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ABSTRACT 

Neural precursor cells (NPCs) are the stem-like cells of the developing brain. These cells 

differentiate into the differentiated cell types of the central nervous system. If disruption 

occurs in the number of total NPCs formed or their survival, various disorders including 

learning disabilities, behavioral problems, or epilepsy can occur. This dissertation 

describes how the HCFC1 gene controls the proliferation and differentiation of NPCs. 

HCFC1 encodes for a transcriptional co-factor that regulates the growth and metabolism 

of stem cells, including NPCs. Mutations in HCFC1 cause cblX syndrome, a neural 

developmental disorder that affects the nervous system and causes microcephaly, 

epilepsy, and intellectual disability. Since 2013, we have known that missense mutations 

in HCFC1 cause cblX syndrome with varied neurological impairments. However, since 

this finding there have been no studies to reveal a mechanism for how this occurs. 

Collectively, this dissertation describes independent studies using zebrafish as a model 

to study the function of HCFC1 and reveal a potential mechanism whereby HCFC1 

regulates NPC proliferation and differentiation. Our first study describes how a loss of 

function (LOF) mutation in the hcfc1a gene in zebrafish results in increased numbers of 

proliferating NPCs and hypomotility. Subsequent RNA sequencing of these LOF mutants 

identified increased expression of asxl1, a gene that encodes for a transcription factor 

that modulates cellular proliferation. We show that inhibition of asxl1 expression restored 

the number of NPCs to normal levels, demonstrating a potential mechanism by which 

hcfc1a regulates NPC proliferation and brain development. However, several questions 

remained to be addressed from this work. For example, RNA-sequencing was performed 

in whole brain homogenates which include a plethora of cells in addition to NPCs. 
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Therefore, we needed to address if Asxl1 increases were directly involved in NPC 

development or an artifact of other cells such as endothelial or hematopoietic cell 

populations. Additionally, because of the transcriptional co-factor function of HCFC1, it is 

plausible that this protein bound to the promoter of Asxl1 to increase mRNA expression, 

which was not fully investigated. Finally, protein validation of Asxl1 was required to 

understand if the increases in mRNA also translated to changes in protein. Thus, in our 

following work, we sought to address these key questions. We used a missense mutant 

allele of hcfc1a to further investigate the potential mechanism by which Asxl1 might 

regulate abnormal brain development. We sought to use this allele because it was more 

representative of  cblX patients which inherit hemizygous missense mutations and have 

little to no protein changes in HCFC1. Using both the missense and nonsense alleles 

together, we sought to characterize the function of Asxl1 in these two mutant 

backgrounds. We observed contrasting protein expression of two downstream target 

genes of HCFC1: Asxl1 and YWHAB, a gene that encodes for the 14-3-3-β/α protein 

known to regulate AKT phosphorylation and activity. Interestingly, we found contrasting 

protein expression of Akt and downstream targets of mTor that correlated with contrasting 

numbers of radial glial cells produced. Based on these results we can conclude that 

mutations in hcfc1a disrupt Akt/mTOR activity and glial cell development. These findings 

are the first to suggest a mechanism for how HCFC1 regulates different aspects of 

neurogenesis. Our data collectively provide a foundational understanding of how 

mutations in HCFC1 cause neurological impairments in humans and move the cblX field 

forward by proposing possible therapeutic approaches that can be applied in the future.  
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CHAPTER I 

SECTION I: REVIEW OF LITERATURE 

Review manuscript: The role of HCFC1 in syndromic and non-syndromic intellectual 

disability 

Castro, V., & Quintana, A. (2020). The role of HCFC1 in syndromic and non-syndromic 

intellectual disability. Medical Research Archives, 8(6). Doi:10.18103/mra.v8i6.2122 

Overview: 

This chapter presents a review manuscript written for publication to Medical Research 

Archives. Additional subheadings are included at the end of the manuscript to incorporate 

more recent findings and insight of the broader field. 

Abstract 

Mutations in the HCFC1 gene are associated with syndromic (cblX) and non-syndromic 

types of intellectual disability. Syndromic disorders present with severe neurological 

defects including intractable epilepsy, facial dysmorphia, and intellectual disability. Non-

syndromic individuals have also been described and implicate a role for HCFC1 during 

brain development. The penetrance of phenotypes and the presence of an overall 

syndrome is associated with the location of specific mutations within the HCFC1 protein. 

Thus, one could hypothesize that the positioning of HCFC1 mutations lead to unique 

underlying cellular and molecular mechanisms. The HCFC1 protein is comprised of 

multiple domains that function in cellular proliferation/metabolism. Several reports of 

HCFC1 disease variants have been identified, but a comprehensive review of each 
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variant and its associated phenotypes has not yet been compiled. Here we perform a 

detailed review of HCFC1 function, model systems, variant location, and accompanying 

phenotypes to highlight current knowledge and the future status of the field. 

History of Inborn Errors of Cellular Cobalamin Metabolism 

Cobalamin, also known as vitamin B12, is an essential molecule that is required 

for human metabolism. Once ingested from food, cobalamin undergoes various 

modifications that are required for the function of two enzymes in the body; 

methylmalonylCoA mutase (EC5.4.99.2) and methionine synthase (EC2.1.1.13)(1). The 

absorption of cobalamin requires multiple steps and is facilitated by many unique 

cobalamin-binding proteins, which are not the focus of this review. However, ultimately, 

intracellular cobalamin is reduced into two biologically active forms, 5’-

deoxyadenosylcobalamin (AdoCbl) and methyl-cobalamin (MeCbl), these active forms 

function as co-factors in the mitochondria and cytosol, respectively. 

 Once in the cytoplasm, cobalamin binds to the enzymatic transport protein, 

MMACHC(2–4) and subsequently MMADHC.(5) Mutation of either MMACHC or 

MMADHC can cause an inborn error of cobalamin metabolism.(6,7) Inborn errors of 

cobalamin metabolism occur when the processing of cobalamin is defective, thus 

disrupting the functions of methylmalonylCoA mutase (EC5.4.99.2) and methionine 

synthase (EC2.1.1.13). Mutation of MMACHC causes methylmalonic aciduria and 

homocystinuria, cblC type (cblC), while mutation of MMADCH results in methylmalonic 

aciduria and homocystinuria, cblD type (cblD). Additional sub-types exist and are 

associated with mutation in either intracellular transport (cblF and cblE) of cobalamin, the 
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conversion of homocysteine to methionine (cblG), or additional enzymes within the 

mitochondrial pathway that cause similar disorders including cblA and cblB.(8,9) 

 Collectively, these inborn errors of cobalamin metabolism present as a multiple 

congenital anomaly syndrome. Depending on subtype, patients exhibit some form of 

methylmalonic aciduria or homocystinuria. However, other clinical phenotypes include 

megaloblastic anemia, leukopenia, thrombocytopenia, intellectual disabilities, and some 

degree of seizures.(1) The degree and onset of phenotypes varies with subtype and the 

mutation spectrum. Recently, clinical phenotypes that mirror specific subgroups have 

been observed, but these individuals do not have mutations in any of the genes 

associated with the complementation groups previously described. Such clinical cases 

fall into disorders of cobalamin metabolism that are of unknown genetic origin. One such 

example includes the recently described methylmalonic acidemia and homocysteinemia, 

cblX type (cblX) (MIM 309541).(10) cblX is caused by mutations in the HCFC1 gene, 

which encodes a transcriptional cofactor with nearly 5000 unique downstream target 

genes.(11) Interestingly, HCFC1 has no known function in cobalamin metabolism, yet 

mutations in this gene cause a cblC like disorder with metabolic defects, failure to thrive, 

craniofacial abnormalities, intractable epilepsy, and intellectual disabilities. 

cblX and related syndromes 

 In 2013, cblX was discovered using a trio based whole exome sequencing 

approach and was later confirmed in 14/18 total patients.(10) All patients had severe 

neurological defects that included intractable epilepsy and intellectual disability. 

Biochemical phenotypes in cblX are present, but severity varies from patient to patient. 

In addition, mild to moderate craniofacial abnormalities are present in some cblX patients. 
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In the original report, 5 unique mutations in the HCFC1 gene were documented, each of 

which resides in the kelch protein interaction domain (Table 1). Of the five mutations, two 

affect amino acid 115, two affect amino acid 73, and one affects amino acid 68 (Table 1). 

Those that affect redundant amino acids do not cause the same missense change. For 

example, the p.Ala115Val and p.Ala115Thr variants both alter the amino acid at position 

115, but with different amino acid substitutions. The effects of these two different 

mutations on protein function are not completely understood, but each cause overlapping 

clinical manifestations. Interestingly, additional studies have uncovered novel variants, 

some of which are not associated with cobalamin metabolism, but instead are associated 

with neural development and craniofacial abnormalities(12–16) (Table 1). 

 The mechanisms by which mutations in HCFC1 cause such a myriad of clinical 

phenotypes are not completely understood. However, HCFC1 is known to regulate genes 

that are essential for cell proliferation and metabolism.(17,18) For example, the metabolic 

deficits in cblX syndrome are the result of defects in the expression of MMACHC, the 

gene associated with cblC syndrome. The expression of MMACHC in patient derived 

fibroblasts is severely blunted and siRNA knockdown of HCFC1 reduces MMACHC 

expression.(10) Subsequent reports have demonstrated that each mutation can have 

varying effects on MMACHC expression.(13) Some mutations including pSer225Asn and 

pGly876Ser (Table 1) moderately reduce the expression of MMACHC, while others have 

no effect on the level of MMACHC expression [(pAla1756Val and pArg2016Trp) (Table 

1)].(13) These data strongly suggest that individual missense mutations 

disproportionately affect protein function. In support of this hypothesis, there are reports 

of individuals with mutations in HCFC1 associated with intellectual disability, 
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microcephaly, and neural development defects in the absence(12,14) or presence(15,16) 

of cobalamin phenotypes. 

 HCFC1 regulates gene expression as part of a complex of other proteins including 

THAP11(19)  and ZNF143.(11) Interaction with THAP11 and ZNF143 are essential to 

modulate the expression of MMACHC.(17) In accordance, a cblX-like syndrome has been 

reported upon mutation of THAP11 (20) and ZNF143. (21) Each of these disorders is 

associated with defects in MMACHC expression. These defects are likely the result of 

abnormal protein interactions as both THAP11 and ZNF143 have been shown to interact 

with the HCFC1 kelch domain (Figure 1), the site of mutations in HCFC1 that cause cblX 

syndrome. However, the phenotypes of these syndromes are not limited to cobalamin 

metabolism and these individuals suffer from complex syndromes with hallmark 

neurological and neurodevelopmental defects. 

Analysis of known HCFC1 variants and corresponding phenotypes 

 Previous studies have established that mutations in HCFC1 are associated with a 

complex disorder that can include heterogeneous phenotypes spanning multiple body 

systems. cblX syndrome is primarily associated with mutation of the kelch protein 

interaction domain of HCFC1.(10) These mutations appear to be unique because there 

are several other reports of mutations in other domains of HCFC1 that do not cause 

cobalamin deficiency.(12,14,16) For example, mutation in the promoter region of the 

HCFC1 gene is associated with intellectual disability, but without cobalamin 

phenotypes.(12) Kelch domain mutations exclusively cause syndromic intellectual 

disability with cobalamin phenotypes,(10,15) with the exception of p.Ser225Asn reported 

by Huang and colleagues(12) (Table 1). However, the p.Ser225Asn was later shown to 
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regulate MMACHC expression(13) and was a presumed loss of function allele. However, 

whether this mutation is a loss of function allele has not been completely tested. There is 

one reported mutation within the fibronectin domain, the p.Ala477Asn variant, which is 

associated with intellectual disability and facial dysmorphia, but not cobalamin 

defects.(13) Mutations in the basic region have been described, which are generally 

associated with intellectual disability.(13,14,22,23) Of these, the p.Gly876Ser variant has 

been associated with mild regulation of the MMACHC promoter. Interestingly, other C-

terminal variants including the p.Ala1756Val and p.Arg2016Trp variants are associated 

with intellectual disability and abnormal brain development, but not other phenotypes. 

Known Functions of HCFC1 

 The HCFC1 protein has several conserved protein domains including a kelch 

protein interaction domain, a fibronectin domain, and an HCF domain, which contains 

cleavage sites that facilitate protein processing and function(24–26) (Figure 1). The 

HCFC1 protein is cleaved into N and C-terminal fragments before functionality is 

unleashed.(25,27) The two cleavage products seemingly have different functions, but 

both individually regulate cell proliferation(26,28) and interact with one another.(29) 

HCFC1 lacks a true DNA binding domain, but regulates gene expression through 

interactions with transcription factors such as YY1, GABP, THAP11, ZNF143, and 

E2F(11,30) (Figure 1). Many of these interacting partners have a conserved HCFC1 

binding motif (HBM) and this domain has been shown to interact with the kelch domain 

of HCFC1 (Figure 1). Of the interacting partners found in Figure 1, only GABP interacts 

in a protein domain outside of the kelch domain (Figure 1) and the specific binding site of 

YY1 has not been well established.  



7 

 HCFC1 is located on the X chromosome and has long been associated with 

Herpes Simplex Viral (HSV) infection where it is needed for the activation of early genes 

through its interactions the VP16 transcription factor. (31) HCFC1 interacts with VP16 via 

its kelch domain and mutation of the kelch domain in vitro causes defects in cell 

proliferation (32) and disrupts HCFC1 binding with VP16. These data support the notion 

that cellular proteins behave in a similar fashion as does the VP16 protein. Notably, we 

identified at least five proteins in the literature that all interact with HCFC1 via the kelch 

domain (Figure 1). Thus, mutations within the kelch domain are likely to interfere with 

protein: protein interactions and downstream functions. Such downstream functions 

include the regulation of MMACHC expression resulting in cobalamin deficiencies. Yet 

cblX is complex and it is unclear whether other phenotypes are regulated via this same 

mechanism. 

 HCFC1 is known to interact with various proteins, but the interaction with E2F and 

MLL (Figure 1) proteins drives cell proliferation.(30,33,34) Coordination of HCFC1 

interactions with the members of both protein families helps to facilitate the activation of 

S-phase promoter elements. For example, HCFC1 can recruit MLL family members to 

E2F responsive promoters inducing transcriptional activation. However, some protein 

interactions that mediate cell proliferation are quite complex. HCFC1 interacts with BAP1, 

a tumor suppressor that inhibits cell growth.(35) BAP is a deubiquitinating enzyme, 

thereby affecting protein stability. BAP1 interacts with the N-terminal domain of HCFC1 

resulting in deubiquitination (Figure 1), which promotes cell growth.(36,37) There are 

likely various unknown mechanisms by which the cell regulates HCFC1 activity. Many of 

these are presumably via protein: protein interactions. Interestingly, a majority of these 
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protein interactions seem to regulate cell survival and DNA damage.(38) Based on these 

studies it is clear that HCFC1 function is complex, cell type specific, and highly reliant on 

the protein milieu. Consequently, missense mutations are highly likely to have distinct 

effects on protein function as they might interfere with distinct protein interactions. 

Brain Development and HCFC1 

 Mutation of HCFC1, either in cblX or related syndromes, is associated with severe 

neurological defects, intractable epilepsy, and neural development defects.(10,12,13,20) 

HCFC1 is expressed in fetal tissue (31), but the function of this gene in brain development 

is not completely understood and complex. Early in vitro assays performed by Huang and 

colleagues demonstrated that over expression of Hcfc1 in mouse derived neurospheres 

reduced cell proliferation and biased differentiation of neural precursor cells (NPCs) 

towards an astrocyte lineage.(12) Supporting evidence for these observations was 

observed upon knockdown of Hcfc1 in neurospheres, whereby decreased Hcfc1 

expression increased the numbers of NPCs, increased proliferation, and decreased 

differentiation.(13) Interestingly, disrupting the expression of Hcfc1 does not recapitulate 

the effects of missense mutations. For example, over expression of wild type Hcfc1 

reduces proliferation, but the over expression of the p.Arg2016Trp variant (Table 1), a 

patient derived variant does not.(13) The function of each individual variant during brain 

development has not been described. However, it is highly likely that unique variants have 

specialized functions; consequently, causing heterogeneous syndromes of varied 

severity.  

Murine models of Hcfc1 function 
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 In early 2016, a Cre-recombinase floxed allele of Hcfc1 was created.(39) Hcfc1 is 

required for embryonic development and therefore, deletion is lethal for hemizygous and 

homozygous carriers in mice.(40) Interestingly, female heterozygous carriers utilize 

compensatory mechanisms and X-linked inactivation to select for cells carrying the wild 

type allele, thus tolerating the mutation with only a temporary growth retardation. 

However, owing to the early lethality, this model was not appropriate for analysis of brain 

development. To circumvent this approach, a cell type specific conditional allele was 

created.(41) Hcfc1 was conditionally deleted in a subpopulation of forebrain progenitors 

(Nkx2.1+) in the ventral telencephalon resulting in decreased numbers of GABAergic 

interneurons and glia, likely caused by increased cell death. Structural defects in brain 

development were also observed, which is consistent with the phenotypes reported in a 

subset of patients with cblX syndrome.(10) These data are the first to implicate deletion 

of Hcfc1 in the developing brain or in progenitor cells with increased apoptosis. 

Interestingly, similar strategies in murine hepatocytes demonstrated an increase in cell 

proliferation.(42) These data suggest a cell type specific function for Hcfc1. Moreover, 

deletion of Hcfc1 in Nkx2.1+ cells contrasts with in vitro assays because knockdown in 

vitro causes increased NPCs, whereas cell type specific deletion causes a decrease in 

Nkx2.1+ cells. But these differences could be the result of the degree of knockdown, the 

brain microenvironment, and the influence of cell-type specific transcription factors that 

interact with HCFC1 protein. In addition, the marker used to track and follow cells is 

different across studies, which could affect overall interpretations. 

Zebrafish models of hcfc1 function 
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 While studies in mice have provided some understanding of Hcfc1 function, the 

early lethality and in utero gestation times have limited the effectiveness of these models. 

Consequently, additional model systems have been developed. Zebrafish are an 

alternative system for in vivo functional analyses.(43) They are externally fertilized, have 

a high fecundity, and easy to modify genetically by either transient knockdown or germline 

mutation. Zebrafish genome duplication has resulted in two hcfc1 paralogs, hcfc1a and 

hcfc1b. These paralogs share approximately 70% identity and are conserved with both 

human and mouse HCFC1. Zebrafish do not have sex chromosomes and consequently 

the two genes are found on chromosomes 11 (hcfc1a) and 8 (hcfc1b). Knockdown of 

hcfc1b using anti-sense morpholinos is associated with reduced expression of the 

zebrafish mmachc gene,(44) suggesting this interaction is conserved across vertebrates. 

In addition, morphants present with craniofacial abnormalities owing to defects in the 

proliferation of neural crest cells (NCCs), a transient multi-potent progenitor cell 

population that gives rise to cartilage and bone of the head, neck, and face. More recently, 

additional analysis has demonstrated that knockdown of hcfc1b is associated with 

increased numbers of NPCs, consistent with in vitro assays, but contrasting with cell type 

specific murine models.(20) Similar facial and brain phenotypes were observed upon 

knockdown of the zebrafish thap11 gene. Interestingly, these facial phenotypes can be 

restored by supplementing morphants with exogenous human MMACHC protein. In 

humans, THAP11, ZNF143, and HCFC1 interact to regulate MMACHC expression. Given 

the positive restoration of hcfc1b facial phenotypes by MMACHC, the presence of facial 

phenotypes upon deletion of thap11,(20) and the decreased mmachc expression in 
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hcfc1b morphants(44); it is plausible that the THAP11/ZNF143/HCFC1 axis regulates 

facial development and NCCs in an MMACHC dependent manner.  

 Interestingly the effects of hcfc1b knockdown on NPCs is distinct from the effects 

on NCCs.(20,44) These differences are intriguing as both NPCs and NCCs are progenitor 

cell populations, albeit with different functions, microenvironments, and fate. Decreased 

hcfc1b expression causes increased numbers of NPCs and increased NPC proliferation; 

a phenotype that is consistent with knockdown of thap11. Interestingly, mutation of 

zebrafish znf143 genes causes defects in brain development.(45) Recent mmachc 

mutants were created, but not characterized for NPC deficits; however, the presence of 

these germline mutants (46) would rapidly enable the characterization of NPCs in this 

system. While knockdown of hcfc1b results in increased NPCs, these data are not 

consistent with the observations by Minocha and colleagues, which suggest that deletion 

of Hcfc1 in Nkx2.1+ precursors causes reduced cell proliferation.(41) However, these 

studies were performed by deleting Hcfc1 (mouse) in a subset of precursors. In zebrafish, 

NPCs have primarily been analyzed according to the expression of Sox2, an NPC 

marker.(47) These cells are present across the entire brain and therefore are likely to 

include some Nkx2.1+ cells, which are restricted to the forebrain, but other 

subpopulations of precursors as well. During brain development, NPCs are likely to 

represent a heterogeneous cell population.  

 As discussed previously, zebrafish have two hcfc1 paralogs. Thus far, most of the 

published literature has focused on hcfc1b. Knockdown of hcfc1a was performed in 2014, 

but the phenotypes associated with decreased hcfc1a were moderately relative to those 

observed in hcfc1b morphants. Both genes are ubiquitously expressed but appear to have 
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divergent functions. For example, hcfc1b is essential craniofacial development, but 

hcfc1a appears to be dispensable for NCC function. In addition, mmachc expression is 

not significantly decreased in hcfc1a morphants, but is dramatically reduced in hcfc1b 

morphants. Whether hcfc1a and hcfc1b have an overlapping function in brain 

development is still unclear and has not been characterized to date. 

Conclusions and Future Directions 

 Human genetics has revealed approximately 13 variants of HCFC1 associated 

with either non-syndromic or syndromic neurological impairment. Two other sequencing 

reports have demonstrated additional variants, including p.Thr239Met and 

pAla864Thr(22,23) associated with intellectual disability. These data collectively suggest 

an essential role for HCFC1 during brain development. While N-terminal variants are 

primarily associated with syndromic versions of the disease, C-terminal variants appear 

to specifically disrupt brain development. Cobalamin deficits are likely the result of 

disrupted protein interactions with ZNF143 and THAP11, as mutation of these genes 

causes a similar syndromic disease. Ultimately, these findings also suggest that each 

missense variant of HCFC1 has a unique function, which based on current animal studies 

could be cell type specific. Thus, to comprehensively understand cblX and related 

disorders, individual models of each variant are necessary for future therapeutic 

development and patient specific treatment options. 
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Table 1: Summary of known HCFC1 variants with patient phenotype. 

 

*Originally annotated in Reference #22 and Corrected in reference #12. 

 

 

  

Position of 

Mutation Domain Patient Phenotype Citation 

p.Gln68Glu K1 Cobalamin Disorder, Intellectual disability 10 

p.Ala73Thr K1 Cobalamin Disorder, Intellectual disability 10 

p.Ala73Val K1 Cobalamin Disorder, Intellectual disability 10 

p.Tyr103His 

K2 

Intellectual Disability, Cobalamin Disorder, Craniofacial 

dysmorphia, Microcephalus, Intractable epilepsy, 

Profound neurocognitive impairment 15 

p.Ala115Val K2 Cobalamin Disorder, Intellectual disability 10 

p.Ala115Thr K2 Cobalamin Disorder, Intellectual disability 10 

p.Ser225Asn K4 Cobalamin Disorder (12), Intellectual Disability (13) 12 and 13 

p.Thr239Met 

*(p.Thr142Met) K4 Intellectual Disability 

12 

*(22) 

p.Ala477Asn 

FN3 

Severe ID, absent speech and displayed frequent febrile 

seizures during infancy, elongated face, large ears, 

arachnodactyly and a lean body habitus. 13 

p.Ala864Thr Basic No metabolic disorder, Intellectual Disability 23  

p.Gly876Ser 

*(p.Gly779Ser) Basic 

No metabolic disorder, Autistic 

MMACHC expression changes 

12 

*(22) 

p.Ala897Val Basic No metabolic disorder, Intellectual Disability 14 

p.Ala1756Val Acidic Neural Development, Intellectual disability 12 and 13 

p.Arg2016Trp FN3 Neural Development 12 and 13 
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Figure 1: HCFC1 Interacting Partners by domain. 

The HCFC1 protein structure is depicted from N to C terminus. The uncleaved protein is 

2,035 amino acids in length. The primary conserved domains include the kelch domain 

(K1–5), the basic region (blue), multiple fibronectin domains (Fn3), an acidic domain (red), 

and the HCFC1 repeats that signal cleavage events (yellow). Of the interacting proteins 

discussed here, the vast majority bind to the kelch domain via conserved HBM domains. 

The binding domain of YY1 is not depicted and has not been characterized to our 

knowledge. Relative binding regions are shown based on literature review with citations 

associated. These represent the minimal region required for binding and are not drawn 

to scale. 
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SECTION II: ADDITIONAL REVIEW OF LITERATURE 

HCFC1 Function in Epigenetics 

There are several scientific studies and research papers that have explored the 

role of HCFC1 in histone modification and gene regulation and how this protein can 

impact epigenetic modifications depending on its interacting partners. Specifically, 

HCFC1 has been shown to interact with enzymes that add or remove chemical groups to 

histones, and it can also recruit these enzymes to specific regions of DNA. One example 

of HCFC1’s role in histone modification is its interaction with the enzyme lysine-specific 

demethylase 1A (LSD1) (48). LSD1 is an enzyme that removes methyl groups from 

histones, and it has been shown to play a role in the regulation of gene expression. 

HCFC1 has been found to interact with LSD1 and recruit it to specific regions of DNA, 

which can result in the removal of methyl groups from histones and the subsequent 

activation of gene expression.  

Another example of HCFC1’s role in histone modification is its interaction with the 

enzyme histone acetyltransferase p300 (49). This enzyme adds acetyl groups to histones, 

which can result in the activation of gene expression. HCFC1 has been shown to interact 

with p300 and recruit it to specific regions of DNA, resulting in the acetylation of histones 

and the subsequent activation of gene expression. Overall, HCFC1 plays an important 

role in regulating histone modifications by interacting with enzymes that add or remove 

chemical groups to histones, and by recruiting these enzymes to specific regions of DNA. 

Dysregulation of HCFC1’s function in histone modification can contribute to a range of 

health problems, including developmental disorders, cancer, and neurological conditions. 
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HCFC1 is associated with various additional histone-modifying proteins within 

larger multi-protein complexes. These include the Sin3 histone deacetylase (HDAC), the 

mixed lineage leukemia (MLL) (50), and the human trithorax-related Set1 histone H3 

lysine 4 methyltransferase (H3K4 HMT) (51) complexes. Interestingly, HCFC1 selectively 

associates with H3K4 HMT and not HDACs when bound to the VP16 transcription factor, 

suggesting that HCFC1 can uniquely modulate chromatin structure to broadly regulate 

transcription. This is interesting as H3K4 methylation is associated with active chromatin, 

while HDACs are associated with heterochromatin or inactive states.  

HCFC1 Role in Neurogenesis, Neural Stem Cell Fate, and Neural Circuitry 

HCFC1 can play an important role in regulating gene expression programs that 

are crucial for neural development. HCFC1 has the ability to regulate the expression of 

genes involved in neurogenesis (11), the process by which new neurons are generated 

in the developing brain. For example, HCFC1 interacts with ELAVL3, a neuron specific 

RNA binding protein essential for  enhancing target gene expression to promote neuronal 

maturity. By recruiting histone-modifying enzymes to specific regions of DNA, HCFC1 can 

promote the activation of genes involved in neurogenesis and the differentiation of neural 

progenitor cells into neurons.  

HCFC1 can also regulate the fate of neural precursors, which are responsible for 

generating all the different types of cells in the central nervous system. HCFC1 interacts 

with the transcription factor SOX2, which plays a key role in maintaining progenitor cell 

identity (52,53). By modulating histone modifications at the SOX2 promoter, HCFC1 may 

regulate the expression of SOX2 and control the fate of progenitor cells in the brain. 
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HCFC1 has also been implicated in the regulation of genes involved in the 

maintenance of neural circuitry. For example, HCFC1 interacts with the transcription 

factor MECP2 which is involved in the regulation of synaptic function and plasticity (54). 

By recruiting histone modifying proteins to the MECP2 promoter, HCFC1 can regulate the 

expression of MECP2 and contribute to the maintenance of neural circuitry. 

Overall, HCFC1 can play an important role in regulating gene expression programs 

that are crucial for neural development, including neurogenesis, neural stem cell fate and 

neural circuitry. Dysregulation of HCFC1’s function in these processes can contribute to 

a range of developmental disorders and neurological conditions. Studies which 

investigate the role of HCFC1 in these neural developmental processes are highly 

warranted and essential towards our understanding of its biological functions. 

The Role of HCFC1 in Cell Cycle Control 

 HCFC1 is required for a variety of biological processes including cell cycle 

progression (32,55) and maintenance of pluripotency (56). The function of HCFC1 during 

the cell cycle was discovered using a temperature sensitive mutation in a hamster cell 

line. A single proline to serine substitution in the kelch domain causes temperature 

induced cell growth arrest (55), cytokinesis defects (57), and the association of HCFC1 

with chromatin. Together, these findings indicate that in addition to its role in viral gene 

expression, the kelch domain interactions in HCFC1 are essential for normal cell cycle 

progression and association with chromatin. 

Many reports suggest that HCFC1 regulates various stages of the cell cycle 

(30,32,35,50,58,59). In animals, early embryonic development is associated with rapid 
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rounds of cell division, which allow the embryo to acquire the numbers of cells needed to 

support cell expansion and tissue development. The cell cycle can be divided into 4 

distinct stages. The S-phase, or DNA synthesis phase, is the stage in which the cell’s 

DNA is replicated, while the M-phase, or mitotic phase, is the stage in which the cellular 

contents are divided. There are growth phases called the G1 and G2 transient gap phases 

that occur before S- and M-phases (60). Additionally, there is a G0-phase that is often 

viewed together with G1 as a G0/G1-phase. This phase represents a sub-state of G1 in 

which growing cells deprived of growth factors exit the cycle and enter a long-term 

quiescent state from which they can be reactivated by growth factors to re-enter the cycle.  

 These rapid rounds of cellular division utilize cell-cycle regulator proteins 

particularly in the G1 phase. For example, the G1 to S-phase transition in mammalian 

cells is largely regulated by E2F transcriptional factor proteins, which regulate the 

expression of cyclins and genes involved in DNA synthesis. Previous studies have shown 

that the HCFC1 protein plays a large role in regulating aspects of cellular division. For 

example, following proteolytic cleavage of the HCFC1 precursor protein, two distinct and 

interacting subunits are generated: HCFC1N and HCFC1C. The HCFC1N subunit has 

been show to promote passage through G1 phase, while the HCFC1C subunit ensures 

proper mitosis and cytokinesis during M-phase (61).  

Interestingly, E2F and MLL interactions occur in the N-terminus domain of HCFC1 

(30,50) and the most diverse and abundant interactions of HCFC1 are with the E2F family, 

specifically E2F’s 1-8. E2F transcriptional factors can dictate activation of growth 

promoting genes during the G1 phase of the cell cycle. This ordered progression through 

the cell cycle is controlled by the sequential activation of cyclin-dependent kinases 
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(CDKs) that regulate phosphorylation of the retinoblastoma protein (Rb) and related Rb 

family pocket proteins. Because of these described interactions, HCFC1 has been well 

established as a regulator of cellular expansion and proliferation. 

HCFC1 Role in Ribosomal Biogenesis 

Ribosome biogenesis is a phenomenon that happens inside cells to create 

ribosomes in order to maintain protein abundance in the cell, whereby without this 

process, cells are unable to proliferate or survive. Recent findings report that a genetic 

knock-in allele of the most common cblX variant (p.Ala115Val) induced cranial facial 

phenotypes, consistent with cblX patient phenotypes (62). However, neural 

developmental phenotypes associated with cblX syndrome were not investigated in these 

mice, likely due to non-penetrant phenotypes or skewed mendelian ratios from perinatal 

lethality. Interestingly, a second knock-in was created in an HCFC1 interacting partner, 

THAP11, (p.F80L) which displayed astrocytic phenotypes that they attribute to defective 

ribosomal biogenesis.  

Taken together, these data suggest that THAP11 and potentially HCFC1 mediate 

astrocytic phenotypes. However, this has yet to be proven in a viable HCFC1 mutant 

model system. Therefore, a model system that circumvents lethality and which allows for 

the study of brain development is significantly warranted. 

Conclusions and Future Directions 

This section provides a review for the biological functions of the HCFC1 

transcriptional co-factor, which include roles in cell cycle, cellular metabolism, and stem 

cell maintenance. Mutations in HCFC1 cause cblX syndrome, but because of early 
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embryonic lethality of mouse models with mutations in HCFC1, no direct mechanism for 

how this protein regulates neural development has been proposed. Model systems in vitro 

highlight a role for HCFC1 in neural precursor cell development, but because of limitations 

in mouse lethality, we do not fully understand how HCFC1 regulates NPC development 

in vivo. Therefore, in vivo model systems like zebrafish, which can circumvent lethality 

and provide insight into the gene function of HCFC1 in brain development are warranted. 

This dissertation seeks to address these questions using zebrafish  as a model system 

to elucidate the putative mechanisms by which HCFC1 regulates neural precursor cell 

(NPC) development and differentiation. 
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CHAPTER II 

RESEARCH MANUSCRIPT I 

Section I: Hcfc1a regulates neural precursor proliferation and asxl1 expression in the 

developing brain. 

Castro, V.L., Reyes, J.F., Reyes-Nava, N.G. et al. Hcfc1a regulates neural precursor 

proliferation and asxl1 expression in the developing brain. BMC Neurosci 21, 27 (2020). 

https://doi.org/10.1186/s12868-020-00577-1 

Background 

Neural precursor cells (NPCs) give rise to the differentiated cells of the central 

nervous system and defects in the number produced, their proliferation, and/or survival 

can result in a variety of neural developmental disorders. These disorders include 

intellectual disability (63), cognitive dysfunction (64), behavioral impairment (65), 

microcephaly (66), epilepsy (67), autism spectrum disorders (68), and cortical 

malformations (69). Previous studies have demonstrated a complex network of 

transcription factors that are responsible for modulating NPC function including SOX2 

(70), SOX1 (71), NESTIN (72), and PAX transcription factors (73). Recent evidence 

suggests that the HCFC1 gene, which encodes a transcriptional cofactor, is essential for 

stem cell proliferation and metabolism (18,74) in a variety of different tissue types, 

including NPCs (12,13,41,75). These data strongly suggest that HCFC1 is part of a more 

global transcriptional program modulating NPC proliferation and differentiation.  

HCFC1 regulates a diverse array of target genes and has been shown to bind to 

the promoters of more than 5000 unique downstream target genes (76). Consequently, 

https://doi.org/10.1186/s12868-020-00577-1


22 

the molecular mechanisms by which HCFC1 regulates NPC proliferation and 

differentiation are complex. Mutations in HCFC1 cause methylmalonic acidemia and 

homocysteinemia, cblX type (cblX) (309541). cblX is an X-linked recessive disorder 

characterized by defects in cobalamin (vitamin B12) metabolism, nervous system 

development, neurological impairment, intractable epilepsy, and failure to thrive (10). 

Functional analysis of cblX syndrome has provided a platform whereby the function 

HCFC1 in discrete organs and tissues can be elucidated. For example, in vitro analysis 

has demonstrated that HCFC1 regulates metabolism indirectly by regulating the 

expression of the MMACHC gene (10,12,13,18). These data are further supported by in 

vivo analysis using transient knockdown in the developing zebrafish (44,75). Additional 

mouse models exist and have demonstrated a function for HCFC1 in diverse cell 

populations (40,77), including a subset of NPCs (41). However, although it is clear that 

HCFC1 is essential for NPC function (41), previous studies have not yet determined a 

mechanistic basis for the cellular phenotypes observed. Thus, additional studies 

examining the function of HCFC1 in NPCs are warranted. 

We have created a zebrafish harboring a mutation in the hcfc1a gene (hcfc1aco60/+ 

allele) using CRISPR/Cas9. Zebrafish have two orthologs of HCFC1 and in previous 

studies, we demonstrated that hcfc1b is associated with increased NPC production (75). 

The two zebrafish paralogs have been shown to have divergent functions, as the 

knockdown of hcfc1b causes facial dysmorphia, but knockdown of hcfc1a does not (44). 

Therefore, we asked whether germline mutations in the hcfc1a gene cause defects in 

neural development. Our results demonstrate that the hcfc1aco60/+ allele results in 

increased numbers of proliferating NPCs (Sox2+) and hypomotility. Subsequent RNA 
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sequencing on whole brain homogenates obtained from the hcfc1aco60/+ allele identified 

increased expression of asxl1, which encodes a transcription factor known to modulate 

the cell cycle (78,79). Furthermore, inhibition of asxl1 expression in larvae carrying the 

hcfc1aco60/+ allele restored the number of NPCs to normal levels. Collectively, our study 

demonstrates a molecular mechanism by which hcfc1a regulates NPC proliferation and 

brain development.  

Methods 

Experimental Model and Subject Details 

The experimental model used in this study is the zebrafish, Danio rerio. Zebrafish 

were obtained from the University of Colorado, School of Medicine, or the Zebrafish 

International Resource Center (ZIRC).  The hcfc1aco60/+  allele was produced using 

CRISPR/Cas9 methodology as described (80). The hcfc1aco60/+  allele was produced at 

the University of Colorado, School of Medicine by the corresponding author and obtained 

according to protocols from the University of Texas El Paso. Briefly, a guide RNA 

(GGTTCATACCAGCCGTTCGT) was designed using publicly available software (ZiFit) 

(81). Oligonucleotides from the forward and reverse strand were annealed and ligated 

into the DR274 vector as described (82). Guide template DNA was synthesized using 

PCR amplification with primers (DR274 FWD: TTTGAGACGGGCGACAGAT and DR274 

Rev: TTCTGCTATGGAGGTCAGGT) and RNA was synthesized using the MEGAscript 

T7 in vitro transcription kit. Cas9 was synthesized using the T7 mMessage machine after 

linearization with PmeI (New England Biolabs) of the Cas9 vector (pMLM3613). A solution 

(0.2M KCl with phenol red indicator) containing a final concentration of 500ng Cas9 and 

70 ng of guide RNA was injected at a volume of 2nL at the single cell embryos were grown 
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to adulthood. The hcfc1aco60/+ allele was generated from a single founder (F0), which was 

outcrossed with 3 independent wildtype (AB) fish to generate 3 families of F1 carriers. 

Each family consisted of approximately 20 total fish with equal numbers of males and 

females. To generate subsequent generations, we outcrossed a minimum of 3 F1 

individuals with wildtype (Tupfel Long Fin) to obtain a minimum of 3 families of F2 carriers. 

We subsequently outcrossed F2 carriers (minimum of 3) with wildtype (AB) fish to 

produce an F3 generation of approximately 3 total families with equal numbers of males 

and females. Sanger sequencing confirmed mutation and experiments were initiated in 

the F3 generation.  

The Tg(hsp701:HCFC1) was created using Gateway cloning technology. Briefly, 

the p5e-hsp701, pME-HCFC1 (created from pcDNA6.1 reported in (44)), p3E-polyA, and 

the pDestTol2PA were recombined via LR recombination. The resultant vector was co-

injected with transposase mRNA synthesized from the pCS2FA vector as previously 

described (83). The experiments described herein were performed in the F2 generation, 

which was produced from a single founder (F0). The positive F0 carrier was outcrossed 

with wildtype (AB) to produce 2 families of F1 individuals and a minimum of  3 carriers of 

the F1 generation were outcrossed to produce 3 families of F2 carriers that were utilized 

for the experiments described. 

For all experiments, embryos (prior to sexual dimorphism) were obtained by 

crossing AB wildtype, Tupfel Long Fin wildtype, Tg(hsp701:HCFC1), or hcfc1aco60/+. 

Experiments were performed at developmental stages only [0-5 days post fertilization 

(DPF)]. All embryos were maintained in embryo medium at 28◦ C. All adults beyond the 

age of peak breeding age (>1.5 years) were euthanized using a 10g/L buffered solution 
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of pharmaceutical grade MS 222 (Tricaine). Fish were submerged in solution for 30 

minutes at room temperature. All euthanized adults underwent secondary euthanasia 

using a cold ice bath (2-4 degrees C). Fish were monitored for operculum movement 

during euthanasia and cessation of movement was indicative of euthanasia. Embryos (<7 

days old) were euthanized using 1-10% sodium hypochlorite solution after being 

anesthetized in cold ice bath. Prior to fin clipping and before fixation, all fish, adults and 

larvae, respectively, were anesthetized using MS 222 (150mg/L for adults and 300mg/L 

for embryos). The degree of anesthesia was monitored by operculum movement of adults 

and cessation of movement for larvae. These techniques are approved and advised by 

the American Veterinary Medical Association and approved by the University of Texas El 

Paso Institutional Animal Care and Use Committee. 

Genotyping 

Genotyping of the hcfc1aco60/+  allele was performed by lysing excised larval tissue 

or fin clips (adults) in lysis buffer (10mM Tris pH 8.2, 10mM EDTA, 200mM NaCl, 0.5% 

SDS, and 200ug/ml proteinase K) for 3 hours at 55◦ C. DNA was isolated according to 

standard phenol chloroform : ethanol precipitation procedures. Primers pairs were 

developed that specifically bind to and amplify the mutated allele, which did not amplify 

the wildtype allele. The fragment of interest was amplified by standard PCR at an 

annealing temperature of 64◦ (FWD: CCAGTTCGCCTTTTTGTTGT and REV: 

ACGGGTGGTATGAACCACTGGC). Positive amplification indicates positive carriers of 

the allele (Figure 1). Genotyping of the Tg(hsp701:HCFC1) allele was performed with the 

following primers: forward primer (TGAAACAATTGCACCATAAATTG) located in the 

hsp701 promoter and reverse primer in the HCFC1 open reading frame 
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(CGTCACACACGAAGCCATAG). Amplification indicates the genotype of interest. 

Immunohistochemistry 

 Embryos/larvae were fixed in 4% paraformaldehyde (Electron Microscopy 

Sciences) for minimum of 1 hour at room temperature (RT). For each time point, a small 

piece of caudal tissue was excised for genotyping and the remaining rostral tissue was 

embedded in 1.5% agarose (Fisher) produced in 5% sucrose (Fisher) and embryo 

medium. Embedded blocks were incubated overnight in 30% sucrose (Fisher) and then 

snap frozen with dry ice and cryosectioned (12-20uM). Sections were washed twice in 1X 

phosphate buffered saline (PBS) pH 7.4 at RT for 30 minutes each and blocked for 1 hour 

in blocking buffer (2mg/ml bovine serum albumin (Fisher), 2% goat serum (Fisher) diluted 

in 1X PBS). Primary antibody (1:200 anti-Sox2 (Abcam) or 1:500 anti-HuC/D (Fisher) was 

incubated overnight at 4◦C and then washed twice in 1X PBS for 30 minutes each at RT. 

Alexa fluor antibodies (Fisher) were diluted 1:200 and incubated on each slide for 1 hour 

at RT. All slides were cover slipped using Vectashield (Vector Laboratories) and imaged 

on a Zeiss LSM 700 at 20X-63X magnification. For cell proliferation, larvae were pulsed 

in 20mM 5-ethynyl-2’-deoxyuridine (EdU) (Fisher) diluted in 10% dimethyl sulfoxide 

(DMSO) (Fisher) for 30 minutes at RT prior to fixation. EdU was detected using the EdU 

Click-It technology (Fisher) according to manufacturer protocol.  

Cell Quantification 

For cell quantification, sections were first divided into forebrain, midbrain, and 

hindbrain regions using two zebrafish brain atlases; 1) Atlas of Zebrafish Development 

(84) and 2) Atlas of Early Zebrafish Brain Development (85). To specify brain regions, 
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major hallmark sub-divisions of each brain section were separated based on age of larvae 

and the published sections and demarcations present in (85). For example, sections of 

the developing brain are organized by letters: A-F indicates forebrain sections, G-L are 

midbrain, and M-R are hindbrain according to the zebrafish brain atlas. After 

standardization of the brain region by atlas, cells from each section (12-20uM) were 

counted using the ImageJ cell counter. The ImageJ cell counter allows for the manual 

counting of cells by marking each cell with a colored square and adds the tallied cell to 

the quantification sheet. The cell counter allows for the tally of 4 independent groups 

separately with a different color square. Cells were easily visible across all replicates. 

Only biological replicates with high tissue integrity were quantified. For comparison of 

representative images, equivalent sections are shown to ensure that minor changes in 

tissue geometry do not affect the overall conclusion. These sections are standardized 

from the zebrafish brain atlas. For bar graphs, the average number of cells across each 

brain region were utilized for quantification using approximately 10-20 equivalent 

sections/brain region/fish. The number of animals per group is described in each figure 

legend. To determine the relative increase/decrease in total cell number, the number of 

total cells/section was divided by the average number of cells present in wildtype siblings 

for each brain region analyzed and multiplied by 100. All statistical analysis was 

performed using total numbers of cells/section/brain region. All immunohistochemistry 

was validated with quantitative real time PCR (QPCR) of each gene analyzed. 

QPCR and in situ hybridization 

Whole mount in situ hybridization (ISH) was performed as described by Thisse and 

Thisse (86). Briefly, embryos were harvested and dechorionated at the indicated time 
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point and fixed in 4% paraformaldehyde (PFA) (Electron Microscopy Sciences) for 1 hour 

at RT. Embryos were permeabilized with proteinase K (10ug/ml) for the time indicated 

(87). Permeabilized embryos were prehybridized in hybridization buffer (HB) (50% 

deionized formamide (Fisher), 5X SSC (Fisher), 0.1% Tween 20 (Fisher), 50g ml-1 

heparin (Sigma, St. Louis), 500g ml-1 of Rnase-free tRNA (Sigma), 1M citric acid (Fisher) 

(460l for 50ml of HB)) for 2-4 hours and then incubated overnight in fresh HB with probe 

(50-100ng) at 70C. Samples were washed, blocked in 2% sheep serum, and incubated 

with anti-DIG Fab fragments (1:10,000) (Sigma) overnight at 4C. Samples were 

developed with BM purple AP substrate (Sigma) and images were collected with a Zeiss 

Discovery Stereo Microscope fitted with Zen Software. The asxl1 cDNA probe sequence 

was amplified using the  following primers: FWD: CATCAACACACGGACCTTTG and 

REV: CAGTGAGTGGGGTGGAAGTT, purified using a DNA purification kit (Fisher), then 

ligated into the pGEM-T easy vector using the pGEM T-easy Plasmid Ligation Kit 

(Promega).  

For QPCR, RNA was isolated from embryos at the indicated time point using Trizol 

(Fisher) according to manufacturer’s protocol. Reverse transcription was performed using 

Verso cDNA synthesis (Fisher) and total RNA was normalized across all samples. PCR 

was performed in technical triplicates for each sample using an Applied Biosystem’s 

StepOne Plus machine with Applied Biosystem’s software. Sybr green (Fisher) based 

primer pairs for each gene analyzed are as follows: mmachc fwd: 

GCTTCGAGGTTTACCCCTTC, mmachc rev: AGGCCAGGGTAGGGTCCTG, hcfc1a 

fwd: ACAGGGCCTAACACAGGTTG, hcfc1a rev: TCCTGTGACTGTGCCAAGAG, asxl1 

fwd: CCAGAGCTGGAAAGAACGTC, asxl1 rev: ACATCTCCAGCTTCGCTCAT,  rpl13a 
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fwd: TCCCAGCTGCTCTCAAGATT, rpl13a rev: TTCTTGGAATAGCGCAGCTT, sox2 

fwd: AACTCCTCGGGAAACAACCA, sox2 rev: ATCCGGGTGTTCCTTCATGT, elavl3 

fwd: TAACGGCCCTGTCATTAGCA, elavl3 rev: CGTGTTGATAGCCTTGTCGG, gfap 

fwd: GGCCAACTCTAACATGCAGG, gfap rev: ATTCCAGGTCACAGGTCAGG, olig2 

fwd: TTCTGTAGGCCACACACCAG, and olig2 rev: TTAACTCCGGTGGAGAATCG. 

Analysis was performed using 2ct. 

 For RNA sequencing analysis, total RNA was isolated from brain homogenates 

(N=12/group from 3 biological replicates), analyzed for RNA integrity, and sequenced at 

The University of Texas El Paso Border Biomedical Research Center Genomics Core 

Facility. RNA sequencing was performed in biological triplicate. RNA integrity was 

assessed with a TapeStation 2200 and the library was prepared with a TruSeq stranded 

mRNA library preparation kit. Sequencing was performed on a NextSeq500 (Illumina) 

using a high output kit V2 (150 cycles). For analysis, the sequences were quality trimmed 

using Trimmomatic (88) and aligned to the Danio rerio genome (build GRCz11) obtained 

from Ensembl v95 using Tophat2 (89). Cufflinks (90) was used to determine the 

differential expression patterns between mutant and wildtype samples. 

Tg(hsp701:HCFC1) analysis and rescue experiments. 

F2 carriers of the Tg(hsp701:HCFC1) were incrossed and grown at 28◦ for 24 hours 

and then split into two groups, non-heat shock and heat shock. Heat shock was performed 

for 30 minutes at 38◦ and then allowed to acclimate at RT for 20 minutes. Heat shock was 

initiated at 24 hours post fertilization (HPF) and performed every 8 hours until 2 or 5 DPF. 

For LY294002 (Selleck Chemicals) rescue, the drug was dissolved in 100% DMSO 

(Fisher) and embryos were treated at 24 HPF with a 12uM concentration for a period of 
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24 hours. Media was removed and embryos were dechorionated (if necessary) and fixed 

for immunohistochemistry.  

For morpholino rescue, 2 nL of a 0.1 mM solution of asxl1 targeting translation 

inhibiting morpholinos (GTTTGTCCTTCATTTCCTCAGTGTT) or random control 

morpholinos (Gene-Tools) were injected into offspring of the hcfc1aco60/+ allele. Injected 

embryos were fixed at 2 DPF and simultaneously stained for the number of Sox2+ and/or 

EdU+ positive cells. Cells were counted as described above.  

Larval Behavioral Assay  

Embryos were obtained from an outcross of the hcfc1aco60/+ allele and raised to 5 

DPF. Behavioral quantification was performed using the Zebrabox (ViewPoint Behavior 

Technology) as previously described (91). Larvae were individually tracked for swim 

speed and total distance swam in a 96 well plate. The behavioral protocol was a total of 

15 minutes divided into 5-minute intervals of dark/light/dark conditions. All larvae were 

acclimated to the dish and housing conditions for 1 hour prior to analysis. Settings for the 

program include a threshold of 16 and integration period of 300 seconds. Data was 

measured as total distance traveled (mm) and total swim speed (mm/sec) (Swim Speed= 

{Total distance traveled in large and small movements) (Smldist+Lardist)}/{Total duration 

spent by the animal in small and large movements (smldur+lardur)}. Statistical 

significance was determined according to a T-test. All experiments were performed in 

biological triplicate. 

Quantification and Statistical Analysis 

For all assays, statistical significance was calculated using a T-test to compare the 
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means of two groups. All assays were performed in biological duplicate and triplicate and 

all QPCR was performed in technical and biological triplicate or duplicate, respectively. 

For each assay, the total number of animals (N) is indicated in the figure legend. The 

number of animals was determined based on power analysis conducted from preliminary 

studies. For all graphs, statistical significance between groups and the P-value is shown 

in the figure legend. For cell quantification, the number of Sox2+ or EdU+ cells were 

counted per section and normalized according to the methods section above. All sections 

were sub-divided based on landmarks in the Atlas of Early Zebrafish Brain Development, 

2nd Edition and then separated into specific brain regions (forebrain, midbrain, and 

hindbrain). All graphs represent error bars as standard error of the mean (SEM).  

Results 

Production of the hcfc1aco60/+ allele. 

 Previous studies suggest that HCFC1 regulates the number of NPCs in vitro and 

in mouse models (12,13,41,75). HCFC1 is highly conserved across species (10) and 

zebrafish have been used as a model system to understand the mechanisms by which 

mutations in HCFC1 cause disease (44,75). Therefore, we developed a zebrafish 

harboring a germline mutation in the hcfc1a gene using CRISPR/Cas9 technology. We 

developed a specific guide RNA (sgRNA) that targets exon 3 of the hcfc1a gene (Figure 

1A). The sgRNA was injected at the single cell stage and resulted in the net insertion of 

13 nucleotides (Figure 1A). The introduction of these nucleotides is predicted to introduce 

a premature stop codon and encode a peptide of 94 amino acids in length (Supplemental 

Figure 1). Full length Hcfc1a is approximately 1778 amino acids in length. Genotyping of 

the hcfc1aco60/+ allele was developed according to the materials and methods section, 
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using a reverse primer unique to the mutant allele in the amplification strategy (Figure 

1A). Positive amplification was indicative of positive carriers (Figure 1B), as the primers 

did not bind to or amplify the wildtype allele. Initial crosses between heterozygous carriers 

of the hcfc1aco60/+ allele failed to generate homozygous progeny and did not obey 

Mendelian inheritance patterns. These results indicate that Hcfc1a is required for early 

development, which is consistent with previously published studies (40,77), however the 

mechanism for embryonic lethality of the homozygous allele was not explored further 

here. Importantly, heterozygous carriers survived to adulthood with a lifespan equivalent 

to wildtype adult zebrafish. Adult heterozygous carriers did not show any gross 

morphological phenotypes associated with the allele. Larval heterozygous carriers did not 

show overt morphological phenotypes during early development, which is consistent with 

previous studies using anti-sense morpholinos targeting the hcfc1a gene (44). However, 

based on previous studies (12,13) we surmised that heterozygous carriers of the 

hcfc1aco60/+  allele would have defects in overall hcfc1a expression and potential defects 

in brain development. Therefore, we measured the expression of hcfc1a in carriers of the 

hcfc1aco60/+ allele and their wildtype siblings using QPCR. We designed primers to detect 

hcfc1a expression downstream of Exon 3 that span exons 15 and 17 to ensure that the 

primers were capable of detecting changes in total mRNA expression and not truncated 

N-terminal transcripts. As shown in Figure 1C, at 2 DPF carriers of the hcfc1aco60/+ allele 

had a 50% decrease in total hcfc1a mRNA (P<0.05). 

Hcfc1a regulates NPC number in vivo. 

  Several studies suggest that mutation or abnormal expression of Hcfc1 (mouse) 

mRNA disrupts the number of NPCs, their proliferation, and/or their differentiation. 
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Moreover, we have previously published that hcfc1a is expressed in the developing brain 

across the forebrain, midbrain, and hindbrain (44). Therefore, we asked whether the 

decrease in hcfc1a mRNA expression in carriers of the hcfc1aco60/+ allele resulted in 

abnormal numbers of NPCs in vivo. To test this, we first measured the expression of sox2 

and pax6 using QPCR at 5 DPF. We used sox2 and pax6 as a readout for NPCs because 

they are co-localized and established markers of NPCs in the field (47,92,93). At 5 DPF, 

the expression of both sox2 and pax6 were up-regulated in hcfc1aco60/+ larvae relative to 

their wildtype siblings (Figure 2A). We next compared the total number of Sox2+ cells in 

hcfc1aco60/+ larvae and their wildtype siblings over the course of development at 1 (Figure 

2B), 2, and 5 DPF. Increased NPCs were not observed until 2 DPF (Figure 2C), but this 

increase was sustained until 5 DPF (Figure 2D). hcfc1aco60/+ larvae had increased 

numbers of NPCs in the forebrain, midbrain, and hindbrain regions, with NPCs highly 

enriched in the ventricular region of the developing brain (Figure 3A-D and A’-D’, 

arrowheads indicate cells). There were approximately 25-30% more Sox2+ cells per brain 

region based upon our quantification (Figure 2&3).  

The hcfc1aco60/+ allele disrupts cell proliferation. 

Mutation of Hcfc1 in mice is associated with increased cell death in a 

subpopulation of NPCs (41), therefore, we hypothesized that the excess NPCs produced 

undergo cell death. To measure cell death, we performed immunohistochemistry with 

anti-active caspase 3 antibodies and anti-Sox2 antibodies at 5 DPF. As shown in Figure 

4A and 4A’, we detected approximately 1-2 Caspase+ Sox2+ cells in sibling controls 

(white arrowhead), however larvae harboring the hcfc1aco60/+ allele had on average 

approximately 4-5 co-localized cells per/section (white arrowheads in 4A’). As we 
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detected very few total caspase+ NPCs, we next quantified the total number of NPCs in 

each group to determine the total number of NPCs surviving. As shown in Figure 4B, 

while the hcfc1aco60/+ allele led to an increase in the number of caspase positive NPCs 

(red bars), the vast majority of NPCs in both wildtype and hcfc1aco60/+ larvae were not 

caspase positive (gray bars), indicating that a significant fraction of NPCs survive. 

Because of this survival, we next analyzed cell proliferation in hcfc1aco60/+ larvae and their 

wildtype siblings using EdU click-it technology. The hcfc1aco60/+ allele resulted in a 

statistically significant increase in the number of EdU positive cells in both the midbrain 

and hindbrain regions (Figure 4C-D & 4C’-D’ and quantified in Figure 4E). We observed 

an increase in the number of EdU positive cells in the forebrain, although the increase in 

the forebrain was not significant across multiple biological replicates (P=0.06). 

Collectively, these data suggest the hcfc1aco60/+ allele results in an increase in NPC 

proliferation, whereby a sub-population of these NPCs undergo cell death, while the 

majority of those NPCs produced, survive. 

The hcfc1aco60/+ allele is associated with abnormal expression of pro-neural and 

pro-glial genes. 

The hcfc1aco60/+ allele is associated with increased proliferation and an increased 

number of NPCs. Importantly, the majority of these cells do not undergo cell death and 

therefore, we asked if the expression of genes associated with either neuronal or glial 

differentiation was abnormal. We measured the expression of two established markers of 

neurons and radial glial cells, elavl3 and gfap, by immunohistochemistry. As shown in 

Figure 5A’&B’, the expression of both Gfap and Elavl3 expression was increased in 

hcfc1aco60/+ larvae at 5 DPF. Next, we quantified the level of expression of each marker 
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and one additional marker of differentiation (olig2) using QPCR at 5DPF. QPCR 

demonstrated an increase in the level of mRNA expression of each marker (Figure 5C) 

in hcfc1aco60/+ larvae relative to their wildtype siblings (P<0.05).  

Overexpression of HCFC1 reduces the number of NPCs and decreases neural and 

glial gene expression. 

 Our data demonstrates that haploinsufficiency of hcfc1a is associated with 

increased proliferation and increased numbers of Sox2+ cells. Previous studies have 

shown that over-expression of Hcfc1 (mouse) in vitro is associated with reduced NPC 

proliferation/growth and reduced NPC proliferation (12). We tested the effects of HCFC1 

over expression in zebrafish by creating a transgenic zebrafish expressing human HCFC1 

under the control of the heat shock promoter, hsp701. The efficacy of the hsp701 

promoter in zebrafish has been widely established in previous studies (83,94–98). We 

activated expression of HCFC1 by performing a heat shock as described in the methods 

section for a period of 5 days. We first measured the mRNA expression of sox2, elavl3 

(HuC/D), gfap, and olig2 by QPCR. Activation by heat shock of the Tg(hsp701:HCFC1) 

allele resulted in decreased expression of all markers analyzed (Figure 6A; P<0.05). We 

next analyzed the number of Sox2+ cells in the presence and absence of heat shock. 

Activation of the Tg(hsp701:HCFC1) was associated with a decreased number of NPCs 

across the forebrain (P=4.88568E-05), midbrain (P=0.004359), and hindbrain (P=0.0776) 

(Figure 6B, 6C-C’).  

Asxl1 is overexpressed in animals with the hcfc1aco60/+ allele.  
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 HCFC1 is known to regulate metabolism and craniofacial development via the 

modulation of MMACHC expression (10,13,44). Therefore, we hypothesized the neural 

phenotypes associated with mutations in hcfc1a were the direct consequence of defects 

in mmachc expression. We measured the expression of mmachc in hcfc1a mutants and 

their wildtype siblings. As shown in Figure 7A, QPCR analysis demonstrated that mmachc 

expression was unchanged by the hcfc1aco60/+ allele. Based upon these data, we 

hypothesized that mutation of hcfc1a does not regulate brain development by modulating 

mmachc expression. To better understand the mechanisms downstream of hcfc1a, we 

performed RNA-sequencing at 2 DPF using whole brain homogenates from wildtype and 

hcfc1aco60/+ larvae (Supplemental Table 1). Using literature analysis, we identified the 

asxl1 gene as one possible downstream effector of Hcfc1a in the developing brain. Asxl1 

encodes a transcriptional regulator that is essential for proper cell proliferation and whose 

deletion causes cellular senescence (79,99). More importantly, mutations in ASXL1 have 

been associated with Boring Opitz Syndrome (605039), which has been characterized by 

profound intellectual disability (100). According to in situ hybridization, asxl1 expression 

is restricted to the developing zebrafish brain as indicated by the purple stain in panel B’ 

(Figure 7B&B’). The sense negative control was absent of this purple stain as shown in 

Figure 7B. Additionally, QPCR analysis of brain homogenates validated a 14-fold 

increase of asxl1 expression at 2 DPF in hcfc1aco60/+ larvae relative to wildtype siblings 

(Figure 7C).  

Inhibition of asxl1 restores the NPC phenotype in hcfc1aco60/+ larvae.  

 Deletion of Asxl1 in mouse embryonic fibroblasts (MEFs) causes growth 

retardation because Asxl1 regulates the cell cycle via activation of the AKT-E2F axis (79). 
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Based upon these data, we hypothesized that over-expression of asxl1 in hcfc1aco60/+ 

larvae promotes proliferation of NPCs. To test this hypothesis, we designed a 

translational blocking morpholino to inhibit asxl1 expression in hcfc1aco60/+ larvae. We 

determined the concentration for injection empirically and selected the highest 

concentration that promoted >70% survival of injected embryos. We injected asxl1 

morpholinos or random control morpholinos into hcfc1aco60/+ larvae and their wildtype 

siblings at the single cell stage and then analyzed the number of EdU positive cells at 2 

DPF. As shown in Figure 7D, the injection of random control morpholinos into hcfc1a 

mutants and their wildtype siblings had no detrimental effects and recapitulated the NPC 

phenotype previously observed (i.e. increased NPCs, Figure 2 and 3). However, the 

injection of asxl1 morpholinos completely restored the number of NPCs to wildtype levels 

in all brain regions (Figure 7D, red bars).  

Morpholinos can display off-target effects (101) and therefore we sought an 

alternative route of asxl1 inhibition in hcfc1aco60/+ larvae. Youn and colleagues have 

demonstrated that ASXL1 (mouse) expression promotes cell proliferation by binding to 

AKT kinase and promoting AKT phosphorylation (79). However, this function can be 

inhibited with PI3K/AKT inhibitors. Therefore, we treated hcfc1aco60/+ larvae and their 

wildtype siblings with LY294002, a PI3K inhibitor as described in (79). Hcfc1aco60/+ 

embryos were treated at 24HPF with 12uM LY294002 or vehicle control (DMSO). Vehicle 

treatment of wildtype and hcfc1aco60/+ larvae recapitulated the NPC phenotype (i.e. 

increased NPCs) present in hcfc1aco60/+ larvae (Figure 8A-A’’,8B-B’’, and 8C-C’’, white 

arrowheads), which was consistent across all brain regions as both the number of Sox2+ 

cells (Figure 9A-A”) and the number of EdU+ cells (Figure 9B-B”) were increased in 
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hcfc1aco60/+ larvae. In contrast, treatment with LY294002 reduced the number of cycling 

cells (EdU+) and the number of NPCs (Sox2+) in hcfc1aco60/+ larvae, consistent with our 

hypothesis (Figure 9A&B, red bars). To complement these data, we next performed 

mRNA expression analysis of sox2, asxl1, and cyclin E (ccne1) in treated and untreated 

hcfc1aco60/+ larvae at 5 DPF. As shown in Figure 9C, treatment with LY294002 resulted in 

decreased expression of sox2 and asxl1, which was correlated with decreased ccne1 

expression (P<0.05). 

Defects in neural development are associated with larval hypomotility.  

 The functional consequences of the defects in brain development in the 

hcfc1aco60/+ allele are not completely understood. However, mutation of HCFC1 in patients 

with cblX syndrome is associated with movement disorders (10). Therefore, we performed 

larval behavioral assays to determine if defects in the number of NPCs were associated 

with abnormal swim patterns. To test this, we monitored swim behavior of 5 DPF larvae 

using Zebrabox technology. Carriers of the hcfc1aco60/+ allele exhibited reduced overall 

distance swam in response to light stimulus as described in (91), but overall speed was 

not affected (Figure 10A&B). These behavioral deficits are consistent with a hypomotility 

phenotype (102). Importantly, hcfc1aco60/+ responded normally to dark-light-dark 

transitions (Figure 10C) as has been previously demonstrated (103).  

Discussion 

Here we demonstrate that the hcfc1aco60/+ allele results in an increase in the 

number of NPCs during early brain development. This increase in NPC number is a direct 

consequence of over proliferation of NPCs. Mutations in HCFC1 cause cblX syndrome, 
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a multiple congenital anomaly syndrome, associated with cobalamin deficiencies and 

significant neurological deficits, among other phenotypes (10,12). HCFC1 encodes for a 

transcriptional co-activator that regulates genes important for metabolism and 

proliferation (18). It is suggested that HCFC1 binds to and regulates the expression of 

>5000 different genes (76), with various different interacting partners including THAP11 

(74) and ZNF143 (104), where mutation of either can cause a cblX like disorder (21,75).  

Previous reports suggest that HCFC1 regulates NPC function (12,13,41,75). In 

vitro, decreased Hcfc1 (mouse) expression increases the number of NPCs and reduces 

the expression of markers associated with differentiation (13). These data are consistent 

with the known function of Hcfc1 in cell proliferation (28,105,106). Mutation of Hcfc1 

(mouse) is embryonically lethal (77) and consequently, the in vivo function of HCFC1 has 

been difficult to characterize. Our results are consistent with this observation, as we did 

not detect viable homozygous larvae or adults. We genotyped larvae from an incross of 

hcfc1aco60/+ adults at 2, 4, and 8 HPF and even at the earliest time points, we detected 

few to zero homozygous larvae. We did not explore this mechanism further, however in 

previous studies the murine Hcfc1 mutant allele was subject to compensatory 

mechanisms and only the paternally inherited allele was viable (77). Zebrafish do not 

have sex chromosomes, but future studies are warranted that characterize the inheritance 

of the hcfc1aco60/+ allele as well as the embryonic lethality. 

Recently a cell-type specific mutant allele was created in which Hcfc1 (mouse) was 

deleted from a subpopulation of neural precursors (NKX2.1+). This cell type specific 

deletion of Hcfc1 (mouse) induces cell death and defects in differentiation without 

affecting proliferation. These results differ from in vitro assays, whereby decreased Hcfc1 
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(mouse) results in an increase in the number of precursors. The discrepancy between 

these results might be explained by many factors, including the propagation of 

neurospheres in vitro and the inability to decipher how the developing microenvironment 

affects normal physiology. However, some studies have helped to shed light on the latter 

explanation because the in vivo knockdown of hcfc1b, one of the zebrafish orthologs of 

HCFC1, resulted in increased NPC proliferation (75). Thus, the function of HCFC1 is 

complex, with several unknown cell-type specific functions that can be affected by the 

surrounding microenvironment. 

Here we developed a zebrafish harboring a germline mutation in the hcfc1a gene. 

We analyzed the effects of this mutation on NPC number and proliferation. Consistent 

with the literature (12,13,75), our allele resulted in an increase in the number of Sox2+ 

cells and increased cellular proliferation without significant deficits in cell survival. 

Increased cell proliferation was observed across all brain regions. However, our studies 

were limited to detection of NPCs using the Sox2 marker. A significant fraction of these 

cells co-localize with EdU positive cells in the Co60/+ allele, but not all of them. These 

data strongly suggest that hcfc1a is important for the proliferation of Sox2 positive NPCs. 

However, the NPC population is heterogeneous in nature and can include Sox2+ and 

Sox2- cells. We do not yet understand the effects of hcfc1a mutations on the Sox2- 

population or other NPC sub-populations (actively proliferating versus not proliferating). 

However, we did observe increased pax6 expression. Sox2 and Pax6 are known to be 

co-expressed in a subpopulation of NPCs so it is possible these two markers label similar 

populations of NPCs (93).  
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The increased numbers of NPCs in the hcfc1aco60/+ allele was not associated with 

increased apoptosis of NPCs, but instead was associated with increased expression of 

markers associated with neurons and glia. The effects of this increased expression are 

yet to be elucidated, however studies that provide information on brain volume and the 

ratio of gray and white matter in the central nervous system are warranted; particularly 

given that the increases in neurons and glia we observed are unique from the 

differentiation defects observed in previous studies (13,41). However, we suspect the 

difference in phenotype between previous studies and our own is likely associated with 

the type of mutation introduced, the brain microenvironment, the cell population analyzed, 

and the region of the brain of interest. For example, Minocha and Herr (41) deleted exons 

2 and 3 of Hcfc1 using a Cre-Lox system with a cell type specific promoter. The resulting 

approach introduces the formation of a truncated protein, whereas our system results in 

decreased overall expression (Figure 1), which may be more consistent with previous in 

vitro assays and haploinsufficiency. However our haploinsufficient allele advances the 

field because unlike the previous in vitro assays (12,13), our allele accounts for the broad 

expression of Hcfc1 which was recently documented by Minocha and colleagues (41).  

HCFC1 regulates a myriad of downstream target genes (18,76) and therefore, the 

mechanisms by which HCFC1 regulates NPC function are not clear. The majority of the 

literature focuses primarily on the function of HCFC1 at the MMACHC promoter in the 

human syndrome, cblX. cblX disorder is the result of mutations in the HCFC1 gene and 

these mutations disrupt protein function causing a decrease the expression of MMACHC 

and a metabolic disorder (10,13). Interestingly, mutations in MMACHC cause cblC 

disorder, which has many overlapping phenotypes with cblX including 
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neurodevelopmental defects (107). These data led us to hypothesize that HCFC1 

regulates NPC function by modulating MMACHC expression. However, the hcfc1aco60/+ 

allele did not disrupt mmachc expression. However, whether our allele causes other 

metabolic deficits is not known and was not explored further here. For example, mutation 

of the human HCFC1 gene has been associated with non-ketotic hyperglycinemia (16). 

Collectively the data presented here suggests that the hcfc1aco60/+ allele disrupts NPC 

proliferation by a novel molecular mechanism. In addition, these data suggest some 

divergent function between hcfc1a and hcfc1b, as the latter has been shown to regulate 

mmachc expression and craniofacial development (44). 

Our results strongly suggest an mmachc independent mechanism underlying the 

neural developmental phenotypes associated with the hcfc1aco60/+ allele, but we cannot 

completely rule out that hcfc1b regulates brain development via mmachc expression or 

that other factors including cobalamin, homocysteine, or methylmalonic acid 

accumulation. However, RNA-sequencing of brain homogenates provided a list of 

potential downstream effectors of hcfc1a. Of those candidates, the asxl1 gene was 

afforded high priority because of its known role regulating cellular proliferation (79,99,108) 

and for its documented function in mouse embryonic stem cells and neural differentiation 

(78). Interestingly, the hcfc1aco60/+ allele causes a 14-fold induction of asxl1 expression. 

In mouse embryonic fibroblasts, the deletion of Asxl1 causes cellular senescence. We 

observed increased cellular proliferation and therefore, postulated that an increased level 

of Asxl1 protein was promoting NPC proliferation in hcfc1a mutant larvae. Consistent with 

the known function of asxl1 and our hypothesis, knockdown of asxl1 in hcfc1a mutant 
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larvae restored the defects in cellular proliferation, resulting in normal numbers of Sox2+ 

cells.  

Interestingly, ASXL1 has been shown to regulate cell proliferation in other cell 

types (108,109) and this activity has been associated with activation of AKT. Based upon 

these data, we attempted to restore the phenotypes present in the hcfc1aco60/+  allele by 

inhibiting ASXL1 activity downstream of PI3K (79). Consistent with this role, the inhibition 

of ASXL1 activity using pharmacological inhibition completely restored the NPC deficits 

present in hcfc1a mutants. Thus, our data suggest a mechanism whereby hcfc1a 

regulates the expression of Asxl1 and the cell cycle during early brain development. 

However, whether hcfc1a regulates asxl1 by directly binding to the asxl1 promoter is still 

not known, but interestingly ASXL1 and HCFC1 interact with one another in myeloid cells 

to regulate proliferation and differentiation (110). Thus, these two proteins may regulate 

the activity of one another at multiple levels.  

We observed changes in the expression of various markers of neurons and glia. 

However, the physiological consequences of these changes are not currently known. 

Zebrafish have emerged as a model for neurodevelopmental disorders (111) and 

behavioral assays for seizure (112) and motor deficits (113) have been described. 

Therefore, we characterized the locomotion of hcfc1a mutants in response to light 

stimulus (114). Our results, using Zebrabox technology, demonstrated reduced motility 

as indicated by decreased distance travelled. Importantly, the decreased motility during 

a light stimulus was not due to an overall defective response to light, as our analysis 

demonstrated that carriers of the hcfc1aco60/+  allele responded to normally to light 

stimulus, as indicated by the “V” like pattern in dark-light-dark conditions (115). 
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Decreased distance travelled has been previously defined as hypolocomotion and is 

associated with motor incoordination (116). Hypolocomotion has been demonstrated in 

zebrafish models of ALS (113,117) and fetal akinesia (118), two disorders characterized 

by motor deficits. Interestingly, the hypolocomotion we observed was correlated with 

increased NPCs and defects in the expression of various markers associated with 

differentiation. We did not observe short convulsions or whirlpool like behaviors in mutant 

larvae, which would have been indicative of a seizure phenotype and it is likely that the 

protocol we used to detect behavioral deficits does not stimulate a seizure like phenotype. 

Future studies that use multiple stimuli, including low dose convulsants will likely shed 

light on the epileptic phenotypes associated with mutations in hcfc1a.  

Conclusions 

Our study focuses on the function of hcfc1a, one ortholog of HCFC1, during brain 

development. Specifically, we focus on the function of hcfc1a in modulating NPC number 

and proliferation. We demonstrate that HCFC1 is essential for the proliferation of NPCs. 

Importantly we connect these cellular deficits to a molecular mechanism whereby hcfc1a 

indirectly or directly regulates asxl1 expression to control cellular proliferation. Thus, we 

propose that our system has the potential to inform about the transcriptional program 

regulating NPC function. 
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Figure 1. Haploinsufficiency of the hcfc1aco60/+ allele (Co60/+). A. Schematic of the 

exon structure of the hcfc1a gene (not drawn to scale). The gRNA produced targets the 

sequence shown within exon 3 (Sibling). The Co60 allele results in an insertion of 13 

nucleotides (Red). B. Primers were designed to specifically amplify the Co60 allele. The 

specific primer is underlined and bolded in the sequence presented in (A). Positive 

amplification is indicative of heterozygous carriers (Co60/+) with no amplification of the 

wildtype allele (WT). C. Quantitative real time PCR analyzing the relative expression of 

hcfc1a in wildtype siblings (Sibling) and the hcfc1aco60/+ allele (Co60/+) at 2 days post 

fertilization. N=16 larvae per group with 3 biological replicates. *p<0.05 
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Figure 2: The hcfc1aco60/+ allele increases the number of Sox2+ cells in the 

developing brain. A. Quantitative real time PCR analyzing the relative expression of 

sox2 and pax6 in wildtype siblings (Sibling) and the hcfc1aco60/+ allele (Co60/+). N=7 

larvae per group/biological replicate *p<0.05. B-D. Quantification of the number of Sox2+ 

cells at 1 day post fertilization (DPF) (B), 2 DPF (C), and 5 DPF (D) in the early forebrain 

(EF), forebrain (FB), midbrain (MB), and hindbrain (HB). *p=0.006828, **p= 1.13873E-

05, ***p= 0.000107, #p= 0.010168, ##p= 4.55E-06, ###p= 1.97E-07, and §p= 0.005476. 

In B, total number of animals is Sibling (N=6) and hcfc1aco60/+ (N=6), C total animals is 

Sibling (N=7) and hcfc1aco60/+ (N=7), and D total animals is Sibling (N=4) and hcfc1aco60/+ 

(N=4). All error bars represent standard error of the mean. 
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Figure 3: Increased Sox2+ cells are present in the hcfc1aco60/+ allele.  A-D&A’-D’. 

Representative images of brain sections from larvae at 5 days post fertilization (DPF) 

stained with Sox2 antibodies (green) and Hoechst DNA content dye. The whole brain 

(20X) and the ventricular zone (63X) are shown. Images were captured from sections on 

a confocal microscope. A schematic of the zebrafish at 5 DPF is shown above 

representative images with a line to indicate the cross section below. 
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Figure 4: The hcfc1aco60/+ allele is associated with increased cell proliferation and 

minimal cell death. A-A’. Apoptosis of Sox2+ neural precursor cells was assessed using 

anti-caspase 3 and anti-Sox2 antibodies at 5 days post fertilization (DPF). Representative 

images are depicted from sibling wildtype (Sibling) or the hcfc1aco60/+ allele (Co60/+). 

Arrows indicate Sox2+ caspase+ neural precursors. B. The total number of Sox2+ 

Caspase+ cells was quantified in wildtype siblings and the Co60/+ allele. Independently, 

the total number of Sox2+ was also quantified and the graph depicts the total number of 
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Caspase positive NPCs (red bars; * P= 1.47822E-16) present within the entire Sox2+ 

population (gray bars; **P<0.05). Due to the small number of total Sox2+ Caspase+ cells 

present, the data is depicted as total numbers of cells in the entire brain. N=3/group. C-

D&C’-D’. Representative images of larvae (Sibling or Co60/+) pulsed with ethynyl-

deoxyuridine (EdU) to monitor cell proliferation at 2DPF. C&D are 20X magnifications and 

C’&D’ represent region in the inset at 63X magnification. E. Quantification of the total 

number of EdU positive cells in forebrain (FB), midbrain (MB), and hindbrain (HB) of 

siblings and hcfc1aco60/+ larvae at 2 DPF. *p= 0.060553, **p= 0.00108, ***p= 0.006642, 

N=9 per group. All error bars represent standard error of the mean. 
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Figure 5: The hcfc1aco60/+ allele increases the expression of differentiation markers. 

A, A’, B,&B’. Representative images of brain sections from Tg(gfap:EGFP) larvae 

harboring the hcfc1aco60/+ allele (Co60/+) at 5 days post fertilization (DPF) stained with 

Elavl3 (HuC/D) antibodies and Hoechst DNA content dye. 20X representatives of the 

entire brain (A-B) and 63X sub-regions (A’-B’) are shown. Wildtype siblings (N=6) and 

hcfc1aco60/+ larvae (N=6). Arrowheads indicate regions of increased 

expression/localization of protein. Arrowheads of Hoechst (Nuclear) images demonstrate 

regions with cell bodies. The top schematic demonstrates a 5 DPF larval brain with a line 

to demonstrate the region depicted below. C. Quantitative real time PCR analysis of the 

expression of elavl3, gfap, and olig2 in siblings and hcfc1aco60/+ larvae 

(N=8/group/biological replicate). Error bars represent standard error of the mean. * 

P<0.05.  
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Figure 6: Over expression of HCFC1 decreases NPC number and differentiation. A. 

Tg(hsp701: HCFC1) were heat shocked according to the methods section and total RNA 

was isolated from control (No heat shock (NHS)) and heat shock larvae (HS). Quantitative 

PCR was performed to test the expression of sox2, elavl3, olig2, and gfap. Error bars 

represent standard error of the mean. N=28/group/biological replicate. *P<0.05. B. The 

total number of Sox2 cells was quantified across forebrain (#P= 4.88568E-05), midbrain 

(##P= 0.004359), and hindbrain (##P=0.077). Error bars represent standard error of the 

mean. N=5/group. C&C’. Representative images of 2 days post fertilization (DPF) 

Tg(hsp701:HCFC1) larvae (NHS or HS) stained with anti-Sox2 antibodies. Schematic 

demonstrates 2 DPF larval brain section with graphical inset of hypothalamus region (Hy) 

to specify region shown.   
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Figure 7. The hcfc1aco60/+ allele regulates brain development and asxl1 expression. 

A. Quantitative real time PCR (QPCR) analyzing the relative expression of mmachc in 

wildtype siblings (Sibling) and hcfc1aco60/+ larvae (Co60/+). N=16 larvae per group with 3 

biological replicates. (B&B’) Whole mount in situ hybridization (ISH) was performed at 2 

days post fertilization (DPF) using a riboprobe targeting asxl1 mRNA. ISH was performed 

with sense control (B) and anti-sense specific probe (B’). Purple demonstrates positive 

staining in the developing brain. N= 21. C. QPCR analyzing the relative expression of 

asxl1 in wildtype siblings (Sibling) and the hcfc1aco60/+ allele. N=16 larvae per group with 

3 biological replicates. # p<0.05. D. hcfc1aco60/+ larvae (Co60/+) and their wildtype siblings 

(Sibling) were injected with translation inhibiting morpholinos targeting asxl1 (asxl1 MO) 
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or random control (RC) morpholinos. At 2 DPF, larvae were pulsed and stained for EdU 

incorporation and the number of EdU positive cells was counted per brain section. The 

total number of cells in the forebrain (FB), midbrain (MB), and hindbrain (HB) was 

calculated. *p=0.000127, **p=0.000407, ***p=0.00712. N=6/group.  
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Figure 8: Inhibition of Asxl1 activity restores the NPC deficits in the hcfc1aco60/+ 

allele. A-A”, B-B”&C-C”. Representative 20X images of Sibling wildtype (A-A’’), 

hcfc1aco60/+ larvae (Co60/+) (B-B’’), or Co60/+ larvae treated with 12uM LY294002 (C-C’’) 

at 2 days post fertilization (DPF).  
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Figure 9: Quantification of the number of NPCs after inhibition of Asxl1 activity. 

A&B. Quantification of the number of Sox2+(A) or EdU (B) positive cells in vehicle treated 
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and larvae treated with LY294002 at 2 days post fertilization (DFP). N= 4 Vehicle Sibling, 

6 Vehicle hcfc1aco60/+ larvae, and 4 LY294002 hcfc1aco60/+ larvae. §p=0.000168, 

§§p=2.08852E-09, §§§p=0.000153. ◊p=7.22142E-07, ◊◊p=0.000997, ◊◊◊p=0.00014. All 

error bars represent standard error of the mean. C. hcfc1aco60/+ larvae and their wildtype 

siblings (Sibling) were treated at 24-hour intervals with 12uM LY294002 until 5 DPF and 

then total RNA was isolated from brain homogenates. Quantitative real time PCR was 

performed to test the expression of sox2, asxl1, and cyclin E (ccne1). 

N=10/group/biological replicate. Error bars represent standard error of the mean. *P<0.05 
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Figure 10: The hcfc1aco60/+ is associated with hypomotility. Total distance (A) and 

average speed (B) of wildtype (Sibling) and heterozygous carriers of the hcfc1aco60/+ 

(Co60/+) allele were tracked at 5 days post fertilization (DPF) using ZebraBox technology. 

Distance and speed were monitored during light stimulus for a 5-minute duration. Top 
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panel shows representative tracking patterns from Sibling wildtype and heterozygous 

carriers of the Co60/+ allele. *p<0.001. N=52 Sibling wildtype and 56 Co60/+ individual 

larvae. C. 5 DPF larvae were monitored for total distance swam in alternating dark-light 

conditions. 
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CHAPTER III 

RESEARCH MANUSCRIPT II 

Section I: Missense and nonsense mutations of the zebrafish hcfc1a gene result in 

contrasting mTor and radial glial phenotypes. 

Castro, V. L., Paz, D., Virrueta, V., Estevao, I. L., Grajeda, B. I., Ellis, C. C., & Quintana, 

A. M. (2023). Missense and nonsense mutations of the zebrafish hcfc1a gene result in 

contrasting mTor and radial glial phenotypes. Gene, 864, 147290. 

https://doi.org/10.1016/j.gene.2023.147290  

Abstract 

Mutations in the HCFC1 transcriptional co-factor protein are the cause of cblX 

syndrome and X-linked intellectual disability (XLID). cblX is the more severe disorder 

associated with intractable epilepsy, abnormal cobalamin metabolism, facial dysmorphia, 

cortical gyral malformations, and intellectual disability. In vitro, murine Hcfc1 regulates 

neural precursor (NPCs) proliferation and number, which has been validated in zebrafish. 

However, conditional deletion of mouse Hcfc1 in Nkx2.1+ cells increased cell death, 

reduced Gfap expression, and reduced numbers of GABAergic neurons. Thus, the role 

of this gene in brain development is not completely understood. Recently, knock-in of 

both a cblX (HCFC1) and cblX-like (THAP11) allele were created in mice. Knock-in of the 

cblX-like allele was associated with increased expression of proteins required for 

ribosome biogenesis. However, the brain phenotypes were not comprehensively studied 

due to sub-viability. Therefore, a mechanism underlying increased ribosome biogenesis 

was not described. We used a missense, a nonsense, and two conditional zebrafish 
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alleles to further elucidate this mechanism during brain development. We observed 

contrasting phenotypes at the level of Akt/mTor activation, the number of radial glial cells, 

and the expression of two downstream target genes of HCFC1, asxl1 and ywhab. Despite 

these divergent phenotypes, each allele studied demonstrates with a high degree of face 

validity when compared to the phenotypes reported in the literature. Collectively, these 

data suggest that individual mutations in the HCFC1 protein result in differential mTOR 

activity which may be associated with contrasting cellular phenotypes.  

Introduction 

Mutations in the human HCFC1 transcriptional co-factor protein cause cblX 

syndrome (MIM 309541) (119,120) and X-linked intellectual disability (XLID) (121–125). 

cblX is a multiple congenital anomaly syndrome characterized by abnormal cobalamin 

metabolism, neurodevelopmental defects, cortical gyral malformations, intractable 

epilepsy, craniofacial dysmorphic features, and movement disorders. However, XLID is 

milder and associated only with intellectual disability. The clinical phenotypes of the 

patients are heterogeneous and varied in severity. Multiple systems and approaches have 

been undertaken to understand the function of human HCFC1 during development. in 

vitro over expression assays first revealed decreased neural precursor cell (NPC) 

proliferation with abnormal differentiation and a bias towards the astrocyte lineage in 

mouse neurospheres (121). Later we demonstrated that mutation or knockdown of the 

zebrafish paralogs of HCFC1 caused increased proliferation of NPCs, but these changes 

were associated with increased expression of radial glial (RGC) and neuronal markers 

(126,127). Global deletion of Hcfc1 in mice was embryonic lethal (128), but tissue specific 

deletion in Nkx2.1+ progenitors caused increased death in the cells of the sub-ventricular 



61 

zone and mantle, which was associated with a decrease in GABAergic interneurons and 

glia (129). Thus, while model system specific, previous studies collectively demonstrate 

a function for human HCFC1 in brain development and neural precursors.  

Recently, a patient derived cblX mutation (p.A115V) was knocked into the mouse 

Hcfc1 loci to produce the first in vivo cblX model, but the brain phenotypes were not 

comprehensively studied. However, these studies suggested a mechanism by which 

mutations in mouse Hcfc1 cause abnormal development. Concurrently, Chern and 

colleagues uncovered increased expression of proteins essential for ribosome biogenesis 

in a cblX-like disorder (62) caused by mutations in the mouse THAP11 (p.F80L) protein, 

a protein that interacts with HCFC1 in human cells and in the mouse (130). These data 

are61escribted by previous in vitro studies which have shown that human and mouse 

HCFC1 regulate genes essential for metabolism and stem cell maintenance (131,132). 

What remains uncharacterized is the mechanism by which in vivo mutations in the HCFC1 

protein promote increased ribosome biogenesis as well as the effects of this biogenesis 

on brain development. 

The mechanistic target of rapamycin (mTOR) pathway is a well-known regulator 

of protein translation and cell growth, particularly as it relates to stem cell regulation (133). 

Interestingly, the mTOR pathway is a common pathway dysregulated in 

neurodevelopmental disorders (134). Zebrafish harbor one mTOR ortholog, which is 

expressed in the brain throughout development (135). mTOR is regulated at many levels, 

but one positive regulator of this pathway is PI3K/AKT. Activation of PI3K leads to AKT 

activation, which in turn drives activation of mTOR signaling and promotes ribosomal 

biogenesis and protein synthesis. We have previously demonstrated that inhibition of 
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PI3K can restore the NPC deficits present in a zebrafish with a nonsense mutation in 

hcfc1a (co60 allele) (126). These data, combined with recent literature, indirectly link 

regulation of PI3K/AKT signaling with phenotypes that occur in cblX syndrome. PI3K/AKT 

signaling is conserved in zebrafish, so we characterized this pathway in two germline 

mutant alleles of the zebrafish hcfc1a gene. In addition, we previously identified a driver 

of AKT signaling, the zebrafish Asxl1 polycomb group protein, which was up-regulated in 

the co60 allele, one germline mutant of zebrafish hcfc1a (126). These data implicate 

Asxl1, as an HCFC1 downstream target gene, and a putative mediator of Akt/mTor in 

zebrafish. Therefore, we hypothesized that mutations in human HCFC1 drive ribosomal 

biogenesis and disrupt brain development through regulation of AKT/mTOR.  

Here we identified divergent activity of the zebrafish Akt/mTor signaling pathway 

in two independent zebrafish hcfc1a germline mutant alleles. Contrasting Akt/mTor 

activity was correlated with divergent RGC phenotypes. In addition, we identified 

disparate expression of two downstream effectors of the human HCFC1 protein in each 

allele: Asxl1 and 14-3-3βα, both of which are known to regulate PI3K/AKT/mTOR activity, 

and brain development in mouse and human cells (136–139). Further, restoration 

experiments revealed that zebrafish gfap expression is mTor dependent. Thus, our 

analysis of distinct zebrafish hcfc1a mutant alleles raises the possibility that unique 

patient variants can have different effects on human HCFC1 protein dosage/function and 

may lead to individual cellular and molecular phenotypes.  

 

Materials and Methods 

Experimental model and subject details. 
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For the experiments described, embryos were produced from natural spawning’s of the 

following lines: hcfc1aco64/co64, hcfc1aco60/+, Tg(sox2:2A:EGFP), Tg(gfap:EGFP), 

Tg(hsp701:HCFC1), Tg(hsp701:HCFC1c.344C>T), AB, or Tupfel long fin. Embryos were 

maintained in E3 media as described by the protocols on the Zebrafish Information 

Network (ZFIN) at 28◦ with a 14/10 light:dark cycle. All procedures were approved by the 

Institutional Animal Care and Use Committee at the University of Texas El Paso, protocol 

number 811869-5. Methods for euthanasia and anesthesia were performed according to 

guidelines from the 2020 American Veterinary Medical Association guidebook. 

The hcfc1aco64/co64 allele was created as previously described (126) with an 

identical guide RNA and with equivalent CRISPR/Cas9 editing technology as described. 

The hcfc1aco64/co64 was created at the same time as the afore published hcfc1aco60/+ allele 

except that the insertion/deletion introduced produced a second allele with the sequences 

described. The offspring of the hcfc1aco64/co64 allele were generated from a single founder 

(F0), which was outcrossed with 3 independent wildtype fish to generate a minimum of 3 

families of F1 carriers. Each family consisted of approximately 20 total fish with equal 

numbers of males and females. To generate subsequent generations, we outcrossed a 

minimum of 3-F1 individuals with wildtype to obtain a minimum of 3 families of F2 carriers. 

We subsequently outcrossed F2 carriers (minimum of 3) with wildtype (AB) fish to 

produce an F3 generation of approximately 3 total families with equal numbers of males 

and females. Sanger sequencing confirmed mutation of the allele and experiments were 

initiated in the F3 generation. The Tg(hsp701:HCFC1c.344C>T) was created using Gateway 

cloning technology as previously described (126,140). Vectors utilized for the HCFC1 

open reading frame were previously described (127,141). The experiments described 
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herein were performed in the F2 generation, which was produced from a single founder 

(F0). The positive F0 carrier was outcrossed with wildtype (AB) to produce 2 families of F1 

individuals and a minimum of 3 carriers of the F1 generation were outcrossed to produce 

3 families of F2 carriers that were utilized for the experiments described. All shared 

resources will be shared via ZFIN. 

Genotyping of indicated zebrafish lines. 

Genotyping was performed with DNA from excised larval tissue or fin clips (adults). Tissue 

was lysed in 50 millimolar (mM) sodium hydroxide (Fisher Scientific) for 15 minutes at 95◦ 

Celsius and pH adjusted with 1M Tris-HCl. Primers pairs were developed for each allele 

that specifically bind to and amplify the mutated allele and will not amplify the wildtype 

allele (126). For the hcfc1aco60/+  the primers specific to the mutated allele are FWD: 

CCAGTTCGCCTTTTTGTTGT and REV: ACGGGTGGTATGAACCACTGGC. PCR 

annealing was performed at 64°. For the hcfc1aco64/co64 allele, the mutant allele was 

amplified by standard PCR at an annealing temperature of 64° with FWD: 

CCAGTTCGCCTTTTTGTTGT and REV: CTGGAGGGATGTTCATAACGG). For 

identification of the wildtype allele, the following primers were utilized: FWD: 

CCAGTTCGCCTTTTTGTTGT and REV: TCCCCACGAACGGCTGGTAT. 

Genotyping of the Tg(hsp701:HCFC1) allele was performed with the following primers: 

FWD: TGAAACAATTGCACCATAAATTG present in the hsp701 promoter and REV:  

CGTCACACACGAAGCCATAG in the HCFC1 open reading frame. PCR for HCFC1 

genotyping was performed at 60° annealing temperature with standard extension times. 

The two heat shock alleles were genotyped with overlapping primer pairs. Genotyping 

and validation of this allele was previously described (126). 
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Protein Isolation and western blotting 

Protein was isolated from the excised brains of larvae at 5 DPF. Brains were 

homogenized using a pestle in 1X Radio-Immuno-Precipitation-Assay (RIPA) (Fisher 

Scientific) or 1X Cell Lysis Buffer (Cell signaling). Protease inhibitors were added at a 

final 1X concentration (Fisher Scientific). Supernatant was collected after a 10-minute 

centrifugation at 10,000XG in a cold centrifuge. Protein concentration was quantified 

using Precision Red (Cytoskeleton) according to manufacturer’s instructions. Western 

blots were performed using standard techniques using the Novex Tris-Glycine-SDS 

system (Fisher Scientific). Protein loading was quantified using Ponceau S (Fisher 

Scientific) and membranes were blocked with 5% ECL Prime Blocking Agent (Fisher 

Scientific). Primary antibody concentrations are as follows: pAkt (Thr308) (Cell Signaling 

Cat. # D25E6) (anti-rabbit) 1:3000, Akt (pan) (Cell Signaling Cat. # C67E7) (anti-rabbit) 

1:3000, 14-3-3-beta/alpha (Cell Signaling Cat # 9636S) (anti-rabbit) 1:3000, S6 

Ribosomal (5G10) (Cell Signaling Cat # 2217S) (anti-rabbit) 1:3000, P-S6 Ribosomal 

Protein (S235/236) (Cell Signaling Cat # 4858S) (anti-rabbit) 1:3000, Asxl1 (Cell Signaling 

Cat # 52519S) (anti-rabbit) 1:3000, Beta-Actin (Sigma/Millipore Cat # A5441 clone AC-

15) (anti-mouse) 1:5000, N-terminal HCFC1 (Sigma/Millipore Cat # QC10816) (anti-

rabbit) 1:500, C-terminal HCFC1 (Bethyl labs Cat # 50-156-0286 purchased through 

Fisher Scientific) (anti-rabbit) 1:100. Secondary antibodies were utilized at a 

concentration of 1:20,000 and chemiluminescence was performed with ECL Primer 

Western Blotting detection reagent (Fisher Scientific). Imaging was performed using an 

iBright chemiblot system. 

RNA isolation and quantitative real time PCR 



66 

RNA was isolated from embryos at the indicated time points using Trizol (Fisher Scientific) 

according to manufacturer’s protocol. Reverse transcription was performed using Verso 

cDNA synthesis (Fisher Scientific) and total RNA was normalized across all samples. For 

each biological replicate (2-5/experiment) PCR was performed in technical triplicates 

using an Applied Biosystem’s StepOne Plus machine with Applied Biosystem’s software. 

Analysis was performed using 2ΔΔct. Sybr green (Fisher Scientific) based primer pairs for 

each gene analyzed are as follows: hcfc1a fwd: ACAGGGCCTAACACAGGTTG, hcfc1a 

rev:  TCCTGTGACTGTGCCAAGAG, hcfc1b fwd: GGATGGGTCCCTCTGGTTAT, 

hcfc1b rev: CGGTAACCATCTCGTCCACT, mmachc fwd: 

CACACTGTCTGCCTGCATCT, mmachc rev: CGGATTGTGGATGTCTGATG, asxl1 fwd: 

CCAGAGCTGGAAAGAACGTC, asxl1 rev: ACATCTCCAGCTTCGCTCAT, rpl13a fwd: 

TCCCAGCTGCTCTCAAGATT, rpl13a rev: TTCTTGGAATAGCGCAGCTT. 

Proteomics sample preparation 

Samples were isolated from the whole brain as described above and proteins were 

precipitated from lysis buffer using trichloroacetic acid (TCA) as follows: 50 microliters (µl) 

of 100% TCA (Sigma/Millipore – cat# T6399-5G) was added to 200 µl of protein sample 

at a final concentration of 20%, then incubated at 4°C for 10 minutes. The mixture was 

centrifuged at 14,000 relative centrifugal force (rcf) for 5 minutes. The pellet was 

resuspended in 200 µl of 100% liquid chromatography-mass spectrometry (LC/MS) grade 

acetone (Fisher Scientific) and centrifuged at 14,000 rcf for 5 minutes and supernatant 

was discarded. This process was repeated two more times to ensure removal of residual 

detergents. After the third wash, the pellet was heated on a heating block at 95°C for 2 



67 

minutes to ensure acetone evaporation. Samples were stored at -80°C and resuspended 

in 8M Urea prior enzymatic digestion. 

Enzymatic tryptic digestion of proteins was obtained by using iST Sample preparation kit 

from PreOmics (catalog no. iST 96x 00027) according to manufacturer’s instructions. 

Briefly, 10 µl of LYSE buffer was added per 1 microgram (µg) of protein from larvae brains 

and placed in a heating block (80°C for 20 min, mixing every 5 min) for protein denaturing, 

alkylation, and reducing disulfide bonds within it. Droplets were subject to brief 

centrifugation (300 rcf; 10 sec, room temperature). Samples were sonicated using 10-

cycles; 30 sec on/off. After sonication, 50 µL of DIGEST buffer was added, gently 

vortexed, and placed in a heating block at 37°C for 90 minutes. Samples were gently 

vortexed every 10-minutes during the 90-minute incubation period. One hundred 

microliters of STOP solution was added and thoroughly mixed by pipetting up and down 

10-times. Samples were transferred to cartridges using 1.5 milliliters (mL) microcentrifuge 

tubes with collar adapters and centrifuged for 1-minute at 3,800 rcf. Loaded peptides were 

washed once with 200 µL of Wash-1 and Wash-2 solutions, with 1-minute 3,800 rcf 

centrifugation in between each wash step. Peptides were eluted in a fresh 1.5 mL 

microcentrifuge tube using 100 µL of ELUTE solution for 1-minute at 3,800 rcf each. Two 

elution rounds were performed. Eluted peptides were dried completely in a speed vacuum 

centrifugation at 45°C, 100 mTorr, for 90 min (Savant; Thermo Fisher Scientific). Dried 

peptides were stored at -80°C until ready for LC-MS/MS data acquisition. 

Liquid chromatography–tandem mass spectrometry (LC/MS) 

Digested peptide mixtures were resuspended in LC/MS grade 4% acetonitrile (ACN) 

(Fisher Scientific), 0.1% formic acid (FA), at a concentration of 1 µg/µL. One microliter of 



68 

resuspended samples was loaded onto an Acclaim PepMap rapid separation LC column 

(75µm x 50cm nanoViper, PN 164942, Thermo Scientific), which had been previously 

equilibrated with 4% solvent B (100% acetonitrile, 0.1% formic acid), and 96% solvent A 

(100% H2O, 0.1% formic acid). The multi-step gradient started with peptides being loaded 

with a flow rate of 0.5µL/min for 15 minutes using a Dionex Ultimate 3000 RSLCnano 

(Thermo Scientific). The flow rate was decreased to 0.3µL/min over 15 min, and the 

solvent B increased to 20% at 115 minutes, then increase to 32% at 135 minutes, and 

finally increased to 95% solvent B over 1 minute. To elute any additional remaining 

peptides, 95% solvent B was held for 4 minutes at a flow rate of 0.4µL/min. The flow rate 

was increased to 0.5µL/min over 1 minute. The column was re-equilibrated at 4% solvent 

B for 39 minutes and maintained a flow rate of 0.5 µL/min for a total of 180 minutes total 

runtime for each technical duplicate. The column was maintained at 55°C throughout the 

entire data acquisition. One blank injection was performed between biological samples 

using a 60-minute two sawtooth gradient at 4-95% solvent B and re-equilibrated at 4% 

solvent B for the next sample injection. 

Eluted peptide information was acquired with a Q-Exactive Plus Hybrid Quadrupole-

Orbitrap Mass Spectrometer (Thermo Scientific) in positive mode, set to data dependent 

MS2. Full MS ions were collected at resolution of 70,000, AGC target of 3e6, with a scan 

range of 375 to 1500 m/z. Ions were fragmented with NCE set to 27 and collected at a 

resolution of 17,500 with AGC target at 1e5, 2 m/z isolation window, maximum IT set to 

60 ms, loop count 10, TopN 10. Charged exclusion ions were set to unassigned, 1, 6 – 8, 

>8.  

Bioinformatics data analysis 
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After LC/MS analysis, Proteome Discover (PD) 2.5.0.400 (Fisher Scientific) was utilized 

to identify the proteins from each peptide mixture. The database for Danio rerio was 

downloaded from UniProtKB; http://www.uniprot.org/ on 21 October 2021 with a database 

61,623 sequences. A contaminant dataset was run in parallel composed of trypsin 

autolysis fragments, keratins, standards found in CRAPome repository and in-house 

contaminants. PD analysis parameters are as follows: false-discovery rate (FDR) of 1%, 

HCD MS/MS, fully tryptic peptides only, up to 2 missed cleavages, parent-ion mass of 10 

ppm (monoisotopic); fragment mass tolerance of 0.6 Da (in Sequest) and 0.02 Da (in PD 

2.1.1.21) (monoisotopic). Two-high confidence peptides per protein were applied for 

identifications. PD dataset was processed through Scaffold Q+S 5.0.1. Scaffold 

(Proteome Software, Inc., Portland, OR 97219, USA) was used to probabilistically 

validate protein identifications derived from MS/MS sequencing results using the 

X!Tandem and Protein Prophet computer algorithms. Data was transferred to Scaffold 

LFQ (Proteome Software, Portland, Oregon, USA) which was used to validate and 

statistically compare protein identifications derived from MS/MS search results. A protein 

threshold of 95%, peptide threshold of 95%, and a minimum number of 2 peptides were 

used for protein validation. Normalized weighted spectral counts were used when 

comparing the samples. To ascertain p-values, Fisher’s Exact was run with a control FDR 

level q * .05 with standard Benjamini-Hochberg correction.  

Flow cytometry  

To identify mutants, we adapted a protocol whereby tissue was excised from caudal most 

tip of the tail from larvae at 2-3 DPF (142). Tissue was collected on a filter paper and 

genotyped as described in the sections above. Equal numbers of mutants and wildtype 
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larvae were euthanized according to standard procedures, then heads were excised from 

tails to create a whole brain homogenate. Dissociation of heads was followed exactly 

according to previous protocol (143). Briefly, tissue was dissociated using Trypsin-EDTA 

(0.25%) (Fisher Scientific) with collagenase (100mg/mL) (Fisher Scientific), applying 

heating at 30◦ Celsius and disturbing tissue by pipetting up and down. The reaction was 

stopped by adding lamb serum (Fisher Scientific) and cells were harvested through 

centrifugation (5 minutes at 700g at room temperature). The cells were resuspended in 

1X phosphate buffered saline (Fisher Scientific) and filtered through 40-70uM filter before 

performing flow cytometry. Analysis was performed with Kaluza software at a fixed rate 

of 10,000 cell events for a maximum of 3 minutes.  

Immunohistochemistry 

The larvae were fixed at the indicated time points in 4% paraformaldehyde (Electron 

Microscopy Sciences) for minimum of 1 hour at room temperature. Genotyping was 

performed as described (142). Brain tissue was embedded in 1.5% agarose (Fisher 

Scientific) produced in 5% sucrose (Fisher Scientific). Embedded blocks were incubated 

overnight in 30% sucrose (Fisher Scientific) and then frozen with dry ice before 

cryosectioning (20-30μM). Validated transgenic reporter animals were utilized for 

visualization of Sox2+ and Gfap+ cells (ZDB-TGCONSTRCT-070410-2). For DNA 

content staining, Hoechst (2ug/ml) (Fisher Scientific) dye was utilized. Hoechst stain was 

performed according to manufacturer’s protocol available as part of the EdU Click-It 

technology kit (Fisher Scientific). All slides were cover slipped using Vectashield (Vector 

Laboratories) and imaged on a Zeiss LSM 700 at 20×–63× magnification. 

Chromatin Immunoprecipitation (ChIP) 
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ChIP was performed as previously described (144) except that larvae were disassociated 

into a single cell homogenate prior to cell fixation with formaldehyde. Briefly, equal 

numbers of non-heat shocked (NHS) and heat-shocked (HS) larvae in either line, 

Tg(hsp701:HCFC1) or Tg(hsp701:HCFC1 c.344C>T), were euthanized according to 

standard procedures, then heads were excised from tails to create a whole brain 

homogenate. Tissue was dissociated as described above for flow cytometry. Shearing 

was performed in a 200 μl volume of 50 mM Tris pH 8.0 (Millipore/Sigma) by adding 40 

units of micrococcal nuclease (Fisher Scientific) for 10 minutes at 37°C. 

Ethylenediaminetetraacetic acid (EDTA-Fisher Scientific) (10 mM) was used to stop the 

reaction and nuclei were lysed in 1% sodium dodecyl sulfate (SDS-Fisher Scientific). 

ChIP was performed with anti-HCFC1 antibodies (Millipore Sigma AV38600) or anti-IgG 

antibodies (Santa Cruz Biotechnology, sc-2025). The collected precipitates were washed 

and de-crosslinked and the DNA was purified using standard protocols (144). qPCR was 

used to determine enrichment using primers designed to the 1 kilobase region upstream 

of each start site/gene of interest. Primers to gapdh putative promoter were used as a 

negative control and each set of enrichment was normalized to gapdh PCR or input as 

described (144). Primers used for SYBR green (Fisher Scientific) based PCR  are as 

follows: gapdh fwd: GCCTGATTTGGTTGTGTCCT, gapdh rev: 

CCAATTGGGAAATGCTTGAG, asxl1 fwd: GGCTGTAGGAGCGACTGAAG, asxl1 rev: 

TAAACACACACAGGGCGAAG. 

Heat shock and drug treatment assays 

Heat shock was performed as previously described (126,145). Briefly, heat shock was 

initiated at 24 hours post fertilization (HPF) and performed twice daily every 8-12 hours 
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until 5 DPF. Heat shock was performed for a duration of 30-45 minutes by incubating 

dishes at 38°. For rapamycin treatment (Selleck Chemicals), the drug was dissolved in 

100% DMSO (Fisher Scientific) and embryos were treated at 24 HPF and 72 HPF with a 

0.8 uM concentration for a period of 24 hours. Concentration was determined empirically 

using a gradient coupled with gene expression of ccne1. The concentration utilized 

reduced ccne1 expression, without any effect on larval viability. Media was removed and 

no treatment was applied at 48 and 96 HPF. Total treatment time during the 5-day period 

is 48 hours. Total time with treatment off is 72 hours.  

 

Results 

Akt/mTor signaling is increased in the co60 allele. 

We have previously established that nonsense mutation of zebrafish hcfc1a (co60 allele) 

causes an increase in asxl1 expression, which is associated with increased proliferation 

of NPCs (126). In mice, ASXL1 promotes AKT phosphorylation (139) and we established 

that inhibition of zebrafish PI3K, an upstream regulator of AKT, is sufficient to restore 

NPC numbers to normal levels in the co60 allele. Thus, we hypothesized that nonsense 

mutation of hcfc1a leads to increased activation of zebrafish Akt kinase. We performed 

western blot analysis using anti-phosho-Akt threonine 308 (pAkt308) and total Akt 

antibodies. We detected increased expression of total Akt, which was associated with 

hyperphosphorylation of pAkt308 (Fig. 1A). Since total Akt was routinely higher in the 

co60 allele, we used β-actin as an additional loading control to validate increased 

expression of total Akt protein (Fig 1A). We observed equal β-actin expression, which 

correlated with Ponceau S staining of the membrane. We did not analyze phosphorylation 
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of Serine 473, as we could not identify an antibody that would cross react with zebrafish 

Akt at this location.  

AKT kinase is an upstream regulator of the mTOR pathway in mice and humans, which 

subsequently promotes growth, proliferation, translation, and ribosomal protein synthesis. 

Chern and colleagues published that cblX is associated with increased expression of 

proteins required for ribosome biogenesis (62). Therefore, we performed western blot 

analysis to detect phosphorylation of S6 kinase (pS6), which is phosphorylated by active 

mTOR signaling in humans and mice. We observed increased pS6 kinase in carriers of 

the co60 allele with equivalent levels of total S6 protein (Fig 1B). β-actin was used to 

validate protein loading in addition to total S6. Ponceau S was used to confirm protein 

loading and concentration. In addition, we did not detect differences in total S6 in any 

biological replicate. These data demonstrate that nonsense mutation of hcfc1a is 

associated with increased zebrafish Akt/mTor signaling. 

 

Missense mutation of the N-terminal kelch domain does not change the expression 

of hcfc1a. 

Nonsense mutation of zebrafish hcfc1a results in increased Akt/mTor (Fig 1). However, 

nonsense mutation of hcfc1a (co60 allele) is haploinsufficient in zebrafish and reduces 

hcfc1a expression by 50%, which does not accurately reflect the types of mutations 

present in cblX syndrome. cblX syndrome is caused by missense mutations that do not 

reduce overall protein expression (120). We generated an additional hcfc1a allele 

(hcfc1aco64/co64 or co64) which results in an insertion deletion that causes an in-frame 

deletion of arginine at amino acid position 75 with two missense mutations p.G76M and 
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p.D77N within the kelch protein interaction domain (Fig 2A). The co64 allele is 

homozygous viable into adulthood (the only model to date) and homozygous offspring 

obey Mendelian inheritance patterns. As shown in Fig 2B, we did not detect any significant 

difference in the expression of hcfc1a or hcfc1b, a second zebrafish ortholog of HCFC1 

in the co64 allele. Since hcfc1b expression is unchanged, we do not anticipate any 

compensatory mechanisms present in the co64 allele, but we cannot fully rule out the 

possibility at this time. 

 

The co60 and co64 alleles have unique effects on Hcfc1a protein expression.  

The two zebrafish orthologs, hcfc1a and hcfc1b, are ubiquitously expressed throughout 

the developing embryo (141). Human HCFC1 is synthesized as a large preprotein that is 

cleaved into N and C-terminal fragments (146). We used two independent antibodies 

which detect conserved epitopes in the N or C-terminal domains of the human HCFC1 

protein. We compared the expression of Hcfc1a using both N and C-terminal specific 

antibodies in the co60 and co64 alleles using western blot. The co60 allele (nonsense) 

showed decreased Hcfc1 expression utilizing both N- and C-terminal specific antibodies 

(Fig 2C&D). In contrast, the co64 allele (missense) did not markedly reduce overall 

protein expression (Fig 2C&D). The conserved N- and C terminal epitopes analyzed are 

present in both Hcfc1a and Hcfc1b. Therefore, the expression of the bands in Figure 

2C&D indicates levels of both Hcfc1a and Hcfc1b. These data provide evidence that the 

co64 allele does not reduce overall protein expression, but the co60 allele affects the 

expression level of Hcfc1a. 
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The co64 allele is associated with decreased Akt/mTor signaling. 

We observed increased Akt/mTor in the co60 allele, but since the co64 and co60 alleles 

differentially affect protein expression, we hypothesized that dosage changes in Hcfc1a 

expression (co60) would affect brain development and Akt/mTor signaling differently than 

missense mutations in the kelch domain. We used western blot analysis to determine the 

level of Akt/mTor signaling in the co64 allele. We observed hypophosphorylation of Akt 

at threonine 308 with equivalent levels of total Akt (Fig 3A). We used total Akt and β-actin 

as loading controls and did not detect changes in the expression of total Akt or β-actin in 

any of the biological replicates performed. This contrasts with the co60 allele, which 

demonstrated consistently with increased total Akt. Decreased Akt phosphorylation was 

associated with decreased pS6 in the c064 allele (Fig 3B). Total S6 protein and β-actin 

were unchanged across multiple biological replicates. These data reveal differential 

regulation of Akt/mTor in the co60 and co64 alleles, which we confirmed have unique 

effects on Hcfc1a protein expression (Fig. 2). 

 

NPC number is increased in cblX-like syndromes. 

We have previously demonstrated that the co60 allele causes increased numbers of 

Sox2+ NPCs (126). We sought to determine the number of NPCs in the co64 allele given 

the differential regulation of Akt/mTor. To quantify the number of NPCs, we first crossed 

the co64 allele into the Tg(sox2:2A:EGFP) reporter. We then produced a single cell 

homogenate and performed flow cytometry to detect EGFP positive cells. We detected 

an75escribee in the number of GFP+ cells by flow cytometry at 6 days post fertilization 

(DPF) (Fig 4A&A’) and validated this increase using immunohistochemistry at 2 DPF 
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(Figure 4B&B’, arrows indicate regions of increased cell number). We performed flow 

cytometry on two independent occasions and found a statistically significant (p<0.05) 

increase in NPCs in heterozygous and homozygous carriers of the co64 allele (Fig 4C). 

These data suggest that both the co60 and co64 allele have increased NPCs. The 

presence of overlapping phenotypes provides face validity for the effectiveness of each 

allele as a putative model system to inform as to the function of human HCFC1 in NPC 

development. 

 

The co60 and co64 alleles differentially disrupt RGC number.  

We have previously shown that the co60 allele increases the expression of zebrafish gfap 

and elavl3, markers of RGCs and neurons, respectively (126). Therefore, we measured 

the expression of both genes in the co64 allele. We observed a statistically significant 

decrease in zebrafish gfap expression at 2 DPF (Fig 5C), which we validated by 

immunohistochemistry at 6 DPF (Fig 5A&B). We next crossed the co64 allele into the 

Tg(gfap:EGFP) reporter and performed flow cytometry to quantify the total number of 

RGCs. We observed a statistically significant decrease in the total number of RGCs (Fig 

5D). Decreased RGC number in the co64 allele contrasted with the number of RGCs in 

the co60 allele, as we detected equivalent numbers of RGCs using flow cytometry in the 

co60 allele (Fig 5E). Interestingly, we validated an increase in the  expression of zebrafish 

gfap in the co60 allele (Fig 6F, yellow bars, p=0.06). This display of increased in mRNA 

with no change in cell number can be owed to similar number of RGCs producing 

increased levels of zebrafish gfap transcript and protein (126). These data demonstrate 

that 1) the co64 allele reduces the number of RGCs, 2) the co60 allele increases gfap 
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expression, but has no effect on total RGC number, and 3) the different hcfc1a alleles 

studied have unique effects on RGC development. 

 

NPC number is mTor independent in the co60 allele. 

Both the co60 and co64 alleles cause an increase in the number of NPCs but demonstrate 

divergent regulation of Akt/mTor. Based on these data, we surmised that NPC number 

was Akt/mTor independent. To test this, we treated co60 embryos/larvae with rapamycin 

(Fig 6 Schematic) and measured the number of Sox2+ NPCs in whole brain homogenates 

using flow cytometry. We observed a statistically significant increase in the number of 

NPCs by flow cytometry in the co60 allele (Fig 6A-A”&B). These data are consistent with 

previous studies, which find a higher percentage increase of NPCs in a region specific 

manner across the forebrain, midbrain, and hindbrain (126). Treatment of rapamycin did 

not reduce the number of NPCs at 5 DPF (Fig. 6A-A”&B) and exacerbated the phenotype 

leading to an even higher number of total EGFP Sox2+ cells in specific replicates. We 

validated these results with immunohistochemistry (Fig 6C-E & C’-E’).  

 

gfap expression is partially regulated by mTor in the co60 allele. 

The co60 and co64 alleles demonstrated with differential expression of gfap as 

documented in Fig 5C and (126). In the co60 allele, increased gfap expression is not due 

to increased numbers of cells (Fig 5E). We validated the increased expression of gfap 

expression in the co60 allele in Fig 6F (yellow bars, p=0.06). Since gfap and mTor activity 

were differentially regulated in the co60 and co64 alleles, we sought to determine if gfap 

expression was mTor dependent. Wildtype and co60 carriers were treated with rapamycin 
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as shown in Fig 6 schematic and the expression of gfap was analyzed by qPCR analysis. 

Treatment with rapamycin caused a statistically significant decrease in the expression of 

gfap in mutant animals (co60) (Fig 6F), red bars). These data suggest that gfap 

expression is partially regulated by mTor signaling in the co60 allele. 

 

Asxl1 expression correlates with Akt/mTor activity in the co60 and co64 alleles. 

We have previously established that the co60 allele caused increased expression of 

zebrafish asxl1, a mediator of AKT signaling in mice (126,139). Thus, we hypothesized 

that differential expression of asxl1 was mediating contrasting Akt/mTor signatures in 

each allele. We measured the expression of asxl1 in the co64 and observed it to be 

significantly decreased relative to sibling wildtype (Fig 7A). Human HCFC1 protein has 

been shown to bind to the human ASXL1 promoter (147)  and therefore, we hypothesized 

that the expression of zebrafish asxl1 was reduced in the co64 allele due to abnormal 

binding of mutated Hcfc1a to the zebrafish asxl1 promoter. To test this hypothesis, we 

utilized the Tg(hsp701:HCFC1) transgene (126). After performing a heat shock protocol 

(126,145), we performed chromatin immunoprecipitation (ChIP) and used PCR to detect 

binding of wildtype human HCFC1 protein to the zebrafish mmachc and asxl1 promoters. 

Human and mouse MMACHC is a known downstream target gene of HCFC1 and used 

here as a positive control (132). Semi-quantitative PCR was performed in technical 

triplicate and demonstrated amplification of the zebrafish mmachc and asxl1 promoter 

regions (Fig 7B). We did not detect amplification after 40 cycles in the IgG antibody control 

lanes, except in one sample designed to amplify the asxl1 promoter region. However, this 

amplification was far less than the enrichment detected using HCFC1 specific antibodies. 
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These results indicate putative binding to the zebrafish mmachc and asxl1 promoters by 

human HCFC1. Positive binding was associated with increased mRNA expression of 

zebrafish mmachc and asxl1 following heat shock protocol (Fig 7C). 

We next produced a heat shock transgene that would express the human 

cblX(c.344C>T) variant (Tg(hsp701:HCFC1c.344C>T)) located in the kelch domain and 

previously described (120). Interestingly, this patient variant is the same variant produced 

in mice by Chern and colleagues. We performed ChIP using anti-IgG or anti-HCFC1 

antibodies but did not detect binding of HCFC1 to the zebrafish asxl1 promoter by qPCR 

(Fig 7D). Loss of enrichment was not the result of an inability of the antibody to bind the 

c.344C>T mutant variant, as western blot was used to validate the specificity of the 

HCFC1 antibody to the cblX variant protein (Fig 7E). Importantly, endogenous zebrafish 

Hcfc1 was detected in the no heat shock control as the antibody cross reacts with 

zebrafish Hcfc1 protein. Consistent with a loss of binding, we did not detect up-regulation 

of asxl1 mRNA after heat shock protocol (Figure 7F). Collectively, these data suggest 

that human HCFC1 binds to and activates the zebrafish asxl1 promoter and that this 

function may be disrupted in cblX. 

 

NPC/RGC number are independent of murine Asxl1 over-expression. 

Our data uncovered contrasting activity of Akt/mTor and differential gfap expression in 

the co60 and co64 alleles. These phenotypes correlate with unique signatures of asxl1 

expression, whereby high Akt/mTor activity is associated with increased asxl1 

expression. Furthermore, cblX mutations, including the c.344C>T variant, disrupted 

binding and activation to the zebrafish asxl1 promoter. Therefore, we hypothesized that 
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the mTor dependent phenotypes in the co60 allele were Asxl1 dependent. To test this, 

we injected mRNA encoding mouse Asxl1 into single cell embryos harboring either the 

Sox2 or Gfap EGFP reporters. We then monitored the number of total NPCs and RGCs 

by flow cytometry. As shown in Figure 8A, we did not detect any significant change in the 

number of Sox2+ or Gfap+ cells after over expression of Asxl1. We did not anticipate 

changes in the number of Sox2+ cells after Asxl1 injection because this is an overlapping 

phenotype present in the co60 and co64 alleles. Furthermore, we were not surprised that 

the number of Gfap+ cells was normal after injection because the co60 allele disrupts the 

expression of gfap and not cell number (Fig. 5E and 6F). However, we did not detect 

increased expression of gfap or sox2 relative to non-injected control (Fig 8B). Importantly, 

injection of Asxl1 encoding mRNA induced blood cell phenotypes consistent with a 

previously described function for this gene in hematopoiesis (148,149) (Supplemental Fig 

1). The presence of blood cell phenotypes indicates the functional translation of Asxl1 

mRNA after injection. 

 

Proteome analysis reveals abnormal expression of ribosomal proteins and 14-3-3 

βα in the co60 allele. 

Over-expression of mouse Asxl1 did not alter RGC expression or number and therefore, 

we used proteomic analysis to identify novel mediators of Akt/mTor in the co60 allele. Our 

analysis identified a total of 2172 proteins that were differentially expressed with 159 of 

those proteins statistically different in the co60 allele. We identified many proteins 

belonging to biological processes such as hematopoiesis, erythrocyte development, the 

ribosome, and/or structural constituents of the ribosome. After secondary Benjamini-
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Hochberg correction, only 20 proteins were significantly different in the co60 allele relative 

to sibling control. Zebrafish Asxl1 protein was not detected as abnormal. Literature 

analysis of the 20 significant proteins demonstrated increased expression of ribosomal 

proteins: Rpl36a, Rpl38a, Rps7, Rpl18, Rpl9, Rpl30, Rpl18a, and Rpl3 (Supplementary 

Data File 1). Our identification of increased expression of proteins required for ribosome 

biogenesis is consistent with results obtained from a patient derived cblX-like knock-in 

allele (human THAP11 gene), which adds additional face validity to our model system 

(62). Additional literature characterization of the remaining proteins revealed a statistically 

significant decrease in the expression of 14-3-3 βα (Fig. 8C). 14-3-3 proteins are a family 

of signaling proteins that bind to phosphorylated serine and threonine residues. They are 

known to regulate brain development (137) and have been shown to reduce AKT 

phosphorylation at threonine 308 in human cell lines (138). Based on the function of 14-

3-3 proteins, we surmised that the co60 and co64 alleles would have opposite expression 

profiles as it relates to 14-3-3 βα. We used western blotting to determine the expression 

of 14-3-3 βα in the co64 allele and observed increased expression relative to sibling 

wildtype (Figure 8D), which contrasts with reduced expression in the co60 allele (Figure 

8C). We next used the Harmonizome and The Encyclopedia of DNA Elements (ENCODE) 

databases to determine if human HCFC1 binds to and regulates the expression of 14-3-

3- β/α. 14-3-3- β/α is encoded by the YWHAB gene and we validated by database that 

human HCFC1 binds to the YWHAB promoter (150,150–152). Thus, 14-3-3- β/α is an 

HCFC1 target gene and we detected abnormal expression in the co60 and co64 alleles 

indicating conservation of this regulatory mechanism. 

Phenotypes in the co60 allele overlap with phenotypes in the c.344C>T cblX variant. 
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We observed two independent mTor signatures in the co60 and co64 alleles. One of 

which is associated with increased mTor and increased expression of proteins required 

for ribosome biogenesis. Thus, we questioned which of our alleles, and which mTor 

signature most closely resembles the molecular mechanisms underlying cblX syndrome. 

To begin to address this, we performed proteomics analysis using the 

Tg(hsp701:HCFC1c.344C>T) at 5 DPF. We observed a statistically significant up regulation 

of proteins essential for ribosome biogenesis and elongation initiation factors which are 

required for protein translation (Fig 9A and Supplemental File 2). These data support and 

align with previous literature and therefore, provided additional face validity of heat shock 

HCFC1 transgenes as systems to help understand cblX syndrome. We plotted the 

average spectral count from biological replicates for each of those proteins whose 

function is linked to ribosome biogenesis and translation. Each protein was increased in 

expression after induction of the c.344C>T patient variant (Figure 9A and Supplemental 

File 2). We next hypothesized that an increase these proteins was a consequence of 

increased mTor signaling in the Tg(hsp701:HCFC1c.344C>T). We compared pS6 

phosphorylation in heat shocked induced and non-heat shock control samples. We 

observed increased pS6 kinase and increased total S6, with equivalent levels of β-actin 

as a loading control (Fig 9B). We used β-actin as a control because we observed an 

increase in total S6 in multiple biological replicates. These data suggest that cblX 

mutations induce defects in the synthesis of proteins important for ribosomal biogenesis, 

consistent with previous literature. 

Discussion 
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Mutations in the human HCFC1 gene cause cblX syndrome and XLID (119–

123,153). Various model systems have been developed and suggest that human HCFC1 

is critical for the function of NPCs (62,121,122,126–129,154). Most recently, Chern and 

colleagues characterized the cellular and molecular phenotypes associated with a cblX 

patient knock-in allele (62). These analyses focused on craniofacial development and 

demonstrated only limited characterization of brain development, likely due to sub-

viability. Despite limitations associated with viability, analysis of a related disorder caused 

by mutations in human THAP11 protein (p.F80L), which interacts with HCFC1, revealed 

increased expression of proteins associated with ribosome biogenesis. These studies 

complement existing work in the zebrafish in which Castro and colleagues found brain 

phenotypes to be mmachc independent (126). 

We sought to build on these findings by comparing the molecular and cellular 

phenotypes present in 2 zebrafish hcfc1a germline mutant alleles. We have previously 

characterized the cellular and molecular phenotypes present in a nonsense allele of 

hcfc1a (co60). However, cblX is the result of missense mutations and therefore, we 

created the co64 allele, the first homozygous viable germline mutant in vivo. We 

demonstrated that the co60 and co64 alleles differentially affect Hcfc1a protein 

expression. The co60 allele reduces total protein expression whereas the co64 allele 

does not, producing a protein with a missense mutation in the kelch domain. Multiple 

different mutations in human HCFC1 have been reported in the literature including those 

that affect dosage and cause XLID (121). The co60 reduces protein expression and the 

dosage of zebrafish Hcfc1a resulting in cellular and molecular phenotypes that are unique 

from the co64 allele. Protein analysis confirmed the co64 allele did not affect dosage and 
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genomic sequencing confirmed that the co64 allele resulted in a 2 amino acid modification 

in the N-terminal kelch domain. It is not surprising that mutations affecting dosage have 

distinct and overlapping phenotypes when compared with those that alter protein function 

rather than dosage. Particularly as it is related to human HCFC1, as the protein is 

proteolytically cleaved and each fragment is known to have unique functions (155–158). 

In addition, previous studies have established that unique mutations in other genes (Gli3) 

can cause different diseases (159).  

Our comparison of the co60 and co64 alleles revealed contrasting phenotypes at 

the level of Akt/mTor activation. Nonsense mutation of hcfc1a, which reduced expression 

of total Hcfc1a protein, resulted in hyperphosphorylation and activation of Akt and mTor. 

These data strongly support the observations from Chern and colleagues, as activation 

of mTor promotes translation and ribosome biogenesis, which was elevated in a mouse 

knock-in allele of Thap11 (cblX-like) (62). Thus, the co60 is a valid model system to study 

the mechanisms by which changes in protein dosage affect brain development and 

understand the mechanisms driving increased expression of ribosome biogenesis. 

Mutation of human THAP11 causes a cblX-like syndrome (127), but whether the 

underlying mechanisms associated with mutation of THAP11 are identical to cblX 

syndrome has not been elucidated. The expression level of proteins associated with 

ribosome biogenesis was not directly tested in cblX, but genetic complementation assays 

with germline mutants that cause ribosomopathies were performed. Here we more 

directly tested the role of ribosome biogenesis using the Tg(hsp701:HCFC1c.344C>T) 

transgene. This allele conditionally, but ubiquitously expresses the human patient variant 

previously modeled by Chern and colleagues (62). We observed increased expression of 
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proteins associated with ribosome biogenesis and translation. Therefore, we provide face 

validity for the Tg(hsp701:HCFC1c.344C>T) as a model of cblX syndrome. 

Interestingly, we observed hypophosphorylation of Akt/mTor after missense 

mutation of hcfc1a. These data contrast with the co60 allele and the 

Tg(hsp701:HCFC1c.344C>T) allele. We anticipate that the mechanisms present in the co64 

allele also differ from the genetic knock-in created by Chern and colleagues (62). This is 

because the co64 deletes an in-frame arginine and results in two amino acid changes 

within the kelch domain. Interestingly, despite differences in Akt/mTor signaling, the co60 

and co64 have overlapping effects on the number of NPCs. These overlapping 

phenotypes provide evidence that Hcfc1a is essential for proper control of the NPC 

compartment and that the presence of similar phenotypes across different alleles is 

indicative that these phenotypes are a direct result of mutation in Hcfc1a and not due to 

any unknown off-target effect. The two zebrafish orthologs, Hcfc1a and Hcfc1b, contain 

>75% sequence identity with human HCFC1 (141). Knockdown of hcfc1a and hcfc1b by 

morpholino resulted in an increase in the number of NPCs (127), providing additional 

validity for both the co60 and co64 alleles. While these two genes have overlapping NPC 

functions, they have divergent craniofacial functions (141). Therefore, future studies will 

be aimed to characterize the functions of both paralogs in NPC development. For 

example, we observed differential expression of the zebrafish asxl1 gene in the co60 and 

co64 alleles. These data warrant additional studies as to the function of asxl1 in both 

alleles. Our zebrafish studies are supported by in vitro knockdown of Hcfc1, which 

resulted in an increase in NPCs (122). Given the strong validity of each allele, our data 

raise the possibility that unique mutations in hcfc1a can lead to overlapping and individual 
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phenotypes. We do not yet understand if individual human disease variants will have 

differential regulation of mTOR, but such studies are underway and may reveal unique 

signatures of AKT/mTOR across disease variants. A role for human mTOR signaling in 

cblX is further supported by a recent review that suggests the phenotypes of multiple 

neurodevelopmental disorders converge on the mTOR pathway (134).  

Previously studies in the co60 allele uncovered increased expression of asxl1, 

which encodes a chromatin binding protein capable of interacting with Akt in the 

cytoplasm and promoting Akt phosphorylation (126,139). Interestingly, asxl1 transcript 

was increased at the transcriptional level, but not elevated according to proteomics 

analysis. This can be attributed to unknown post-transcriptional mechanisms, or the 

stringency of bioinformatics performed at the protein level. Additionally, whole brain 

homogenates were analyzed, which can cause limited sensitivity or ability to detect 

protein levels above background. We previously used inhibitors of PI3K, an upstream 

regulator of AKT phosphorylation to indirectly link the NPC phenotypes present in the 

co60 allele to zebrafish Akt signaling (126). Castro and colleagues suggest that PI3K 

regulates NPC number, therefore we followed up on analyzing the role of AKT/mTOR, a 

common downstream target of PI3K. However, inhibition of Akt/mTor activity in zebrafish 

did not restore NPCs. To note, downstream targets of PI3K are vast and therefore, 

additional studies with which inhibition of other targets are underway. Here we uncovered 

differential expression of asxl1 in the co60 and co64 alleles. Most interesting was the fact 

that asxl1 expression was correlated with hyper or hypo activation of Akt/mTor in each 

allele. We hypothesized that dysregulation of asxl1 in cblX was the mechanism by which 

Hcfc1a regulates RGC development. However, forced expression of murine Asxl1 did not 
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result in changes to the NPC or RGC populations. These data are inconsistent with 

morpholino mediated knockdown of asxl1 in the co60 allele, which led to a full restoration 

of the number of NPCs (126). At the present time we cannot explain the mechanism by 

which morpholino knockdown of asxl1 restored NPC phenotypes. But it is well-known that 

morpholinos can have off-target effects.  

Here we found that heat shock directed expression of wildtype human HCFC1 

caused an increase in asxl1 expression, and we detected human HCFC1 bound to the 

zebrafish asxl1 promoter. These data suggest that asxl1 is a bonafide target of human 

HCFC1. Since the cblX mutation p.Ala115Val disrupted binding of HCFC1 to this 

promoter, we investigated whether HCFC1 regulated NPC and RGC phenotypes via 

modulation of asxl1 expression. However, forced expression of murine asxl1 did not affect 

the total numbers of NPCs or RGCs and had no effect on gfap expression. Interestingly, 

we also noted increased asxl1 expression upon over expression of wildtype HCFC1. In 

our previous study, we also observed decreased sox2 and gfap expression after over 

expression of wildtype HCFC1 (126). Thus, asxl1 expression did not correlate with 

changes in sox2 and gfap expression, which supports the data we observed after injection 

of murine asxl1 mRNA. Our collective data suggests that although asxl1 expression is 

disrupted in the co60 and co64 alleles, it is not likely to be the sole mediator of the Sox2+ 

NPC or Gfap+ RGC phenotypes in cblX or related disorders. Hence, we did not attempt 

to restore the phenotypes present in the co64 allele with forced asxl1 expression. 

Our proteomics analysis of the co60 allele uncovered increased expression of 

proteins essential for ribosome biogenesis (Supplementary Data File 1). These data are 

consistent with proteomics analysis using the Tg(hsp701:HCFC1c.344C>T) allele where we 
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identified increased expression of several elongation initiation factor proteins 

(Supplementary File 2). Given that these two alleles demonstrate phenotypes consistent 

with the recent knock-in mouse models, we propose that both are valid systems to 

understand the mechanisms by which mutations in cblX cause disease. We also identified 

a second putative regulator of zebrafish Akt signaling using proteomics, the 14-3-3- β/α 

protein. 14-3-3 proteins have been implicated in brain development (137) and some 

members of the larger family have been shown to increase the number of NPCs (137) 

and inhibit AKT phosphorylation in cell lines (138). We found reduced expression of 14-

3-3- β/α in the co60 allele and increased expression in the co64 allele, which correspond 

with hyperactivated Akt/mTor and reduced Akt/mTor signaling, respectively. We validated 

through available data in the ENCODE database that human HCFC1 binds to the human 

YWHAB promoter. Future experiments to characterize the role of 14-3-3- β/α in cblX 

syndrome are warranted. 

Collectively, our data suggest that distinct types of mutations, even in the same 

domain of Hcfc1a, can have contrasting phenotypes at the level of Akt/mTor, asxl1 

expression, and gfap expression. Initially, the presence of contrasting phenotypes may 

call into question the physiological relevance of the co64 allele because the phenotypes 

in the co60 allele, such as increased synthesis of proteins required for ribosomal 

biogenesis, have been validated with recent patient derived models (62). However, cell 

type specific deletion of mouse Hcfc1 in the Nkx+2.1+ sub-compartment of progenitors is 

associated with reduced mouse Gfap expression (129), data that supports reduced 

zebrafish gfap expression in the co64 allele. Interestingly, the mouse Thap11 p.F80L 

allele demonstrated decreased Gfap expression after knock-in. These data provide 
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additional evidence for the role of HCFC1 and its partner THAP11 in the regulation of 

Gfap expression. The mouse Thap11 F80L mutation also has increased expression of 

proteins needed for ribosomal biogenesis. Interestingly, the mTor dependent regulation 

of gfap expression in the co60 allele combined with decreased mTor and gfap expression 

in the co64 allele further substantiates the validity for the co64 allele as a model to inform 

about cblX syndrome. Unfortunately, the co64 could not be directly rescued because over 

expression of human HCFC1 and heat shock induced expression of human HCFC1 

cause independent phenotypes (126,127), complicating the interpretation of restoration 

assays. However, the co60 and co64 alleles have been outcrossed for 15-20 generations 

each, limiting the potential effects of off-target effects. 

 

Conclusions 

In conclusion, our study uncovers differential regulation of zebrafish Akt/mTor 

across different types of germline mutations in the hcfc1a gene. Our data correlate 

contrasting levels of Akt/mTor to unique cellular defects of the Gfap+ RGC cellular 

compartment. Collectively, this work provides a fundamental mechanism (AKT/mTOR) by 

which increased synthesis of proteins required for ribosome biogenesis may occur in cblX 

syndrome. However, our work also suggests that independent mutations with unique 

effects on overall protein expression/function could cause disease by unique mechanisms 

that may or may not include AKT/mTOR perturbation. Future studies characterizing the 

function of unique disease variants in various animal models are underway. 
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Figure 1: Akt/mTor signaling is increased in the hcfc1aco60/+ allele. A-B. Western blot 

analysis was performed with anti-phospho Akt (thr308) antibodies (pAkt308), total Akt, 

anti-phospho p70S6kinase (pS6), total S6, or β-actin using brain homogenates from 

sibling wildtype or carriers of the hcfc1aco60/+ (co60/+) allele. N=4/group/biological 

replicate and performed in 3 independent biological replicates. 
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Figure 2: Missense and nonsense alleles of the hcfc1a gene differentially affect 

Hcfc1 expression. A. Schematic diagram for the location of the hcfc1aco64 homozygous 

viable allele. CRISPR/Cas9 created and insertion/deletion in the genomic DNA that 

causes an in-frame deletion of arginine and a 2-amino acid base pair change (GD>MN) 

in the kelch domain. B. Quantitative PCR (qPCR) was performed with total RNA isolated 

from whole brain homogenates from wildtype siblings or homozygous carriers of the 

hcfc1aco64/co64 allele (co64). The expression of hcfc1a and the hcfc1b paralog were 

analyzed. No significant difference in expression was observed, consistent with the 

effects of missense mutations in cblX syndrome. A total of N=23 wildtype sibling and 

N=25 homozygous brains were used to measure hcfc1a expression. The expression of 

hcfc1b was analyzed with a total number of N=18 wildtype siblings and N=20 
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homozygous carriers. Numbers were obtained over the course of a minimum of 3 

biological replicates. C-D. Western blot analysis was performed with N-terminal I or C-

terminal (D) specific antibodies to the HCFC1 protein. Total protein was detected in brain 

homogenates from wildtype siblings, heterozygous carriers of the hcfc1aco60/+ (co60/+), 

and homozygous carriers of the hcfc1aco64/co64 (co64) allele. Β-actin was used as a loading 

control. N=4/group/biological replicate and performed in 2 independent biological 

replicates were utilized for western blot analysis. 
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Figure 3: Differential regulation of Akt/mTor in the hcfc1aco64 allele. A-B. Western 

blot analysis was performed with anti-phospho Akt (thr308) (pAkt308), total Akt, anti-

phospho-p70S6kinase (pS6),total S6, or β-actin antibodies using brain homogenates 

from sibling wildtype or carriers of the hcfc1aco64/co64 (co64) allele. N=4/group/biological 

replicate and performed in 3 independent biological replicates were utilized for western 

blot analysis.  

 



94 

 

Figure 4: Neural precursors (NPCs) are increased in the co64 allele. A&A’. Flow 

cytometry analysis was used to detect the number of Sox2+ cells in the hcfc1aco64 allele 

(co64) and wildtype siblings at 6 days post fertilization (DPF). Histograms represent a 
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single biological replicate with N=5/group. B&B’. Immunohistochemistry at 2 days post 

fertilization (DPF) was performed to detect Sox2+ (green) and Huc/D+ cells (magenta) in 

sibling wildtype and the co64 allele. N=6/group obtained from 2 biological replicates. C. 

Quantification of percentages obtained by flow cytometry from 3 biological replicates 

(N=5/replicate and performed in 3 biological replicates, one is shown in A&A’). The 

percentage of Sox2+ cells was quantified by flow cytometry and the average of 3 

replicates is plotted. *p<0.05. 
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Figure 5: Radial glial cells (RGCs) are reduced in number and expression in the 

co64 allele. A-B. A’-B’, & A”-B”. Immunohistochemistry was used to detect the Gfap+ 

cells in wildtype sibling and homozygous carriers of the hcfc1aco64/co64 allele (co64) at 6 

days post fertilization (DPF). The co64 allele was crossed with the Tg(gfap:EGFP) 

reporter. Hoechst DNA content stain (A’-B’) was used as a control. N=4 sibling and N=7 

co64. Arrows indicate areas of decreased expression. C. Quantification of gfap 

expression in sibling wildtype and homozygous carriers of the co64 allele. Total RNA was 
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isolated from whole brain homogenates and gfap expression was quantified by qPCR 

from 3 biological replicates (N=3/replicate) (*p<0.05). D. The number of Gfap+ cells was 

quantified at 5 DPF using flow cytometry in the co64 allele and wildtype sibling. Analysis 

was performed in biological triplicate with a total N=14 and the average percentage of 

positive cells was plotted (p<0.05). E. The number of Gfap+ cells was quantified by flow 

cytometry in sibling wildtype and the hcfc1aco60/+ allele. Two biological replicates were 

performed with a total of N=6. The average percentage of cells in each biological replicate 

is plotted with error bars representing standard error of the mean between biological 

replicates. No significant difference was found. 
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Figure 6: gfap expression but not Sox2 cell number is mTor dependent. Top: 

Schematic representing the onset of 0.8 micromolar (uM) rapamycin or vehicle dimethyl 

sulfoxide (DMSO) treatment. Each asterisk represents the onset of a 24- hour period of 

treatment. Days (D) without an asterisk are those where media did not contain 0.8 uM 

rapamycin or vehicle control. A-A”. Flow cytometry of the hcfc1aco60/+(co60/+) and 

wildtype sibling was performed at 5 days post fertilization (DPF). The number of Sox2+ 
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cells were quantified with the Tg(sox2:2A:EGFP) transgene. Flow cytometry shown here 

is a single representative replicate, but the assay was performed on 4 independent 

occasions with N=14/group. B. Graphical representation of the average percentage of 

Sox2+ cells obtained by flow cytometry across 4 biological replicates. # p=0.014959. The 

number of Sox2+ cells was not restored by treatment with 0.8uM rapamycin. C-E. 

Immunohistochemistry validation of A-A” analyzing Sox2+ cells using the 

Tg(sox2:2A:EGFP) reporter. Hoechst stain was performed as a control in C’-E’. F. 

Quantitative PCR (qPCR) was used to determine the expression of gfap in vehicle treated 

sibling wildtype, the co60/+ allele treated with vehicle control (w/vehicle) or the co60/+ 

allele treated with rapamycin (w/rapa). The level of gfap expression is increased in the 

co60/+ allele (*p<0.06) and restored by treatment with rapamycin (**p<0.05). 
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Figure 7: cblX mutations differentially regulate asxl1 expression. A. Quantitative 

PCR (qPCR) was performed with total RNA isolated from whole brain homogenates of 

wildtype siblings or homozygous carriers of the hcfc1aco64/co64 allele (co64) to measure 

the expression level of asxl1. A total of N=15 animals were used in two biological 

replicates. B. Chromatin Immunoprecipitation (ChIP) with semi-quantitative PCR was 
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used to detect binding to the endogenous mmachc (+ control) or asxl1 promoters. ChIP 

was performed using the Tg(hsp701:HCFC1). Binding was detected with anti-HCFC1 

antibodies (HCFC1) relative to the IgG control (IgG). Lanes represent triplicate PCR from 

one biological replicate. Additional replicates were performed and validated using qPCR. 

Approximately 10% of the lysate (I) was utilized as an input control. N=20 heads per group 

were isolated and used for analysis. Assay was repeated on 3 independent occasions for 

a total N=60. C. qPCR was used to measure the expression of mmachc and asxl1 in no 

heat shock (NHS) and heat shocked (HS:HCFC1) fish carrying the Tg(hsp701:HCFC1) 

transgene. Error bars represent standard error of the mean from biological replicates. 

Each biological replicate was performed with a pool of embryos from which total RNA was 

isolated. *p<0.05. N=20 heads per group across all replicates. D. ChIP was performed 

with anti-HCFC1 antibodies (HS:344) or IgG control (IgG) following a heat shock protocol 

with Tg(hsp701:HCFC1 c.344C>T) larvae. N=20 heads per group were isolated and used for 

analysis for each biological replicate (3 replicates were performed). E. Western blot was 

performed with anti-HCFC1 antibodies or β-actin in no heat shock (NHS) or heat shocked 

Tg(hsp701:HCFC1 c.344C>T) larvae (HS:344). N=4/group/biological replicate and 

performed in 2 biological replicates. F. qPCR analysis was utilized to determine the 

expression of asxl1 in carriers of the Tg(hsp701:HCFC1 c.344C>T) allele. *p<0.05. N=20 

heads per group were isolated and used for analysis. Error bars represent standard error 

of the mean between biological replicates as indicated in materials and methods. 
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Figure 8: Forced expression of Asxl1 does not drive NPC/RGC development but 

proteomics reveals differential expression of 14-3-3 βα in each cblX allele. A. The 

number of Gfap+ or Sox2+ cells were quantified by flow cytometry in non-injected (NI), 

Tg(gfap:EGFP), or Tg(sox2:2A:EGFP) injected with mRNA encoding the murine Asxl1 

gene (Asxl1). Analysis was performed in two biological replicates. Error bars represent 

the standard error of the mean between biological replicates. N=14-20/group across 2 

biological replicates. B. The relative expression of gfap or sox2 was quantified in non-

injected (NI) or wildtype embryos injected with mRNA encoding the murine Asxl1 gene 

(Asxl1). N=12/group across 3 biological replicates. Error bars represent standard error of 

the mean from biological replicates. C. Mass spectrometry was performed to detect 

abnormal protein expression from N=13 brain homogenates obtained from sibling 



103 

wildtype or carriers of the hcfc1aco60/+. Volcano plot describes the proteins that were 

significantly different between groups. D. Western blot analysis was performed to 

determine the expression of 14-3-3 βα in total brain homogenates of the co64 allele or 

sibling control. Β-actin was used as a loading control. N=4/group/biological replicate. A 

total of 2 biological replicates were performed. 
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Figure 9: Proteomics demonstrates abnormal expression of ribosomal proteins 

and activation of Akt/mTor in the Tg(hsp701:HCFC1c.344C>T). A. Graph depicting 

average spectral counts of genes encoding proteins associated with ribosomal biogenesis 

and translation initiation. Proteomics was performed in biological triplicates and average 

spectral count in non-heat shock (NHS) and heat shocked (HS:344) animals carrying the 

Tg(hsp701:HCFC1c.344C>T) allele were averaged and plotted. Proteins shown were 

statistically up regulated in the c.344C>T allele. Error bars represent standard deviation 

between spectral counts obtained from biological and technical replicates. A total of N=45 

fish across 2 biological replicates were used for NHS and HS (HS:344) and N=46 fish 

across 2 biological replicates were used for NHS and HS Tg(hsp701:HCFC1) for analysis. 

B. Western blot was performed on whole brain homogenates with 104escribe-S6 kinase, 

total S6, or β-actin antibodies in no heat shock (NHS) or heat shocked animals carrying 

the Tg(hsp701:HCFC1c.344C>T) allele. Analysis was performed at 5 days post fertilization 

for both data in A and B. For western blot, a total N=4/group/biological replicate was 

utilized in 2 biological replicates. 
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CHAPTER IV 

DISSERTATION SUMMARY AND CONCLUSIONS 

Mutations in the HCFC1 transcriptional co-factor protein are the cause of cblX 

syndrome (MIM 309541) and X-linked intellectual disability (XLID). cblX is associated with 

intractable epilepsy, abnormal cobalamin metabolism, facial dysmorphia, cortical gyral 

malformations, and intellectual disability. In vitro studies were the first to pioneer 

investigations into the function of HCFC1 during neural development, pinpointing its 

regulation of neural precursor cell proliferation and differentiation. However, in vivo mouse 

models carrying missense mutations in the murine Hcfc1 gene experienced early lethality, 

consequently leaving the mechanism for how HCFC1 regulates these 

neurodevelopmental processes unknown. Zebrafish have been put forward as a new 

model system to investigate these processes based on their ability to circumvent lethality 

of HCFC1 ortholog mutations, owing to early maternal contributions. Collectively, this 

dissertation describes independent studies using zebrafish as a model to study the 

function of HCFC1 and reveal a potential mechanism whereby HCFC1 regulates neural 

development.  

Neural precursor cell development is independent of MMACHC function. 

HCFC1 interacts with the DNA-binding protein THAP11 to bind to the MMACHC promoter 

and activate transcription of the MMACHC gene, which encodes for of a vitamin B12 

enzyme essential for breaking down cobalamin metabolites. cblX syndrome is caused by 

mutations in the HCFC1 gene which induces cobalamin metabolic defects and severe 

neurological impairments. This raises the question of whether neurological deficits in cblX 
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patients are due to MMACHC function or not. Data by Castro et al presented in this 

dissertation indicate that neural precursor cell (NPC) defects present in hcfc1a nonsense 

mutants are independent of mmachc expression (126). This is the first study to indicate 

that cellular phenotypes in HCFC1 mutants are not the result of abnormal MMACHC 

function. However, zebrafish carry two orthologs of the HCFC1 gene, hcfc1a and hcfc1b, 

and the function of hcfc1b in NPC development has not been fully investigated. It has 

been well 106escribeed that hcfc1b is essential for craniofacial development, but hcfc1a 

appears to be dispensable for this developmental process, indicating non-overlapping 

functions for these two paralogs. In addition, mmachc expression is not significantly 

decreased in hcfc1a morphants or germline mutants but is dramatically reduced in hcfc1b 

morphants. Whether hcfc1a and hcfc1b have an overlapping function in brain 

development is still unclear and has not been characterized to date.  

Notably, studies by Chern and colleagues indirectly substantiate our NPC 

phenotype data suggesting cellular defects are independent of mmachc function. This 

study entailed analysis of a cblX related disorder caused by mutations in THAP11 

(p.F80L), which interacts with HCFC1. Here they find that this mutant causes increased 

expression of proteins associated with ribosome biogenesis and not Mmachc  (62). These 

data indirectly corroborate our findings which show that neurodevelopmental phenotypes 

in loss of function hcfc1a mutants are independent of MMACHC function. 

Role of HCFC1 in radial glial cell and astrocytic development. 

Radial glial cells (RGCs) in zebrafish act as supporting cells for neurons that guide 

radial migration of neuronal populations from the ventricular zone to the mantle. Gfap-

positive RGCs are neural stem cell-like progenitors in the developing nervous system and 
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have been shown to act as an essential progenitor population for late-born neurons and 

glia in the zebrafish spinal cord (160). In mice, RGCs also act as neural stem cells that 

give rise to glial cells such as, oligodendrocytes and astrocytes in late embryogenesis 

(161). However, in mice, RGCs express unique genes relative to zebrafish RGCs. For 

example, in zebrafish RGCs express gfap, which is an astrocytic marker in mice. 

Our recent findings suggest that unique mutations in the same domain of Hcfc1a 

result in contrasting phenotypes of mRNA expression of gfap, a gene that encodes for 

proteins highly expressed in RGCs. These findings are consistent with two previous 

studies. The first was in a mouse with NPC cell-type specific deletion of Hcfc1 that 

resulted in reduced mouse Gfap expression (129). The second was in mouse carrying 

mutations in the HCFC1 interacting partner, Thap11 (p.F80L) which also demonstrated 

decreased Gfap expression. Collectively, these data provide profound evidence for the 

role of HCFC1 and its partner THAP11 in the regulation of Gfap expression. Our work 

demonstrates changes in gfap expression consistent with other mouse models, thus 

demonstrating high validity. 

HCFC1 regulation of ribosomal biogenesis via Akt/mTOR. 

Ribosome biogenesis is an essential process that cells undergo to generate 

ribosomes to synthesize and control protein abundance in the cell. Without this process 

cells cannot proliferate, grow, or survive. To produce the necessary ribosomal subunits, 

over 80 proteins and 4 different RNA species must be produced at the appropriate levels. 

Because this requires an abundance of amino acids and nucleotides, there are the 

requirement of secondary processes to facilitate this need. One of the more important 

mediators of this is the mTORC1 protein kinase. mTORC1 initiates many stages of 
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ribosomal biogenesis (162). For example, mTORC1 activates ribosomal RNA 

transcription and the synthesis of the necessary ribosomal proteins required to assemble 

subunits. 

Recently, Chern and colleagues demonstrated the missense mutations in a 

HCFC1 interacting protein, THAP11, resulted in increased ribosomal biogenesis. This 

was the first study to reveal a potential mechanism underlying cblX syndrome and HCFC1 

function. However, because the HCFC1 mutants they created were sub-viable, it 

remained unknown whether this phenotype also occurred in a model of cblX or what 

mechanism might be driving these ribosomal defects. Our analysis of a zebrafish 

haploinsufficent allele, revealed abnormal expression of Asxl1, a protein that has been 

shown to drive the activation of Akt. Interestingly, we also demonstrated that inhibition of 

PI3K, an upstream regulator of Akt, restored NPC phenotypes in mutant zebrafish. Using 

this information combined with data from Chern et. Al. we honed in on the activity of 

Akt/mTor after mutation of hcfc1a in zebrafish. We performed a comparison of two hcfc1a 

mutant alleles that revealed abnormal Akt protein phosphorylation, disruption of 

downstream targets of mTOR, and atypical levels of ribosomal proteins (163). Because 

the function of mTOR has been widely shown to promote translation and ribosome 

biogenesis, our findings provide insight into the previous results from Chern and 

colleagues and reveal potential mechanisms for ribosomal dysregulation. Most notably, 

using an inhibitor to block mTOR activity, we effectively restored increased gfap levels in 

the nonsense hcfc1a mutants. These data are the first to provide a putative mechanism 

for how neuronal phenotypes in cblX-like models arise, establishing that glial cell 

phenotypes are mTOR dependent. 
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cblX motor dysfunction and seizure phenotypes. 

 Two common clinical manifestations of cblX syndrome are intractable epileptic 

seizures and motor impairments. Both of which have little to no treatment or prevention 

options. In our work, we demonstrate that loss of function mutations of the hcfc1a gene 

in zebrafish larvae induce hypolocomotion behavior. This deficit was correlated with 

increased production of NPCs and abnormal levels of markers associated with glial cells 

and neuronal differentiation. Future studies that are aimed at rescuing hypolocomotion 

behavior are highly warranted and can provide novel insight into cblX motor impairments. 

Although seizure phenotypes were not overtly detected in our cblX model, 

additional protocols exist that can allow us to detect behavioral deficits and verify seizure 

like phenotypes. For example, sub-optimal doses of seizure inducing agents like 

pentylenetetrazol can be applied to the water of developing larvae. These doses would 

not induce seizures in wildtype siblings but could potentially increase susceptibility in 

cblX. Preliminary studies for this protocol are underway and will help establish a model 

system with which mechanisms of seizure development in cblX can be elucidated. 

Interestingly, increased levels of mTOR, namely mTOR-opathies, have been highly 

implicated in epilepsy (164). Based on hyperactivity of mTOR in our loss of function 

hcfc1a mutants, it is plausible that future therapeutic strategies can be proposed, such as 

treatment with mTOR inhibitors. Moreover, it is possible that our work can establish 

mTOR as a biomarker for cblX, whereby in utero, patients can be tested for elevated 

mTOR activity and specific treatments can be developed to help minimize seizures. 

Future studies that use multiple stimuli, including low dose convulsant agents will likely 

shed light on the epileptic phenotypes associated with mutations in hcfc1a. 
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14-3-3- β/α protein as a regulator Akt/mTOR activity. 

Expressed early during brain development are highly conserved isoforms of the 

14-3-3 proteins, which make up approximately 1% of total soluble brain protein. The 14-

3-3 family of proteins play a large role in the development of the nervous system and 

cortical development, including neurogenesis and differentiation, neuronal migration and 

neuromorphogenesis, and synaptogenesis (137). Mutations in 14-3-3 proteins have been 

implicated in many neurological diseases including Parkinson’s disease, Alzheimer’s 

disease, schizophrenia, and bipolar disorder. The different isoforms of the 14-3-3 family 

have also been shown to increase the production of NPCs (137) and inhibit AKT 

phosphorylation in cell lines (138).  

In our work, we applied proteomics analysis of our loss of function hcfc1a allele 

and found a highly significant reduction in the expression of the 14-3-3- β/α protein. We 

found contrasting differences of this protein in our missense hcfc1a allele with increased 

levels of 14-3-3- β/α protein compared to our haploinsufficient allele. Evidence suggesting 

that the 14-3-3- β/α protein regulates and inhibits AKT phosphorylation and activity is 

substantiated in our nonsense and missense alleles based on hyperactivated Akt/mTor 

and reduced Akt/mTor signaling, respectively. We also validated through available data 

in the Encyclopedia of DNA Elements (ENCODE) database, that human HCFC1 directly 

binds to the human YWHAB promoter, which is the gene that encodes for the 14-3-3- β/α 

protein. Based on these findings, we have established one putative downstream mediator 

of HCFC1 that may play a role in regulating both NPC and Akt/mTOR phenotypes in our 

cblX models. Future experiments to characterize the role of 14-3-3- β/α in cblX syndrome 

are warranted. 
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cblX subtypes and patient specific mutations. 

 Missense mutations of HCFC1 in humans cause varied presence and severity of 

neurological impairments. cblX syndrome is caused by mutations in the kelch domain 

region of the HCFC1 protein. HCFC1 contains several domains in addition to the kelch 

domain including a basic and acidic region, fibronectin repeat region and proteolytic 

cleavage sites. There has been documentation of missense mutations across each of 

these regions, whereby no single study has investigated the mechanisms underlying the 

corresponding phenotypes. Interestingly, all individual mutations across HCFC1 cause 

defects in nervous system development, indicating that each domain of HCFC1, and not 

just the kelch domain and N-terminal region, may be important for brain development. 

Interestingly, patients with mutations along the C-terminal regions of the protein do not 

develop severe cobalamin metabolic disorders nor severe neurological impairments like 

intractable epilepsy and are limited to intellectual disability and autistic like disorders 

(165).  

 The work presented in this dissertation describes the neurological phenotypes and 

mechanisms associated with two different hcfc1a alleles. The first is a mutant where all 

domains of hcfc1 are perturbed and little to no Hcfc1 protein is made. This is relevant to 

the cblX field because no studies have yet described what disruption of other domains 

outside of the kelch region cause. Additionally, the second allele is a missense mutation 

in the kelch domain region which more directly mimics cblX syndrome and is more 

representative of patient mutations. However, to date there are over 14 other unique 

mutations documented across the HCFC1 protein that have not yet been characterized 

(165). Thus, the future goals of our lab are to comprehensively understand cblX and 
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related disorders by creating individual models of each variant and elucidate future 

therapeutic and patient specific treatment options. 

Impact of these data to the field 

 At the beginning of this research, very little was known about the role of HCFC1 in 

brain development except that changes in expression altered NPC function, number, and 

differentiation in vitro. An in vivo model did not exist. Whilst my research was ongoing 

multiple model systems were concurrently produced, each of them with limitations not 

observed in zebrafish. Despite the advent of these alleles, our work is the only work to 

date to characterize in vivo cellular phenotypes associated with missense and nonsense 

mutations of HCFC1 and provide a molecular mechanism (Akt/mTor) underlying unique 

cellular phenotypes. These data have provided a significant foundation for future research 

in mouse models and are currently the field standard, as no other system has been 

developed at the present time to understand these mechanisms. 
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