian Cells and Mice. Cell, 122(3), 473–483. 
https://doi.org/10.1016/J.CELL.2005.07.013 

Djajadikerta, A., Keshri, S., Pavel, M., Prestil, R., Ryan, L., & Rubinsztein, D. C. (2020). 
Autophagy Induction as a Therapeutic Strategy for Neurodegenerative Diseases. 
Journal of Molecular Biology, 432(8), 2799–2821. https://doi.org/10.1016/ 
J.JMB.2019.12.035 

Drummond, E., & Wisniewski, T. (2017). Alzheimer’s Disease: Experimental Models and 
Reality. Acta Neuropathologica, 133(2), 155. https://doi.org/10.1007/S00401-016-
1662-X 

Duan, J., Gaffrey, M. J., & Qian, W. J. (2017). Quantitative proteomic characterization of 
redox-dependent post-translational modifications on protein cysteines. Molecular 
BioSystems, 13(5), 816–829. https://doi.org/10.1039/c6mb00861e 

Ebrahimi-Fakhari, D., Wahlster, L., Hoffmann, G. F., & Kölker, S. (2014). Emerging role 
of autophagy in pediatric neurodegenerative and neurometabolic diseases. Pediatric 
Research, 75(1–2), 217–226. https://doi.org/10.1038/pr.2013.185 



 

104 

Eden, S., Rohatgi, R., Podtelejnikov, A. V., Mann, M., & Kirschner, M. W. (2002). 
Mechanism of regulation of WAVE1-induced actin nucleation by Rac1 and Nck. 
Nature, 418(6899), 790–793. https://doi.org/10.1038/nature00859 

Ellenbroek, B., & Youn, J. (2016). Rodent models in neuroscience research: is it a rat race? 
Disease Models & Mechanisms, 9(10), 1079–1087. https://doi.org/10.1242/ 
DMM.026120 

Esteves, P. J., Abrantes, J., Baldauf, H. M., BenMohamed, L., Chen, Y., Christensen, N., 
González-Gallego, J., Giacani, L., Hu, J., Kaplan, G., Keppler, O. T., Knight, K. L., 
Kong, X. P., Lanning, D. K., Le Pendu, J., De Matos, A. L., Liu, J., Liu, S., Lopes, A. 
M., … Mage, R. (2018). The wide utility of rabbits as models of human diseases. 
Experimental and Molecular Medicine, 50(5), 1–10. https://doi.org/10.1038/s12276-
018-0094-1 

European Comission. (2020). 2019 report on the statistics on the use of animals for scientific 
purposes in the Member States of the European Union in 2015-2017. 
https://ec.europa.eu/transparency/regdoc/rep/1/2020/EN/COM-2020-16-F1-EN-
MAIN-PART-1.PDF 

European Organisation of Rare Diseases. (2005). Rare Diseases : understanding this Public 
Health Priority. Eurordis, November. https://www.eurordis.org/content/public-health-
priority 

The European Parliament and the Council of the European Union. (2016). Regulation (EU) 
2016/679 of the European Parliament and of the Council of 27 April 2016 on the 
protection of natural persons with regard to the processing of personal data and on the 
free movement of such data. Official Journal of the European Union, 16–32. 

Feil, R., Brocard, J., Mascrez, B., LeMeur, M., Metzger, D., & Chambon, P. (1996). Ligand-
activated site-specific recombination in mice. Proceedings of the National Academy of 
Sciences of the United States of America, 93(20), 10887–10890. 
http://www.ncbi.nlm.nih.gov/pubmed/8855277 

Finocchi, A., Angelino, G., Cantarutti, N., Corbari, M., Bevivino, E., Cascioli, S., Randisi, 
F., Bertini, E., & Dionisi-Vici, C. (2012). Immunodeficiency in Vici syndrome: A 
heterogeneous phenotype. American Journal of Medical Genetics Part A, 158A(2), 
434–439. https://doi.org/10.1002/ajmg.a.34244 

Fisher, A. B. (2011). Peroxiredoxin 6: A bifunctional enzyme with glutathione peroxidase 
and phospholipase a2 activities. Antioxidants and Redox Signaling, 15(3), 831–844. 
https://doi.org/10.1089/ars.2010.3412 

Fukuda, T., Itoh, M., Ichikawa, T., Washiyama, K., & Goto, Y. I. (2005). Delayed 
maturation of neuronal architecture and synaptogenesis in cerebral cortex of Mecp2-
deficient mice. Journal of Neuropathology and Experimental Neurology, 64(6), 537–
544. https://doi.org/10.1093/jnen/64.6.537 

Gal, J. S., Morozov, Y. M., Ayoub, A. E., Chatterjee, M., Rakic, P., & Haydar, T. F. (2006). 
Molecular and morphological heterogeneity of neural precursors in the mouse 
neocortical proliferative zones. Journal of Neuroscience, 26(3), 1045–1056. 
https://doi.org/10.1523/JNEUROSCI.4499-05.2006 



 

105 

Galadari, S., Rahman, A., Pallichankandy, S., & Thayyullathil, F. (2017). Reactive oxygen 
species and cancer paradox: To promote or to suppress? Free Radical Biology and 
Medicine, 104, 144–164. https://doi.org/10.1016/j.freeradbiomed.2017.01.004 

Ganesh, S., Delgado-Escueta, A. V., Sakamoto, T., Avila, M. R., Machado-Salas, J., Hoshii, 
Y., Akagi, T., Gomi, H., Suzuki, T., Amano, K., Agarwala, K. L., Hasegawa, Y., Bai, 
D. S., Ishihara, T., Hashikawa, T., Itohara, S., Cornford, E. M., Niki, H., & Yamakawa, 
K. (2002). Targeted disruption of the Epm2a gene causes formation of Lafora inclusion 
bodies, neurodegeneration, ataxia, myoclonus epilepsy and impaired behavioral 
response in mice. Human Molecular Genetics, 11(11), 1251–1262. 
https://doi.org/10.1093/hmg/11.11.1251 

Gardner, E., & Mole, S. E. (2021). The Genetic Basis of Phenotypic Heterogeneity in the 
Neuronal Ceroid Lipofuscinoses. Frontiers in Neurology, 12, 1849. 
https://doi.org/10.3389/fneur.2021.754045 

Gautreau, A., Ho, H. Y. H., Li, J., Steen, H., Gygi, S. P., & Kirschner, M. W. (2004). 
Purification and architecture of the ubiquitous Wave complex. Proceedings of the 
National Academy of Sciences of the United States of America, 101(13), 4379–4383. 
https://doi.org/10.1073/pnas.0400628101 

The Gene Ontology Consortium. (2019). The Gene Ontology Resource: 20 years and still 
GOing strong. Nucleic Acids Research, 47(D1), D330–D338. https://doi.org/10.1093/ 
nar/gky1055 

Geuens, T., Bouhy, D., & Timmerman, V. (2016). The hnRNP family: insights into their 
role in health and disease. Human Genetics, 135(8), 851–867. https://doi.org/10.1007/ 
s00439-016-1683-5 

Geurts, A. M., Cost, G. J., Freyvert, Y., Zeitler, B., Miller, J. C., Choi, V. M., Jenkins, S. S., 
Wood, A., Cui, X., Meng, X., Vincent, A., Lam, S., Michalkiewicz, M., Schilling, R., 
Foeckler, J., Kalloway, S., Weiler, H., Ménoret, S., Anegon, I., … Buelow, R. (2009). 
Knockout rats via embryo microinjection of zinc-finger nucleases. Science, 325(5939), 
433. https://doi.org/10.1126/science.1172447 

Gillentine, M. A., Wang, T., Hoekzema, K., Rosenfeld, J., Liu, P., Guo, H., Kim, C. N., De 
Vries, B. B. A., Vissers, L. E. L. M., Nordenskjold, M., Kvarnung, M., Lindstrand, A., 
Nordgren, A., Gecz, J., Iascone, M., Cereda, A., Scatigno, A., Maitz, S., Zanni, G., … 
Eichler, E. E. (2021). Rare deleterious mutations of HNRNP genes result in shared 
neurodevelopmental disorders. Genome Medicine, 13(1), 63. 
https://genomemedicine.biomedcentral.com/articles/10.1186/s13073-021-00870-6 

Gonzalez, M. A., Feely, S. M., Speziani, F., Strickland, A. V., Danzi, M., Bacon, C., Lee, 
Y., Chou, T.-F., Blanton, S. H., Weihl, C. C., Zuchner, S., & Shy, M. E. (2014). A novel 
mutation in VCP causes Charcot–Marie–Tooth Type 2 disease. Brain, 137(11), 2897–
2902. https://doi.org/10.1093/brain/awu224 

Gordon, J. W., Scangos, G. A., Plotkin, D. J., Barbosa, J. A., & Ruddle, F. H. (1980). Genetic 
transformation of mouse embryos by microinjection of purified DNA. Proceedings of 
the National Academy of Sciences of the United States of America, 77(12 II), 7380–
7384. https://doi.org/10.1073/pnas.77.12.7380 



 

106 

Gossler, A., Doetschman, T., Korn, R., Serfling, E., & Kemler, R. (1986). Transgenesis by 
means of blastocyst-derived embryonic stem cell lines. Proceedings of the National 
Academy of Sciences of the United States of America, 83(23), 9065–9069. 
https://doi.org/10.1073/pnas.83.23.9065 

Graham, E., Moss, J., Burton, N., Roochun, Y., Armit, C., Richardson, L., & Baldock, R. 
(2015). The atlas of mouse development eHistology resource. Development 
(Cambridge), 142(11), 1909–1911. https://doi.org/10.1242/dev.124917 

Grupe, A., Li, Y., Rowland, C., Nowotny, P., Hinrichs, A. L., Smemo, S., Kauwe, J. S. K., 
Maxwell, T. J., Cherny, S., Doil, L., Tacey, K., Van Luchene, R., Myers, A., Wavrant-
De Vrièze, F., Kaleem, M., Hollingworth, P., Jehu, L., Foy, C., Archer, N., … Goate, 
A. (2006). A scan of chromosome 10 identifies a novel locus showing strong association 
with late-onset Alzheimer disease. American Journal of Human Genetics, 78(1), 78–88. 
https://doi.org/10.1086/498851 

Gumus, E., Haliloglu, G., Karhan, A. N., Demir, H., Gurakan, F., Topcu, M., & Yuce, A. 
(2017). Niemann-Pick disease type C in the newborn period: a single-center experience. 
European Journal of Pediatrics, 176(12), 1669–1676. https://doi.org/10.1007/s00431-
017-3020-y 

Gün, G., & Kues, W. A. (2014). Current progress of genetically engineered pig models for 
biomedical research. BioResearch Open Access, 3(6), 255–264. https://doi.org/10.1089/ 
biores.2014.0039 

Haahr, T. (2021). MEPs demand EU action plan to end the use of animals in research and 
testing. European Parliament - News, 1. https://www.europarl.europa.eu/news/fi/press-
room/20210910IPR11926/meps-demand-eu-action-plan-to-end-the-use-of-animals-in-
research-and-testing 

Hagberg, B., Aicardi, J., Dias, K., & Ramos, O. (1983). A progressive syndrome of autism, 
dementia, ataxia, and loss of purposeful hand use in girls: Rett’s syndrome: Report of 
35 cases. Annals of Neurology, 14(4), 471–479. https://doi.org/10.1002/ana.410140412 

Haney, M. S., Bohlen, C. J., Morgens, D. W., Ousey, J. A., Barkal, A. A., Tsui, C. K., Ego, 
B. K., Levin, R., Kamber, R. A., Collins, H., Tucker, A., Li, A., Vorselen, D., Labitigan, 
L., Crane, E., Boyle, E., Jiang, L., Chan, J., Rincón, E., … Bassik, M. C. (2018). 
Identification of phagocytosis regulators using magnetic genome-wide CRISPR screens. 
Nature Genetics, 50(12), 1716–1727. https://doi.org/10.1038/s41588-018-0254-1 

Hansen, T. E., & Johansen, T. (2011). Following autophagy step by step. BMC Biology, 9(1), 
39. https://doi.org/10.1186/1741-7007-9-39 

Hansen, D. V., Lui, J. H., Parker, P. R. L., & Kriegstein, A. R. (2010). Neurogenic radial 
glia in the outer subventricular zone of human neocortex. Nature, 464(7288), 554–561. 
https://doi.org/10.1038/nature08845 

Hemberger, M., Hanna, C. W., & Dean, W. (2019). Mechanisms of early placental 
development in mouse and humans. Nature Reviews Genetics 2019 21:1, 21(1), 27–43. 
https://doi.org/10.1038/s41576-019-0169-4 

Henrique, D., Abranches, E., Verrier, L., & Storey, K. G. (2015). Neuromesodermal 
progenitors and the making of the spinal cord. Development (Cambridge), 142(17), 
2864–2875. https://doi.org/10.1242/dev.119768 



 

107 

Herculano-Houzel, S. (2009). The human brain in numbers: A linearly scaled-up primate 
brain. Frontiers in Human Neuroscience, 3(31). https://doi.org/10.3389/ 
neuro.09.031.2009 

Herculano-Houzel, S., Mota, B., & Lent, R. (2006). Cellular scaling rules for rodent brains. 
Proceedings of the National Academy of Sciences of the United States of America, 
103(32), 12138–12143. https://doi.org/10.1073/pnas.0604911103 

Hill, R. A., Li, A. M., & Grutzendler, J. (2018). Lifelong cortical myelin plasticity and age-
related degeneration in the live mammalian brain. Nature Neuroscience, 21(5), 683–
695. https://doi.org/10.1038/s41593-018-0120-6 

Hill, R. S., & Walsh, C. A. (2005). Molecular insights into human brain evolution. Nature, 
437(7055), 64–67. https://doi.org/10.1038/nature04103 

Hir, H. Le, Saulière, J., & Wang, Z. (2016). The exon junction complex as a node of post-
transcriptional networks. Nature Reviews Molecular Cell Biology, 17(1), 41–54. 
https://doi.org/10.1038/nrm.2015.7 

Hodge, R. D., Bakken, T. E., Miller, J. A., Smith, K. A., Barkan, E. R., Graybuck, L. T., 
Close, J. L., Long, B., Johansen, N., Penn, O., Yao, Z., Eggermont, J., Höllt, T., Levi, 
B. P., Shehata, S. I., Aevermann, B., Beller, A., Bertagnolli, D., Brouner, K., … Lein, 
E. S. (2019). Conserved cell types with divergent features in human versus mouse 
cortex. Nature, 573(7772), 61–68. https://doi.org/10.1038/s41586-019-1506-7 

Hong, Z., Yang, Y., Zhang, C., Niu, Y., Li, K., Zhao, X., & Liu, J.-J. (2009). The retromer 
component SNX6 interacts with dynactin p150(Glued) and mediates endosome-to-
TGN transport. Cell Research, 19(12), 1334–1349. https://doi.org/10.1038/cr.2009.130 

Hori, I., Otomo, T., Nakashima, M., Miya, F., Negishi, Y., Shiraishi, H., Nonoda, Y., Magara, 
S., Tohyama, J., Okamoto, N., Kumagai, T., Shimoda, K., Yukitake, Y., Kajikawa, D., 
Morio, T., Hattori, A., Nakagawa, M., Ando, N., Nishino, I., … Saitoh, S. (2017). 
Defects in autophagosome-lysosome fusion underlie Vici syndrome, a 
neurodevelopmental disorder with multisystem involvement. Scientific Reports, 7(1), 
3552. https://doi.org/10.1038/s41598-017-02840-8 

Hu, P., Liang, Y., Hu, Q., Wang, H., Cai, Z., He, J., Cai, J., Liu, M., Qin, Y., Yu, X., Jiang, 
C., Zhang, B., & Wang, W. (2018). SNX6 predicts poor prognosis and contributes to 
the metastasis of pancreatic cancer cells via activating epithelial–mesenchymal 
transition. Acta Biochimica et Biophysica Sinica, 50(11), 1075–1084. 
https://doi.org/10.1093/ABBS/GMY110 

Huh, D., Kim, H. J., Fraser, J. P., Shea, D. E., Khan, M., Bahinski, A., Hamilton, G. A., & 
Ingber, D. E. (2013). Microfabrication of human organs-on-chips. Nature Protocols, 
8(11), 2135–2157. https://doi.org/10.1038/nprot.2013.137 

Huttenlocher, P. R. (1979). Synaptic density in human frontal cortex - Developmental 
changes and effects of aging. Brain Research, 163(2), 195–205. 
https://doi.org/10.1016/0006-8993(79)90349-4 

Huttenlocher, P. R., & Dabholkar, A. S. (1997). Regional differences in synaptogenesis in 
human cerebral cortex. Journal of Comparative Neurology, 387(2), 167–178. 
https://doi.org/10.1002/(SICI)1096-9861(19971020)387:2<167::AID-
CNE1>3.0.CO;2-Z 



 

108 

Imrie, J., Heptinstall, L., Knight, S., & Strong, K. (2015). Observational cohort study of the 
natural history of Niemann-Pick disease type C in the UK: A 5-year update from the 
UK clinical database. BMC Neurology, 15(1), 257. https://doi.org/10.1186/s12883-015-
0511-1 

INFRAFRONTIER. (2014). EMMA strain search -Infrafrontier. https://www. 
infrafrontier.eu/search?keyword=nhlrc2 

INFRAFRONTIER. (2018). Cryopreservation protocols. https://www.infrafrontier.eu/ 
knowledgebase/protocols/cryopreservation-protocols 

Institute for Molecular Medicine Finland (FIMM). (2016). SISu. http://sisuproject.fi/ 
The International Mouse Knockout Consortium. (2007). A Mouse for All Reasons. Cell, 

128(1), 9–13. https://doi.org/10.1016/j.cell.2006.12.018 
The International Mouse Phenotyping Consortium. (2021). IMPC Data Release 15.1 Notes 

| International Mouse Phenotyping Consortium. https://www.mousephenotype.org/ 
data/release 

Inui, M., Miyado, M., Igarashi, M., Tamano, M., Kubo, A., Yamashita, S., Asahara, H., 
Fukami, M., & Takada, S. (2014). Rapid generation of mouse models with defined point 
mutations by the CRISPR/Cas9 system. Scientific Reports, 4, 5396. 
https://doi.org/10.1038/srep05396 

Iwata, K., Matsuzaki, H., Manabe, T., & Mori, N. (2011). Altering the expression balance 
of hnRNP C1 and C2 changes the expression of myelination-related genes. Psychiatry 
Research, 190(2–3), 364–366. https://doi.org/10.1016/j.psychres.2011.05.043 

Janecka, M., Marzi, S. J., Parsons, M. J., Liu, L., Paya-Cano, J. L., Smith, R. G., Fernandes, 
C., & Schalkwyk, L. C. (2017). Genetic polymorphisms and their association with brain 
and behavioural measures in heterogeneous stock mice. Scientific Reports, 7(1), 1–11. 
https://doi.org/10.1038/srep41204 

Jenkins, C. A., Kalmar, L., Matiasek, K., Mari, L., Kyöstilä, K., Lohi, H., Schofield, E. C., 
Mellersh, C. S., Risio, L. De, & Ricketts, S. L. (2020). Characterisation of canine 
KCNIP4: A novel gene for cerebellar ataxia identified by whole-genome sequencing 
two affected Norwegian Buhund dogs. PLoS Genetics, 16(1). https://doi.org/10.1371/ 
JOURNAL.PGEN.1008527 

Jennings, C. G., Landman, R., Zhou, Y., Sharma, J., Hyman, J., Movshon, J. A., Qiu, Z., 
Roberts, A. C., Roe, A. W., Wang, X., Zhou, H., Wang, L., Zhang, F., Desimone, R., 
& Feng, G. (2016). Opportunities and challenges in modeling human brain disorders in 
transgenic primates. Nature Neuroscience, 19(9), 1123–1130. https://doi.org/10.1038/ 
nn.4362 

Jiang, J., Yu, L., Huang, X., Chen, X., Li, D., Zhang, Y., Tang, L., & Zhao, S. (2001). 
Identification of two novel human dynein light chain genes, DNLC2A and DNLC2B, 
and their expression changes in hepatocellular carcinoma tissues from 68 Chinese 
patients. Gene, 281(1–2), 103–113. https://doi.org/10.1016/S0378-1119(01)00787-9 

Jin, Q., Pulipati, N. R., Zhou, W., Staub, C. M., Liotta, L. A., & Mulder, K. M. (2012). Role 
of km23-1 in RhoA/actin-based cell migration. Biochemical and Biophysical Research 
Communications, 428(3), 333–338. https://doi.org/10.1016/j.bbrc.2012.10.047 



 

109 

Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J. A., & Charpentier, E. (2012). A 
programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. 
Science, 337(6096), 816–821. https://doi.org/10.1126/science.1225829 

Johnson, J. O., Mandrioli, J., Benatar, M., Abramzon, Y., Van Deerlin, V. M., Trojanowski, 
J. Q., Gibbs, J. R., Brunetti, M., Gronka, S., Wuu, J., Ding, J., McCluskey, L., Martinez-
Lage, M., Falcone, D., Hernandez, D. G., Arepalli, S., Chong, S., Schymick, J. C., 
Rothstein, J., … Traynor, B. J. (2010). Exome sequencing reveals VCP mutations as a 
cause of familial ALS. Neuron, 68(5), 857–864. https://doi.org/10.1016/ 
j.neuron.2010.11.036 

Jokela, M., Penttilä, S., Huovinen, S., Hackman, P., Saukkonen, A. M., Toivanen, J., & Udd, 
B. (2011). Late-onset lower motor neuronopathy: A new autosomal dominant disorder. 
Neurology, 77(4), 334–340. https://doi.org/10.1212/WNL.0b013e3182267b71 

Ju, J.-S., Fuentealba, R. A., Miller, S. E., Jackson, E., Piwnica-Worms, D., Baloh, R. H., & 
Weihl, C. C. (2009). Valosin-containing protein (VCP) is required for autophagy and is 
disrupted in VCP disease. The Journal of Cell Biology, 187(6), 875–888. 
https://doi.org/10.1083/JCB.200908115 

Ju, J.-S., & Weihl, C. C. (2010). p97/VCP at the intersection of the autophagy and the 
ubiquitin proteasome system. Autophagy, 6(2), 283–285. https://doi.org/10.4161/ 
auto.6.2.11063 

Kääriäinen, H., Muilu, J., Perola, M., & Kristiansson, K. (2017). Genetics in an isolated 
population like Finland: a different basis for genomic medicine? Journal of Community 
Genetics, 8(4), 319. https://doi.org/10.1007/S12687-017-0318-4 

Kang, H. J., Kawasawa, Y. I., Cheng, F., Zhu, Y., Xu, X., Li, M., Sousa, A. M. M., Pletikos, 
M., Meyer, K. A., Sedmak, G., Guennel, T., Shin, Y., Johnson, M. B., Krsnik, Ž., Mayer, 
S., Fertuzinhos, S., Umlauf, S., Lisgo, S. N., Vortmeyer, A., … Šestan, N. (2011). 
Spatio-temporal transcriptome of the human brain. Nature 2011 478:7370, 478(7370), 
483–489. https://doi.org/10.1038/nature10523 

Karala, A. R., & Ruddock, L. W. (2010). Bacitracin is not a specific inhibitor of protein 
disulfide isomerase. The FEBS Journal, 277(11), 2454–2462. https://doi.org/10.1111/ 
J.1742-4658.2010.07660.X 

Kast, D. J., & Dominguez, R. (2017). The Cytoskeleton-Autophagy Connection. Current 
Biology, 27, R318–R326. https://doi.org/10.1016/j.cub.2017.02.061 

Kawamura, N., Takaoka, K., Hamada, H., Hadjantonakis, A. K., Sun-Wada, G. H., & Wada, 
Y. (2020). Rab7-Mediated Endocytosis Establishes Patterning of Wnt Activity through 
Inactivation of Dkk Antagonism. Cell Reports, 31(10), 107733. https://doi.org/10.1016/ 
j.celrep.2020.107733 

Kelani, A., Moumouni, H., Issa, A., Younsaa, H., Fokou, H., Sani, R., Sanoussi, S., Denholm, 
L., Beever, J., & Catala, M. (2017). Notomelia and related neural tube defects in a baby 
born in Niger: case report and literature review. Child’s Nervous System, 33(3), 529–
534. https://doi.org/10.1007/s00381-017-3337-x 



 

110 

Kemler, R., Hierholzer, A., Kanzler, B., Kuppig, S., Hansen, K., Taketo, M. M., de Vries, 
W. N., Knowles, B. B., & Solter, D. (2004). Stabilization of β-catenin in the mouse 
zygote leads to premature epithelial-mesenchymal transition in the epiblast. 
Development, 131(23), 5817–5824. https://doi.org/10.1242/dev.01458 

Kilkenny, C., Browne, W. J., Cuthill, I. C., Emerson, M., & Altman, D. G. (2010). Improving 
Bioscience Research Reporting: The ARRIVE Guidelines for Reporting Animal 
Research. PLOS Biology, 8(6), e1000412. https://doi.org/10.1371/ 
JOURNAL.PBIO.1000412 

Kim, Jihoon, Koo, B. K., & Knoblich, J. A. (2020). Human organoids: model systems for 
human biology and medicine. Nature Reviews Molecular Cell Biology, 21(10), 571–
584. https://doi.org/10.1038/s41580-020-0259-3 

Kim, Jiyoon, Noh, S. H., Piao, H., Kim, D. H., Kim, K., Cha, J. S., Chung, W. Y., Cho, H. 
S., Kim, J. Y., & Lee, M. G. (2016). Monomerization and ER Relocalization of GRASP 
Is a Requisite for Unconventional Secretion of CFTR. Traffic, 17(7), 733–753. 
https://doi.org/10.1111/tra.12403 

Kimonis, V. E., Kovach, M. J., Waggoner, B., Leal, S., Salam, A., Rimer, L., Davis, K., 
Khardori, R., & Gelber, D. (2000). Clinical and molecular studies in a unique family 
with autosomal dominant limb-girdle muscular dystrophy and Paget disease of bone. 
Genetics in Medicine, 2(4), 232–241. https://doi.org/10.1097/00125817-200007000-
00006 

Kingsbury, M. A., Rehen, S. K., Contos, J. J. A., Higgins, C. M., & Chun, J. (2003). Non-
proliferative effects of lysophosphatidic acid enhance cortical growth and folding. 
Nature Neuroscience, 6(12), 1292–1299. https://doi.org/10.1038/nn1157 

Koeppen, A. H., & Mazurkiewicz, J. E. (2013). Friedreich ataxia: Neuropathology revised. 
Journal of Neuropathology and Experimental Neurology, 72(2), 78–90. 
https://doi.org/10.1097/NEN.0b013e31827e5762 

Kook, S., Wang, P., Young, L. R., Schwake, M., Saftig, P., Weng, X., Meng, Y., Neculai, 
D., Marks, M. S., Gonzales, L., Beers, M. F., & Guttentag, S. (2016). Impaired 
lysosomal integral membrane protein 2-dependent peroxiredoxin 6 delivery to lamellar 
bodies accounts for altered alveolar phospholipid content in adaptor protein-3-deficient 
pearl mice. Journal of Biological Chemistry, 291(16), 8414–8427. 
https://doi.org/10.1074/jbc.M116.720201 

Kumari, P., Aeschimann, F., Gaidatzis, D., Keusch, J. J., Ghosh, P., Neagu, A., Pachulska-
Wieczorek, K., Bujnicki, J. M., Gut, H., Großhans, H., & Ciosk, R. (2018). 
Evolutionary plasticity of the NHL domain underlies distinct solutions to RNA 
recognition. Nature Communications, 9(1). https://doi.org/10.1038/s41467-018-03920-
7 

Kurki, M. I., Saarentaus, E., Pietiläinen, O., Gormley, P., Lal, D., Kerminen, S., Torniainen-
Holm, M., Hämäläinen, E., Rahikkala, E., Keski-Filppula, R., Rauhala, M., Korpi-
Heikkilä, S., Komulainen–Ebrahim, J., Helander, H., Vieira, P., Männikkö, M., 
Peltonen, M., Havulinna, A. S., Salomaa, V., … Palotie, A. (2019). Contribution of rare 
and common variants to intellectual disability in a sub-isolate of Northern Finland. 
Nature Communications, 10(1). https://doi.org/10.1038/s41467-018-08262-y 



 

111 

Kwan, K. Y., Lam, M. M. S., Johnson, M. B., Dube, U., Shim, S., Rašin, M. R., Sousa, A. 
M. M., Fertuzinhos, S., Chen, J. G., Arellano, J. I., Chan, D. W., Pletikos, M., Vasung, 
L., Rowitch, D. H., Huang, E. J., Schwartz, M. L., Willemsen, R., Oostra, B. A., Rakic, 
P., … Šestan, N. (2012). Species-Dependent Posttranscriptional Regulation of NOS1 
by FMRP in the Developing Cerebral Cortex. Cell, 149(4), 899–911. 
https://doi.org/10.1016/J.CELL.2012.02.060 

Lancaster, M. A., Renner, M., Martin, C. A., Wenzel, D., Bicknell, L. S., Hurles, M. E., 
Homfray, T., Penninger, J. M., Jackson, A. P., & Knoblich, J. A. (2013). Cerebral 
organoids model human brain development and microcephaly. Nature, 501(7467), 373–
379. https://doi.org/10.1038/nature12517 

Langhans, S. A. (2018). Three-dimensional in vitro cell culture models in drug discovery 
and drug repositioning. Frontiers in Pharmacology, 9(JAN), 6. 
https://doi.org/10.3389/fphar.2018.00006 

Langheinrich, U. (2003). Zebrafish: A new model on the pharmaceutical catwalk. BioEssays, 
25(9), 904–912. https://doi.org/10.1002/bies.10326 

Lavoie, J.-P., Lefebvre-Lavoie, J., Leclere, M., Lavoie-Lamoureux, A., Chamberland, A., 
Laprise, C., & Lussier, J. (2012). Profiling of Differentially Expressed Genes Using 
Suppression Subtractive Hybridization in an Equine Model of Chronic Asthma. PLoS 
ONE, 7(1), e29440. https://doi.org/10.1371/journal.pone.0029440 

Lee, Y. B., Chen, H. J., Peres, J. N., Gomez-Deza, J., Attig, J., Štalekar, M., Troakes, C., 
Nishimura, A. L., Scotter, E. L., Vance, C., Adachi, Y., Sardone, V., Miller, J. W., 
Smith, B. N., Gallo, J. M., Ule, J., Hirth, F., Rogelj, B., Houart, C., & Shaw, C. E. 
(2013). Hexanucleotide repeats in ALS/FTD form length-dependent RNA Foci, 
sequester RNA binding proteins, and are neurotoxic. Cell Reports, 5(5), 1178–1186. 
https://doi.org/10.1016/j.celrep.2013.10.049 

Leenaars, C. H. C., Kouwenaar, C., Stafleu, F. R., Bleich, A., Ritskes-Hoitinga, M., De Vries, 
R. B. M., & Meijboom, F. L. B. (2019). Animal to human translation: A systematic 
scoping review of reported concordance rates. Journal of Translational Medicine, 17(1), 
1–22. https://doi.org/10.1186/s12967-019-1976-2 

Lek, M., Karczewski, K. J., Minikel, E. V., Samocha, K. E., Banks, E., Fennell, T., 
O’Donnell-Luria, A. H., Ware, J. S., Hill, A. J., Cummings, B. B., Tukiainen, T., 
Birnbaum, D. P., Kosmicki, J. A., Duncan, L. E., Estrada, K., Zhao, F., Zou, J., Pierce-
Hoffman, E., Berghout, J., … Williams, A. L. (2016). Analysis of protein-coding 
genetic variation in 60,706 humans. Nature, 536(7616), 285–291. 
https://doi.org/10.1038/nature19057 

Leung, C., & Jia, Z. (2016). Mouse genetic models of human brain disorders. Frontiers in 
Genetics, 7(40). https://doi.org/10.3389/fgene.2016.00040 

Li, L., Lu, X., & Dean, J. (2013). The maternal to zygotic transition in mammals. Molecular 
Aspects of Medicine, 34(5), 919–938. https://doi.org/10.1016/j.mam.2013.01.003 



 

112 

Lim, E. T., Würtz, P., Havulinna, A. S., Palta, P., Tukiainen, T., Rehnström, K., Esko, T., 
Mägi, R., Inouye, M., Lappalainen, T., Chan, Y., Salem, R. M., Lek, M., Flannick, J., 
Sim, X., Manning, A., Ladenvall, C., Bumpstead, S., Hämäläinen, E., … Palotie, A. 
(2014). Distribution and medical impact of loss-of-function variants in the Finnish 
founder population. PLoS Genetics, 10(7). https://doi.org/10.1371/ 
JOURNAL.PGEN.1004494 

Lino, C. A., Harper, J. C., Carney, J. P., & Timlin, J. A. (2018). Delivering crispr: A review 
of the challenges and approaches. Drug Delivery, 25(1), 1234–1257. 
https://doi.org/10.1080/10717544.2018.1474964 

Liu, P., Wakamiya, M., Shea, M. J., Albrecht, U., Behringer, R. R., & Bradley, A. (1999). 
Requirement for Wnt3 in vertebrate axis formation. Nature Genetics, 22(4), 361–365. 
https://doi.org/10.1038/11932 

Liu, W., Mahdessian, H., Helgadottir, H., Zhou, X., Thutkawkorapin, J., Jiao, X., Wolk, A., 
& Lindblom, A. (2021). Colorectal cancer risk susceptibility loci in a Swedish 
population. Molecular Carcinogenesis. https://doi.org/10.1002/mc.23366 

Loedige, I., Jakob, L., Treiber, T., Ray, D., Stotz, M., Treiber, N., Hennig, J., Cook, K. B., 
Morris, Q., Hughes, T. R., Engelmann, J. C., Krahn, M. P., & Meister, G. (2015). The 
Crystal Structure of the NHL Domain in Complex with RNA Reveals the Molecular 
Basis of Drosophila Brain-Tumor-Mediated Gene Regulation. Cell Reports, 13(6), 
1206–1220. https://doi.org/10.1016/j.celrep.2015.09.068 

Loedige, I., Stotz, M., Qamar, S., Kramer, K., Hennig, J., Schubert, T., Löffler, P., Längst, 
G., Merkl, R., Urlaub, H., & Meister, G. (2014). The NHL domain of BRAT is an RNA-
binding domain that directly contacts the hunchback mRNA for regulation. Genes and 
Development, 28(7), 749–764. https://doi.org/10.1101/gad.236513.113 

Lois, C., Hong, E. J., Pease, S., Brown, E. J., & Baltimore, D. (2002). Germline transmission 
and tissue-specific expression of transgenes delivered by lentiviral vectors. Science, 
295(5556), 868–872. https://doi.org/10.1126/science.1067081 

Long, J., Pan, G., Ifeachor, E., Belshaw, R., & Li, X. (2016). Discovery of Novel Biomarkers 
for Alzheimer’s Disease from Blood. Disease Markers, 2016, 4250480. 
https://doi.org/10.1155/2016/4250480 

Lu, Y., Xue, J., Deng, T., Zhou, X., Yu, K., Deng, L., Huang, M., Yi, X., Liang, M., Wang, 
Y., Shen, H., Tong, R., Wang, W., Li, L., Song, J., Li, J., Su, X., Ding, Z., Gong, Y., … 
Mok, T. (2020). Safety and feasibility of CRISPR-edited T cells in patients with 
refractory non-small-cell lung cancer. Nature Medicine, 26(5), 732–740. 
https://doi.org/10.1038/s41591-020-0840-5 

Malnoë, A., Schultink, A., Shahrasbi, S., Rumeau, D., Havaux, M., & Niyogi, K. K. (2018). 
The plastid lipocalin LCNP is required for sustained photoprotective energy dissipation 
in arabidopsis. Plant Cell, 30(1), 196–208. https://doi.org/10.1105/tpc.17.00536 

Manolio, T. A., Collins, F. S., Cox, N. J., Goldstein, D. B., Hindorff, L. A., Hunter, D. J., 
McCarthy, M. I., Ramos, E. M., Cardon, L. R., Chakravarti, A., Cho, J. H., Guttmacher, 
A. E., Kong, A., Kruglyak, L., Mardis, E., Rotimi, C. N., Slatkin, M., Valle, D., 
Whittemore, A. S., … Visscher, P. M. (2009). Finding the missing heritability of 
complex diseases. Nature, 461(7265), 747. https://doi.org/10.1038/NATURE08494 



 

113 

Mao, Z., Bozzella, M., Seluanov, A., & Gorbunova, V. (2008). Comparison of 
nonhomologous end joining and homologous recombination in human cells. DNA 
Repair, 7(10), 1765. https://doi.org/10.1016/J.DNAREP.2008.06.018 

March, Z. M., King, O. D., & Shorter, J. (2016). Prion-like domains as epigenetic regulators, 
scaffolds for subcellular organization, and drivers of neurodegenerative disease. Brain 
Research, 1647, 9–18. https://doi.org/10.1016/j.brainres.2016.02.037 

Martić-Kehl, M. I., Schibli, R., & Schubiger, P. A. (2012). Can animal data predict human 
outcome? Problems and pitfalls of translational animal research. European Journal of 
Nuclear Medicine and Molecular Imaging, 39(9), 1492–1496. 
https://doi.org/10.1007/s00259-012-2175-z 

Martin-Benito, J., Boskovic, J., Gómez‐Puertas, P., Carrascosa, J. L., Simons, C. T., Lewis, 
S. A., Bartolini, F., Cowan, N. J., & Valpuesta, J. M. (2002). Structure of eukaryotic 
prefoldin and of its complexes with unfolded actin and the cytosolic chaperonin CCT. 
The EMBO Journal, 21(23), 6377–6386. https://doi.org/10.1093/emboj/cdf640 

Masahira, N., Ding, L., Takebayashi, H., Shimizu, K., Ikenaka, K., & Ono, K. (2005). 
Improved preservation of X-gal reaction product for electron microscopy using 
hydroxypropyl methacrylate. Neuroscience Letters, 374(1), 17–20. https://doi.org/ 
10.1016/j.neulet.2004.10.023 

Meehan, T. F., Chen, C. K., Koscielny, G., Relac, M., Wilkinson, P., Flicek, P., Parkinson, 
H., Bottomley, J., Ramirez-Solis, R., Smedley, D., Castro, A., Fessele, S., Steinkamp, 
R., Hagn, M., Raess, M., De Angelis, M. H., Ball, S., Blake, A., Fray, M., … 
Huylebroeck, D. (2015). INFRAFRONTIER-providing mutant mouse resources as 
research tools for the international scientific community. Nucleic Acids Research, 
43(D1), D1171–D1175. https://doi.org/10.1093/nar/gku1193 

Meehan, T. F., Conte, N., West, D. B., Jacobsen, J. O., Mason, J., Warren, J., Chen, C. K., 
Tudose, I., Relac, M., Matthews, P., Karp, N., Santos, L., Fiegel, T., Ring, N., 
Westerberg, H., Greenaway, S., Sneddon, D., Morgan, H., Codner, G. F., … Smedley, 
D. (2017). Disease model discovery from 3,328 gene knockouts by the International 
Mouse Phenotyping Consortium. Nature Genetics, 49(8), 1231–1238. https://doi.org/ 
10.1038/ng.3901 

Memon, F. U., Yang, Y., Leghari, I. H., Lv, F., Soliman, A. M., Zhang, W., & Si, H. (2021). 
Transcriptome analysis revealed ameliorative effects of bacillus based probiotic on 
immunity, gut barrier system, and metabolism of chicken under an experimentally 
induced eimeria tenella infection. Genes, 12(4), 536. https://doi.org/10.3390/ 
genes12040536 

Menzies, F. M., Fleming, A., & Rubinsztein, D. C. (2015). Compromised autophagy and 
neurodegenerative diseases. Nature Reviews Neuroscience, 16(6), 345–357. 
https://doi.org/10.1038/nrn3961 

Messing, A., Brenner, M., Feany, M. B., Nedergaard, M., & Goldman, J. E. (2012). 
Alexander disease. Journal of Neuroscience, 32(15), 5017–5023. https://doi.org/ 
10.1523/JNEUROSCI.5384-11.2012 



 

114 

Meyer, G. (2007). Genetic control of neuronal migrations in human cortical development. 
Advances in Anatomy, Embryology, and Cell Biology, 189. https://doi.org/10.1007/978-
3-540-36689-8 

Miller, D. J., Duka, T., Stimpson, C. D., Schapiro, S. J., Baze, W. B., McArthur, M. J., Fobbs, 
A. J., Sousa, A. M. M., Sěstan, N., Wildman, D. E., Lipovich, L., Kuzawa, C. W., Hof, 
P. R., & Sherwood, C. C. (2012). Prolonged myelination in human neocortical evolution. 
Proceedings of the National Academy of Sciences of the United States of America, 
109(41), 16480–16485. https://doi.org/10.1073/PNAS.1117943109/-
/DCSUPPLEMENTAL 

Minassian, B. A., Lee Jeffrey, R., Herbrick, J. A., Huizenga, J., Soder, S., Mungall, A. J., 
Dunham, I., Gardner, R., Fong, C. Y. G., Carpenter, S., Jardim, L., Satishchandra, P., 
Andermann, E., Carter Snead, O., Lopes-Cendes, I., Tsui, L. C., Delgado-Escueta, A. 
V., Rouleau, G. A., & Scherer, S. W. (1998). Mutations in a gene encoding a novel 
protein tyrosine phosphatase cause progressive myoclonus epilepsy. Nature Genetics, 
20(2), 171–174. https://doi.org/10.1038/2470 

Mojica, F. J. M., Díez-Villaseñor, C., García-Martínez, J., & Almendros, C. (2009). Short 
motif sequences determine the targets of the prokaryotic CRISPR defence system. 
Microbiology, 155(3), 733–740. https://doi.org/10.1099/mic.0.023960-0 

Molliver, M. E., Kostović, I., & Van Der Loos, H. (1973). The development of synapses in 
cerebral cortex of the human fetus. Brain Research, 50(2), 403–407. 
https://doi.org/10.1016/0006-8993(73)90741-5 

Mukhtar, T., & Taylor, V. (2018). Untangling Cortical Complexity During Development. 
Journal of Experimental Neuroscience, 12, 1–12. https://doi.org/10.1177/ 
1179069518759332 

Murase, T., Yamamoto, T., Koide, A., Yagi, Y., Kagawa, S., Tsuruya, S., Abe, Y., Umehara, 
T., & Ikematsu, K. (2017). Temporal expression of chitinase-like 3 in wounded murine 
skin. International Journal of Legal Medicine, 131(6), 1623–1631. https://doi.org/ 
10.1007/s00414-017-1658-7 

Nagy, A., Gertsenstein, M., Vintersten, K., & Behringer, R. (2003). Manipulating the mouse 
embryo: a laboratory manual (3rd ed.). Cold Spring Harbor Laboratory Press. 

Nakanishi, T., Kuroiwa, A., Yamada, S., Isotani, A., Yamashita, A., Tairaka, A., Hayashi, 
T., Takagi, T., Ikawa, M., Matsuda, Y., & Okabe, M. (2002). FISH Analysis of 142 
EGFP Transgene Integration Sites into the Mouse Genome. Genomics, 80(6), 564–574. 
https://doi.org/10.1006/GENO.2002.7008 

Nakao, L. S., Everley, R. A., Marino, S. M., Lo, S. M., De Souza, L. E., Gygi, S. P., & 
Gladyshev, V. N. (2015). Mechanism-based proteomic screening identifies targets of 
thioredoxin-like proteins. Journal of Biological Chemistry, 290(9), 5685–5695. 
https://doi.org/10.1074/jbc.M114.597245 

Nakaya, Y., Sukowati, E. W., Wu, Y., & Sheng, G. (2008). RhoA and microtubule dynamics 
control cell-basement membrane interaction in EMT during gastrulation. Nature Cell 
Biology, 10(7), 765–775. https://doi.org/10.1038/ncb1739 



 

115 

Nalbandian, A., Ghimbovschi, S., Radom-Aizik, S., Dec, E., Vesa, J., Martin, B., Knoblach, 
S., Smith, C., Hoffman, E., & Kimonis, V. E. (2012). Global gene profiling of VCP-
associated inclusion body myopathy. Clinical and Translational Science, 5(3), 226–234. 
https://doi.org/10.1111/j.1752-8062.2012.00407.x 

Naureckiene, S., Sleat, D. E., Lacklan, H., Fensom, A., Vanier, M. T., Wattiaux, R., Jadot, 
M., & Lobel, P. (2000). Identification of HE1 as the second gene of Niemann-Pick C 
disease. Science, 290(5500), 2298–2301. https://doi.org/10.1126/ 
science.290.5500.2298 

Neves, F., Abrantes, J., Almeida, T., De Matos, A. L., Costa, P. P., & Esteves, P. J. (2015). 
Genetic characterization of interleukins (IL-1α, IL-1β, IL-2, IL-4, IL-8, IL-10, IL-12A, 
IL-12B, IL-15 and IL-18) with relevant biological roles in lagomorphs. Innate Immunity, 
21(8), 787–801. https://doi.org/10.1177/1753425915606209 

Nguengang Wakap, S., Lambert, D. M., Olry, A., Rodwell, C., Gueydan, C., Lanneau, V., 
Murphy, D., Le Cam, Y., & Rath, A. (2020). Estimating cumulative point prevalence 
of rare diseases: analysis of the Orphanet database. European Journal of Human 
Genetics, 28(2), 165–173. https://doi.org/10.1038/s41431-019-0508-0 

Nguyen, N., Judd, L. M., Kalantzis, A., Whittle, B., Giraud, A. S., & Van Driel, I. R. (2011). 
Random mutagenesis of the mouse genome: A strategy for discovering gene function 
and the molecular basis of disease. American Journal of Physiology - Gastrointestinal 
and Liver Physiology, 300, G1–G11. https://doi.org/10.1152/ajpgi.00343.2010 

Nguyen, P. V., Abel, T., Kandel, E. R., & Bourtchouladze, R. (2000). Strain-dependent 
differences in LTP and hippocampus-dependent memory in inbred mice. Learning and 
Memory, 7(3), 170–179. https://doi.org/10.1101/lm.7.3.170 

Nichols, C. D. (2006). Drosophila melanogaster neurobiology, neuropharmacology, and 
how the fly can inform central nervous system drug discovery. Pharmacology and 
Therapeutics, 112(3), 677–700. https://doi.org/10.1016/j.pharmthera.2006.05.012 

Nichols, J., Silva, J., Roode, M., & Smith, A. (2009). Suppression of Erk signalling promotes 
ground state pluripotency in the mouse embryo. Development (Cambridge), 136(19), 
3215–3222. https://pubmed.ncbi.nlm.nih.gov/19710168/ 

Nicklas, W., Baneux, P., Boot, R., Decelle, T., Deeny, A. A., Fumanelli, M., & Illgen-Wilcke, 
B. (2002). Recommendations for the health monitoring of rodent and rabbit colonies in 
breeding and experimental units. Laboratory Animals, 36(1), 20–42. 
https://doi.org/10.1258/0023677021911740 

Nikkanen, L., & Rintamäki, E. (2019). Chloroplast thioredoxin systems dynamically 
regulate photosynthesis in plants. Biochemical Journal, 476(7), 1159–1172. 
https://doi.org/10.1042/BCJ20180707 

Nikkanen, L., Toivola, J., Trotta, A., Diaz, M. G., Tikkanen, M., Aro, E. M., & Rintamäki, 
E. (2018). Regulation of cyclic electron flow by chloroplast NADPH-dependent 
thioredoxin system. Plant Direct, 2(11). https://doi.org/10.1002/pld3.93 

Nishi, K., Iwaihara, Y., Tsunoda, T., Doi, K., Sakata, T., Shirasawa, S., & Ishikura, S. (2017). 
ROS-induced cleavage of NHLRC2 by caspase-8 leads to apoptotic cell death in the 
HCT116 human colon cancer cell line. Cell Death & Disease, 8(12), 3218. 
https://doi.org/10.1038/s41419-017-0006-7 



 

116 

Niu, Y., Dai, Z., Liu, W., Zhang, C., Yang, Y., Guo, Z., Li, X., Xu, C., Huang, X., Wang, 
Y., Shi, Y. S., & Liu, J. J. (2017). Ablation of SNX6 leads to defects in synaptic function 
of CA1 pyramidal neurons and spatial memory. ELife, 6. 
https://doi.org/10.7554/eLife.20991 

Noben-Trauth, K., Zheng, Q. Y., & Johnson, K. R. (2003). Association of cadherin 23 with 
polygenic inheritance and genetic modification of sensorineural hearing loss. Nature 
Genetics, 35(1), 21. https://doi.org/10.1038/NG1226 

Norio, R. (2003). Finnish Disease Heritage I: Characteristics, causes, background. Human 
Genetics, 112(5–6), 441–456. https://doi.org/10.1007/s00439-002-0875-3 

O’Rahilly, R. (1979). Early human development and the chief sources of information on 
staged human embryos. European Journal of Obstetrics and Gynecology and 
Reproductive Biology, 9(4), 273–280. https://doi.org/10.1016/0028-2243(79)90068-6 

Oberheim, N. A., Takano, T., Han, X., He, W., Lin, J. H. C., Wang, F., Xu, Q., Wyatt, J. D., 
Pilcher, W., Ojemann, J. G., Ransom, B. R., Goldman, S. A., & Nedergaard, M. (2009). 
Uniquely hominid features of adult human astrocytes. Journal of Neuroscience, 29(10), 
3276–3287. https://doi.org/10.1523/JNEUROSCI.4707-08.2009 

Odawara, A., Saitoh, Y., Alhebshi, A. H., Gotoh, M., & Suzuki, I. (2014). Long-term 
electrophysiological activity and pharmacological response of a human induced 
pluripotent stem cell-derived neuron and astrocyte co-culture. Biochemical and 
Biophysical Research Communications, 443(4), 1176–1181. https://doi.org/10.1016/ 
J.BBRC.2013.12.142 

Ohlmeier, S., Mazur, W., Salmenkivi, K., Myllärniemi, M., Bergmann, U., & Kinnula, V. L. 
(2010). Proteomic studies on receptor for advanced glycation end product variants in 
idiopathic pulmonary fibrosis and chronic obstructive pulmonary disease. Proteomics - 
Clinical Applications, 4(1), 97–105. https://doi.org/10.1002/prca.200900128 

Oji, A., Noda, T., Fujihara, Y., Miyata, H., Kim, Y. J., Muto, M., Nozawa, K., Matsumura, 
T., Isotani, A., & Ikawa, M. (2016). CRISPR/Cas9 mediated genome editing in ES cells 
and its application for chimeric analysis in mice. Scientific Reports, 6. 
https://doi.org/10.1038/srep31666 

Otis, E. M., & Brent, R. (1954). Equivalent ages in mouse and human embryos. The 
Anatomical Record, 120(1), 33–63. https://doi.org/10.1002/ar.1091200104 

Paakkola, T., Salokas, K., Miinalainen, I., Lehtonen, S., Manninen, A., Kaakinen, M., 
Ruddock, L. W., Varjosalo, M., Kaarteenaho, R., Uusimaa, J., & Hinttala, R. (2018). 
Biallelic mutations in human NHLRC2 enhance myofibroblast differentiation in 
FINCA disease. Human Molecular Genetics, 27(24), 4288–4302. https://doi.org/ 
10.1093/hmg/ddy298 

Paigen, K. (2003a). One hundred years of mouse genetics: an intellectual history. I. The 
Clssical Preiod (1902-1980). Genetics, 163(1), 1–7. https://doi.org/10.1093/genetics/ 
163.1.1 

Paigen, K. (2003b). One hundred years of mouse genetics: an intellectual history. II. The 
molecular revolution (1981-2002). Genetics, 163(4), 1227–1235. https://doi.org/ 
10.1093/genetics/163.4.1227 



 

117 

Palmer, D. N., Neverman, N. J., Chen, J. Z., Chang, C. T., Houweling, P. J., Barry, L. A., 
Tammen, I., Hughes, S. M., & Mitchell, N. L. (2015). Recent studies of ovine neuronal 
ceroid lipofuscinoses from BARN, the Batten Animal Research Network. Biochimica 
et Biophysica Acta - Molecular Basis of Disease, 1852(10), 2279–2286. 
https://doi.org/10.1016/j.bbadis.2015.06.013 

Pandey, U. B., & Nichols, C. D. (2011). Human Disease Models in Drosophila melanogaster 
and the Role of the Fly in Therapeutic Drug Discovery. Pharmacological Reviews, 
63(2), 411. https://doi.org/10.1124/PR.110.003293 

Pang, T. L., Chen, F. C., Weng, Y. L., Liao, H. C., Yi, Y. H., Ho, C. L., Lin, C. H., & Chen, 
M. Y. (2010). Costars, a Dictyosteliumprotein similar to the C-terminal domain of 
STARS, regulates the actin cytoskeleton and motility. Journal of Cell Science, 123(21), 
3745–3755. https://doi.org/10.1242/jcs.064709 

Pankiewicz, J. E., Diaz, J. R., Martá-Ariza, M., Lizińczyk, A. M., Franco, L. A., & Sadowski, 
M. J. (2020). Peroxiredoxin 6 mediates protective function of astrocytes in Aβ 
proteostasis. Molecular Neurodegeneration, 15(1). https://doi.org/10.1186/s13024-
020-00401-8 

Peltonen, L., Jalanko, A., & Varilo, T. (1999). Molecular genetics of the Finnish disease 
heritage. Human Molecular Genetics, 8(10), 1913–1923. https://doi.org/10.1093/ 
hmg/8.10.1913 

Penisson, M., Ladewig, J., Belvindrah, R., & Francis, F. (2019). Genes and Mechanisms 
Involved in the Generation and Amplification of Basal Radial Glial Cells. Frontiers in 
Cellular Neuroscience, 13, 381. https://doi.org/10.3389/FNCEL.2019.00381/BIBTEX 

Pereira, P. N., Dobreva, M. P., Graham, L., Huylebroeck, D., Lawson, K. A., & Zwijsen, A. 
(2011). Amnion formation in the mouse embryo: The single amniochorionic fold model. 
BMC Developmental Biology, 11(1), 1–13. https://doi.org/10.1186/1471-213X-11-48 

Perez-Garcia, V., Fineberg, E., Wilson, R., Murray, A., Mazzeo, C. I., Tudor, C., Sienerth, 
A., White, J. K., Tuck, E., Ryder, E. J., Gleeson, D., Siragher, E., Wardle-Jones, H., 
Staudt, N., Wali, N., Collins, J., Geyer, S., Busch-Nentwich, E. M., Galli, A., … 
Hemberger, M. (2018). Placentation defects are highly prevalent in embryonic lethal 
mouse mutants. Nature, 555(7697), 463–468. https://doi.org/10.1038/nature26002 

Perlman, R. L. (2016). Mouse models of human disease An evolutionary perspective. 
Evolution, 170–176. https://doi.org/10.1093/emph/eow014 

Petanjek, Z., Judaš, M., Šimić, G., Rašin, M. R., Uylings, H. B. M., Rakic, P., & Kostović, 
I. (2011). Extraordinary neoteny of synaptic spines in the human prefrontal cortex. 
Proceedings of the National Academy of Sciences of the United States of America, 
108(32), 13281–13286. https://doi.org/10.1073/PNAS.1105108108/-
/DCSUPPLEMENTAL 

Petrov, V. V., Fagard, R. H., & Lijnen, P. J. (2002). Stimulation of collagen production by 
transforming growth factor-β1 during differentiation of cardiac fibroblasts to 
myofibroblasts. Hypertension, 39(2 I), 258–263. https://doi.org/10.1161/ 
hy0202.103268 



 

118 

Pickar-Oliver, A., & Gersbach, C. A. (2019). The next generation of CRISPR–Cas 
technologies and applications. Nature Reviews Molecular Cell Biology, 20(8), 490–507. 
https://doi.org/10.1038/s41580-019-0131-5 

Pijuan-Sala, B., Griffiths, J. A., Guibentif, C., Hiscock, T. W., Jawaid, W., Calero-Nieto, F. 
J., Mulas, C., Ibarra-Soria, X., Tyser, R. C. V., Ho, D. L. L., Reik, W., Srinivas, S., 
Simons, B. D., Nichols, J., Marioni, J. C., & Göttgens, B. (2019). A single-cell 
molecular map of mouse gastrulation and early organogenesis. Nature, 566(7745), 490–
495. https://doi.org/10.1038/s41586-019-0933-9 

Pleasure, I. T., Black, M. M., & Keen, J. H. (1993). Valosin-containing protein, VCP, is a 
ubiquitous clathrin-binding protein. Nature, 365(6445), 459–462. 
https://doi.org/10.1038/365459a0 

Polkoff, K. M., Lotti, S. N., Beever, J. E., & Wheeler, M. B. (2017). 206 CRISPR/Cas9-
MEDIATED REPAIR OF THE NHLRC2 LOCUS IN BEEF CATTLE. Reproduction, 
Fertility and Development, 29(1), 212. https://doi.org/10.1071/rdv29n1ab206 

Polla, D. L., Rahikkala, E., Bode, M. K., Määttä, T., Varilo, T., Loman, T., Philips, A. K., 
Kurki, M., Palotie, A., Körkkö, J., Avela, K., Jacquemin, V., Pirson, I., Abramowicz, 
M., de Brouwer, A. P. M., Kuismin, O., van Bokhoven, H., & Järvelä, I. (2019). 
Phenotypic spectrum associated with a CRADD founder variant underlying 
frontotemporal predominant pachygyria in the Finnish population. European Journal 
of Human Genetics, 27(8), 1235–1243. https://doi.org/10.1038/s41431-019-0383-8 

Pound, P., & Ritskes-Hoitinga, M. (2018). Is it possible to overcome issues of external 
validity in preclinical animal research? Why most animal models are bound to fail. 
Journal of Translational Medicine, 16(1). https://doi.org/10.1186/s12967-018-1678-1 

Pressler, R., & Auvin, S. (2013). Comparison of Brain Maturation among Species: An 
Example in Translational Research Suggesting the Possible Use of Bumetanide in 
Newborn. Frontiers in Neurology, 4, 1. https://doi.org/10.3389/fneur.2013.00036 

Price, D. J., Aslam, S., Tasker, L., & Gillies, K. (1997). Fates of the earliest generated cells 
in the developing murine neocortex. Journal of Comparative Neurology, 377(3), 414–
422. https://doi.org/10.1002/(SICI)1096-9861(19970120)377:3<414::AID-
CNE8>3.0.CO;2-5 

Prust, M., Wang, J., Morizono, H., Messing, A., Brenner, M., Gordon, E., Hartka, T., Sokohl, 
A., Schiffmann, R., Gordish-Dressman, H., Albin, R., Amartino, H., Brockman, K., 
Dinopoulos, A., Dotti, M. T., Fain, D., Fernandez, R., Ferreira, J., Fleming, J., … 
Vanderver, A. (2011). GFAP mutations, age at onset, and clinical subtypes in Alexander 
disease. Neurology, 77(13), 1287–1294. https://doi.org/10.1212/ 
WNL.0b013e3182309f72 

Purice, M. D., & Taylor, J. P. (2018). Linking hnRNP function to ALS and FTD pathology. 
Frontiers in Neuroscience, 12, 326. https://doi.org/10.3389/fnins.2018.00326 

Raess, M., de Castro, A. A., Gailus-Durner, V., Fessele, S., & Hrabě de Angelis, M. (2016). 
INFRAFRONTIER: a European resource for studying the functional basis of human 
disease. Mammalian Genome, 27(7–8), 445–450. https://doi.org/10.1007/s00335-016-
9642-y 



 

119 

Ramanathan, H. N., & Ye, Y. (2012). The p97 ATPase associates with EEA1 to regulate the 
size of early endosomes. Cell Research, 22(2), 346–359. https://doi.org/10.1038/ 
cr.2011.80 

Rapp, C. K., Van Dijck, I., Laugwitz, L., Boon, M., Briassoulis, G., Ilia, S., Kammer, B., 
Reu, S., Hornung, S., Buchert, R., Sofan, L., Froukh, T., Witters, P., Rymen, D., Haack, 
T. B., Proesmans, M., & Griese, M. (2021). Expanding the phenotypic spectrum of 
FINCA syndrome beyond infancy. Clinical Genetics, 100(4), 453–461. 
https://doi.org/10.1111/cge.14016 

Rett, A. (1966). Uber ein eigenartiges hirnatrophisches Syndrom bei Hyperammonämie im 
Kindersalter [On a unusual brain atrophy syndrome in hyperammonemia in childhood]. 
Wien Med Wochenschr., 116(37), 723–726. 

Rice, D., & Barone, S. (2000). Critical periods of vulnerability for the developing nervous 
system: Evidence from humans and animal models. Environmental Health Perspectives, 
108(SUPPL. 3), 511–533. https://doi.org/10.1289/ehp.00108s3511 

Richardson, L., Venkataraman, S., Stevenson, P., Yang, Y., Moss, J., Graham, L., Burton, 
N., Hill, B., Rao, J., Baldock, R. A., & Armit, C. (2014). EMAGE mouse embryo spatial 
gene expression database: 2014 update. Nucleic Acids Research, 42(D1), D835–D844. 
https://doi.org/10.1093/nar/gkt1155 

Ritz, D., Vuk, M., Kirchner, P., Bug, M., Schütz, S., Hayer, A., Bremer, S., Lusk, C., Baloh, 
R. H., Lee, H., Glatter, T., Gstaiger, M., Aebersold, R., Weihl, C. C., & Meyer, H. 
(2011). Endolysosomal sorting of ubiquitylated caveolin-1 is regulated by VCP and 
UBXD1 and impaired by VCP disease mutations. Nature Cell Biology, 13(9), 1116–
1123. https://doi.org/10.1038/ncb2301 

Rivera-Pérez, J. A., & Hadjantonakis, A. K. (2015). The dynamics of morphogenesis in the 
early mouse embryo. Cold Spring Harbor Perspectives in Biology, 7(11). 
https://doi.org/10.1101/cshperspect.a015867 

Rivera-Pérez, J. A., & Magnuson, T. (2005). Primitive streak formation in mice is preceded 
by localized activation of Brachyury and Wnt3. Developmental Biology, 288(2), 363–
371. https://doi.org/10.1016/j.ydbio.2005.09.012 

Robertson, E., Bradley, A., Kuehn, M., & Evans, M. (1986). Germ-Line transmission of 
genes introduced into cultured pluripotential cells by retroviral vector. Nature, 
323(6087), 445–448. https://doi.org/10.1038/323445a0 

Rosshart, S. P., Herz, J., Vassallo, B. G., Hunter, A., Wall, M. K., Badger, J. H., McCulloch, 
J. A., Anastasakis, D. G., Sarshad, A. A., Leonardi, I., Collins, N., Blatter, J. A., Han, 
S. J., Tamoutounour, S., Potapova, S., Foster St Claire, M. B., Yuan, W., Sen, S. K., 
Dreier, M. S., … Rehermann, B. (2019). Laboratory mice born to wild mice have natural 
microbiota and model human immune responses. Science, 365(6452). 
https://doi.org/10.1126/science.aaw4361 

Rozmahel, R., Wilschanski, M., Matin, A., Plyte, S., Oliver, M., Auerbach, W., Moore, A., 
Forstner, J., Durie, P., Nadeau, J., Bear, C., & Tsui, L. C. (1996). Modulation of disease 
severity in cystic fibrosis transmembrane conductance regulator deficient mice by a 
secondary genetic factor. Nature Genetics, 12(3), 280–287. https://doi.org/10.1038/ 
ng0396-280 



 

120 

Rubin, G. M., & Lewis, E. B. (2000). A brief history of Drosophila’s contributions to 
genome research. Science, 287(5461), 2216–2218. https://doi.org/10.1126/ 
SCIENCE.287.5461.2216 

Rubio, J. P., Danek, A., Stone, C., Chalmers, R., Wood, N., Verellen, C., Ferrer, X., 
Malandrini, A., Fabrizi, G. M., Manfredi, M., Vance, J., Pericak-Vance, M., Brown, R., 
Rudolf, G., Picard, F., Alonso, E., Brin, M., Németh, A. H., Farrall, M., & Monaco, A. 
P. (1997). Chorea-acanthocytosis: Genetic linkage to chromosome 9q21. American 
Journal of Human Genetics, 61(4), 899–908. https://doi.org/10.1086/514876 

Russell, W. L., Kelly, E. M., Hunsicker, P. R., Bangham, J. W., Maddux, S. C., & Phipps, 
E. L. (1979). Specific-locus test shows ethylnitrosourea to the the most potent mutagen 
in the mouse. Proceedings of the National Academy of Sciences of the United States of 
America, 76(11), 5818–5819. https://doi.org/10.1073/pnas.76.11.5818 

Russell, W. M. S., & Burch, R. L. (1959). The Principles of Humane Experimental 
Technique. Methuen & CO LTD. 

Sadowski, P. D. (1995). The Flp Recombinase of th 2-μm Plasmid of Saccharomyces 
cerevisiae. Progress in Nucleic Acid Research and Molecular Biology, 51(C), 53–91. 
https://doi.org/10.1016/S0079-6603(08)60876-4 

Sanders, J. R., & Jones, K. T. (2018). Regulation of the meiotic divisions of mammalian 
oocytes and eggs. Biochemical Society Transactions, 46(4), 797–806. 
https://doi.org/10.1042/BST20170493 

Sauer, B., & Henderson, N. (1988). Site-specific DNA recombination in mammalian cells 
by the Cre recombinase of bacteriophage P1. Proceedings of the National Academy of 
Sciences of the United States of America, 85(14), 5166–5170. 
http://www.ncbi.nlm.nih.gov/pubmed/2839833 

Sbardella, D., Tundo, G. R., Campagnolo, L., Valacchi, G., Orlandi, A., Curatolo, P., 
Borsellino, G., D’Esposito, M., Ciaccio, C., Cesare, S. Di, Pierro, D. Di, Galasso, C., 
Santarone, M. E., Hayek, J., Coletta, M., & Marini, S. (2017). Retention of 
Mitochondria in Mature Human Red Blood Cells as the Result of Autophagy 
Impairment in Rett Syndrome. Scientific Reports , 7(1), 12297. 
https://doi.org/10.1038/s41598-017-12069-0 

Scavizzi, F., Ryder, E., Newman, S., Raspa, M., Gleeson, D., Wardle-Jones, H., Montoliu, 
L., Fernandez, A., Dessain, M.-L., Larrigaldie, V., Khorshidi, Z., Vuolteenaho, R., 
Soininen, R., André, P., Jacquot, S., Hong, Y., de Angelis, M. H., Ramirez-Solis, R., & 
Doe, B. (2015). Blastocyst genotyping for quality control of mouse mutant archives: an 
ethical and economical approach. Transgenic Research, 24(5), 921–927. 
https://doi.org/10.1007/s11248-015-9897-1 

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., 
Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J. Y., White, D. J., 
Hartenstein, V., Eliceiri, K., Tomancak, P., & Cardona, A. (2012). Fiji: An open-source 
platform for biological-image analysis. Nature Methods, 9(7), 676–682. 
https://doi.org/10.1038/nmeth.2019 

Schulze, H., & Sandhoff, K. (2011). Lysosomal lipid storage diseases. Cold Spring Harbor 
Perspectives in Biology, 3(6), 1–19. https://doi.org/10.1101/cshperspect.a004804 



 

121 

Semple, B. D., Blomgren, K., Gimlin, K., Ferriero, D. M., & Noble-Haeusslein, L. J. (2013). 
Brain development in rodents and humans: Identifying benchmarks of maturation and 
vulnerability to injury across species. Progress in Neurobiology, 106–107, 1–16. 
https://doi.org/10.1016/j.pneurobio.2013.04.001 

Sert, N. P. du, Hurst, V., Ahluwalia, A., Alam, S., Avey, M. T., Baker, M., Browne, W. J., 
Clark, A., Cuthill, I. C., Dirnagl, U., Emerson, M., Garner, P., Holgate, S. T., Howells, 
D. W., Karp, N. A., Lazic, S. E., Lidster, K., MacCallum, C. J., Macleod, M., … Würbel, 
H. (2020). The ARRIVE guidelines 2.0: Updated guidelines for reporting animal 
research. PLOS Biology, 18(7), e3000410. https://doi.org/10.1371/ 
JOURNAL.PBIO.3000410 

Shah, P. P., & Beverly, L. J. (2015). Regulation of VCP/p97 demonstrates the critical 
balance between cell death and epithelial-mesenchymal transition (EMT) downstream 
of ER stress. Oncotarget, 6(19), 17725–17737. https://doi.org/10.18632/ 
oncotarget.3918 

Shinohara, E. T., Kaminski, J. M., Segal, D. J., Pelczar, P., Kolhe, R., Ryan, T., Coates, C. 
J., Fraser, M. J., Handler, A. M., Yanagimachi, R., & Moisyadi, S. (2007). Active 
integration: New strategies for transgenesis. Transgenic Research, 16(3), 333–339. 
https://doi.org/10.1007/s11248-007-9077-z 

Shuman, H. A., Silhavy, T. J., & Beckwith, J. R. (1980). Labeling of proteins with β-
galactosidase by gene fusion. Identification of a cytoplasmic membrane component of 
the Escherichia coli maltose transport system. Journal of Biological Chemistry, 255(1), 
168–174. https://europepmc.org/article/med/6765939 

Silbereis, J. C., Pochareddy, S., Zhu, Y., Li, M., & Sestan, N. (2016). The Cellular and 
Molecular Landscapes of the Developing Human Central Nervous System. Neuron, 
89(2), 248. https://doi.org/10.1016/J.NEURON.2015.12.008 

Skarnes, W. C., Rosen, B., West, A. P., Koutsourakis, M., Bushell, W., Iyer, V., Mujica, A. 
O., Thomas, M., Harrow, J., Cox, T., Jackson, D., Severin, J., Biggs, P., Fu, J., Nefedov, 
M., de Jong, P. J., Stewart, A. F., & Bradley, A. (2011). A conditional knockout 
resource for the genome-wide study of mouse gene function. Nature, 474(7351), 337–
342. https://doi.org/10.1038/nature10163 

Slack, F. J., & Ruvkun, G. (1998). A novel repeat domain that is often associated with RING 
finger and B-box motifs. Trends in Biochemical Sciences, 23(12), 474–475. 
https://doi.org/10.1016/S0968-0004(98)01299-7 

Smith, A. J., Clutton, R. E., Lilley, E., Hansen, K. E. A., & Brattelid, T. (2018). PREPARE: 
guidelines for planning animal research and testing. Laboratory Animals, 52(2), 135–
141. https://doi.org/10.1177/0023677217724823 

Snyder, B. R., & Chan, A. W. S. (2018). Progress in developing transgenic monkey model 
for Huntington’s disease. Journal of Neural Transmission, 125(3), 401–417. 
https://doi.org/10.1007/s00702-017-1803-y 

Solnica-Krezel, L., & Sepich, D. S. (2012). Gastrulation: Making and shaping germ layers. 
Annual Review of Cell and Developmental Biology, 28, 687–717. 
https://doi.org/10.1146/annurev-cellbio-092910-154043 



 

122 

Solter, D., & Knowles, B. B. (1975). Immunosurgery of mouse blastocyst. Proceedings of 
the National Academy of Sciences of the United States of America, 72(12), 5099–5102. 
https://doi.org/10.1073/pnas.72.12.5099 

Spandidos, A., Wang, X., Wang, H., & Seed, B. (2009). PrimerBank: A resource of human 
and mouse PCR primer pairs for gene expression detection and quantification. Nucleic 
Acids Research, 38(SUPPL.1). https://doi.org/10.1093/nar/gkp1005 

Stagni, F., Giacomini, A., Guidi, S., Ciani, E., & Bartesaghi, R. (2015). Timing of therapies 
for Down syndrome: the sooner, the better. Frontiers in Behavioral Neuroscience, 9, 
265. https://doi.org/10.3389/fnbeh.2015.00265 

Staretz-Chacham, O., Aviram, M., Morag, I., Goldbart, A., & Hershkovitz, E. (2018). 
Pulmonary involvement in Niemann-Pick C type 1. European Journal of Pediatrics, 
177(11), 1609–1615. https://doi.org/10.1007/s00431-018-3219-6 

Sternberg, N., & Hamilton, D. (1981). Bacteriophage P1 site-specific recombination. I. 
Recombination between loxP sites. Journal of Molecular Biology, 150(4), 467–486. 
http://www.ncbi.nlm.nih.gov/pubmed/6276557 

Sulonen, A. M., Ellonen, P., Almusa, H., Lepistö, M., Eldfors, S., Hannula, S., Miettinen, 
T., Tyynismaa, H., Salo, P., Heckman, C., Joensuu, H., Raivio, T., Suomalainen, A., & 
Saarela, J. (2011). Comparison of solution-based exome capture methods for next 
generation sequencing. Genome Biology, 12(9). https://doi.org/10.1186/GB-2011-12-
9-R94 

Susumu, Y., Hiroshi, N., & Tasuo, N. (1975). Biochemical studies on tissues from a patient 
with lafora disease. Clinica Chimica Acta, 62(3), 415–423. 
https://doi.org/10.1016/0009-8981(75)90093-5 

Szklarczyk, D., Gable, A. L., Lyon, D., Junge, A., Wyder, S., Huerta-Cepas, J., Simonovic, 
M., Doncheva, N. T., Morris, J. H., Bork, P., Jensen, L. J., & Mering, C. von. (2019). 
STRING v11: protein–protein association networks with increased coverage, 
supporting functional discovery in genome-wide experimental datasets. Nucleic Acids 
Research, 47(D1), D607–D613. https://doi.org/10.1093/nar/gky1131 

Szpirer, C. (2020). Rat models of human diseases and related phenotypes: A systematic 
inventory of the causative genes. Journal of Biomedical Science, 27(1), 1–52. 
https://doi.org/10.1186/s12929-020-00673-8 

Tadenev, A. L. D., & Burgess, R. W. (2019). Model validity for preclinical studies in 
precision medicine: precisely how precise do we need to be? Mammalian Genome, 
30(5–6), 111–122. https://doi.org/10.1007/s00335-019-09798-0 

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., & Yamanaka, 
S. (2007). Induction of Pluripotent Stem Cells from Adult Human Fibroblasts by 
Defined Factors. Cell, 131(5), 861–872. https://doi.org/10.1016/j.cell.2007.11.019 

Takahashi, K., & Yamanaka, S. (2006). Induction of Pluripotent Stem Cells from Mouse 
Embryonic and Adult Fibroblast Cultures by Defined Factors. Cell, 126(4), 663–676. 
https://doi.org/10.1016/j.cell.2006.07.024 



 

123 

Takahashi, T., Nowakowski, R. S., & Caviness, V. S. (1996). The leaving or Q fraction of 
the murine cerebral proliferative epithelium: A general model of neocortical 
neuronogenesis. Journal of Neuroscience, 16(19), 6183–6196. https://doi.org/10.1523/ 
jneurosci.16-19-06183.1996 

Tam, P. P. L., & Behringer, R. R. (1997). Mouse gastrulation: The formation of a 
mammalian body plan. Mechanisms of Development, 68(1–2), 3–25. https://doi.org/ 
10.1016/S0925-4773(97)00123-8 

Tam, P. P. L., & Loebel, D. A. F. (2007). Gene function in mouse embryogenesis: Get set 
for gastrulation. Nature Reviews Genetics, 8(5), 368–381. https://doi.org/10.1038/ 
nrg2084 

Tammineni, P., Jeong, Y. Y., Feng, T., Aikal, D., & Cai, Q. (2017). Impaired axonal 
retrograde trafficking of the retromer complex augments lysosomal deficits in 
Alzheimer’s disease neurons. Human Molecular Genetics, 26(22), 4352–4366. 
https://doi.org/10.1093/hmg/ddx321 

Tang, G., Yue, Z., Talloczy, Z., Hagemann, T., Cho, W., Messing, A., Sulzer, D. L., & 
Goldman, J. E. (2008). Autophagy induced by Alexander disease-mutant GFAP 
accumulation is regulated by p38/MAPK and mTOR signaling pathways. Human 
Molecular Genetics, 17(11), 1540. https://doi.org/10.1093/HMG/DDN042 

Tang, Q., Staub, C. M., Gao, G., Jin, Q., Wang, Z., Ding, W., Aurigemma, R. E., & Mulder, 
K. M. (2002). A novel transforming growth factor-β receptor-interacting protein that is 
also a light chain of the motor protein dynein. Molecular Biology of the Cell, 13(12), 
4484–4496. https://doi.org/10.1091/mbc.E02-05-0245 

Tasic, B., Yao, Z., Graybuck, L. T., Smith, K. A., Nguyen, T. N., Bertagnolli, D., Goldy, J., 
Garren, E., Economo, M. N., Viswanathan, S., Penn, O., Bakken, T., Menon, V., Miller, 
J., Fong, O., Hirokawa, K. E., Lathia, K., Rimorin, C., Tieu, M., … Zeng, H. (2018). 
Shared and distinct transcriptomic cell types across neocortical areas. Nature, 
563(7729), 72–78. https://doi.org/10.1038/s41586-018-0654-5 

Tau, G. Z., & Peterson, B. S. (2010). Normal Development of Brain Circuits. 
Neuropsychopharmacology Reviews, 35, 147–168. https://doi.org/10.1038/ 
npp.2009.115 

Tay, T. L., Savage, J. C., Hui, C. W., Bisht, K., & Tremblay, M. È. (2017). Microglia across 
the lifespan: from origin to function in brain development, plasticity and cognition. The 
Journal of Physiology, 595(6), 1929–1945. https://doi.org/10.1113/JP272134 

Telley, L., Govindan, S., Prados, J., Stevant, I., Nef, S., Dermitzakis, E., Dayer, A., & 
Jabaudon, D. (2016). Sequential transcriptional waves direct the differentiation of 
newborn neurons in the mouse neocortex. Science, 351(6280), 1443–1446. 
http://science.sciencemag.org/content/351/6280/1443.long 

Terenzio, M., Di Pizio, A., Rishal, I., Marvaldi, L., Di Matteo, P., Kawaguchi, R., Coppola, 
G., Schiavo, G., Fisher, E. M. C., & Fainzilber, M. (2020). DYNLRB1 is essential for 
dynein mediated transport and neuronal survival. Neurobiology of Disease, 140, 104816. 
https://doi.org/10.1016/j.nbd.2020.104816 



 

124 

Teschendorf, D., & Link, C. D. (2009). What have worm models told us about the 
mechanisms of neuronal dysfunction in human neurodegenerative diseases? Molecular 
Neurodegeneration 2009 4:1, 4(1), 1–13. https://doi.org/10.1186/1750-1326-4-38 

The Lancet. (2020). Rare diseases need sustainable options. Lancet (London, England), 
395(10225), 660. https://doi.org/10.1016/S0140-6736(20)30457-8 

Theiler, K. (1989). The House Mouse: Atlas of embryonic development. Springer. 
https://doi.org/10.1007/978-3-642-88418-4 

Tocchini, C., & Ciosk, R. (2015). TRIM-NHL proteins in development and disease. 
Seminars in Cell and Developmental Biology, 47–48, 52–59. https://doi.org/10.1016/ 
j.semcdb.2015.10.017 

Tong, C., Li, P., Wu, N. L., Yan, Y., & Ying, Q. L. (2010). Production of p53 gene knockout 
rats by homologous recombination in embryonic stem cells. Nature, 467(7312), 211–
213. https://doi.org/10.1038/nature09368 

Tresse, E., Salomons, F. A., Vesa, J., Bott, L. C., Kimonis, V., Yao, T.-P., Dantuma, N. P., 
& Taylor, J. P. (2010). VCP/p97 is essential for maturation of ubiquitin-containing 
autophagosomes and this function is impaired by mutations that cause IBMPFD. 
Autophagy, 6(2), 217–227. https://doi.org/10.4161/auto.6.2.11014 

Treuting, P. M., Dintzis, S. M., & Montine, K. S. (2012). Comparative Anatomy and 
Histology. Elsevier Inc. https://doi.org/10.1016/C2009-0-61166-1 

Tsao, M. L., Chao, C. H., & Yeh, C. T. (2006). Interaction of hepatitis C virus F protein with 
prefoldin 2 perturbs tubulin cytoskeleton organization. Biochemical and Biophysical 
Research Communications, 348(1), 271–277. https://doi.org/10.1016/ 
j.bbrc.2006.07.062 

Turnbull, J., Girard, J. M., Lohi, H., Chan, E. M., Wang, P., Tiberia, E., Omer, S., Ahmed, 
M., Bennett, C., Chakrabarty, A., Tyagi, A., Liu, Y., Pencea, N., Zhao, X., Scherer, S. 
W., Ackerley, C. A., & Minassian, B. A. (2012). Early-onset Lafora body disease. Brain, 
135(9), 2684–2698. https://doi.org/10.1093/brain/aws205 

Tuttle, A. H., Philip, V. M., Chesler, E. J., & Mogil, J. S. (2018). Comparing phenotypic 
variation between inbred and outbred mice. Nature Methods, 15(12), 994–996. 
https://doi.org/10.1038/s41592-018-0224-7 

Tzouanacou, E., Wegener, A., Wymeersch, F. J., Wilson, V., & Nicolas, J. F. (2009). 
Redefining the Progression of Lineage Segregations during Mammalian 
Embryogenesis by Clonal Analysis. Developmental Cell, 17(3), 365–376. 
https://doi.org/10.1016/j.devcel.2009.08.002 

Uhlén, M., Fagerberg, L., Hallström, B. M., Lindskog, C., Oksvold, P., Mardinoglu, A., 
Sivertsson, Å., Kampf, C., Sjöstedt, E., Asplund, A., Olsson, I. M., Edlund, K., 
Lundberg, E., Navani, S., Szigyarto, C. A. K., Odeberg, J., Djureinovic, D., Takanen, J. 
O., Hober, S., … Pontén, F. (2015). Tissue-based map of the human proteome. Science, 
347(6220), 1260419–1260419. https://doi.org/10.1126/science.1260419 

Urnov, F. D., Rebar, E. J., Holmes, M. C., Zhang, H. S., & Gregory, P. D. (2010). Genome 
editing with engineered zinc finger nucleases. Nature Reviews Genetics, 11(9), 636–
646. https://doi.org/10.1038/nrg2842 



 

125 

Utz, S. G., See, P., Mildenberger, W., Thion, M. S., Silvin, A., Lutz, M., Ingelfinger, F., 
Rayan, N. A., Lelios, I., Buttgereit, A., Asano, K., Prabhakar, S., Garel, S., Becher, B., 
Ginhoux, F., & Greter, M. (2020). Early Fate Defines Microglia and Non-parenchymal 
Brain Macrophage Development. Cell, 181(3), 557-573.e18. 
https://doi.org/10.1016/J.CELL.2020.03.021 

van Dijk, K. D., Berendse, H. W., Drukarch, B., Fratantoni, S. A., Pham, T. V., Piersma, S. 
R., Huisman, E., Brevé, J. J. P., Groenewegen, H. J., Jimenez, C. R., & van de Berg, W. 
D. J. (2012). The Proteome of the Locus Ceruleus in Parkinson’s Disease: Relevance to 
Pathogenesis. Brain Pathology, 22(4), 485–498. https://doi.org/10.1111/j.1750-
3639.2011.00540.x 

van Gent, D. C., Hoeijmakers, J. H. J., & Kanaar, R. (2001). Chromosomal stability and the 
DNA double-stranded break connection. Nature Reviews Genetics, 2(3), 196–206. 
https://doi.org/10.1038/35056049 

van Weering, J. R. T., & Scheper, W. (2019). Endolysosome and Autolysosome Dysfunction 
in Alzheimer’s Disease: Where Intracellular and Extracellular Meet. CNS Drugs, 33(7), 
639–648. https://doi.org/10.1007/s40263-019-00643-1 

Veldman, M. B., & Lin, S. (2008). Zebrafish as a developmental model organism for 
pediatric research. Pediatric Research, 64(5), 470–476. https://doi.org/10.1203/ 
PDR.0b013e318186e609 

Vici, C. D., Sabetta, G., Gambarara, M., Vigevano, F., Bertini, E., Boldrini, R., Parisi, S. G., 
Quinti, I., Aiuti, F., Fiorilli, M., Optiz, J. M., & Reynolds, J. F. (1988). Agenesis of the 
corpus callosum, combined immunodeficiency, bilateral cataract, and 
hypopigmentation in two brothers. American Journal of Medical Genetics, 29(1), 1–8. 
https://doi.org/10.1002/ajmg.1320290102 

Vieira, P., Nagy, I. I., Rahikkala, E., Väisänen, M. L., Latva, K., Kaunisto, K., Valmari, P., 
Keski-Filppula, R., Haanpää, M. K., Sidoroff, V., Miettinen, P. J., Arkkola, T., 
Ojaniemi, M., Nuutinen, M., Uusimaa, J., & Myllynen, P. (2021). Cytosolic 
phosphoenolpyruvate carboxykinase deficiency: Expanding the clinical phenotype and 
novel laboratory findings. Journal of Inherited Metabolic Disease, 45(2), 223–234. 
https://doi.org/10.1002/jimd.12446 

Wada, Y., & Sun-Wada, G. H. (2013). Positive and negative regulation of developmental 
signaling by the endocytic pathway. Current Opinion in Genetics and Development, 
23(4), 391–398. https://doi.org/10.1016/j.gde.2013.04.002 

Wang, C., Telpoukhovskaia, M. A., Bahr, B. A., Chen, X., & Gan, L. (2018). Endo-
lysosomal dysfunction: a converging mechanism in neurodegenerative diseases. 
Current Opinion in Neurobiology, 48, 52–58. https://doi.org/10.1016/ 
j.conb.2017.09.005 

Wang, F., Flanagan, J., Su, N., Wang, L. C., Bui, S., Nielson, A., Wu, X., Vo, H. T., Ma, X. 
J., & Luo, Y. (2012). RNAscope: A novel in situ RNA analysis platform for formalin-
fixed, paraffin-embedded tissues. Journal of Molecular Diagnostics, 14(1), 22–29. 
https://doi.org/10.1016/j.jmoldx.2011.08.002 



 

126 

Wassmer, T., Attar, N., Bujny, M. V., Oakley, J., Traer, C. J., & Cullen, P. J. (2007). A loss-
of-function screen reveals SNX5 and SNX6 as potential components of the mammalian 
retromer. Journal of Cell Science, 120(1), 45–54. https://doi.org/10.1242/jcs.03302 

Wassmer, T., Attar, N., Harterink, M., van Weering, J. R. T., Traer, C. J., Oakley, J., Goud, 
B., Stephens, D. J., Verkade, P., Korswagen, H. C., & Cullen, P. J. (2009). The 
Retromer Coat Complex Coordinates Endosomal Sorting and Dynein-Mediated 
Transport, with Carrier Recognition by the trans-Golgi Network. Developmental Cell, 
17(1), 110–122. https://doi.org/10.1016/j.devcel.2009.04.016 

Waterston, R. H., Lindblad-Toh, K., Birney, E., Rogers, J., Abril, J. F., Agarwal, P., 
Agarwala, R., Ainscough, R., Alexandersson, M., An, P., Antonarakis, S. E., Attwood, 
J., Baertsch, R., Bailey, J., Barlow, K., Beck, S., Berry, E., Birren, B., Bloom, T., … 
Lander, E. S. (2002). Initial sequencing and comparative analysis of the mouse genome. 
Nature, 420(6915), 520–562. https://doi.org/10.1038/nature01262 

White, J. K., Gerdin, A. K., Karp, N. A., Ryder, E., Buljan, M., Bussell, J. N., Salisbury, J., 
Clare, S., Ingham, N. J., Podrini, C., Houghton, R., Estabel, J., Bottomley, J. R., Melvin, 
D. G., Sunter, D., Adams, N. C., Tannahill, D., Logan, D. W., Macarthur, D. G., … 
Steel, K. P. (2013). Genome-wide generation and systematic phenotyping of knockout 
mice reveals new roles for many genes. Cell, 154(2), 452. https://doi.org/10.1016/ 
j.cell.2013.06.022 

Wielaender, F., Sarviaho, R., James, F., Hytönen, M. K., Cortez, M. A., Kluger, G., 
Koskinen, L. L. E., Arumilli, M., Kornberg, M., Bathen-Noethen, A., Tipold, A., 
Rentmeister, K., Bhatti, S. F. M., Hülsmeyer, V., Boettcher, I. C., Tästensen, C., Flegel, 
T., Dietschi, E., Leeb, T., … Lohi, H. (2017). Generalized myoclonic epilepsy with 
photosensitivity in juvenile dogs caused by a defective DIRAS family GTPase 1. 
Proceedings of the National Academy of Sciences, 114(10), 2669–2674. 
https://doi.org/10.1073/PNAS.1614478114 

Williams, M., Burdsal, C., Periasamy, A., Lewandoski, M., & Sutherland, A. (2012). Mouse 
primitive streak forms in situ by initiation of epithelial to mesenchymal transition 
without migration of a cell population. Developmental Dynamics, 241(2), 270–283. 
https://doi.org/10.1002/dvdy.23711 

Winckler, B., Faundez, V., Maday, S., Cai, Q., Almeida, C. G., & Zhang, H. (2018). The 
endolysosomal system and proteostasis: From development to degeneration. Journal of 
Neuroscience, 38(44), 9364–9374. https://doi.org/10.1523/JNEUROSCI.1665-18.2018 

WMA. (2013). WMA Declaration of Helsinki – Ethical Principles for Medical Research 
Involving Human Subjects – WMA – The World Medical Association. 
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-
for-medical-research-involving-human-subjects/ 

Wolozin, B., & Ivanov, P. (2019). Stress granules and neurodegeneration. Nature Reviews 
Neuroscience, 20(11), 649–666. https://doi.org/10.1038/s41583-019-0222-5 

Wright, C. F., FitzPatrick, D. R., & Firth, H. V. (2018). Paediatric genomics: Diagnosing 
rare disease in children. Nature Reviews Genetics, 19(5), 253–268. 
https://doi.org/10.1038/nrg.2017.116 



 

127 

Xue, L., Yi, H., Huang, Z., Shi, Y. B., & Li, W. X. (2011). Global gene expression during 
the human organogenesis: From tran-scription profiles to function predictions. 
International Journal of Biological Sciences, 7(7), 1068–1076. 
https://doi.org/10.7150/ijbs.7.1068 

Yang, Y. G., & Sykes, M. (2007). Xenotransplantation: Current status and a perspective on 
the future. Nature Reviews Immunology, 7(7), 519–531. https://doi.org/10.1038/nri2099 

Yao, J., & Shoubridge, E. A. (1999). Expression and Functional Analysis of SURF1 in Leigh 
Syndrome Patients With Cytochrome c Oxidase Deficiency. Human Molecular 
Genetics, 8(13), 2541–2549. https://doi.org/10.1093/HMG/8.13.2541 

Ye, Jian, Coulouris, G., Zaretskaya, I., Cutcutache, I., Rozen, S., & Madden, T. L. (2012). 
Primer-BLAST: a tool to design target-specific primers for polymerase chain reaction. 
BMC Bioinformatics, 13, 134. https://doi.org/10.1186/1471-2105-13-134 

Ye, Jing, Liu, H., Xu, Z. L., Zheng, L., & Liu, R. Y. (2019). Identification of a 
multidimensional transcriptome prognostic signature for lung adenocarcinoma. Journal 
of Clinical Laboratory Analysis, 33(9). https://doi.org/10.1002/jcla.22990 

Yeung, A. T. Y., Choi, Y. H., Lee, A. H. Y., Hale, C., Ponstingl, H., Pickard, D., Goulding, 
D., Thomas, M., Gill, E., Kim, J. K., Bradley, A., Hancock, R. E. W., & Dougana, G. 
(2019). A Genome-Wide Knockout Screen in Human Macrophages Identified Host 
Factors Modulating Salmonella Infection. MBio, 10(5), e02169-19. 
https://doi.org/10.1128/mBio.02169-19 

Yu, G., Pan, X., Hao, J., Shi, L., Zhang, Y., Wang, J., Xiao, Y., Yang, F., Lou, J., Chang, 
W., & Malnoë, A. (2021). Structure of SOQ1 lumenal domains identifies potential 
disulfide exchange for negative regulation of photoprotection, qH 2 3. BioRxiv, 
2021.03.16.435614. https://doi.org/10.1101/2021.03.16.435614 

Yu, J., Vodyanik, M. A., Smuga-Otto, K., Antosiewicz-Bourget, J., Frane, J. L., Tian, S., 
Nie, J., Jonsdottir, G. A., Ruotti, V., Stewart, R., Slukvin, I. I., & Thomson, J. A. (2007). 
Induced pluripotent stem cell lines derived from human somatic cells. Science, 
318(5858), 1917–1920. https://doi.org/10.1126/science.1151526 

Yue, F., Cheng, Y., Breschi, A., Vierstra, J., Wu, W., Ryba, T., Sandstrom, R., Ma, Z., Davis, 
C., Pope, B. D., Shen, Y., Pervouchine, D. D., Djebali, S., Thurman, R. E., Kaul, R., 
Rynes, E., Kirilusha, A., Marinov, G. K., Williams, B. A., … Ren, B. (2014). A 
comparative encyclopedia of DNA elements in the mouse genome. Nature, 515(7527), 
355–364. https://doi.org/10.1038/nature13992 

Yun, S. M., Kim, S. H., & Kim, E. H. (2019). The molecular mechanism of transforming 
growth factor-β signaling for intestinal fibrosis: A mini-review. Frontiers in 
Pharmacology, 10(162). https://doi.org/10.3389/fphar.2019.00162 

Zeisel, A., M͡oz-Manchado, A. B., Codeluppi, S., Lönnerberg, P., Manno, G. La, Juréus, A., 
Marques, S., Munguba, H., He, L., Betsholtz, C., Rolny, C., Castelo-Branco, G., 
Hjerling-Leffler, J., & Linnarsson, S. (2015). Cell types in the mouse cortex and 
hippocampus revealed by single-cell RNA-seq. Science, 347(6226), 1138–1142. 
https://doi.org/10.1126/science.aaa1934 



 

128 

Zhang, F., Cong, L., Lodato, S., Kosuri, S., Church, G. M., & Arlotta, P. (2011). Efficient 
construction of sequence-specific TAL effectors for modulating mammalian 
transcription. Nature Biotechnology, 29(2), 149–154. https://doi.org/10.1038/nbt.1775 

Zhang, X. Q., & Li, L. (2021). Biological Function and Clinical Value of VPS13A in Pan-
Cancer Based on Bioinformatics Analysis. International Journal of General Medicine. 
https://doi.org/10.2147/IJGM.S330256 

Zhang, Y., Chen, K., Sloan, S. A., Bennett, M. L., Scholze, A. R., O’Keeffe, S., Phatnani, 
H. P., Guarnieri, P., Caneda, C., Ruderisch, N., Deng, S., Liddelow, S. A., Zhang, C., 
Daneman, R., Maniatis, T., Barres, B. A., & Wu, J. Q. (2014). An RNA-sequencing 
transcriptome and splicing database of glia, neurons, and vascular cells of the cerebral 
cortex. Journal of Neuroscience, 34(36), 11929–11947. https://doi.org/10.1523/ 
JNEUROSCI.1860-14.2014 

Zhang, Y., Sloan, S. A., Clarke, L. E., Caneda, C., Plaza, C. A., Blumenthal, P. D., Vogel, 
H., Steinberg, G. K., Edwards, M. S. B., Li, G., Duncan, J. A., Cheshier, S. H., Shuer, 
L. M., Chang, E. F., Grant, G. A., Gephart, M. G. H., & Barres, B. A. (2016). 
Purification and Characterization of Progenitor and Mature Human Astrocytes Reveals 
Transcriptional and Functional Differences with Mouse. Neuron, 89(1), 37–53. 
https://doi.org/10.1016/j.neuron.2015.11.013 

Zhang, Z., Liu, T., Dong, H., Li, J., Sun, H., Qian, X., & Qin, W. (2021). An RNA tagging 
approach for system-wide RNA-binding proteome profiling and dynamics investigation 
upon transcription inhibition. Nucleic Acids Research, 1. https://doi.org/10.1093/nar/ 
gkab156 

Zhou, X., Sasaki, H., Lowe, L., Hogan, B. L. M., & Kuehn, M. R. (1993). Nodal is a novel 
TGF-β-like gene expressed in the mouse node during gastrulation. Nature, 361(6412), 
543–547. https://doi.org/10.1038/361543a0 

Zou, D., McSweeney, C., Sebastian, A., Reynolds, D. J., Dong, F., Zhou, Y., Deng, D., 
Wang, Y., Liu, L., Zhu, J., Zou, J., Shi, Y., Albert, I., & Mao, Y. (2015). A critical role 
of RBM8a in proliferation and differentiation of embryonic neural progenitors. Neural 
Development, 10(1), 18. https://doi.org/10.1186/s13064-015-0045-7 

 
 



 

129 

Original publications  

I  Uusimaa, J., Kaarteenaho, R., Paakkola, T., Tuominen, H., Karjalainen, M. K., Nadaf, 
J., Varilo, T., Uusi-Mäkelä, M., Suo-Palosaari, M., Hiltunen, A. E., Ruddock, L., 
Alanen, H., Biterova, E., Miinalainen, I., Salminen, A., Soininen, R., Manninen, A., 
Sormunen, R., Kaakinen, M., Vuolteenaho, R., Herva, R., Vieira, P., Dunder, T., 
Kokkonen, H., Moilanen, J. S., Rantala, H., Nogee, L. M., Majewski, J., Rämet, M., 
Hallman, M., Hinttala, R. (2018). NHLRC2 variants identified in patients with fibrosis, 
neurodegeneration, and cerebral angiomatosis (FINCA): characterisation of a novel 
cerebropulmonary disease. Acta Neuropathologica, 135(5), 727–742. 
https://doi.org/10.1007/s00401-018-1817-z 

II  Hiltunen, A. E., Kangas, S. M., Ohlmeier, S., Pietilä, I., Hiltunen, J., Tanila, H., 
McKerlie, C., Govindan, S., Tuominen, H., Kaarteenaho, R., Hallman, M., Uusimaa, J., 
Hinttala, R. (2020). Variant in NHLRC2 leads to increased hnRNP C2 in developing 
neurons and the hippocampus of a mouse model of FINCA disease. Molecular Medicine, 
26(1), 123. https://doi.org/10.1186/s10020-020-00245-4  

III  Hiltunen, A. E., Vuolteenaho, R., Ronkainen, V., Miinalainen, I., Uusimaa, J., 
Lehtonen, S., Hinttala, R. (2022) Nhlrc2 is essential during mouse gastrulation. Genesis, 
60(3), e23470. https://doi.org/10.1002/dvg.23470 

Reprinted with permission from Springer Nature (I, II) and Wiley (III). 

Original publications are not included in the electronic version of the dissertation.  
  



 

130 

 



A C T A  U N I V E R S I T A T I S  O U L U E N S I S

Book orders:
Virtual book store

http://verkkokauppa.juvenesprint.fi

S E R I E S  D  M E D I C A

1658. Kanavakis, Georgios (2022) Associations of facial profile and occlusion in the
Northern Finland Birth Cohort 1966

1659. Khakpour, Shahab (2022) Multi-component finite element analysis of low-energy
acetabular fracture : computational study of pelvic girdle fracture mechanism

1660. Tapio, Joona (2022) Role of HIF-P4H inhibition and hemoglobin levels in
metabolic diseases

1661. Pihlaja, Toni (2022) Varicose vein disease : postoperative care and treatment of
venous ulcers

1662. Heula, Anna-Leena (2022) Meningeal protein synthesis in chronic subdural
hemorrhagies : analysis of proteins and evaluation of their clinical significance

1663. Erikson, Kristo (2022) The brain as an end organ in sepsis?

1664. Karvonen, Elina (2022) Glaucoma screening in the Northern Finland Birth Cohort
Eye Study

1665. Tuisku, Virve (2022) Improving lung cancer care using real-world data

1666. Roivainen, Petri (2022) Kiireettömien ensihoitotehtävien hoidon tarpeen arviointi
puhelinsairaanhoitajan toteuttamana

1667. Nurkkala, Juho (2022) Commencement of nutrition support during critical illness
and after major surgery

1668. Kamakura, Remi (2022) A novel system for delivery of nutritional compounds to
regulate appetite

1669. Björnholm, Lassi (2022) Early predictors of white matter microstructure in the
adult brain

1670. Lehtilahti, Maria (2022) Charcot-Marie-Tooth Disease : molecular epidemiology
in Northern Ostrobothnia

1671. Niemelä, Jarmo (2022) Malignant biliary obstruction and percutaneous
transhepatic biliary drainage : the impact of cholangitis and chemotherapy on
survival

1672. Jääskeläinen, Anniina (2022) New prognostic factors and long-term prognosis of
different breast cancer subtypes

1673. Oikarainen, Ashlee (2022) Effects of an educational intervention on mentors’
competence in mentoring culturally and linguistically diverse nursing students



UNIVERSITY OF OULU  P .O. Box 8000  F I -90014 UNIVERSITY OF OULU FINLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

University Lecturer Tuomo Glumoff

University Lecturer Santeri Palviainen

Postdoctoral researcher Jani Peräntie

University Lecturer Anne Tuomisto

University Lecturer Veli-Matti Ulvinen

Planning Director Pertti Tikkanen

Professor Jari Juga

Associate Professor (tenure) Anu Soikkeli

University Lecturer Santeri Palviainen

Publications Editor Kirsti Nurkkala

ISBN 978-952-62-3316-1 (Paperback)
ISBN 978-952-62-3317-8 (PDF)
ISSN 0355-3221 (Print)
ISSN 1796-2234 (Online)

U N I V E R S I TAT I S  O U L U E N S I S

MEDICA

ACTA
D

D
 1674

A
C

TA
A

nniina H
iltunen

OULU 2022

D 1674

Anniina Hiltunen

NHLRC2 IN EMBRYONIC 
DEVELOPMENT, NEURO-
DEVELOPMENT, AND 
NEURODEGENERATION
MODELLING A NOVEL FINCA DISEASE IN MOUSE

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU,
FACULTY OF MEDICINE;
BIOCENTER OULU;
OULU UNIVERSITY HOSPITAL;
MEDICAL RESEARCH CENTER OULU


	Abstract
	Tiivistelmä
	Acknowledgements
	Abbreviations
	Original publications
	Contents
	1 Introduction
	2 Review of the literature
	2.1 Rare diseases and rare disease research
	2.2 Disease models
	2.2.1 In vitro models
	2.2.2 In vivo models
	2.2.3 Ethics

	2.3 Mouse as a model organism
	2.3.1 Modification of the mouse genome
	2.3.2 Comparison of human and mouse embryonic development
	2.3.3 Comparison of the human and mouse brain


	3 Aims of the study
	4 Material and methods
	4.1 Patients and subjects (I)
	4.2 In vivo models
	4.2.1 Nhlrc2 KO mouse line (I–III)
	4.2.2 FINCA mouse model (II)
	4.2.3 Zebrafish morphants (I)

	4.3 Mouse embryo isolation (I, III)
	4.3.1 In vitro fertilization (II, III)
	4.3.2 E2.5 embryo isolation and culture (I)
	4.3.3 E6.5–8.5 embryos isolation (III)

	4.4 In vitro models
	4.4.1 Human fibroblast culture (I)
	4.4.2 Mouse neuronal precursor cell culture (II)
	4.4.3 Mouse ES cell culture (III)

	4.5 Molecular methods
	4.5.1 DNA analysis of patients and human derived samples (I)
	4.5.2 Mouse genotyping (I–III)
	4.5.3 RNA analysis (I)
	4.5.4 Sodium dodecyl sulphate polyacrylamide gel electrophoresis and immunoblotting (I–III)
	4.5.5 Two-dimensional difference gel electrophoresis and mass spectrometry (II)
	4.5.6 Immunocytochemistry (II)
	4.5.7 Insulin turbidity assay (I)

	4.6 Tissue phenotyping (I–III)
	4.6.1 Histology (I–III)
	4.6.2 In situ hybridization (II)
	4.6.3 β-galactosidase staining (I, III)
	4.6.4 Transmission electron microscopy (I, III)
	4.6.5 Mouse blood analysis (II)

	4.7 Data analysis (II)
	4.8 Statistical considerations (I–III)

	5 Results
	5.1 Novel cerebropulmonary disease leading to fibrosis, neurodegeneration, and cerebral angiomatosis (FINCA) (I)
	5.1.1 Genetic analysis revealed variants in NHLRC2 gene
	5.1.2 Human NHLRC2 expression and function
	5.1.3 Nhlrc2 is widely expressed during embryogenesis and its loss leads to early embryonic lethality in mouse
	5.1.4 nhlrc2 maintains cellular integrity in zebrafish embryo CNS

	5.2 FINCA mouse model generation and phenotyping (II)
	5.2.1 FINCA variant leads to changes in NPC proteins
	5.2.2 Nhlrc2 expression in mouse brain
	5.2.3 Increased hnRNP C2 in NPCs and the hippocampus of FINCA/KO mouse

	5.3 Complete loss of Nhlrc2 leads to gastrulation defect in mice (III)
	5.3.1 Nhlrc2 KO ES cells are viable
	5.3.2 Nhlrc2 expression in embryo


	6 Discussion
	6.1 NHLRC2 structure and function
	6.2 NHLRC2 in disease
	6.2.1 FINCA disease
	6.2.2 Other diseases

	6.3 Affected pathways in FINCA mouse model neurons and their association with neurological disorders
	6.3.1 Endo- and autolysosomal pathways, and actin dynamics
	6.3.2 RNA homeostasis

	6.4 NHLRC2 in embryonic development
	6.5 Strengths, limitations, and future perspectives

	7 Conclusions
	References
	Original publications



