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Abstract 
Telomeres are nucleoprotein structures at the ends of linear chromosomes, bound by various 
proteins. Some of these proteins protect the telomere ends, such as the shelterin complex, 
while others help regulate telomere length. Recently, our lab has characterized two telomere-
binding proteins, HMBOX1 and ZBTB48, in mammalian cell lines. These proteins were found 
to be conserved across evolution and regulate telomere length. To understand their role at the 
organismal level, we have chosen to study these proteins in zebrafish, an emerging model 
organism for studying telomere biology. Due to a genome-wide duplication in teleost, Hmbox1 
exists as paralogues in zebrafish. This study aims to investigate whether the telomere length 
regulatory functions of these proteins can be recapitulated in zebrafish and how they influence 
the organism. 

To facilitate the study, CRISPR-Cas9 knockout zebrafish lines and antibodies against each of 
these proteins were generated. However, the knockout fish lines did not exhibit any severe 
phenotypes, and there was no significant difference in the telomere length of the first 
generation of homozygous mutants compared to their wild-type counterparts. Conversely, this 
study has found more success in exploring the spatiotemporal expression of these proteins 
during early zebrafish development. Based on immunofluorescence staining, Hmbox1a was 
found to be expressed during the blastula and gastrulation stages (3 hpf to 10 hpf), while 
Hmbox1b is expressed in the notochord and pronephros of embryos from 9 hpf to 3 dpf. On 
the other hand, Zbtb48 was found to be highly expressed in a small population of cells in the 
gonads, specifically the germ stem cells (undergoing mitosis) and gametocytes (undergoing 
meiosis), according to the published scRNA-seq data. Additionally, Mtfp1 was consistently 
observed to be downregulated in the zbtb48-/- mutant, which was previously reported as one 
of the genes dysregulated by ZBTB48 in the human cell line study. 

Overall, although this study did not report any phenotypes related to the telomere function of 
these proteins, it has provided new information on their physiological spatiotemporal 
expression during development, which has not been described previously. 
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Zusammenfassung 
Telomere sind Nukleoproteinstrukturen an den Enden von linearen Chromosomen, die durch 
verschiedene Proteine gebunden sind. Einige dieser Proteine schützen die Telomerenden, wie 
z. B. der Shelterin-Komplex, während andere zur Regulierung der Telomerlänge beitragen. 
Vor kurzem hat unser Labor zwei telomerbindende Proteine, HMBOX1 und ZBTB48, in 
Säugetierzelllinien charakterisiert. Es wurde festgestellt, dass diese Proteine in der Evolution 
konserviert sind und die Telomerlänge regulieren. Um ihre Rolle auf der Ebene des 
Organismus zu verstehen, haben wir uns entschieden, diese Proteine im Zebrafisch zu 
untersuchen, einem aufstrebenden Modellorganismus für die Untersuchung der 
Telomerbiologie. Aufgrund einer genomweiten Duplikation im Teleostier existiert Hmbox1 im 
Zebrafisch als Paralogon. In dieser Studie soll untersucht werden, ob die die Telomerlänge 
regulierenden Funktionen dieser Proteine im Zebrafisch rekapituliert werden können und wie 
sie den Organismus beeinflussen. 
 
Um die Studie zu erleichtern, wurden CRISPR-Cas9-Knockout-Zebrafischlinien und Antikörper 
gegen jedes dieser Proteine erzeugt. Die Knockout-Fischlinien wiesen jedoch keine 
schwerwiegenden Phänotypen auf, und es gab keinen signifikanten Unterschied in der 
Telomerlänge der ersten Generation homozygoter Mutanten im Vergleich zu ihren Wildtyp-
Pendants. Im Gegensatz dazu war diese Studie erfolgreicher bei der Untersuchung der 
räumlich-zeitlichen Expression dieser Proteine während der frühen Zebrafischentwicklung. 
Anhand von Immunfluoreszenzfärbungen wurde festgestellt, dass Hmbox1a während der 
Blastula- und Gastrulationsstadien (3 hpf bis 10 hpf) exprimiert wird, während Hmbox1b im 
Notochord und Pronephros von Embryonen von 9 hpf bis 3 dpf exprimiert wird. Andererseits 
wurde festgestellt, dass Zbtb48 in einer kleinen Zellpopulation in den Keimdrüsen stark 
exprimiert wird, insbesondere in den Keimstammzellen (die Mitose durchlaufen) und den 
Gametozyten (die Meiose durchlaufen), wie die veröffentlichten scRNA-seq-Daten zeigen. 
Darüber hinaus wurde beobachtet, dass Mtfp1 in der zbtb48-/- Mutante herunterreguliert wurde, 
was zuvor als eines der durch ZBTB48 dysregulierten Gene in der menschlichen 
Zelllinienstudie berichtet wurde. 
 
Insgesamt wurden in dieser Studie zwar keine Phänotypen im Zusammenhang mit der 
Telomerfunktion dieser Proteine festgestellt, aber sie lieferte neue Informationen über ihre 
physiologische räumlich-zeitliche Expression während der Entwicklung, die bisher noch nicht 
beschrieben worden war. 
 
 

Übersetzt mit DeepL.com (kostenlose Version) 
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Introduction 

Linearization of chromosomes has provided significant advantages in eukaryotes for enabling 
meiosis and its key processes like independent assortment and meiotic recombination to 
increase genetic diversity and adaptability in offspring 1. However, these structural changes 
introduced two major challenges: protecting chromosome ends from being mistaken for DNA 
breaks (the end-protection problem) and preventing progressive DNA shortening with each 
replication cycle (the end-replication problem).  

These challenges are mitigated by a specialized nucleoprotein structure known as the 
telomere, located at the ends of eukaryotic linear chromosomes. In most cases, telomeres are 
composed of repetitive DNA sequences and associated proteins. These sequences typically 
form a guanine-rich (G-rich) leading strand and a complementary cytosine-rich (C-rich) lagging 
strand. Vertebrates share a common telomeric repeat (TTAGGG), which is also present in 
some invertebrates, such as corals and sponges 2,3. This sequence is thought to be an 
ancestral telomeric sequence, with minor variations appearing across various species 3–5. For 
instance, (TTTAGGG) in Arabidopsis thaliana 6, (TTAGGC) in Caenorhabditis elegans 7, and 
(TTGGGG) in Tetrahymena thermophila 8. While the canonical telomeric sequence is present 
in some fungal species, telomeric sequence is highly diverse within the Ascomycota phylum, 
where species such as Schizosaccharomyces pombe (fission yeast) and Saccharomyces 
cerevisiae (budding yeast) display distinct telomeric sequences that drastically deviate from 
canonical telomeric sequence 5. 

Despite the telomere sequence is highly conserved within mammals, great variation in 
telomere length can be observed across species. The length ranges from as long as 50 kb in 
Panthera tigris corbetti (tiger) to as short as 5 kb in Zalophus californianus (sea lion) 9. In 
humans, it typically spans around 5 to 15 kb 9. Moreover, telomere length can vary at the 
individual level, with differences observed across tissues 9–11, among chromosome arms 12 and 
even between homologous chromosomes 13. Thus, emphasizing the heterogeneity of telomere 
length and the complexity of regulating it. 

End replication problem 

During DNA replication, DNA polymerase synthesizes DNA in a unidirectional 5′ to 3′ manner. 
The leading strand is extended continuously in the 5′ to 3′ direction from the origin of replication 
using a single RNA primer, whereas the lagging strand requires multiple RNA primers to 
facilitate DNA synthesis in short fragments, known as Okazaki fragments. At the 5′ end of the 
lagging strand, the removal of the terminal RNA primer leaves a gap, as there is no upstream 
DNA template for polymerase extension. This results in a progressive shortening of telomeres 
with each round of cell division 14,15.  

As telomeres shorten, they gradually lose the protection provided by the shelterin proteins. 
Eventually, they reach a critical length that activates the DNA damage response (DDR) 
pathway 16,17 This response activates the transcription factor p53, which induces the 
expression of the cell cycle inhibitor p21, causing cell cycle arrest 18,19. Consequently, the cell 
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either enters replicative senescence or undergoes apoptosis, restricting its ability to divide 
further. This limit on cellular replication is referred to as the Hayflick limit 20. 

Replicative senescence can act as a tumor suppressor by irreversibly arresting cell growth and 
preventing aberrant cellular proliferation 21. Otherwise, further erosion can lead to chromosome 
instability 22. However, replicative senescence is also characterized by a series of changes in 
cell morphology, gene expression, metabolism, and epigenetics, extending beyond just cell 
cycle arrest 23. A key consequence of senescence is the senescence-associated secretory 
phenotype (SASP), which produces pro-inflammatory cytokines and growth factors that 
influence interactions between senescent and neighboring cells. In acute settings, senescence 
plays vital physiological roles, such as wound healing, injury repair, and embryonic 
development, by recruiting immune cells to clear senescent cells. However, chronic 
senescence is often considered detrimental, as it is commonly associated with aging, age-
related diseases, and other pathological effects 23–26. Paradoxically, senescence can also 
promote tumorigenesis. Several SASP factors are linked to pro-tumorigenic processes, 
including mitogenic signaling and chronic inflammation, which alter the microenvironment and 
genetic makeup, creating conditions that allow cells to evade cell cycle arrest and become 
malignant 27,28. 

However, not all cells face the fate of replicative senescence. Certain cell types, such as stem 
cells and germ cells, can divide almost indefinitely due to the expression of a reverse 
transcriptase known as telomerase 29. Telomerase comprises two key components: the RNA 
template (TER) and the catalytic enzyme (TERT) 30. It extends the G-rich strand of telomeres 
with assistance from the shelterin subunit TPP1, facilitating its recruitment and enhancing 
processivity 31,32. Meanwhile, the C-strand is synthesized by DNA polymerase α/primase, 
through its association with the CTC1–STN1–TEN1 (CST) complex 33. 

High levels of telomerase activity are present during early human development but become 
minimal in adult somatic cells 29. When telomerase expression is reactivated in somatic cells, 
it can extend telomeres, allowing these cells to bypass replicative senescence, maintain 
telomere length, and effectively reverse cellular aging 22,34. However, this reactivation is a 
double-edged sword, as telomerase expression in somatic cells can also promote cancer 
development. Approximately 85% of cancer cells express telomerase to preserve telomere 
length 35,36, with the remaining 15% utilize homologous recombination, known as the alternative 
lengthening of telomeres (ALT) pathway 37,38. 

Collectively, maintaining telomere length is important for cellular functions and organism 
survival. A study has shown a negative correlation between telomere length in blood and 
mortality rate in humans aged 60 years or older 39. Interestingly, the proportion of short 
telomeres, rather than the average telomere length, has been identified as a more critical 
predictor of lifespan in mammals 40. While it may seem intuitive that species with longer 
telomeres would have longer lifespans due to their increased capacity for cell division, this 
assumption has been refuted by a study. For instance, mice have a much longer initial telomere 
length (50 kb) compared to humans (15 kb), yet their average lifespan is only about 2 years, 
whereas humans typically live around 80 years 41. Notably, a key difference is that mice 
experience a much faster rate of telomere shortening, at 7000 bp per year, compared to 70 bp 
per year in humans. This study concluded that the rate of telomere shortening, rather than the 



6 
 

initial telomere length, is a stronger predictor of lifespan across species. Collectively, these 
studies highlight the complexity of factors governing lifespan, extending beyond just the initial 
or average telomere length. 

End protection problem 

Apart from the end-replication problem, telomeres also face the end-protection problem, which 
poses a significant threat to genome integrity. An unprotected chromosome end resembles 
DNA double-strand breaks and risks being recognized as damage by the cellular repair 
machinery. This misrecognition can lead to unnecessary repairs, which may cause 
chromosome fusion and apoptosis. In vertebrates, the shelterin complex binds to telomeres 
and prevents the activation of DDR by masking the chromosome ends. In humans, the 
shelterin complex comprises six core proteins—TRF1, TRF2, POT1, RAP1, TPP1, and TIN2—
which collectively play crucial roles in telomere maintenance and genomic stability (Figure I1) 
42.  

TRF1 and TRF2 are homodimer proteins, and they bind directly to double-stranded telomeric 
DNA through their Myb DNA-binding domains 43. TIN2 links TRF1 and TRF2, while POT1 binds 
directly to the single-stranded telomeric overhang through its oligonucleotide/oligosaccharide 
binding (OB) folds 44 and associates with TIN2 via TPP1 45. TPP1, which also contains an OB 
fold, does not bind to DNA, but instead plays a critical role in telomerase recruitment and 
enhancing telomerase processivity 31,32,46. While RAP1 in humans contains a Myb-like domain, 
it does not bind directly to DNA 47. Rather, it interacts with TRF2 to enhance its binding affinity 
for telomeric sequences 48. 

The two main shelterin components that play a pivotal role in repressing two major DDR 
pathways are POT1 and TRF2 49. POT1 inhibits the activation of the ataxia telangiectasia and 
Rad3-related (ATR) kinase signaling pathway by preventing replication protein A (RPA), a 
sensor of single-stranded DNA damage, from binding to the telomeric overhang 50. This 
process heavily relies on the association of POT1 with TPP1, and the rest of the shelterin, to 
outcompete RPA 51. 

On the other hand, TRF2 represses the ataxia-telangiectasia mutated (ATM) kinase signaling 
pathway by facilitating the formation of a T-loop, allowing the 3' telomeric overhang to invade 
the double-stranded region of the telomere 52. This T-loop structure effectively conceals 
chromosome end, preventing it from being recognized by the MRE11-RAD50-NBS1 (MRN) 
complex as DNA breaks, thus blocking ATM kinase activation. Without the T-loop protection, 
ATM kinase activation could trigger cell cycle arrest and lead to senescence or apoptosis 53. 

Formation of T-loop also relies on the accessory protein SNM1B/Apollo exonuclease (also 
known as DCLRE1B), which interacts with TRF2. Apollo generates 3' single-stranded 
overhangs on newly replicated leading-strand telomeres, allowing it to invade the double-
stranded region of the telomere to form a T-loop 54. The absence of Apollo or an impaired of 
its interaction with TRF2 leads to telomere instability through the activation of ATM signaling 
and the non-homologous end joining (NHEJ) pathway 54–56.  
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Apart from forming T-loop, TRF2 also prevents NHEJ by interacting with the Ku proteins, which 
are crucial for the initiation of repair pathway 16,57. TRF2/RAP1 also works together to prevent 
NHEJ and inhibit homology-directed repair by repressing the localization of PARP1 and SLX4 
to the telomere 58,59. The loss of TRF2 results in a detrimental outcome of chromosome end-
to-end fusions 60, emphasizing its importance in maintaining genome stability.  

 

Telomere-binding proteins 

In addition to the shelterin complex, the telomeres are also maintained by the trimetric CST 
complex. This complex is highly conserved and present across a wide range of species, 
including yeasts, plants, and mammals 61,62. Notably, its subunits are more closely related to 
RPA than to the shelterin proteins 63,64. The CST complex helps synthesize the lagging strand 
by binding to 3' G-rich telomeric overhangs and coordinating C-strand fill-in after Apollo 
exonuclease resection or telomerase extension (Figure I1) 33,65,66. This complex also maintains 
genomic stability by participating in various processes, such as DNA replication and DNA 
double-strand break repair throughout the human genome 67–69. 

Over the decades, both the shelterin and CST complexes have been extensively studied by 
telomere biologists across various model organisms 42,61,62,70. Understandably so, as these 
complexes are highly conserved throughout evolution due to their critical roles in maintaining 
telomere integrity and overcoming the threats that telomeres face. In recent years, additional 
telomere-binding proteins, beyond the shelterin and CST subunits, have been identified and 
characterized, though most have only been briefly studied. Many of these proteins are also 
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conserved across vertebrates, presenting an opportunity to uncover new players that could 
play significant roles in telomere biology. 

Among the identified telomere-binding proteins, several of them are zinc finger proteins. For 
examples, ZBTB10 71, ZBTB40 72, ZBTB48 73,74, and ZNF524 75. They all bind directly to 
telomeres via their BTB and/or ZNF domains. Some of these proteins reportedly help to 
maintain telomere stability or regulate telomere length, while the functions of one at the 
telomere remain unclear. Interestingly, many of these proteins appear to have a more 
significant impact on cells exhibiting ALT activity. 

Both ZBTB40 and ZBTB48 have been reported as negative regulators of telomere length. The 
loss of ZBTB40 in ALT U2OS cells results in telomere elongation as well as telomere 
dysfunction 72. This is accompanied by an increased in ALT-associated PML bodies (APBs) 
accumulation, which APB serves as a site for ALT activity 76. Thus, these findings indicate that 
ZBTB40 plays a role in both protecting telomeres and regulating their length. 

In contrast, the loss of ZBTB48 leads to telomere elongation in telomerase-positive HeLa cells, 
but not in ALT U2OS cells 73 However, overexpression of ZBTB48 in U2OS cells results in 
extrachromosomal accumulation and increased APB formation 74, showing an opposite trend 
as compared to ZBTB40. While it remains unclear whether ZBTB48 provides telomere 
protection, it has been shown to regulate a small set of transcripts 73.  

The loss of ZNF524 in U2OS cells has shown to result in a slight reduction of the TRF2/RAP1 
subcomplex at the telomere 75. This leads to an increased DNA damage response and elevated 
recombination events, as indicated by telomeric sister chromatid exchanges (t-SCE), but not 
to the extent of telomere fusion observed in TRF2 knockout cells. Notably, the study did not 
find any evidence of physical interaction between ZNF524 and TRF2. Nevertheless, these 
observations suggest that ZNF524 plays a role in telomere protection. 

On the other hand, ZBTB10 interacts with TRF2 through its N-terminal domain 71. However, its 
loss does not affect the abundance of TRF2 at the telomere, nor does it cause telomere 
dysfunction or activate ATM kinase. Unlike the other mentioned proteins, ZBTB10 also does 
not appear to play a role in regulating telomere length or transcription. It is likely that the primary 
function of ZBTB10 lies beyond the canonical telomere repeat sequence, as it shows 
preferential binding to the (TTGGGG) variant repeat sequence. 

In addition to these zinc finger proteins, other proteins have also been identified as direct 
binders of telomeres. One such protein is the homeobox protein HMBOX1, which binds to 
telomeres through its homeobox domain 77,78. It has been shown to act as a positive regulator 
of telomere length in HeLa cells 77. 

Collectively, these telomere-binding proteins exhibit varying roles at the telomere, with some 
offering intriguing insights that warrant further exploration. With the exception of ZBTB40 all 
the listed proteins are considered phylogenetically conserved telomere binders, as they have 
been found to be enriched in pull-down experiments with telomere probes in at least 5 out of 
the 16 vertebrate species screened 79. Two proteins of particular interest for further study are 



9 
 

the homeobox protein HMBOX1 and the zinc finger protein ZBTB48. These proteins are highly 
conserved across vertebrates and they also regulate telomere length. Over the years, they 
have garnered attention from researchers investigating their potential roles in cancers and their 
physiological functions. The next section will delve deeper into our current understanding of 
these proteins. 

HMBOX1 

Homeobox containing 1 (HMBOX1), also known as homeobox telomere-binding protein 1 
(HOT1) or telomere-associated homeobox-containing protein 1 (TAH1), is a homeobox protein 
belonging to the hepatocyte nuclear factor (HNF) gene class within the homeobox family. 
HMBOX1’s function as a telomere binder is found in at least 5 out of the 16 vertebrate species 
screened 79 and was first isolated from a cDNA library of the human pancreas 80. Subsequent 
studies using immunostaining on tissue microarrays revealed its widespread expression in 
various human tissues, including the cerebrum, liver, testis, and renal tubules, among 
others 81,82. 

HMBOX1 binds directly to the telomeric sequences through its homeodomain, which is 
characterized by three alpha helices separated by a loop and a turn, resembling the Myb 
domain structure found in TRF1 and TRF2 77. A point mutation study identified several crucial 
residues in human HMBOX1, such as R271, K335, and R339, as essential for telomere binding. 
Among these, K335 was found to be the most critical for telomere sequence specificity, as the 
K335A mutation resulted in nonspecific binding. 

The role of HMBOX1 in telomere function has been investigated by two independent groups 
using different cancer cell lines with distinct telomere lengthening mechanisms. While 
HMBOX1 was reported to act as a positive regulator of telomere length in telomerase-positive 
cells 77, such an effect was not observed in the telomerase-negative ALT cancer cells 78. 
Despite these differences, both studies consistently found HMBOX1 co-localizing with 
telomeres, regardless of the cells' telomerase activity. 

Kappei et al. 77 reported the knockdown of HMBOX1 in telomerase-positive HeLa cells resulted 
in telomere shortening, while its overexpression led to telomere lengthening. They proposed 
that HMBOX1 regulates telomere length by facilitating the recruitment of telomerase to 
telomeres, a hypothesis supported by several observations. 

HMBOX1 was found to localize at the periphery of Cajal bodies, sub-nuclear structures where 
telomerase RNA accumulates and telomerase assembly occurs 83,84. This localization pattern 
in Cajal bodies mirrors previous findings that associate telomerase RNA with telomeres 85. 
Furthermore, immunoprecipitation experiments showed that HMBOX1 enriched for coilin, a 
structural component of Cajal bodies, along with the active telomerase complex components, 
including DKC1, GAR1, NHP2, and NOP10 86. Thus, suggesting that HMBOX1 helps recruit 
HMBOX1-bound telomeres to Cajal bodies, enabling telomerase activity. 

Supporting this hypothesis, HMBOX1 knockout in mouse embryonic fibroblasts resulted in the 
loss of TERT from chromatin. Similarly, HMBOX1 knockdown in prostate adenocarcinoma 
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cells (LNCaP)  has been shown to disrupt the interaction between TPP1 and TERT in another 
study 87. Moreover, HMBOX1 showed higher colocalization with telomeres in cells with 
elevated telomerase activity, such as mouse spermatocytes 88, where it localized to 87% of 
chromosome ends, compared to HeLa cells, which exhibited an average of 4.5 HMBOX1-
telomeric foci per cell. These findings underscore HMBOX1's preferential localization to 
telomeres in cells with higher telomerase activity, supporting its role in telomerase recruitment. 

On the other hand, Feng et al. 78 observed that ALT U2OS cancer cells (70%) had a 
significantly higher proportion of HMBOX1 co-localized with telomeres compared to 
telomerase-positive HCT75 cancer cells (10%). In these ALT cells, HMBOX1 was also found 
to co-localize with APBs. While HMBOX1 knockdown led to a reduction in APBs, it did not 
significantly alter telomere length. However, it halved the levels of C-circles—key markers of 
ALT activity 89—and increased telomere-associated DNA damage response (TIF) to levels 
similar to those observed with TRF2 knockdown. Thus, this finding indicates that HMBOX1 
also plays a role in regulating ALT activity. 

Taken together, HMBOX1 appears to positively regulate telomere length in both telomerase-
positive and ALT cells. Its involvement in telomere length regulation has drawn attention to its 
potential link with cancer.  However, tissue microarray studies have shown mixed results 
regarding HMBOX1 expression in cancerous and adjacent normal tissues, suggesting 
dysregulation may be tissue-specific 81. For example, HMBOX1 is decreased in liver cancer 
compared to normal tissue, but its expression is elevated in cancerous renal tubule cells. In 
contrast, HMBOX1 levels remain high in both normal and cancerous pancreatic tissues 81. 

Several studies have explored the role of HMBOX1 in cancer progression by manipulating its 
expression levels. For instance, in gastric cancer, where HMBOX1 is upregulated, further 
overexpressing HMBOX1 correlates with poor prognosis as it promotes cell proliferation and 
migration 90. In contrast, in high-grade serous ovarian cancer and other ovarian cancer cell 
lines (HO8910 and A2780), where HMBOX1 is downregulated, overexpression of HMBOX1 
reduces cell proliferation, increases apoptosis, and elevates p53 expression 91. In both studies, 
HMBOX1 knockdown yielded the opposite effects. These findings suggest that the role of 
HMBOX1 in cancer progression is not universal but depends on the cancer type and its initial 
expression levels. Therefore, HMBOX1's involvement in cancer progression extends beyond 
telomere length regulation, and its detailed mechanisms remain to be explored. 

Beyond its role in cancer, HMBOX1 also plays key physiological functions, such as promoting 
the differentiation of mouse embryonic stem cells and rat bone marrow stromal stem cells 
(BMSCs) into vascular endothelial cells (VECs) 92,93. Additionally, HMBOX1 enhances 
autophagy and inhibits apoptosis in human umbilical vascular endothelial cells (HUVECs) 94. 
HMBOX1 has also been shown to participate in immune regulation and inflammation 95. 

ZBTB48 

Zinc finger and BTB domain containing 48 (ZBTB48), also known as telomeric zinc finger-
associated protein (TZAP) and Human Krüppel-related 3 (HRK3), is a conserved telomere-
binding protein across at least 13 of 16 vertebrate species screened 79. Structurally, ZBTB48 
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contains an N-terminal BTB/POZ domain and 11 adjacent C2H2-type zinc fingers at the C-
terminus. The telomere-binding function of ZBTB48 is mediated by several amino acid 
residues in its eleventh zinc finger and adjacent C-terminal arm, which directly interacts with 
TTAGGG telomere repeats 96. Telomere sequence recognition is facilitated by a recurring 
RxxHxxR motif shared among telomeric zinc finger proteins, including ZBTB10, ZNF524, and 
ZBTB48 75,97. Notably, ZBTB48 preferentially binds telomeres in an open chromatin state 
induced by the absence of the ATRX/DAXX protein complex 98. 

The role of ZBTB48 in telomere length regulation has also been investigated by two 
independent groups, both of which identified it as a negative regulator of telomere length in 
both telomerase-positive and ALT cell lines. In telomerase-positive cells, such as HeLa cancer 
cells and mouse embryonic stem cells, ZBTB48 knockout led to telomere elongation 73,74. While 
ZBTB48 knockout in ALT U2OS cells did not result in significant telomere length changes 73, 
its overexpression in U2OS cells caused telomere shortening 74. This telomere shortening was 
accompanied by the accumulation of extrachromosomal DNA and the induction of APB 
formation. Furthermore, an inverse relationship between telomere length and ZBTB48 
colocalization was observed. Based on these findings, Li et al. 74 proposed that the saturation 
of ZBTB48 at the telomere regulates telomere length by imposing an upper limit through 
telomere trimming. 

Similar to HMBOX1, investigations into the correlation between ZBTB48 expression levels or 
mutations and survival outcomes in various cancers have yielded mixed results. These 
investigations range from breast cancer 99, cervical cancer 100, colorectal cancer 101, lung 
adenocarcinoma and squamous cell carcinoma 102, to hepatocellular carcinoma 103. In 
agreement with individual investigations, a meta-analysis of data from The Cancer Genome 
Atlas revealed that the prognostic impact varies depending on tumor type, and ZBTB48 
alterations are present in only 5% of tumors 104. 

The link between ZBTB48 dysregulation and cancer may be attributed to its roles beyond 
telomere regulation. ZBTB48 has been reported to bind directly to the promoter regions of 
certain genes and act as a transcriptional activator. Notably, it activates the tumor suppressor 
gene Alternate Reading Frame (ARF) in both immortalized human embryonic kidney cells 
(HEK293) and normal human dermal fibroblast (HDF) 105. As its name implies, ARF is a product 
of an alternative reading frame within the INK4a/ARF locus (CDKN2A), which the locus also 
encodes for p15INK4b and p16INK4a 106. ARF plays a critical role in maintaining p53 stability, 
thereby functioning as a tumor suppressor 107. However, this locus has been reported to be 
frequently mutated in melanoma 108. 

ZBTB48 was also found to regulate mitochondrial fission process 1 (MTFP1) 73. The knockout 
of ZBTB48 in HeLa and U2OS cancer cells significantly downregulated MTFP1 at both 
transcript and protein levels, leading to a mitochondrial matrix reorganization phenotype similar 
to that observed in MTFP1 depletion. Additionally, ZBTB48 has been recently reported as a 
regulator of B-cell-specific CIITA expression in mice 109. 

The role of ZBTB48 in stem cells has also been investigated, particularly in primary porcine 
mesenchymal stem cells (pMSCs). ZBTB48 levels were found to increase with pMSC 
passages, accompanied by the upregulation of cellular senescence markers such as p16INK4a 
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and p21, indicative of cellular aging 110. Overexpression of ZBTB48 in early-passage pMSCs 
led to phenotypes similar to those observed in late-passage cells, including reduced cell 
proliferation, diminished differentiation potential, and an increase in senescence markers. 
Consistent with ZBTB48’s role in regulating ARF, this overexpression also elevated ARF, p53, 
and p21 expression levels. Conversely, ZBTB48 knockout yielded the opposite effects, even 
reversing the aging phenotype in late-passage pMSCs. Collectively, these findings highlight 
the critical role of ZBTB48 in maintaining stem cell proliferation capacity and differentiation 
potential through the p53 pathway. 

In summary, previous studies have demonstrated that HMBOX1 and ZBTB48 play opposing 
roles in telomere length regulation. While their involvement in cancer has been widely studied, 
their expression levels and prognostic value remain inconsistent. Their roles in stem cell 
differentiation and proliferation have also been explored, though less thoroughly investigated 
compared to cancer. Preliminary findings indicate that HMBOX1 and ZBTB48 have contrasting 
effects on stem cells: HMBOX1 promotes differentiation, whereas ZBTB48 diminishes it. 
Overall, these findings highlight the complexity of their functions, demonstrating that there is 
no one-size-fits-all approach. A fine balance of their expression is required to regulate both 
physiological and pathological effects. 

So far, much of our understanding of HMBOX1 and ZBTB48 has been limited to cell culture 
models, and their roles at the organismal level remain largely unexplored. These proteins have 
primarily been studied in isolation, within separate systems such as physiological cells (e.g., 
stem cells) and pathological cells (e.g., cancer cells). However, organisms are comprised of 
complex systems, and cell culture studies alone do not provide a complete understanding. To 
address this knowledge gap, we have selected zebrafish as a model organism to investigate 
their functions in a whole-organism context. 

Zebrafish as a model organism for telomere study 

Zebrafish (Danio rerio), a teleost fish native to freshwater habitats in South Asia, has an 
average lifespan of 3 to 5 years. Despite diverging from a common ancestor with humans 
about 4.5 million years ago, zebrafish share approximately 70% of their genes with humans, 
and around 80% of genes related to human diseases have at least an orthologue in zebrafish 
111. However, due to a genome-wide duplication in the teleost lineage, some genes exist as 
paralogues in zebrafish. While Hmbox1 exists as paralogues in zebrafish, no paralogue of 
Zbtb48 has been identified. 

Zebrafish are a popular model organism due to their high embryo count, rapid reproduction 
rate, transparent embryos, and ease of maintenance 112,113. Their transparent embryos, 
combined with ex vivo fertilization, make them especially valuable for developmental biology, 
enabling live imaging and in vivo studies 114. They are also widely used in various research 
fields, including cancer 115,116, cardiovascular biology 117–119, and bone development 120, and 
have recently gained attention as a model organism for telomere studies 121. 

Zebrafish telomeres share several key characteristics with those of humans, including the 
presence of TTAGGG tandem repeats, which typically range from 5 to 15 kb in length 122. 
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Despite the expression of telomerase in somatic tissue, telomeres in zebrafish shorten during 
aging 123. In contrast to the laboratory inbred mouse strains, zebrafish exhibit telomere 
deficiency phenotypes already in the first generation of tert-/- mutants correlated with 
significantly shorter telomeres compared to their wild-type counterparts 122.  

The lifespan and telomere length of first-generation tert-/- zebrafish mutants are reduced and 
they experience premature aging with a rapid decline in fertility 122,124. Critical short telomeres 
accumulate in the gut and muscle 125 and tissue-specific rescue of telomerase in the gut 
restores lifespan to some extend 126. Second generation tert-/- mutants do not survive to 
adulthood as the critical short telomeres activate p53-induced cellular apoptosis at the 
embryonic stage 124. Consequently, tp53M214K mutation in tert-/- fish also results in partial 
lifespan extension 127. In zebrafish, telomerase expression is further required for regeneration 
of the heart 128 and for developmental hematopoiesis 129. Notably, tert-/- zebrafish mutants 
exhibit phenotypes comparable to those of dyskeratosis congenita (DC), a bone marrow failure 
disorder that affects multiple parts of the human body 121. Overall, these findings make 
zebrafish a suitable model for studying telomere biology. 

Zebrafish possess all human shelterin orthologs, and their initial functional characterization 
has already been conducted. Loss of Terfa (the TRF2 ortholog) in zebrafish is embryonic lethal, 
and heterozygous adult fish exhibit accelerated aging 130. In addition to the induction of DNA 
damage, terfa-/- fish experience neurodevelopmental failure due to brain edema during embryo 
development based on transcriptional misregulation 131. Generated pot1-/- and acd-/- (the TPP1 
ortholog) lines die at the larval stage, with a few acd-/- mutant escapers showing premature 
aging 132. Furthermore, acd morphants exhibit neural death, heart defects, and extensive 
apoptosis during embryonic development 133. In contrast, tinf2-/- (the TIN2 ortholog) and terf1-/- 
mutants seemed unaffected and developed normally into adults 132. The stn1 morphants, a 
component of the CST complex, resulted in a reduction in red blood cell count, an arrest in T 
cell progenitor development, and increased vascularity 134. However, its impact on lifespan and 
development was not investigated. Furthermore, the effects of losing Terf2ip (the RAP1 
ortholog) from the shelterin complex, as well as Ctc1 and Ten1 from the CST complex, remain 
unexplored in zebrafish. Similarly, the roles of Hmbox1 and Zbtb48 have not yet been 
investigated in zebrafish. 

Aim & objectives 

Given the promising role of HMBOX1 and ZBTB48 in regulating telomere length and cellular 
functions in mammalian cell lines, this study aimed to investigate their roles at an organismal 
level using zebrafish. To accomplish this, CRISPR-Cas9 knockout zebrafish lines and 
antibodies specific to these proteins were generated. The knockout lines were analyzed to 
assess their impact on telomere length and lifespan. Any abnormal phenotypes resulting from 
the mutations were documented. Using the generated antibodies, the spatiotemporal 
expression patterns of these proteins were examined. This study sought to determine whether 
the findings in zebrafish mirrored observations from human cell line studies and to explore any 
additional insights into how these proteins influence processes at the organismal level. 
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Result 

Telomere pull-down in zebrafish cell line BRF41 and 
embryos 

Telomere pull-down in BRF41 zebrafish cell line 

A previous study has identified HMBOX1 and ZBTB48 as phylogenetically conserved telomere 
binders through pull-down using telomere probe 79. They were considered phylogenetically 
conserved as they were enriched in at least 5 out of the 16 vertebrate species screened. 
However, only Zbtb48, but not Hmbox1a/b, was found significantly enriched in their BRF41 
zebrafish cell line. To verify this result, the telomere pull-down experiment was repeated here 
with the procedures summarized in Figure 1a.  

Telomeric TTAGGG oligonucleotide bait and a scrambled GTGAGT control sequence were 
lengthened through in vitro ligation and were biotinylated. They were immobilized on 
paramagnetic beads and incubated with nuclear-enriched protein lysate from the BRF41 
zebrafish cell line. The experiments were performed in technical quadruplicate. The bound 
proteins were eluted, then measured on the mass spectrometer and analyzed by MaxQuant. 
Proteins enriched with telomere bait were compared to the scrambled control and the 
enrichment threshold was set at fold change of 2 and p-value of 0.05.  

Out of the 1,269 proteins quantified in my BRF41 telomere pull-down, 46 were significantly 
enriched by the telomere oligonucleotide bait (Figure 1bi). This included all six orthologs of the 
core shelterin complex subunits: Terfa, Terf1, Pot1, Tinf2, Terf2ip, and Acd. Among the 
enriched proteins were also my proteins of interest: Hmbox1b and Zbtb48.  

Interestingly, a large number of phylogenetically conserved TTAGGG binders were enriched 
in my BRF41 telomere pull-down experiments than previously reported 79. Out of the 31 
proteins that they listed as phylogenetically conserved TTAGGG binders, only 8 of them were 
enriched in their BRF41 experiment. In comparison, my pull-down experiment has not only 
successfully recapitulated the same 8 proteins but also enriched for 12 others phylogenetically 
conserved TTAGGG binders (Figure 2a).  

The 8 phylogenetically conserved TTAGGG binders that were commonly enriched in both the 
BRF41 telomere pull-downs were the shelterin proteins Pot1, Terfa, and Terf2ip, nuclear 
receptor Nr2c2, transcription factor Runx2a, zinc finger protein Zbtb7a, and direct telomere 
binders Zbtb10 and Zbtb48. In addition to that, 3 other proteins that were not on the list of 
phylogenetically conserved TTAGGG binders were found to be enriched in both BRF41 pull-
down studies. They were the catalytic proteins Accs and Parp1, as well as the zebrafish protein 
Zgc:171459 (Figure 2a). 
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Among the 12 others phylogenetically conserved TTAGGG binders enriched in my pull-down, 
3 were detected in the previous BRF41 but did not meet the enrichment threshold 79. These 
are the poly(C)-binder Hnrnpk, the DNA helicase Recql, and the nuclear apoptosis-inducing 
factor Naif1. In contrast, the shelterin proteins Terf1, Tinf2, and Acd, which were not detected 
in BRF41 in the previously study 79, now showed over 12-fold enrichment with p-values below 
0.0001 in my pull-down (Figure 2b). Other phylogenetically conserved TTAGGG binders that 
were detected in my pull-down and previously in other vertebrate species but BRF41 include 
the transcription factor Cbfb, the shelterin-associated protein Dclre1b (5' exonuclease Apollo), 
telomere binders Hmbox1b and Znf827, the poly(C)-binder Pcbp2, and the zinc-finger protein 
Vezf1a.  
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Due to the teleost lineage underwent a round of genome-wide 
duplication, genes like hmbox1 exist as paralogues in 
zebrafish. Given the high similarity in their amino acid 
sequences, this raised the question whether any detection of 
Hmbox1a might have been mistakenly identified as 
Hmbox1b, especially since only the latter was detected in the 
pull-down experiment. To address this, the peptide 
sequences identified by the mass spectrometer and their 
corresponding identity assignments were inspected. 
However, it appears that although half of the 13 detected 
peptide sequences were common to both paralogues, the 
remaining sequences were unique to Hmbox1b (Figure 3). 
The absence of peptide sequences unique to Hmbox1a 
suggests Hmbox1b was likely the only detected paralogue. 

Nevertheless, this pull-down experiment has confirmed the presence of Hmbox1b and Zbtb48 
in zebrafish and showed that they are able to recognize and bind to the telomere TTAGGG 
sequence. This experiment also identified additional TTAGGG binders in zebrafish, expanding 
the list of TTAGGG-binding proteins previously reported. 

Telomere pull-down in zebrafish embryo 

Proceeding with the success of telomere pull-down in the zebrafish cell line, I have extended 
the experiment to include embryos of various developmental stages to assess whether the 
results can be recapitulated in the organism. According to the RNA-seq data 135, hmbox1a, 
hmbox1b, and zbtb48 transcripts, were highest during the early hours of development, 
especially before 1 day post-fertilization (dpf) (at prim-5 stage) (Figure 4). However, as 
embryos in the earlier stages have lower cell-to-yolk ratio, a large number of embryos would 
be required to obtain sufficient protein concentration for the pull-down experiments. As a result, 
for the ease of protein extraction, the earliest developmental stage used for pull-down 
experiments 1 dpf.  



18 
 

At 1 dpf, the embryos have a notably large yolk, rich in nutrients and proteins essential for 
development, which could potentially compete with the proteins of interest during the pull-down 
process 136. To investigate whether the yolk material interferes with the pull-down results, I 
conducted the telomere pull-down using two different lysates: one subjected to deyolking to 
enrich embryonic cells and the other without deyolking. In these experiments, whole-cell 
protein lysates of the embryos were used instead of nuclear protein-enriched lysates.  

The results revealed a comparable number of total quantified proteins between the two 
methods, with 1121 proteins identified in the deyolked sample and 1220 proteins in the non-
deyolked sample. A slightly higher number of proteins were enriched with the telomere bait in 
the deyolked samples, with 23 proteins identified (Figure 1bii), compared to 10 proteins in the 
non-deyolked samples (Figure 1biii). However, only 6 of these proteins were commonly 
enriched in both 1 dpf pull-down experiments (Figure 2c). Among them were Zbtb48, which 
showed a 4.9-fold enrichment in the deyolked lysate and a 2-fold enrichment in the non-
deyolked lysate, both with p-values below 0.0001 (Figure 2b). The remaining were RNA-
binding proteins from the Hnrnpa family. Notably, unlike in previous pull-downs, Recql was 
found to be enriched with control bait in the deyolked samples. 

When comparing the pull-down results from the 1 dpf embryo experiments to those from the 
BRF41 studies, Zbtb48 was the only phylogenetically conserved TTAGGG-binding protein 
consistently pulled down in both, while Vezf1a was enriched only in the deyolked lysates 
(Figure 2c). In addition to these 2 proteins, 3 other proteins (Si:dkeyp-38g8.5, Ttf2, and 
Zgc:193790) were commonly enriched between the BRF41 cells and the deyolked lysates. 
Conversely, 2 proteins (Accs and Parp1) that were enriched in both BRF41 studies were also 
commonly enriched in the 1 dpf non-deyolked lysates. 

In conclusion, while the deyolking step increased the number of enriched proteins in the 
telomere bait, it did not improve the quality of the 1 dpf pull-down results. There was no 
increase in the enrichment of previously identified TTAGGG binders, nor significant enrichment 
of the shelterin proteins, and Hmbox1a/b paralogues were not detected. 

To determine if the lack of detection of phylogenetically conserved TTAGGG binders persisted 
throughout development, I repeated the pull-down experiments with protein lysates from 
embryos at 2, 3, and 5 dpf (Figure 1biv to bvi). The deyolking procedure was omitted also due 
to the decreasing yolk size during development (see the example images in Figure 1a). Results 
showed a gradual increase in the total number of proteins quantified with development: 1581 
proteins in 2 dpf, 1637 proteins in 3 dpf, and 1731 proteins in 5 dpf. Of which, 5 dpf exhibited 
the highest number of proteins enriched with telomere bait (25 proteins) compared to 2 dpf (12 
proteins) and 3 dpf (13 proteins). However, the shelterin proteins remain largely absent in most 
samples, except for Terfa, which showed a 4.6-fold enrichment (p-value < 0.0001) at 5 dpf 
(Figure 2b).  

Similar to the findings at 1 dpf, Hmbox1a/b paralogues remained undetected across all 
developmental stages. The enrichment of Zbtb48 at these stages was all below the defined 
threshold. Conversely, other direct telomere binders like Zbtb10 and Znf827 begin to show 
enrichment at later developmental stages, with Zbtb10 detected at 5 dpf and Znf827 after 3 
dpf. Other phylogenetically conserved TTAGGG binders, such as Pcbp2, were consistently 
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detected across all stages but sometimes fell below the enrichment threshold. In contrast, Cbfb 
and Pcbp3 were only enriched in some of the samples. Interestingly, at 5 dpf, Hnrnpk and, 
once again, Recql were enriched by the control bait. 

Given that direct telomere binders like Terfa, Zbtb10, and Znf827 were highly enriched at 5 dpf, 
this may be the optimal stage for enriching Hmbox1a/b paralogues and other shelterin proteins. 
To improve enrichment quality, the next pull-down experiment was performed using nuclear 
protein extracts instead of whole-cell lysates. However, this resulted in a decrease in the total 
number of quantified proteins to 347, with only Pcbp2 and Recql being significantly enriched 
with the telomere bait. Neither the shelterin proteins nor Zbtb48 were detected, despite their 
previous detection in whole-cell lysates at the same developmental stage (Figure 1bvii).  

To address this issue, the experiment was repeated with double the amount of protein for the 
pull-down, additional washing steps were incorporated during nuclear protein extraction. 
Although these improvements increased the number of proteins enriched by the telomere bait 
to 19 out of 415 quantified proteins, shelterin proteins and other direct telomere binders, such 
as Hmbox1a/b, Zbtb10, Zbtb48, and Znf827, remained undetected (Figure 1bviii). Instead, 
Hnrnpk, Pcbp2, Pcbp3, and Recql were enriched in this pull-down. Interestingly, Hnrnpk and 
Recql were previously enriched with the control bait in whole-cell protein lysates, now exhibited 
higher enrichment with the telomere bait in nuclear protein-enriched extracts.  

Unfortunately, the failure to detect direct telomere binders such as Terfa, Zbtb48, Zbtb10, and 
Znf827— which were present in the whole-cell lysates at 5 dpf (Figure 1bvi)— in any of the 
telomere pull-downs with nuclear protein-enriched lysates suggests that the nuclear protein 
extraction protocols used may have been ineffective. 

Apart from the phylogenetically conserved TTAGGG binders, several proteins were observed 
to be consistently enriched in both zebrafish cell lines and embryos (Figure 2b, right). This 
suggests that they might be specific TTAGGG binders in zebrafish. These proteins include 
Accs and Parp1, previously identified in both the BRF41 studies (Figure 1bi and Kappei et al. 
79), as well as DNA topoisomerase Top2a, nuclear receptor Nr2f2, RNA-binding proteins 
Hnrnpa0a, Hnrnpa0b, Hnrnpa0I, Hnrnpa1a, and Hnrnpa1b, and double-strand break repair 
proteins Parp2, and Parp3. Most of these proteins are involved in DNA or RNA surveillance. 
They may have been recruited because the baits used in the pull-down experiments mimic 
telomere ends with TTAGGG sequences, which resemble DNA breaks. Although the 
scrambled GTGAGT control sequence was designed to account for nonspecific binding, some 
proteins show a preference for either or both bait sequences. For instance, within the hnRNP 
family, Hnrnpk, identifed as a phylogenetically conserved TTAGGG binder, was also found to 
be enriched with the scrambled sequence bait in the 5 dpf pull-down experiment with whole-
cell lysate. In contrast, other hnRNP family members, such as the Hnrnpa proteins, were 
consistently enriched with the telomere bait, while Hnrnpl proteins exhibited a stronger 
preference for the scrambled control over the telomere bait (Figure 2b, right). 

In summary, these telomere pull-down experiments successfully enriched Zbtb48 in both the 
BRF41 zebrafish cell line and zebrafish embryos at various developmental stages. In contrast, 
only the Hmbox1b paralogue was detected in the BRF41 cell line and not in the embryos, 
indicating that further investigation into earlier stages may be necessary. 
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Hmbox1 

Zebrafish Hmbox1 

After the divergent from a common ancestor, the teleost lineage underwent a genome-wide 
duplication event resulting in genes like hmbox1 to exist as paralogues in zebrafish. The 
zebrafish hmbox1 paralogues are located on different chromosomes and span varying 
numbers of exons. hmbox1a is located on chromosome 17 and comprises 9 exons, while 
hmbox1b is on chromosome 20 and has 11 exons (Figure 5a). Based on gene synteny, 
zebrafish hmbox1b seems to be phylogenetically more related to the human HMBOX1 than 
zebrafish hmbox1a (Figure 5b). All three HMBOX1 homologs have an adjacent gene kinesin-
like protein KI13B. However, the other neighbouring genes of human HMBOX1 like the 
integrator complex gene INT9 and the glycosyltransferase gene EXTL3 are found in close 
proximity to the zebrafish hmbox1b, but not zebrafish hmbox1a.  
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Despite millions of years of evolution, the amino acid sequences of zebrafish Hmbox1 
paralogues remained highly similar (70% identity) to the human HMBOX1 (Figure 6a). The 72-
amino-acid-long homeobox domain is the most conserved part of the protein, except for two 
residues. One difference is the asparagine in human HMBOX1 (N287) and zebrafish Hmbox1a 
(N299) is changed to another polar uncharged residue serine (S294) in zebrafish Hmbox1b. 
Another difference is that glutamic acid in human HMBOX1 (E288) is replaced by aspartic acid 
in both zebrafish paralogues (D300 in Hmbox1a and D295 in Hmbox1b), retaining the negative 
charge.  

In the human study of HMBOX1, several amino acids within the homeobox domain have been 
identified as essential for telomere binding, and these are also conserved in zebrafish 
(highlighted in yellow in Figure 6a). A single mutation in any of these residues—R271, K325, 
K335, and R339—can completely abolish HMBOX1 telomere-binding activity, while a mutation 
in Y327 can weaken the binding to telomeres 77. Among these, K335 is critical for maintaining 
HMBOX1's specificity for telomeres; a mutation in this residue leads to non-specific binding to 
a scrambled sequence control (GTGAGT).  

The high conservation of the telomere-binding homeobox domain across species, along with 
the successful enrichment of Hmbox1b in the telomere pull-down performed on BRF41 (Figure 
1bi), strongly suggests that Hmbox1's ability to bind to the telomere sequence directly has 
been preserved throughout evolution. 

The NCBI database has annotated and predicted multiple transcript isoforms for each 
paralogue; hmbox1a has 6 isoforms (one primary isoform (named as main) and isoform X1 to 
X5), while hmbox1b has 3 (isoform X1 to X3). These sequences diverged downstream of the 
homeobox domain, and the isoforms result from the inclusion of preceding intron sequences 
during splicing (annotated in lowercase in Figure 6b). 

For hmbox1a, variations occur at two sites, resulting in 6 different isoforms. The first variation 
occurs immediately after the homeobox domain, where the addition of 3 to 6 intronic 
nucleotides before exon 8 resulted in 3 different isoforms (Figure 6bi). The second variation 
occurs 118 bp downstream that further divides the isoforms into two groups. The addition of 
59 nucleotides from introns before exon 9 creates a frameshift mutation in the hmbox1a 
isoform X2, X3, and X4. Consequently, this led to hmbox1a X2, X3, and X4 isoforms 
encountering a premature stop codon 92 nucleotides earlier than the hmbox1a main and 
isoform X1 and X5. As a result, the proteins would be about 430 amino acids long, which are 
10 amino acids shorter than the other group of isoforms (Figure 6c). On the other hand, 
hmbox1b isoform X1 has 15 nucleotides difference from isoform X2 and 18 nucleotides 
difference from isoform X3 (~460 amino acids) from the incorporation of intron sequences 
before exon 10 (Figure 6bii). 

Despite the difference in hmbox1a and hmbox1b transcripts, all of them still retain at least 70% 
similarity at the amino acid level among the isoforms. Notably, the Hmbox1a main, X1, and X5 
isoforms are more similar to Hmbox1b at the amino acid level than the Hmbox1a X2, X3, and 
X4 isoforms are to Hmbox1b when comparing the C-terminal sequence, where these two 
groups of Hmbox1a isoforms differ (Figure 6c). 
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To assess the existence of the two groups of hmbox1a isoforms in zebrafish, the RNA was 
extracted from BRF41 and reverse transcribed into cDNA. The region spanning the 59-
nucleotide insertion site using a primer pair was amplified as indicated in Figure 5a. The PCR 
results confirmed the presence of both groups of hmbox1a isoforms, as evidenced by the 
appearance of two distinct bands of correct size (Figure 6d).  

Next, to check for the presence of all the transcript isoforms, the full-length transcripts were 
amplified using respectively primers and cloned into a pCR8/TOPO/GW vector and sequenced. 
In each set of cloning, 6 colonies were sequenced, and the results confirmed the existence of 
all hmbox1a and hmbox1b transcript isoforms except for hmbox1a isoform X5, which was not 
detected.  

Raising zebrafish Hmbox1a/b polyclonal antibodies 

Since antibodies against zebrafish Hmbox1a and Hmbox1b were not commercially available, 
these antibodies were raised in this study. The process of antibody production is summarized 
in Figure 7ai and ii for the respective antibodies. To ensure these antibodies are paralogue-
specific, the epitope sequences were designed to be as unique as possible by targeting the C-
terminus region of Hmbox1a/b, where the variation between paralogues primarily occurs. 
Additionally, these antibodies will help validate whether the CRISPR-induced mutation results 
in an in-frame functional protein, as they target a region downstream of the gRNA's target site 
(refer to Figure 5a). 

The epitope sequences were amplified from a holding vector using primers with overhangs for 
subcloning into the pCoofy4 expression vector, which tags the epitope sequence with His6-
MBP at the N-terminus. The cloned pCoofy4 plasmids were transformed into BL21 E. coli cells, 
which were then induced with IPTG to overexpress the respective fusion proteins. The His6-
MBP-Hmbox1a epitope (48 kDa) was successfully overexpressed, as indicated by a prominent 
band observed between 42 and 57 kDa (Figure 7b). However, the His6-MBP-Hmbox1b epitope 
(49 kDa) did not show a comparable band. To improve expression, the LB culture of BL21 cells 
was supplemented with 3% ethanol 137, which led to a noticeable improvement in expression. 
These epitope proteins were then purified and sent to an external company for immunization. 

Three rabbits were immunized for each epitope, and sera were collected 61 days after 
immunization. Unfortunately, one of the rabbits (T2) immunized with the His6-MBP-Hmbox1a 
epitope died during the process, so sera were only purified from the remaining two rabbits. For 
the Hmbox1b epitope, only the serum from rabbit T2 was purified. Each serum was purified 
using the corresponding epitope, and the polyclonal antibodies were collected across 10 
elution fractions. 
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During the epitope design stage, the chosen epitope sequences were BLASTed on NCBI 
and only the paralogue itself was returned as a hit. However, after the antibodies were raised 
it was discovered that parts of the sequence are common between the paralogues (Figure 
6d, common sequence written in green). The first 15 amino acids of the 47 amino acids long 
Hmbox1a epitope sequence is shared between both paralogues, which would generate a 
pan-Hmbox1a/b antibody. Conversely, the 57 amino acid long epitope of Hmbox1b has the 
last 15 amino acids shared with the main, X1, and X5 isoforms of Hmbox1a. Despite the 
potential for generating pan-Hmbox1a/b antibodies from both epitopes, paralogue-specific 
antibodies are still likely to be developed since the remaining two-thirds of the epitope 
sequence are unique to each paralogue. However, rigorous testing is required to check for 
their specificity. 
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 Antibody validation on PAC2 zebrafish cells 

Antibodies purified from the first five elutions were tested in Western blot against whole cell 
lysates from the PAC2 cell line (Figure 8a). PAC2, an embryonic fibroblast cell line derived 
from 1 dpf zebrafish embryos, was used in place of BRF41 due to its extensive literature 138,139 
on transfection applications for subsequent experiments. However, no bands between the 
Hmbox1a molecular weight of 48 and 49 kDa were observed with Hmbox1a-T1 and Hmbox1a-
T3 antibodies. Instead, bands appeared between the 53 and 70 kDa markers and below the 
170 kDa marker for Hmbox1a-T1 antibody (Figure 8ai), while only a band was observed around 
the 130 kDa marker for Hmbox1a-T3 antibody (Figure 8aii). On the other hand, for the 
Hmbox1b-T2 antibody, multiple bands were observed around the 53 kDa marker, which is 
close to the predicted molecular weight of Hmbox1b (51 kDa), and another band was also 
observed around the 130 kDa marker (Figure 8aiii). However, assessing the success of 
antibody production based solely on the Western blot results is challenging, as multiple bands 
were observed, making it unclear whether any of them correspond to the Hmbox1a/b protein. 

To identify the targets of these antibodies, immunoprecipitation followed by mass spectrometry 
(IP-MS) analysis was deployed. The experiments were performed on the nuclear extract of 
PAC2. To prevent false positive hits, the epitope sequences of both Hmbox1a and Hmbox1b 
along with the MBP sequences were also added to the MS search library. Interestingly, the 
results revealed an enrichment of Hmbox1b and MBP proteins in both the Hmbox1a-T3 and 
Hmbox1b-T2 antibody IP experiments, while showing negligible enrichment of these proteins 
with the Hmbox1a-T1 antibody (Figure 8bi to biii). As MBP is not an endogenous zebrafish 
protein, its presence in the IP-MS results suggests that this epitope protein was not thoroughly 
removed during the antibody purification process.  

To verify the detection of the endogenous Hmbox1a/b, the peptide sequences identified by 
mass spectrometry were examined. The sequences were categorized into four groups: 
Hmbox1a paralogue-specific sequences (pink), Hmbox1b paralogue-specific sequences 
(blue), sequences shared between both paralogues (purple), and epitope sequences used to 
raise the antibodies (green) (Figure 8c). Both Hmbox1a-T3 and Hmbox1b-T2 antibodies were 
able to detect all four categories of Hmbox1a/b sequences. This finding confirmed the 
enrichment of Hmbox1b, as both antibodies identified several unique Hmbox1b sequences in 
addition to the epitope sequences. However, their detection of unique Hmbox1a sequences 
was limited and primarily through matching across different replicates. The extensive coverage 
of Hmbox1b sequences by Hmbox1a-T3 antibody indicates that it functions as a pan-
Hmbox1a/b antibody. On the contrary, the Hmbox1a-T1 antibody showed minimal detection of 
Hmbox1a/b sequences and failed to identify any unique Hmbox1a peptide sequences.  

Proteins enriched by each antibody were analyzed to identify common hits. Most of the 
identified proteins were structural proteins, including actin, myosin, tubulin, and collagen 
(Figure 8d). Five proteins (Col5a1, Myh10, Myh9b, Myo1b, and Myo5a) were commonly 
enriched across all antibodies. While this observation could suggest that these proteins are 
binding partners of Hmbox1a/b, the absence of Hmbox1a/b detection with the Hmbox1a-T1 
antibody indicates otherwise. It is more plausible that these proteins represent non-Hmbox1a/b 
recognition by other antibodies present in rabbit sera, which were either not removed or bound 
to the His6-MBP tag during the purification process.  
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In addition to Hmbox1b and MBP, the Hmbox1a-T3 and Hmbox1b-T2 antibodies also 
commonly enriched for myosin heavy chain (LOC100331639) and tropomyosin Tmod2 (Figure 
8c). Interestingly, despite the low detection of Hmbox1a/b by the Hmbox1a-T1 antibody, it 
shared as many as 17 commonly enriched proteins with the Hmbox1a-T3 antibody, but none 
with Hmbox1b-T2 antibody.  

In contrast to the IP-MS analysis performed by Kappei et al. 77, which effectively enriched 
telomere-associated proteins such as the four core components of the H/ACA snoRNPs 
(DKC1, GAR1, NHP2, and NOP10) and the Ku70-Ku80 heterodimer proteins using the 
HMBOX1 antibody in human studies, none of these proteins were enriched by any of my 
antibodies. This discrepancy raises questions about whether zebrafish orthologs have the 
same binding partners and mechanisms for maintaining telomere homeostasis. It may be 
necessary to perform IP experiments on samples with high Hmbox1a/b expression to draw a 
definitive conclusion. 

Nevertheless, this IP-MS result confirms that both Hmbox1a-T3 and Hmbox1b-T2 antibodies 
recognize Hmbox1b. However, it remains uncertain whether any of the antibodies specifically 
target the Hmbox1a. Further validation with a knockout model is needed to address this issue. 

Creating CRISPR-Cas knockout PAC2 zebrafish cells 

To validate the generated antibodies and investigate the role of Hmbox1a/b, CRISPR-Cas 
knockout cell lines and fish lines were developed concurrently. While generating CRISPR-Cas 
knockout fish lines takes approximately a year, creating knockout cell lines generally requires 
less time. The knockout cell lines can offer preliminary insights before the knockout fish are 
ready for experimental use. 

Before transfecting the cells with a CRISPR-Cas9 plasmid, the transfection methods were 
tested. In the first transfection experiment, a GFP-expressing plasmid (pCS2-eGFP) was 
transfected into PAC2 cells using FuGENE® HD Transfection Reagent (Promega) at a 3:1 
ratio of reagent to DNA, following a previously published protocol 138. However, no GFP 
expression was observed under a fluorescence microscope at 24 hours post-transfection (hpt). 
The protocol was subsequently repeated with adjustments to optimize the DNA-to-transfection 
reagent ratios, but GFP expression still could not be detected. This lack of success was likely 
due to the low transfection efficiency rate of 5 to 10%, as reported by the authors 138. 

Apart from FuGENE® HD transfection, another study reported that Nucleofector solution 
(Lonza) achieves a higher transfection efficiency rate of 40 to 50% for PAC2 cells 139. In this 
study, two different nucleofection settings were tested with two types of empty plasmids (pCS2-
eGFP and PX459, the latter being a gRNA-Cas9 plasmid): T027, optimized for PAC2 139, and 
X001, a classic setting. Similar to the results with FuGENE® HD transfection, no visible GFP 
expression was detected under a fluorescence microscope at 24 hpt in cells transfected with 
the pCS2-eGFP plasmid using either nucleofection setting. However, when Western blot 
analysis was conducted on these transfected cells, very weak signals for both GFP and Cas9 
were detected in cells from both nucleofection conditions (Figure 9a). This suggests that while 
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the transfection was successful, the efficiency was low, which explains the poor visibility of 
GFP in fluorescence microscopy. 

Next, PAC2 cells were co-transfected with a pair of PX459 plasmids, each carrying gRNA to 
target specific genes, using the T027 nucleofection setting. The gRNAs were designed to 
target the most upstream coding exon(s) of each gene. At 5 dpt, the cells were harvested and 
genotyped using primers flanking the deletion sites (see Figure 5a). However, no band shift 
was observed in the PCR analysis of the gRNA-PX459-transfected cells (Figure 9bi).  

Subsequently, a T7 endonuclease I (T7E1) assay was performed to detect any small indels. 
The amplicons were melted and slowly re-hybridized before treatment with T7E1, but no band 
cleavage was observed (Figure 9bii). To confirm the success of the transfection, Western blot 
analysis was conducted, revealing Cas9 expression at 5 dpt, which was lost by 13 dpt (Figure 
9biii). These results indicated successful nucleofection but also highlighted the transient nature 
of plasmid expression. Despite the presence of Cas9 expression, gene editing appeared to 
occur at an undetectable rate, as no band shifts were observed in the genotyping and T7E1 
assays. 

To address the low transfection efficiency issue, the experiment was repeated with puromycin 
to select for cells that were successfully transfected. Similar to previous experiments, the T7E1 
assay yielded negative results. No lower bands were observed in the T7E1 assay performed 
on gRNA-PX459-transfected cells, despite successful cleavage being detected in embryos 
injected with the same gRNA sequences (Figure 9c). It appears that this transfection method 
was not efficient for generating a knockout cell line. 

Next, a lentiviral transduction method was explored. Due to the large quantity of materials 
required for virus production, the experiment was focused on Hmbox1b, as it had been 
successfully detected in previous telomere pull-down and IP-MS experiments. Additionally, the 
Hmbox1b-T2 antibody appears to be more promising and could be useful for cross-validation.  

In this experiment, lentiviruses carrying hmbox1b gRNA 1 and 2, as well as an empty vector, 
were produced. However, the virus titers were very low based on the plaque assay performed 
on transduced HEK293T cells. None of the virus-infected cells survived puromycin selection, 
except for the two wells transduced with 10-4 and 10-5 dilutions of the hmbox1b gRNA 2 virus, 
which showed 36 and 6 colonies, respectively (Figure 9d). The calculated virus titer for 
hmbox1b gRNA 2 was approximately 4 × 105 Infectious Units/mL. 

Nevertheless, transduction attempts were made using the produced lentivirus on PAC2 cells 
despite the low titers. To validate the success of the transduction, Western blot analysis was 
performed on cells 2 dpt to detect Cas9 (Figure 9ei). Cas9 expression was observed in cells 
infected with gRNA1, even though the plaque assay showed no colonies. In contrast, Cas9 
was not detected in cells infected with the empty vector virus, which was consistent with the 
plaque assay results showing no colonies. The cells were allowed to recover from the 
transduction without puromycin treatment. When cells were harvested again at 12 dpt and 
probed with the Hmbox1b-T2 antibody, no significant differences in band patterns or Hmbox1b 
expression levels were observed between cells transduced with hmbox1b gRNAs and the non-
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transduced control cells (Figure 9eii). This lack of difference may be attributed to the low virus 
titer. 

Unfortunately, CRISPR-Cas9 knockout cell lines for hmbox1a and hmbox1b could not be 
established despite numerous attempts. Although PAC2 cells are well-documented for 
transfection, they still require extensive optimization. Due to the lengthy and challenging nature 
of this process, the study focus shifted to fish knockout lines, which have shown greater 
success. 

Creating CRISPR-Cas knockout zebrafish lines 

To create a CRISPR knockout zebrafish line, the same gRNA sequences used in the cell 
culture work were employed, but with redesigned overhangs. New gRNA oligos were cloned 
into the pDR274 plasmid and in vitro transcribed into the gRNA scaffolds (Figure 10). The 
embryos were co-injected with a pair of gRNAs and Cas9 protein at 1-cell stage, which were 
then grown into adults. These adults were out-crossed with wild-type zebrafish, and their 
offspring (F1) were screened for deletions in the respective gene locus. 
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For the hmbox1a gene, a pair of gRNAs was designed to target its second exon. Out of 104 
injected embryos, 52 survived to adulthood. Of these, 3 founders were identified with 
successful germline transmission. Ultimately, only two mutant lines were established, primarily 
due to the ease of genotyping and as their mutation resulted in a premature stop codon. The 
mutants were named as either large deletion or small deletion based on the deletion size.  

The hmbox1a large deletion (hmbox1aLD) mutant has a 780 bp deletion in the genome (Figure 
11ai). Due to this large deletion, a three-primer system was adopted for a more accurate 
genotyping, with one primer annealing to the sequence deleted in the mutants. This produced 
a PCR product of 656 bp for the wild-type allele, while the mutant allele resulted in a 234 bp 
product (Figure 11bi). The deletion occurs between the intron preceding exon 2 and the gRNA 
2 target site (Figure 11ci), leading to the loss of exon 2 and the start codon in the mRNA 
transcript. Theoretically, this mutation should prevent the translation of the Hmbox1a protein. 
However, there is an ATG sequence at the start of exon 3 that could seamlessly replace the 
original start codon since the sequence before the deleted start codon remained unchanged 
in the mutant mRNA, and presumably the promoter region too. This may serve as an 
alternative start codon, potentially leading to the production of an in-frame, N-terminally 
truncated Hmbox1a mutant protein. If this occurs, the resulting mutant Hmbox1a protein would 
still possess the homeobox domain and the C-terminus, thereby retaining telomere-binding 
activity and remaining detectable by the Hmbox1a antibody. 

As a backup, another mutant line, hmbox1aSD, was established. This mutant features a smaller 
214 bp deletion and was genotyped using a different pair of primers (Figure 11aii). The wild-
type allele produced a PCR product of 522 bp, while the mutant allele produced a 300 bp 
product (Figure 11bii). This deletion occurs between the two gRNA target sites and results in 
a frameshift mutation. However, a stop codon is introduced only 28 amino acids downstream 
of the deletion site, leading to the production of a truncated Hmbox1a mutant protein that is 78 
amino acids long (9.2 kDa) (Figure 11cii), that would not be detectable by the Hmbox1a 
antibody. 

For hmbox1b, a pair of gRNAs was designed to target the second and third exons of the gene. 
Out of the 125 injected embryos, 76 survived to adulthood. Of these, 7 founders were identified 
with successful germline transmission. Similar to hmbox1a, only two mutant lines (large 
deletion and small deletion mutants) were established.  

The hmbox1b large deletion (hmbox1bLD) mutant features an 869 bp deletion in the genome 
(Figure 12ai). This deletion was genotyped using a three-primer system, which generated a 
546 bp PCR product for the wild-type allele and a 181 bp PCR product for the mutant allele 
(Figure 12bi). The deletion begins at the gRNA1 target site and extends through the introns 
following exon 4 (Figure 12ci). This results in a 448 bp deletion from the mRNA transcript, 
effectively removing portions of exons 2 through 4. Consequently, the frameshift mutation 
leads to the translation of a truncated Hmbox1b mutant protein that is 30 amino acids long (3.6 
kDa). 
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On the other hand, for hmbox1b small deletion (hmbox1bSD), 47 bp was deleted between the 
gRNA target sites (Figure 12aii). Genotyping with a pair of primers resulted in a 521 bp PCR 
product for the wild-type allele, while the mutant allele produced a 474 bp product (Figure 
12biii). This deletion leads to a frameshift mutation that encounters the stop codon 26 amino 
acids after the deletion site, similar to hmbox1aSD. Consequently, this would give rise to a 56 
amino acid long Hmbox1b mutant protein (7.0 kDa) (Figure 12cii). 

The individual F1 hmbox1a+/- and hmbox1b+/- mutants were crossed with each other to 
generate F2 (hmbox1a+/-; hmbox1b+/-) heterozygotes (Figure 10). These F2 heterozygotes 
were then incrossed to generate offspring with a 1/16 probability for each genotype of interest: 
wild-type (hmbox1a+/+; hmbox1b+/+), double mutant (hmbox1a-/-; hmbox1b-/-), hmbox1a mutant 
(hmbox1a-/-; hmbox1b+/+), and hmbox1b mutant (hmbox1a+/+; hmbox1b-/-). The study primarily 
focuses on large deletion mutants, with the smaller deletion mutants bred and maintained as 
backups. 

Validating CRISPR-Cas knockout fish lines and antibodies using IP-
MS and Western blot analysis 

To check whether Hmbox1a and Hmbox1b are detectable in zebrafish embryos, the IP 
experiment was first tested on the nuclear extract of wild-type 2 dpf larvae using Hmbox1a-T3 
and a newly purified Hmbox1b-T2 polyclonal antibody from the Protein Production Core Facility 
(PPCF), which will hereafter be referred to as Hmbox1b-T2 (M). In this experiment, the 
Hmbox1a-T1 antibody was not tested because it had shown inferior performance compared to 
the Hmbox1a-T3 antibody in previous IP-MS experiments conducted on PAC2 cells (Figure 
8c). 

The IP-MS analysis in 2 dpf embryos revealed the presence of Hmbox1a/b (Figure 13ai and 
aii). However, similar to the telomere pull-down performed on BRF41 lysate and the IP-MS on 
PAC2 lysate, only the Hmbox1b paralogue was successfully detected. Of the 10 Hmbox1a/b 
peptide sequences detected, 4 were unique to Hmbox1b while 5 were common to both 
paralogues, and 1 corresponds to the epitope sequence (Figure 13b). No peptides unique to 
Hmbox1a were detected to suggest its presence. Despite the antibody re-purification effort, 
the MBP protein was still detectable in the IP with the Hmbox1b-T2 (M) antibody. It was further 
confirmed that the epitope protein is present in the purified antibody aliquot itself (Figure 14a, 
right-most column). Therefore, in the subsequent analysis, the Hmbox1a/b sequence 
corresponding to the epitope sequence will be excluded from any considerations related to 
Hmbox1a/b detection. 

Some of the proteins enriched in the IP-MS analysis of 2dpf embryos were also previously 
enriched in PAC2 cells by Hmbox1a-T3 and Hmbox1b-T2 (M) antibodies (Figure 8d). This 
includes Hmbox1b, Myh10, and myosin heavy chain protein (LOC100331639) (Figure 13c). 
Besides that, Myh9b, and mitochondrial enzymes Dbt and Pcca in both 2 dpf and PAC2 lysates 
by Hmbox1b-T2 (M) antibody. On the other hand, Frem2a (involved in fin morphogenesis) and 
Plecb (predicted ankyrin-binding and structural molecule activity) were enriched with both 
antibodies only in 2 dpf samples but not PAC2. Similar to IP-MS findings in PAC2, most of the 
enriched proteins in 2 dpf were structural proteins that are related to skeletal and cardiac 
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muscles, and calcium homeostasis. Apart from it, non-structural proteins such as 
peroxiredoxins (Prdx1 and Prdx2) and ribosomal protein S26-like (Rps26l) were also enriched. 

 
Given the presence of Hmbox1b in 2 dpf larvae, IP-MS experiments were repeated using 
nuclear extracts from homozygous mutants ((hmbox1aLD/LD; hmbox1bLD/LD), hmbox1aLD/LD, and 
hmbox1bLD/LD). However, due to insufficient material, the experiments were conducted with 
fewer replicates and reduced protein amounts per IP. Consequently, this seems to have 
compromised the results as only one common sequence between Hmbox1a and Hmbox1b, 
other than the epitope, was detected (Figure 14a). This common sequence was detected in 
wild-type lysates by both the Hmbox1a-T3 and Hmbox1b-T2 (M) antibodies but not in 
(hmbox1aLD/LD; hmbox1bLD/LD) mutants or the IgG control, as expected.  

To determine whether the antibodies are paralogue-specific, their ability to detect Hmbox1a/b 
was examined in the individual single mutants. If the Hmbox1a-T3 antibody is specific to the 
Hmbox1a paralogue, Hmbox1a/b would still be detected in the hmbox1bLD/LD mutant but not in 
the hmbox1aLD/LD mutant, and vice versa, assuming both paralogues are expressed in 2 dpf 
larvae. However, the results showed that the Hmbox1a-T3 antibody continued to detect 
Hmbox1a/b in both single mutants, while the Hmbox1b-T2 (M) antibody did not detect 
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Hmbox1a/b in either of the single mutants. This conflicting result raises uncertainty about 
whether the antibodies are specific to individual paralogues and if Hmbox1b is the only 
paralogue expressed at 2 dpf, as suggested by the IP-MS results in Figure 13b. 

When comparing this IP-MS result to the previous one (Figure 13) to identify any reproducible 
hits from IP using the respective antibodies versus the IgG control in wild-type, very few 
proteins were commonly enriched across both rounds of IP (Figure 14b). No proteins were 
consistently enriched across all four experiments. Hmbox1b was detected in all experiments 
except in the repeated Hmbox1a-T3 antibody IP. However, the IPs using the Hmbox1b-T2 (M) 
antibody have more common hits between the two rounds of experiments. This includes 
mitochondrial enzymes like Bckdha, Bckdk, and Dbt, along with a structural protein, Notochord 
Granular Surface (Ngs). However, these proteins did not appear among those differentially 
enriched in wild-type when comparing IP results with the (hmbox1aLD/LD; hmbox1bLD/LD) double 
mutant for the respective antibodies (Figure 14ci and cii). Instead, proteins such as Rps15a, 
peroxidase (Prdx1; Prdx2), and Col1a1a were commonly enriched by both antibodies in wild-
type sample but not in double mutant sample.  

To investigate whether Hmbox1a and Hmbox1b are expressed at other developmental stages 
and to determine if any of the identified hits were consistent across these stages, IP-MS 
analysis was extended to 1 dpf and 3 dpf larvae. To minimize material usage for these 
experiments, only the Hmbox1b-T2 (M) antibody was used on nuclear extracts from wild-type 
and double mutant larvae.  

The IP analysis at 1 dpf (Figure 15a) showed nearly no detection of Hmbox1a/b, with only one 
shared sequence identified in 1 out of 4 wild-type samples and none in the (hmbox1aLD/LD; 
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hmbox1bLD/LD) double mutant samples or IgG control. In contrast, the 3 dpf IP analysis revealed 
a notably higher number of Hmbox1a/b peptide sequences, including 4 unique Hmbox1b 
sequences and 5 shared sequences (Figure 15b). Similarly, none of these sequences were 
detected in the double mutants or IgG control, which reinforces the loss of Hmbox1b 
expression in the 3 dpf (hmbox1aLD/LD; hmbox1bLD/LD) larvae. 

Despite the increased detection of Hmbox1b peptide sequences at 3 dpf, only 2 proteins were 
differentially enriched in the wild-type. Across all three developmental stages, only 
phosphoglycerate kinase 1 (Pgk1) was consistently enriched in the wild-type at both 1 dpf and 
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2 dpf (Figure 15c). None of the potential hit proteins previously mentioned in Figure 14c were 
found to be enriched in the wild-type when compared to the double mutant. 

Lastly, Western blot analysis was conducted on nuclear extracts from CRISPR knockout 
embryos and larvae. A band between the 53 and 70 kDa markers was observed in the 
Hmbox1a-T3 antibody blot for 1 dpf embryos, which decreased in intensity in the mutants 
compared to the wild-type (Figure 15d, green arrow). However, this band was not present in 
the PAC2 nuclear extract and slightly deviates from the expected molecular weight of Hmbox1a 
and Hmbox1b (49 to 51 kDa). Although a similar band was detected with Hmbox1b-T2 (M) 
antibody and appeared in the PAC2 nuclear extract, the signal loss was not as pronounced as 
with the Hmbox1a-T3 antibody. 

This band of interest was not observed in any nuclear extract or whole-cell lysate from 3 dpf 
larvae samples when probed with Hmbox1a-T3 antibody (Figure 15e). Similarly, it was absent 
in the nuclear extracts probed with Hmbox1b-T2 (M) antibody. Although the band was visible 
in the whole-cell lysate, there was no notable difference in band intensity between wild-type 
and mutants. Aside from this mentioned band, no significant differences in banding patterns 
were observed between wild-type and mutants in the Western blots for both 1 dpf and 3 dpf 
lysates. 

Immunofluorescence (IF) staining on 1 dpf embryos 

After the successful detection of Hmbox1b in embryos at 1 to 3 days dpf using IP-MS, I 
proceeded with immunofluorescence (IF) staining on 1 dpf embryos.  This stage was chosen 
because it is easier to stain and has a simpler anatomy compared to later developmental 
stages.  

In the IF staining of wild-type 1 dpf embryos, nuclear staining was observed in two structures: 
one resembling the pronephros and the other the notochord (Figure 16a). The structure 
resembling the pronephros is located above the yolk sac extension and runs along the anterior-
posterior axis of the embryo, while the notochord structure is situated along the midline. These 
signals were absent in the (hmbox1aLD/LD; hmbox1bLD/LD) double mutants (Figure 16b). To 
confirm which paralogue was expressed and responsible for the staining, the IF was also 
performed on single mutants. The signals remained in the hmbox1aLD/LD mutant but were 
absent in the hmbox1bLD/LD mutant, confirming that the observed signals in the pronephros and 
notochord were due to Hmbox1b expression. 

When the experiment was repeated with the small deletion mutants, similar results were 
observed: signal was present in the hmbox1aSD/SD mutant but absent in the (hmbox1aSD/SD; 
hmbox1bSD/SD) and hmbox1bSD/SD mutants (Figure 16b). The absence of staining in both the 
large and small deletion mutants of hmbox1b confirms the effectiveness of the CRISPR 
knockouts in both mutant lines. This further supports that the Hmbox1b-T2 (M) antibody 
recognizes Hmbox1b, as evidenced by the loss of staining in two independent hmbox1b mutant 
lines. 
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Since there was no discrepancy in the IF results between the hmbox1bSD/SD and hmbox1bLD/LD 

mutant lines, subsequent studies will focus on the hmbox1bLD/LD line, which was used in the 
IP-MS experiments. Additionally, the consistent expression of Hmbox1b in the pronephros and 
notochord of both hmbox1a mutants (hmbox1aLD/LD and hmbox1aSD/SD) indicates that 
mutations in hmbox1a do not affect the expression or localization of Hmbox1b. 
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The Hmbox1a-T3 antibody was previously speculated to be a pan-Hmbox1a/b antibody. To 
verify if it also recognizes Hmbox1b, similar to what was observed in the IP-MS, staining was 
performed on 1 dpf embryos using this antibody. The results showed a consistent pattern with 
the Hmbox1b-T2 (M) staining: both the wild-type and hmbox1aLD/LD mutants exhibited staining 
in the pronephros and notochord, while the staining was absent in the (hmbox1aLD/LD; 
hmbox1bLD/LD) and hmbox1bLD/LD mutants (Figure 17, top). This indicates that the Hmbox1a-
T3 antibody does indeed recognize Hmbox1b, further confirming Hmbox1b expression in the 
pronephros and notochord using an independently raised antibody. 

Although the Hmbox1a-T3 antibody was raised against an Hmbox1a epitope, its recognition 
of Hmbox1b is likely due to shared sequence similarities, as previously discussed. However, 
this cross-reactivity suggests that the antibody should also recognize Hmbox1a. Interestingly, 
the absence of a unique staining pattern between wild-type and hmbox1aLD/LD embryos 
suggests that Hmbox1a may not be expressed at this stage. 

Since our lab had access to the HMBOX1 antibody used in human studies 77, this antibody 
was also tested to determine whether the staining pattern in zebrafish could be recapitulated 
and to gain any additional insights. Given that zebrafish Hmbox1a and Hmbox1b share 
approximately 70% sequence identity with their human ortholog, it was anticipated that the 
human HMBOX1 antibody would exhibit cross-species reactivity. 

As expected, the staining pattern was similar, with the pronephros being stained in wild-type 
and hmbox1aLD/LD mutants, while the signal was lost in (hmbox1aLD/LD; hmbox1bLD/LD) and 
hmbox1bLD/LD mutants (Figure 17, bottom). However, staining in the notochord was less 
prominent, and there was a noticeable higher background. Therefore, while the human 
HMBOX1 antibody demonstrated cross-species reactivity by detecting Hmbox1b in the 
pronephros, it was not as well stained in the notochord compared to the Hmbox1a-T3 and 
Hmbox1b-T2 (M) antibodies. Additionally, the staining did not provide any new insights, and 
due to the suboptimal quality of the results, the human HMBOX1 antibody was not used further 
in this study. 
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So far, the localization of Hmbox1b in the pronephros has not been thoroughly validated. To 
confirm its spatial expression, counter-staining with pronephros markers was employed. This 
method provides a reliable way to image the pronephros, even in mutants where the Hmbox1b 
signal is absent, and also enables the assessment of potential malformations in the pronephros 
of hmbox1bLD/LD mutants. To label the entire pronephros, an RNA FISH probe for cadherin 17 
(cdh17) was designed 140. While cdh17 covers most of the pronephros, it does not target 
podocytes 141. Therefore, the mutants were crossed with the transgenic line Tg(wt1b:eGFP)li1 
142, which expresses GFP-tagged Wt1b (Wilms Tumor 1b) in podocytes. This approach 
ensures comprehensive coverage of the entire pronephros. 

The staining was performed using Hmbox1b-T2 (M) antibody and RNA-FISH cdh17 probe on 
1 dpf wild-type and mutants with Tg(wt1b:eGFP) background. As expected, the Hmbox1b 
signal highly co-localized with the cdh17 marker throughout the entire pronephros, extending 
to the distal end at the cloaca in wild-type, which such signal was absent in the mutants 
possessing the hmbox1bLD/LD deletion (Figure 18). Yet, the pronephros structure in these 
mutants was not malformed; it appeared to have the same length and morphology as in the 
wild-type embryos. A closer examination revealed that no Hmbox1b signal was observed in 
the podocytes, where cdh17 is not expressed and Wt1b is exclusively expressed (Figure 19). 
Additionally, staining in both the pronephros and notochord co-localized with DAPI, further 
highlighting its nuclear expression. 

Next, to investigate whether the Hmbox1b signal co-localizes with the telomere foci, the 1dpf 
embryos were counterstained with Hmbox1b-T2 (M) antibody and a C-rich telomere probe. 
When examined under higher magnification, the Hmbox1b staining did not appear as distinct 
foci but rather seemed homogenously distributed throughout the nucleus of the notochord and 
pronphros (Figure 20a and b, respectively). Consequently, the attempt to study co-localization 
of Hmbox1b with telomere was abolished. 

So far, the primary paralogue detected has been Hmbox1b, with no evidence of Hmbox1a 
expression in the embryos, although it was detected in PAC2 cells via IP-MS (Figure 8c). The 
IF staining results with Hmbox1a-T3 antibody also indicated the absence of Hmbox1a 
expression at 1 dpf (Figure 17). To confirm this, an additional IF experiment was conducted 
using the Hmbox1a-T1 antibody. In agreement with the previous result, there was no staining 
observed in the wild-type or any of the mutants, nor was there any signal in the pronephros or 
notochord of any genotype (Figure 18). Notably, IF staining with both Hmbox1a-T1 and 
Hmbox1a-T3 antibodies on hmbox1bLD/LD mutants consistently revealed that the absence of 
Hmbox1b expression did not lead to the induction of Hmbox1a expression in the pronephros 
and notochord, suggesting that Hmbox1a does not compensate for the loss of Hmbox1b. 
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IF staining on 4 hours post-fertilization (hpf) embryos 

The lack of Hmbox1a detection with the antibodies raised concerns about whether any of the 
antibodies were successfully raised against Hmbox1a. This uncertainty also hindered the 
validation of the hmbox1a CRISPR knockout lines. Given the complexity of organismal 
development, it is possible that Hmbox1a is expressed at a specific and narrow time point 
during development that has not yet been explored in this study. According to the RNA-seq 
data on embryo development 135 (Figure 4), hmbox1a mRNA expression peaks between 2 to 
6 hours post-fertilization (hpf), a stage that has yet to be investigated here.  

To validate whether Hmbox1a is indeed expressed during this developmental window, IF 
experiments were conducted on embryos at sphere stage (4 hpf). The wild-type embryos 
exhibited nuclear staining when probed with either Hmbox1a-T1 or Hmbox1a-T3 antibodies 
(Figure 21a). Interestingly, a stronger Hmbox1a signal was observed in the nuclei that were in 
interphase (Figure 21bi) as compared to those in mitotic stages, such as metaphase (Figure 
21bii) and anaphase (Figure 21biii). Such nuclear signal was also observed in hmbox1bLD/LD 
mutants, but not in hmbox1aLD/LD and (hmbox1aLD/LD; hmbox1bLD/LD) double mutant embryos. 
Thus, this confirms the Hmbox1a expression at 4 hpf and validates the effectiveness of 
Hmbox1a-T1 and Hmbox1a-T3 antibodies in recognizing Hmbox1a. 

When the embryos were probed with Hmbox1b-T2 (M) antibody, nuclear staining was not 
observed in the wild-type or any of the mutants (Figure 21a). This implies that the Hmbox1b-
T2 antibody does not recognize Hmbox1a, and the loss of Hmbox1a is not compensated by 
Hmbox1b.  

Overall, these IF staining results help to confirmed that Hmbox1a-T1 antibody recognizes 
Hmbox1a while the Hmbox1b-T2 (M) antibody recognizes Hmbox1b, and the Hmbox1a-T3 
antibody is a pan-Hmbox1a/b antibody that recognizes both paralogues. Additionally, these 
results indicate that the hmbox1aLD/LD CRISPR knockout was successful, and the mutant likely 
does not produce any Hmbox1a protein. Therefore, given the success of the hmbox1aLD/LD 

CRISPR knockout, further testing of the backup hmbox1aSD/SD line was not performed. 

Next, to determine whether Hmbox1a localizes to the telomere, 4 hpf wild-type and 
(hmbox1aLD/LD; hmbox1bLD/LD) double mutant embryos were co-stained with a telomere probe 
and the Hmbox1a-T1 antibody. Under 100X magnification, high background signals were 
observed in both wild-type and mutant embryos (Figure 2.18a). Although the co-localization of 
telomere foci and Hmbox1a signals was low in wild-type embryos (Figure 2.18bi and ii), it 
appeared higher compared to double mutant embryos (Figure 2.18biii and iv). Upon analyzing 
7 images per genotype using the ImageJ plugin ComDet, the result revealed that an average 
of 5.4% of telomere foci was co-localizing with Hmbox1a signal (33 Hmbox1a-telomere foci) in 
wild-type embryos, which was significantly higher than the 1.5% (9 Hmbox1a-telomere foci) 
observed in the double mutants (p = 0.017) (Figure 2.18c). This value is surprisingly higher 
than the reported 4.5 of HMBOX1-telomeres foci co-localizing in human HeLa cell 77, and is 
closer to the 5% of telomeres co-localizing with the shelterin protein Terfa in zebrafish 131.  
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Although this yielded promising results for Hmbox1a, telomere co-localization studies with 
Hmbox1b could not be performed on the 4 hpf embryos because Hmbox1b expression was 
not observed at this stage. Strikingly, the absence of the Hmbox1b signal at this stage 
contradicts the RNA-seq data (Figure 4), which indicates higher hmbox1b mRNA levels at this 
stage compared to 1 dpf. This discrepancy may be due to Hmbox1b expression being confined 
to a small population of cells at 1 dpf, resulting in a lower transcript-to-whole-embryo ratio. In 
contrast, Hmbox1a is broadly expressed throughout the entire embryo at 4 hpf, leading to 
higher overall mRNA levels compared to hmbox1b at the same stage. Although hmbox1b 
mRNA levels might be the highest around 2 hpf, it is also possible that the transcripts are not 
translated until much later during the development. 

The IF results also suggest that both paralogues have an independent regulation and do not 
compensate for each other. The lack of Hmbox1a expression in hmbox1aLD/LD mutants at 4 hpf 
did not lead to compensatory expression of Hmbox1b, and conversely, the absence of 
Hmbox1b expression in hmbox1bLD/LD mutants at 1 dpf did not result in Hmbox1a expression. 
Furthermore, the absence of Hmbox1a expression during early development did not affect the 
subsequent expression of Hmbox1b in the pronephros and notochord of hmbox1aLD/LD and 
hmbox1aSD/SD mutants at 1dpf (Figure 16b).  

Spatiotemporal expression of Hmbox1a during embryo 
development 

To study the spatiotemporal expression of Hmbox1a during embryonic development, embryos 
were stained using the Hmbox1a-T1 antibody at various developmental stages, from the 1k-
cell stage (3 hpf) to the bud stage (10 hpf). For more accurate staging in this experiment, the 
embryos were staged based on their developmental progression rather than solely on the 
hours post-fertilization, which was used as a reference point. Nuclear staining was consistently 
observed in wild-type embryos but was absent in the hmbox1aLD/LD mutants. The expression 
of Hmbox1a began as early as the 1k-cell stage (Figure 23a). Earlier stages were not examined 
due to the challenges of fixing cells at interphase during the rapid cell divisions of embryos, 
which occur every 15 minutes. The first ten divisions are synchronized, but multiple attempts 
to fix them at interphase were unsuccessful. Timing the interphase stage and rapidly fixing the 
embryos was difficult, and most were fixed during the mitotic phase, where the Hmbox1a signal 
is barely detectable. 

However, staining Hmbox1a at later stages was more successful. The signal was observable 
at the shield stage (6 hpf), 75% epiboly (8 hpf), and continued at least up to the bud stage. 
Hmbox1a was consistently detected in the majority of cells throughout development. As 
development progressed, the Hmbox1a signal seems to decline with the size of the nuclei. 
Eventually, such signal was no longer detectable at 1 dpf (Figure 18). 

Along with embryonic cells, the nuclei of the yolk syncytial layer (YSL) were also stained with 
Hmbox1a.The YSL is an extra-embryonic structure over the yolk. It forms at around 1k-cell 
stage and plays an important role in embryo development as it is involved in cell signaling, as 
well as the development and differentiation of embryonic cells 143. The Hmbox1a signal was 
observed in the YSL nuclei of embryos at 75% epiboly and bud stages but not at the sphere 
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stage (4 hpf) (Figure 23b, white arrowhead). This signal was also not observed in the yolk of 1 
dpf embryos (Figure 18).  
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Noticeably, the expression of Hmbox1a begins at a very early stage in embryonic development, 
suggesting that it might be maternally deposited. In zebrafish, the maternal-to-zygotic transition 
(MZT) occurs around 1k-cell stage. During this transition, maternally loaded materials are 
gradually degraded, while the zygotic genome activation begins and the zygote starts 
transcribing from its own genome 144. To determine whether Hmbox1a is maternally deposited 
or expressed by the zygote during early development, crosses between parents with different 
genotypes (wild-type and hmbox1aLD/LD) were conducted. 
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In a cross between a wild-type mother and an hmbox1aLD/LD mutant father, a weak nuclear 
signal was detected at 1k-cell (Figure 24). The signal intensified by sphere stage (4 hpf) and 
was sustained at least until the bud stage, consistent with observations from in-crosses of wild-
type parents. Additionally, staining was observed in the YSL nuclei at 75% epiboly and bud 
stage. In contrast, the reverse cross (hmbox1aLD/LD mutant mother and wild-type father) 
showed no detectable signal at any stage, including in the YSL nuclei. These results confirm 
that Hmbox1a is maternally loaded and highlight the importance of considering parental 
genotypes in studies involving embryos during early development. 

It appears that Hmbox1a is solely maternally provided and not zygotically expressed. This is 
supported by the lack of Hmbox1a signal in the heterozygotes bred from crossing an 
hmbox1aLD/LD mutant mother with a wild-type father, even after the zygotic genome activation 
event. As with many maternally provided proteins, Hmbox1a is gradually degraded as zygotic 
development progresses, which aligns with the observed decrease in Hmbox1a expression 
(Figure 23).  

To summarize the observed Hmbox1a expression: Hmbox1a protein is expressed early in 
development and has been confirmed as a maternally provided protein. No evidence of zygotic 
expression was found in those stages investigated. Hmbox1a was detected in the nuclei of 
nearly all embryonic cells, as well as in the YSL nuclei. Its expression is detectable as early as 
3 hpf and persists through the bud stage, although it decreases as development progresses, 
becoming negligible by 1 dpf. Notably, YSL nuclei expression appears to be restricted to the 
period between the 75% epiboly and bud stages. Despite its early expression, the loss of 
Hmbox1a expression does not seem to impact embryo development. 

Spatiotemporal expression of Hmbox1b during embryo 
development 

Unlike Hmbox1a, which is expressed throughout the embryo, Hmbox1b is highly expressed in 
a small group of cells, such as the notochord and pronephros, as observed at 1 dpf (Figure 
16). But its expression at 4 hpf was not observed (Figure 21). To study the spatiotemporal 
expression of Hmbox1b, embryos of later stages were probed with the Hmbox1b-T2 (M) 
antibody. 

The first appearance of Hmbox1b was detected in the nucleus of the notochord at the 90% 
epiboly stage (Figure 25a), during the onset of notochord formation 145. The signal in notochord 
became more pronounced by the 10-somite stage (Figure 25b), with a higher signal to noise 
ratio than the 90% epiboly stage in the max projection images. The pronephros also begins to 
form at this stage, with Wt1b and cdh17 signals present. However, the Hmbox1b signal in the 
pronephros was minimal (Figure 25b). By the 14-somite stage, Hmbox1b had a high signal in 
both the notochord and pronephros (Figure 26a). Strong Hmbox1b signal was observed in the 
densely packed, rod-like nuclei of the notochord (Figure 26bi, top) and the pronephros, co-
localizing with cdh17 and DAPI (Figure 26bi, bottom). These findings suggest that Hmbox1b 
expression begins in the notochord upon its formation and in the pronephros shortly after its 
development begins. 
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The Hmbox1b signal in the pronephros was still detectable at 2 dpf (Figure 27a). However, by 
3 dpf, the signal began to fade at both the proximal and distal end of the pronephros (Figure 
27bi and ii, respectively), but it has yet to reach the level of absence observed in the 
hmbox1bLD/LD mutants (Figure 27biii and iv, respectively). By 5 dpf, the signal was undetectable 
(Figure 27bv and vi). This lack of signal in the pronephros was unlikely to be due to antibody 
penetration issues. This is because measures such as acetone permeabilization and the 
removal of larvae heads and tails were deployed to enhance permeabilization in the staining 
of 3 dpf and 5 dpf larvae, but the signal remained low. Therefore, it is likely that Hmbox1b 
expression in the pronephros progressively declines with development. 
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Other than the pronephros, the notochord nuclei also did not appear stained by 3 dpf (Figure 
27bvii). Instead, non-specific signals were observed at the tail region, where the notochord is 
supposedly located, in both wild-type and hmbox1bLD/LD mutants at 3 dpf and 5 dpf. This loss 
of signal coincides with the transformation of the notochord into the vertebral column, which 
starts after 2 dpf 145. 

Although Hmbox1b expression was not detected in the podocytes, a glomerulus filtration test 
was performed on 4 dpf larvae to confirm that the loss of Hmbox1b does not impact the filtration 
function of the podocytes. In this study, two different molecular weight dextrans were co-
injected into the blood stream of wild-type and (hmbox1aLD/LD; hmbox1bLD/LD) double mutants. 
The lower molecular weight dextran was an Alexa Fluor 647-conjugated 10-kDa dextran, while 
the higher molecular weight dextran was a FITC-conjugated 500-kDa dextran. The dyes were 
injected into the heart instead of the caudal vein or the pericardial sac as described by the 
authors 146,147. In a normal functioning glomerulus, the lower molecular weight dextran will be 
filtered out by 24 hours post-injection (hpi). If this dextran is not filtered out, it would indicate a 
defect in the filtration system of the pronephros. Conversely, the higher molecular weight 
dextran should remain in the system because it is too large to be filtered out unless the 
glomerulus is ‘leaky’, or too porous. 

The injected larvae were imaged at 3 hpi to confirm successful injection and at 24 hpi to assess 
glomerulus filtration (Figure 28). The images of the different molecular weight dextrans were 
overlaid and compared between the two time points to evaluate filtration efficiency. As 
expected, there appeared to be no difference in the results between the wild-type and double 
mutant larvae at 24 hpi. Most of the lower molecular weight dextran was filtered out of the 
circulatory system by 24 hpi, while the higher molecular weight dextran was retained in both 
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wild-type and double mutants. Thus, these results suggest that the glomerulus is functioning 
normally.  
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Distribution of hmbox1a/b genotype and survival 

Based on the results obtained so far, knock out of either Hmbox1a, Hmbox1b, or both did not 
lead to embryo lethality or developmental defects, despite their early expression during 
embryogenesis. These homozygous mutants not only survive to adulthood, but have also 
reproduce, which provided some samples for IP-MS and IF analyses. 

To evaluate whether the different genotypes have same survival fitness during early adulthood, 
the genotype distribution of offspring bred from double heterozygous (hmbox1a+/LD; 
hmbox1b+/LD) parents was analyzed through fin clipping between 1.5 and 3 months of age. In 
a normal distribution, the probabilities of having wild-type, double mutants (hmbox1aLD/LD; 
hmbox1bLD/LD), and either of the single mutants (hmbox1aLD/LD or hmbox1bLD/LD) are each 
6.25% (1 in 16), the heterozygotes (hmbox1a+/LD; hmbox1b+/LD) are 25%, and the remaining 
genotypes are 12.5% each. In the three crosses evaluated, they all followed Mendelian 
inheritance patterns. The chi-square tests revealed no significant differences in the genotype 
distribution for individual crosses or the combined analysis of all three (Figure 29a, χ² <15.51). 

In the first cross (Fish ID: 9907), only one double mutant was detected instead of the expected 
four, which could raise speculation about a potential reduction in fitness for the double mutants. 
However, this discrepancy is likely due to the small sample size (n=79). In subsequent crosses 
with larger sample sizes, such as cross 3 (Fish ID: 736), the genotype follows normal 
distribution, with the observed count of double mutants matching the expected count of 28. 
This larger sample refutes the speculation that double mutants have reduced fitness.  
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Since the genotype distribution follows Mendelian patterns at 1.5 to 3 months old, it is unlikely 
that there are survival disadvantages during embryonic and juvenile development. This normal 
distribution also indicates that double mutants do not experience a survival disadvantage 
compared to single homozygous mutants ((hmbox1aLD/LD) and (hmbox1bLD/LD)) or three-allele 
mutants ((hmbox1aLD/LD; hmbox1b+/LD) and (hmbox1a+/LD; hmbox1bLD/LD)).  

Next, to assess whether there was a reduction in survival fitness during later life stages, the 
number of fish per genotype in each tank was regularly monitored. Graphs were created to 
display the percentage of fish remaining in each genotype over time. The decrease in the 
number of fish was not discriminated between deaths and illness, or escapes. As such, Kaplan-
Meier survival curves were not used due to this missing information. There appears to be 
minimal difference in survival rates among the different genotypes from the three first-
generation mutant crosses (Figure 29b). All homozygous mutants survived to at least two years 
of age in at least one of the crosses. Interestingly, although wild-type fish were presumed to 
be the fittest, they did not consistently exhibit the highest survival rates at all time points 
compared to the homozygous mutants across all three crosses. 

Aside from having only minor impacts on lifespan, these homozygous mutants were both fertile 
and capable of reproducing for at least three additional inbred generations. Figure 30a shows 
the family tree of the CRISPR-Cas9 hmbox1a/b mutants, with survival curves for each 
successive generation plotted in Figure 30b. The mutants were bred up to the fourth generation 
(G4), with their offspring remaining viable and appearing healthy. However, inbreeding 
depression 148 became evident by the second generation (G2) of mutants. Of the 50 embryos 
initially placed in the aquarium at 5 dpf, fewer than 40% survived to 3-month-old. This contrasts 
with the first generations, where at least 50% survival at 3-month-old in most genotypes. 
Although the wild-type fish had the highest survival rate at 3 months compared to the other G2 
mutants, its population slowly declines after 1 year old to eventually dip below all the mutants 
at 16-month-old.  

Similarly, in the third generation (G3), a significant decline in all populations was observed 
within the first 6 months. Both hmbox1aLD/LD and hmbox1bLD/LD mutants, as well as the wild-
type, survived to at least 17 months. In contrast, a double mutant clutch (Fish ID: 879) exhibited 
abnormal swimming behavior around four months of age. Some were struggling to swim and 
maintain balance, displaying signs of swim bladder issues, and they often gathered at the top 
of the tank (Figure 31). Following animal welfare guidelines, this clutch was euthanized before 
reaching five months. When a new cross (Fish ID: 959) was made from the same parental fish 
four months later, this phenotype was not observed, and the fish survived for at least a year 
before the study concluded. Thus, the observed phenotype might not be due to the double 
mutant effect.  

In summary, the study found no strong evidence that knocking out of Hmbox1a and Hmbox1b 
impacts fitness or lifespan in zebrafish. The mutants showed no lethality during embryonic or 
juvenile stages and were able to reproduce successfully across multiple generations, with no 
lifespan differences compared to wild-type fish. 
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Telomere length of (hmbox1aLD/LD; hmbox1bLD/LD) double mutants 

To investigate the influence of hmbox1a/b knockout on 
telomere length, tail (caudal) fins were clipped from three 
wild-type and (hmbox1aLD/LD; hmbox1bLD/LD) double 
mutant males at 8 months of age. These mutants were 
from the first generation, specifically from cross 2, and 
were bred through group mating. Telomere restriction 
fragment (TRF) analysis using Southern blotting was 
performed on the clipped samples by our collaborator, 
Naz Şerifoğlu from Miguel Godinho Ferreira’s lab. 
However, the genomic material from one of the double 
mutants was not successfully detected and was excluded 
from the analysis. Based on the remaining samples, the 
results showed no significant change in telomere length  
(p = 0.49) (Figure 32).  

Proteome analysis at 4 hpf 

The knockout of hmbox1a/b does not appear to impact embryonic development, lifespan, or 
telomere length in those mutants examined. To further explore the role of Hmbox1a/b, 
proteome analysis was conducted at 4 hpf, when Hmbox1a expression was observed. The 
samples included wild-type, (hmbox1aLD/LD; hmbox1bLD/LD) double mutants, hmbox1aLD/LD, and 
hmbox1bLD/LD embryos, with four technical replicates for each group. Embryos were collected 
from incrosses of parents with the corresponding genotypes. The embryos were pooled and 
deyolked. 

Despite immunofluorescence confirming Hmbox1a expression at 4 hpf, it was not detected in 
the proteome and neither was Hmbox1b. Pairwise comparisons were made between embryos 
of hmbox1a+/+ (wild-type and hmbox1bLD/LD) and hmbox1aLD/LD genotypes (hmbox1aLD/LD and 
(hmbox1aLD/LD; hmbox1bLD/LD)), based on the assumption that Hmbox1b is not expressed at 
this developmental stage and the hmbox1b transcript does not influence the regulation of 
Hmbox1a or other genes. The goal was to identify proteins commonly dysregulated between 
hmbox1a+/+ and hmbox1aLD/LD genotypes. This analysis revealed a consistent upregulation of 
10 proteins and downregulation of 14 across all comparisons (Figure 33a).  

To better visualize the gene expression of proteins dysregulated by the hmbox1aLD/LD mutation 
across the different genotypes, a heatmap was generated (Figure 33b). Proteins like Cyp2x7, 
Fetub, and the uncharacterized protein Si:dkey-19b23.11 were exclusively detected in 
embryos carrying the hmbox1aLD/LD mutation. Conversely, proteins such as Glrx, Gpn3, 
Si:dkey-111e8.1, and Strada, were absent in both hmbox1aLD/LD and (hmbox1aLD/LD; 
hmbox1bLD/LD) double mutants. Interestingly, some proteins undetected in the hmbox1aLD/LD 
mutant were found in some of the technical replicate(s) of the double mutants, including Cnot4b, 
Ddx10, Si:ch1073-412h12.3, Si:ch211-91p5.3, Vcpkmt, and Zgc:65997. The functions of these 
proteins are listed in Table 1, most of them are uncharacterized.   



60 
 

Two of these proteins are particularly noteworthy as they may be connected to pronephros 
development and the paralogue Hmbox1b expression. One is the upregulation of retinol-
binding protein 4 (Rbp4) in hmbox1aLD/LD mutants, which is responsive to retinoic acid. The 
other is the downregulation of beta-ureidopropionase (Upb1), known to be expressed in the 
pronephros at 1 dpf 149.  
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Zbtb48 

Zebrafish Zbtb48 

Another direct telomere binder examined in this project is ZBTB48 (also known as TZAP or 
HKR3), which has been identified as a negative regulator of telomere length and a 
transcriptional activator in human cancer cell lines 73,109. ZBTB48 has demonstrated 
phylogenetic binding to the TTAGGG telomeric sequence in 13 out of 16 vertebrate species, 
including zebrafish 79. In my earlier telomere pull-down experiments in zebrafish (Figure 2b), 
Zbtb48 was repeatedly detected in the zebrafish cell line BRF41, as well as in embryos during 
the first 5 days of development. Importantly, Zbtb48 was detected in embryos more frequently 
than any of the shelterin proteins, though it occasionally fell below the enrichment threshold. 
Given that ZBTB48 is a phylogenetically conserved telomere binder across vertebrate species 
and is consistently present during zebrafish embryonic development, this suggests its 
importance in telomere biology and prompting further investigation into its role at the 
organismal level. 

Unlike hmbox1a/b, no paralogue was found for zbtb48 in zebrafish. The zebrafish Zbtb48 also 
features an N-terminal BTB/POZ domain and 11 C2H2-type zinc fingers (ZNFs) at the C-
terminus (Figure 34). A comparison of the amino acid sequences reveals 80% identity in the 
ZNF domain between the orthologs (V322 – N637, boxed in blue), which is notably higher than 
the 42% identity in the BTB domain (C28 – D93, boxed in beige). Notably, the telomere 
sequence recognition motif RxxHxxR 75 along with the 7 other residues in ZNF11 and the 
adjacent C-terminal region that interact with the telomeric TTAGGG sequence 96 are all 
conserved in zebrafish Zbtb48. The zebrafish Zbtb48 has 72 more amino acids than the human 
ZBTB48, which these additional residues are primarily distributed outside of the BTB and ZNF 
domains.  
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Creating and validating CRISPR-Cas knockout zebrafish lines 

In zebrafish, the zbtb48 gene is located on chromosome 23 and spans across 11 exons. The 
BTB/POZ domain is encoded by exon 2, while the eleven adjacent C2H2-type zinc fingers 
(ZNFs) are located in exons 3 to 11 (Figure 35a). To generate a zbtb48 CRISPR-Cas knockout 
zebrafish line, a pair of guide RNAs was designed to target the second exon of zbtb48. 
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Out of the 71 injected embryos, 28 survived to adulthood. However, only 1 founder was 
identified with successful germline transmission. This mutant line has 110 base pairs deletion 
in the second exon as confirmed via cDNA sequencing (Figure 35b) and genotyping with PCR 
(Figure 35c). Deciphering from the cDNA sequence, this deletion would result in a frameshift 
mutation that produces 50 amino acids long Zbtb48 mutant protein (5.5 kDa), with a truncated 
BTB domain that lacks the ZNF domain essential for telomere binding (Figure 35a, bottom). 

To confirm the loss of telomere binding, a telomere pull-down assay coupled to mass 
spectrometric analysis was performed on protein lysates from 5 dpf wild-type and zbtb48-/- 
larvae. The result showed Zbtb48 peptides detection in the pull-down with lysates from the 
wild-type larvae but not in the zbtb48-/- larvae (Figure 35d) despite the heightened zbtb48 
mRNA expression level. Taken together, these findings confirmed the success of generating 
a zbtb48 knockout zebrafish line.  

Generating and validating Zbtb48 antibodies on PAC2 

In addition to creating a CRISPR knockout line, zebrafish-specific Zbtb48 antibodies were 
generated. The antibodies were raised against two unique epitope sequences of zebrafish 
Zbtb48. One epitope consists of the entire BTB domain along with its flanking sequences and 
the other contains part of ZNF8 to ZNF10 (residues written in green in Figure 34 and 35a).  

 

An overview of the antibody generation process is shown in Figure 36a. The full-length zbtb48 
wild-type cDNA sequence was cloned into pCR8/TOPO/GW before amplifying the epitope 
sequences from it. The corresponding pairs of primers were used, and the amplicons were 
subcloned into the expression vector pCoofy4, then transformed into BL21 E. coli. 
Subsequently, the peptides were overexpressed through IPTG induction. This resulted in the 
production of 55 kDa His6-MBP-BTB and 51 kDa His6-MBP-ZNF peptides (Figure 36b). An 



65 
 

equal amount of these peptides were mixed and injected into three rabbits. After two months 
of immunization, the sera were collected. The different epitopes and sera were purified 
separately, and 10 elution fractions were collected for each antibody purification. In this study, 
only rabbit 2 (T2) and rabbit 3 (T3) sera were purified. Thus, yielding four types of polyclonal 
antibodies that were accordingly named: T2-BTB, T2-ZNF, T3-BTB, and T3-ZNF.  

These antibodies were tested in Western blot application on whole-cell protein lysate from the 
zebrafish cell line PAC2 (Figure 37a). The expected bands corresponding to the molecular 
weight of zebrafish Zbtb48 protein (85 kDa) were notably absent across all blots. However, 
two strong bands were observed between the 53 kDa and 70 kDa markers for the T2-BTB 
antibody (Figure 37ai) while only a faint band was observed above 53 kDa in elution 3 of the 
T2-ZNF antibody (Figure 37aii), despite a higher chemiluminescent substrate concentration 
had been used to develop the blot. Meanwhile, the blots with T3-BTB (Figure 37aiii) and T3-
ZNF antibodies (Figure 37aiv) have two other similar bands, one at 41 kDa marker and another 
slightly above 53 kDa marker. However, it is unsure whether the band observed above 53 kDa 
is identical in both T2 and T3 sera. The coincidence in similar banding patterns observed 
between the BTB and ZNF antibodies of each serum may suggest that the ZNF antibodies are 
diluted versions of the respective BTB antibodies. Unfortunately, with the results gathered, it 
is hard to shortlist any of the antibodies for Western blot use. 

Following the Western blot analyses, IP-MS was deployed to assess the antibodies binding to 
Zbtb48. As with the Hmbox1a/b IP-MS experiments, these were conducted on the nuclear 
extracts from PAC2 cells, with an enrichment threshold set to a fold change >2 and a p-value 
< 0.05 relative to the IgG control. To prevent the epitope sequence from influencing Zbtb48 
detection, both epitope and MBP sequences were included in the search library. 

The IP using T2-BTB and T3-BTB antibodies showed Zbtb48 levels below the detection 
threshold (Figures 37bi & ii), while no Zbtb48 was detected with the T3-ZNF antibody (Figure 
37biii). As anticipated, the exogenous MBP protein was highly enriched in all IP samples. 
However, both the Zbtb48 peptide sequences identified by MS correspond exclusively to the 
BTB epitope sequences in the IP that used T2-BTB and T3-BTB antibodies (Figure 37c). This 
suggests that the endogenous Zbtb48 was not successfully detected by the antibodies in these 
IPs. Additionally, the quality of the IP experiments appeared to be suboptimal, as only a 
minimal number of proteins were enriched. 

To improve the quality of the antibody, the Protein Production Core Facility (PPCF) was 
engaged for the purification process. The T3 serum was purified against the BTB epitope, and 
the second batch of the purified antibody was validated and hereafter labeled as the T3-BTB 
(M) antibody. The IP-MS experiment was repeated but using twice the protein concentration 
of the PAC2 nuclear extract and at a higher antibody concentration than before. An aliquot of 
the T3-BTB (M) antibody was also measured by MS to check for the presence of the epitope. 
As a result, approximately ten times more proteins were quantified than in Figure 37b, and a 
drastically higher number of proteins was enriched using the T3-BTB (M) antibody compared 
to the IgG control (Figure 37di). Despite the continued detection of MBP in the IP with the T3-
BTB (M) antibody, the enrichment of Zbtb48 was notably more significant. Detection of 
endogenous Zbtb48 was evident and fourteen unique Zbtb48 peptide sequences, distinct from 
the epitope sequences, were identified in the IP-MS (Figure 37dii). Although the MBP protein 
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remains detectable in the T3-BTB (M) antibody aliquot itself, none of the BTB epitope 
sequence was detected (Figure 37dii). Therefore, the results from this repeated IP-MS showed 
a significant improvement compared to the previous result in Figure 37a. Building on this 
success, the antibody validation was also carried out with zbtb48 CRISPR knockout zebrafish.  
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Validating Zbtb48 antibodies on zbtb48-/- 5 dpf larvae 

The generated CRISPR zbtb48 knockout fish has a deletion that disrupts the BTB domain. 
However, the mutant Zbtb48 protein, if synthesised, may still be recognizable by T3-BTB (M) 
antibody because the first 29 amino acids (~25%) of the epitope sequence are still present in 
the mutant (Figure 35a).  

To assess whether the antibody could differentiate between the wild-type Zbtb48 and the 
mutant version, it was first tested using Western blot analysis. The antibody was probed 
against whole-cell protein lysates from wild-type and zbtb48-/- larvae at 5 dpf, along with the 
nuclear-enriched protein lysate from PAC2. Unfortunately, no difference in the band pattern 
was observed between the wild-type and zbtb48-/- samples (Figure 38a). This included the faint 
bands observed between 70 and 93 kDa markers, corresponding to the molecular weight of 
Zbtb48 (85 kDa), as well as the band above 53 kDa marker, which was previously seen in 
Figure 37a. Additionally, the two bands seen in the PAC2 nuclear-enriched lysate at 30 kDa 
and below 53 kDa markers were also present in the wild-type and zbtb48-/- mutant lysates. 
Given the low molecular weight of the mutant Zbtb48 protein (5.5 kDa), it was challenging to 
detect such a band in the zbtb48-/- mutant lysate on the blot. Moreover, due to the low 
expression levels of Zbtb48 at 5 dpf (as observed in Figure 2) and the presence of numerous 
nonspecific bands on the blot made it difficult to identify a band that corresponds to Zbtb48 
using the Western blot method. 

 

Next, IP-MS was conducted on 5 dpf wild-type and zbtb48-/- whole-cell protein lysates using 
the T3-BTB (M) antibody. Unexpectedly, Zbtb48 was detected in the zbtb48-/- sample rather 
than in the wild-type (Figure 38bi). MBP was also found to be enriched in the zbtb48-/- sample, 
despite the same amount of antibody being used in both IP experiments. Although the number 
of Zbtb48 peptides detected was similar in both samples, the zbtb48-/- sample had three times 
more MBP peptides than the wild-type (Figure 38bii). Closer analysis revealed that Zbtb48 
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detection in the zbtb48-/- sample was entirely due to the BTB epitope sequences, identical to 
those identified in Figure 37c. Conversely, these epitope peptide sequences were occasionally 
detected in the wild-type sample. Notably, one of the sequences corresponds to the CRISPR 
deletion site of the zbtb48-/- mutant, which is more likely from the epitope peptide than being 
expressed by the mutant. The only other Zbtb48 peptide sequence detected was from amino 
acids 4 to 13, which was exclusively detected in the wild-type sample and not in the zbtb48-/- 
sample.  

Overall, the T3-BTB (M) antibody showed some success in detecting endogenous Zbtb48 with 
IP-MS while its effectiveness in Western blot cannot be confirmed. However, caution should 
be taken when interpreting the IP-MS results as it was demonstrated that the epitope peptide 
used to raise the antibody and for purification was present in the antibody aliquot. 
Consequently, this epitope peptide was being detected as Zbtb48 and could lead to 
misinterpretation of results. 

Distribution of zbtb48 genotype and survival 

To examine the genotype distribution of the offspring bred from zbtb48+/- parents, 500 offspring 
from eight crosses were genotyped at various developmental stages. Generally, the 
distribution of all crosses follows the Mendelian inheritance pattern, except for cross 6. 
Additionally, the data suggested no significant reduction in the fitness of zbtb48-/- mutants 
during development (Figure 39a, χ² < 5.99). 

Only the larvae from cross 7 (Fish ID: 3032) and cross 8 (Fish ID: 836) were placed in the 
aquarium to develop into adulthood. These fish were counted routinely, and the survival data 
were expressed as a percentage of the initial number for each genotype. The zbtb48-/- mutants 
from cross 7 showed a higher survival rate during the first 18 months, but their numbers 
declined sharply afterward (Figure 39b). A similar trend was observed in cross 8, where  
zbtb48-/- mutants exhibited better survival rates during the first year. However, tracking of this 
cross was discontinued at one year due to the low number of fish remaining after sacrificing 
four males from each genotype for proteomic analysis. Overall, these results suggest that 
zbtb48-/- mutants exhibit slightly better survival during the first year of life compared to their 
wild-type counterparts. However, a larger sample size and additional crosses are needed for 
a statistically robust analysis to draw a definitive conclusion. 

Telomere length in zbtb48-/- mutants was assessed in both embryos and adults. Measurements 
were taken from tail biopsies of 1.5 dpf embryos (cross 1) and 5 dpf larvae (cross 4) using 
quantitative fluorescence in situ hybridization (q-FISH). To minimize individual variability in 
mean telomere length, siblings from a single mating of zbtb48+/- parents were used. Although 
zbtb48-/- mutants showed a slight increase in telomere length compared to their wild-type 
siblings at both 1.5 dpf and 5 dpf, the differences were not statistically significant in either case 
(p = 0.33 and 0.55, respectively) (Figure 39ci). Similarly, no significant differences in telomere 
length were observed at 8 months of age (p = 0.46), as determined by telomere restriction 
fragment (TRF) analysis (Southern blotting) on caudal fin samples from male fish (cross 7) 
(Figure 39cii). Therefore, there is no evidence of telomere lengthening in the first generation 
of zbtb48-/- zebrafish mutants, in contrast to reports of telomere lengthening in mammalian 
ZBTB48 knockout cell lines. 
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The zbtb48-/- mutants were also fertile and capable of propagating for at least three inbred 
generations, with each generation surviving to adulthood. No physical or behavioral 
abnormalities were observed in any of the inbred generations of zbtb48-/- mutants. For instance, 
the appearance, weight (p = 0.4), and length (p = 0.44) of 10.5-month-old second-generation 
zbtb48-/- male mutants (Fish ID: 872) were comparable to their wild-type counterparts (Fish ID: 
871) (Figure 39d). Figure 40 summarizes all the crosses and the propagation of the zbtb48-/- 
(mz114) mutant line. 
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Transcriptomic and proteomic profiling of 5 dpf 

Apart from regulating telomere length, ZBTB48 has been reported to be a transcriptional 
regulator in human cancer cells 73. To investigate whether this function is conserved in 
zebrafish, transcriptome and proteome analyses were conducted on 5 dpf zbtb48-/- mutant and 
wild-type larvae. 

For RNA sequencing (RNA-seq) analysis (Figure 41a), four wild-type and zbtb48-/- siblings bred 
from zbtb48+/- parents through single mating were collected and used as biological replicates. 
Among the 32,058 genes quantified by RNA-seq, only 25 genes exhibited downregulation, and 
7 genes showed upregulation in the mutant (fold change > |2|, p-value < 0.01). Notably, 
zgc:153284, which is predicted to be involved in cell redox homeostasis, was the most strongly 
deregulated gene, with a 163-fold (p = 4.14e-44) increase in expression in the zbtb48-/- larvae.  
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Interestingly, one of the transcripts that was upregulated in zbtb48-/- mutant is zbtb48, with 3.2-
fold increase (p = 6.59e-08). This upregulation was also reflected in the qPCR, which showed 
a significant 4.6-fold increase (p = 0.004) in zbtb48-/- mutant (Figure 41b). An investigation of 
the RNA-seq tracks revealed a lack of sequencing reads in the CRISPR deletion region for the 
zbtb48-/- mutants (Figure 41c).  

 

Next, two biological replicates of proteome analysis were performed on independently 
collected 5 dpf zbtb48-/- mutant larvae. Wild-type and zbtb48-/- larvae were bred from parents 
of the respective genotype, pooled, and used as technical replicates in each collection. In the 
first replicate (Figure 42ai), a total of 8,075 proteins were quantified, with 80 downregulated 
and 109 upregulated (fold change > |2|, p-value < 0.05). In the second experiment from a new 
crossing (Figure 42aii), a total of 7,601 proteins were quantified, 99 of which were 
downregulated and 152 of which were upregulated. Between the two replicates, some variation 
was observed. However, 11 proteins (Akr7a3, Cpa4, Ctrb.2, Cyp2aa7, Cyp2p8, Golgb1, 
Hdac10, Lmf2b, Mtfp1, Olfml3a, and Zgc:111983) were consistently downregulated, while 10 
proteins (Coch, Col28a2a, Emc1, Myl7, Slc27a1a, Vtg2, Vtg3, Vtg5, Vtg7, and Zgc:153284) 
were consistently upregulated in zbtb48-/- mutants in both proteome analyses (Figure 42b). 

A small set of genes exhibited significant changes in transcript and protein expression levels 
(Figure 42b), including akr7a3, atox1, gbp3 and mov10a, which were downregulated, while 
zgc:153284 was upregulated. The downregulation of akr7a3 and atox1, as well as the 
upregulation of zgc:153284 transcripts were validated on 5 dpf zbtb48-/- larvae by qRT‒PCR 
(Figure 42c). Additionally, consistent with the proteome data, the downregulation of the hdac10 
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and mtfp1 transcripts and upregulation of the col28a2a transcript were detected in zbtb48-/- 
larvae by qRT-PCR (Figure 42c), which were not significantly different at the transcript level 
according to the chosen RNA-seq cut-offs.  

These genes cover diverse biological aspects (Table 2), but one of them, Mtfp1, is particularly 
interesting because its downregulation has also been reported in human ZBTB48 knockout 
cell lines 73. Thus, the investigation was extended to other genes reported to be regulated by 
ZBTB48 in humans, namely, PXMP2, PP3CB, and VWA5A, by examining the transcription 
levels of their zebrafish orthologs via qRT‒PCR. No differences in the expression of pp3cb or 
vwa5a between zbtb48-/- and wild-type zebrafish larvae at 5 dpf was observed, and only a 
slight 1.2-fold (p = 0.03) decrease in pxmp2 expression was detected (Figure 42c). Therefore, 
strong mtfp1 downregulation upon zbtb48 knockout at the transcript and proteome levels was 
the most pronounced similarity between humans and zebrafish.  
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Validating the downregulation of mtfp1 and its phenotype in  
zbtb48-/- embryos 

MTFP1 (mitochondrial fission process 1), a nuclear-encoded protein located in the inner 
mitochondrial membrane, acts as a negative regulator of inner mitochondrial membrane fusion. 
ZBTB48 has been reported to bind to the promoter regions of MTFP1 in U2OS and HeLa cells 
73. Knocking out ZBTB48 in these cells resulted in a loss of MTFP1 expression, accompanied 
by mitochondrial fusion and hyperbranching of the mitochondrial network, similar to the 
phenotype observed in MTFP1 knockout cells 73,150. To investigate whether these findings 
could be recapitulated in zebrafish, experiments were conducted on zbtb48-/- mutant embryos. 

Unfortunately, the binding of Zbtb48 to the mtfp1 promoter in zebrafish could not be verified 
due to limitations with the zebrafish Zbtb48 antibody for chromatin immunoprecipitation 
sequencing (ChIP-seq) applications. Notably, the promoter sequence of MTFP1 differs 
between humans and zebrafish, and no match for the MTFP1 promoter region bound by 
ZBTB48 in humans was found in zebrafish when using BLAST. 

Despite the inability to confirm Zbtb48 binding to the mtfp1 promoter in zebrafish, significant 
downregulation of mtfp1 was observed in zbtb48-/- mutant zebrafish, as assessed by qRT-PCR 
(Figure 42c). However, this downregulation was not statistically significant in RNA-seq (Figure 
41a), although both experiments were performed on larvae of the same developmental stage. 
Nevertheless, the proteome analyses (Figure 42a) consistently showed a significant 
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downregulation of Mtfp1 protein in the zbtb48-/- mutant larvae, aligning with proteomic results 
reported in ZBTB48 knockout U2OS and HeLa cells 73. 

In addition to identifying the downregulation of MTFP1 in human cell lines, Jahn et al. 73 used 
Western blot analysis to demonstrate the loss of MTFP1 expression in zbtb48 knockout cells. 
To recapitulate this result in zebrafish, Western blot analysis was attempted on whole-cell 
lysates from 5 dpf larvae. However, due to the lack of a zebrafish-specific Mtfp1 antibody, a 
human MTFP1 antibody was used, assuming it would cross-react due to the 75% identity 
between zebrafish Mtfp1 and its human ortholog (Figure 43a). While a strong MTFP1 band 
was observed at 18 kDa in U2OS cell lysates, it was only weakly detected in the zebrafish wild-
type lysates, which this band was also weakly detected in zbtb48-/- (Figure 43b). Therefore, 
this attempt of using human MTFP1 antibody failed to confirm the loss of Mtfp1 in zbtb48-/- 
mutant larvae. Nevertheless, the proteome data from 5 dpf larvae (Figure 42a) revealed a 
reduced number of Mtfp1 peptides in zbtb48-/- mutants, compared to the 3 to 8 peptides found 
in wild-type samples (Figure 43c).  
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Lastly, to investigate whether the downregulation of Mtfp1 caused by the knockout of zbtb48 
in zebrafish would lead to mitochondrial elongation, a MitoTracker assay was performed on 
embryos at the blastula stage (approximately 3 hpf) to visualize mitochondrial morphology. 
Unlike the tubular mitochondrial network typically observed in human cell lines, the 
mitochondria in wild-type zebrafish embryos exhibited a clustered organization. No 
distinguishable morphological differences were observed between zbtb48-/- mutants and wild-
type embryos, and mitochondrial network elongation was not detected in the zbtb48-/- mutants 
(Figure 43d).  

Spatiotemporal expression of zbtb48 

Thus far, most experiments have been conducted on 5 dpf larvae. However, the expression of 
Zbtb48 appears to be low at 5 dpf, as it was not detected in both proteome analyses (Figure 
42a). Similarly, RNA-seq data from a developmental zebrafish study (Figure 4) shows that 
zbtb48 mRNA levels are among the lowest at 5 dpf. Higher zbtb48 transcript levels were 
observed during earlier development, aligning with the detection of Zbtb48 protein in the 
telomere pull-down assay (Figure 2b). The highest expression of zbtb48 was seen at the 128-
cell to 1k-cell stage (approximately 2 to 3 hpf), prior to zygotic genome activation. 

To further explore the spatiotemporal expression of zbtb48, publicly available single-cell RNA-
seq (scRNA-seq) data was analyzed. Generally, a gradual decline of zbtb48 expression was 
observed during zebrafish embryonic development 151,152 (Figure 44a). At 5-6 hpf, the highest 
zbtb48 expression was observed in the endoderm, while by 10-12 hpf, the spinal cord (derived 
from ectoderm) had the highest transcription levels, followed by the liver (derived from 
endoderm). zbtb48 was also expressed in primordial germ cells (PGCs), though at about half 
the level seen in the spinal cord and liver. By 5 dpf (or 120 hpf), zbtb48 transcript levels had 
decreased in both the spinal cord and liver, with expression predominantly observed in PGCs. 

To investigate whether this strong expression of zbtb48 in larval PGCs is sustained in adult 
gonads, analysis was extended to a published scRNA-seq dataset of adult tissues 153. zbtb48 
was prominently expressed in the testis, although it was detected in less than 0.25% of cells 
(Figure 44b). Strikingly, the ovary exhibited 30-fold lower expression compared to the testis. 
In addition to the gonads, low levels of zbtb48 transcripts were detected in the skin, brain, fins, 
and spleen. These findings collectively suggest that zbtb48 expression is predominantly 
localized to the gonads, specifically within a niche population of cells. 

To identify the specific cell populations expressing zbtb48 in the gonads, scRNA-seq studies 
of zebrafish testes 154 and ovaries 155 were analyzed. In the testes, the highest expression of 
zbtb48 was found in spermatocytes (undergoing meiosis), followed by spermatogonia (stem 
cells) and early round spermatids, regardless of age (Figure 44c). Notably, zbtb48 expression 
was high but confined to a small number of cells compared to cdh17, a gene expressed in 
nephrons, liver, and intestine 140 used as a negative control, and ddx4 (also known as vasa), 
strongly expressed in the germline 156,157, used as a positive control. Similarly, analysis of 
juvenile ovaries at 40 dpf revealed the highest zbtb48 expression in the germline stem cell 
population, followed by meiotic cells and early oocytes, with comparisons again made to cdh17 
and ddx4 (Figure 44d). 



76 
 

 



77 
 

Overall, these data underscore the expression of zbtb48 transcripts in the gonads, albeit in a 
small subset of cells and at lower levels compared to the germ cell marker ddx4. The higher 
expression of zbtb48 in these highly proliferative tissues may be attributed to its role in 
telomere regulation. 

Validating Zbtb48 expression in embryo through IF 

Following the identification of high zbtb48 expression during early embryonic development and 
in germ cells, IF experiments were carried out to assess the specificity of the generated Zbtb48 
antibodies. As previously noted in IP-MS, BTB antibodies may detect the truncated BTB 
domain in the mutant Zbtb48 protein, potentially producing a signal in zbtb48-/- mutants. To 
address this concern, ZNF antibodies, which should not recognize the mutant protein due to 
the absence of the ZNF domain, were included in the test. The primary goal of the experiment 
is to assess the suitability of these antibodies for IF. At the same time, this will help to address 
whether the BTB antibodies detect the mutant Zbtb48 protein and if the ZNF antibodies were 
successfully produced or simply diluted versions of the BTB antibodies. 

Prior to the specialization of cells into PGCs, germline materials are localized within 
germplasms at the cleavage furrows during the cleavage stages 158, which are identifiable at 
the 4-cell stage. In this IF experiment, both T2-BTB and T2-ZNF antibodies stained the 
cleavage furrows of wild-type 4-cell stage embryos. However, this signal was not diminished 
in the zbtb48-/- mutants when using both antibodies (Figure 45a, arrowhead). In contrast, no 
cleavage furrow staining was detected in wild-type embryos probed with T3-BTB and T3-ZNF 
antibodies. Since all embryos were stained and imaged simultaneously with the same 
brightness and contrast settings applied to the images, the weaker but consistent staining 
pattern observed with ZNF antibodies suggests that they may be a diluted version of the 
respective BTB antibodies. Therefore, the ZNF antibodies are unsuitable for validating Zbtb48 
expression in zbtb48-/- mutant as initially intended. However, given the differing staining 
patterns between antibodies the two sera, and the lack of any difference between T2-BTB and 
T2-ZNF staining in both wild-type and zbtb48-/- mutant embryos, it remains unclear whether 
the cleavage furrow staining is truly a result of Zbtb48 recognition or due to an off-target effect. 

To verify that the T2 antibody signal in the cleavage furrow was indeed located within the 
germplasm, 4-cell stage embryos were counterstained with the Ziwi antibody, a germ cell 
marker 159. As anticipated, the Zbtb48-T2-BTB signal co-localized with Ziwi in both wild-type 
and zbtb48-/- embryos (Figure 45b). This finding provided several important pieces of 
information. First, it confirms that the T2 antibody's signal, presumably representing Zbtb48, is 
localized in the germplasm. Second, the knockout of zbtb48 does not affect the morphology or 
localization of the germplasm at the cleavage furrow. Lastly, the mutation does not displace 
the supposed Zbtb48 signal from the germplasm. 

This co-localization was also observed in the PGCs of both wild-type and zbtb48-/- mutants at 
1 dpf (Figure 45c). Notably, an additional Zbtb48 signal outside the Ziwi foci was occasionally 
detected in both wild-type and mutant embryos (arrow), with this signal being more pronounced 
in the mutants. However, the exact cellular compartment where this additional staining occurs 
could not be determined. 
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Given Zbtb48's roles as both a telomere binder and a transcription factor, its nuclear 
localization was examined. Staining was performed on 4 hpf embryos, when zbtb48 mRNA 
levels were still high, as shown in Figure 4. The T2-BTB antibody revealed signals in both the 
nucleus (Figure 46ai) and the cytoplasm (Figure 46aii). During mitosis, the signal did not co-
localize with DAPI. Instead, most of the signal appeared localized in the cytoplasm, possibly 
at the spindle poles (Figure 46aiii). Similar to the 4-cell stage, no signal was observed in the 4 
hpf embryos probed with T3-BTB antibody. 
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When staining was repeated on 1 dpf embryos, a different pattern emerged. The T2-BTB 
antibody showed no nuclear or cytoplasmic signal but revealed prominent staining in the PGCs 
at the gonadal ridge (Figure 46bi, boxed), consistent with Figure 45c. In contrast, the wild-type 
embryos probed with T3-BTB antibody showed a distinct signal in what appears to be the 
epidermal layer, but such signal was absent in zbtb48-/- mutants (Figure 46bi). Closer 
examination of the tail region (Figure 46bii) showed that the signal localized to the nucleus of 
epidermal cells. This epidermal staining is intriguing because the scRNA-seq data indicates 
low zbtb48 mRNA levels in the epidermis like the other tissues at 1 dpf (Figure 44a). However, 
adult scRNA-seq data also indicate that the skin has the second highest zbtb48 expression 
level after the testis (Figure 44b), which might explain the observed epidermal expression. 

In summary, the T2-BTB antibody showed germplasm staining at the 4-cell stage and in PGCs 
at 1 dpf. This result aligned with the high zbtb48 mRNA levels observed in germ cells, as 
indicated in Figure 44. However, the signal was not diminished in mutant samples, suggesting 
that the T2-BTB antibody might either recognize both wild-type and mutant Zbtb48 proteins, or 
that the observed staining in the germplasm and PGCs may not be specific to Zbtb48. The 
latter could also explain why such staining was not seen with the T3-BTB (M) antibody, which 
was the antibody previously used in IP-MS on PAC2 cells and detected Zbtb48 (Figure 37d).  

Conversely, the T3-BTB antibody exhibited nuclear staining in the epidermal layer of 1 dpf 
embryos, which the loss of signal in zbtb48-/- mutants supports the antibody’s specificity. 
However, the absence of staining in the germplasm and PGCs with the T3-BTB antibody 
remains puzzling, given the strong evidence supporting zbtb48 expression in germ cells.  

The conflicting results between the IF staining obtained with the two different antibodies and 
the scRNA-seq data further underscore the need for validation to resolve issues with antibody 
specificity and effectiveness for IF applications. Although attempts were made to perform 
staining on 5 dpf larvae, the complexity of the organism and high background signal in other 
tissues made imaging and interpreting of results at this stage challenging. 

 

Western blot analysis on gonads 

To evaluate the suitability of the antibody for Western blot analysis, a blot was performed using 
protein lysates from adult gonads, as these tissues show the highest zbtb48 expression among 
adult organs. Testes from both wild-type and zbtb48-/- mutants, collected at one year of age, 
were probed with BTB-T2 and BTB-T3 antibodies. However, the overall quality of the blot was 
poor, making it difficult to assess the loss of bands in the mutants. Inconsistent amounts of 
proteins were observed across the wild-type and mutant lysates, despite the calculated 
concentration loaded were equal. 

A strong band was detected between the 53 and 70 kDa markers with the BTB-T2 antibody 
(Figure 47ai), which corresponded to a band previously observed in Figure 37ai. However, this 
band was also present in the zbtb48-/- mutant lysates. When the blot was probed with BTB-T3 
antibodies, very few bands were observed in the wild-type samples (Figure 47aii). Re-probing 
with BTB-T3 (M) antibody revealed multiple bands, but no clear differences in banding patterns 
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between wild-type and zbtb48-/- mutant testes were observed (Figure 47aiii). When the analysis 
was extended to the ovary of a nine-month-old wild-type, a large smear appeared on the blot 
(Figure 47aiii), likely due to the large yolk content. Unfortunately, these Western blot results 
were inconclusive and did not provide any clarity on the effectiveness of the antibodies against 
Zbtb48. This lack of specificity could be attributed to the antibodies being polyclonal, which 
may have resulted in the detection of non-Zbtb48-specific bands. Additionally, Zbtb48 may be 
a low-abundance protein, making its detection through Western blotting inherently difficult. 
 

qRT-PCR analysis on gonads 

Next, to determine whether the dysregulated genes identified in the 5 dpf omics analysis were 
also extended to the gonads, qRT-PCR was performed on gonad samples. To facilitate 
identification at early developmental stages, the zbtb48-/- mutant line was crossed with a 
transgenic vasa-egfp line (Tg(vasa-egfp)). (Tg(vasa-egfp); zbtb48+/-) mutant parents were then 
in-crossed to produce zbtb48-/- mutant offspring, with wild-type siblings serving as controls. 

Since scRNA-seq data indicate that zbtb48 is highly expressed in germ stem cells and meiotic 
cells (Figure 44c and d), the gonads were harvested at earlier developmental stages to 
maximize the ratio of germ stem cells and meiotic cells to total cells. Zebrafish gonads begin 
differentiating after 25 dpf, with ovaries completing differentiation by approximately 35 dpf. In 
contrast, testes differentiation is typically completed by 45 dpf, as it requires an additional 
process of oocyte removal before differentiating 160,161. 

To assess whether dysregulation could already be detected in differentiating gonads, samples 
were collected at 33 dpf (WT n = 13, zbtb48-/- n = 3) and from differentiating testes or non-
ovary gonads at 40 dpf (n = 4 per genotype). A significant 2.4-fold downregulation of mtfp1 
was observed in zbtb48-/- mutants at both 33 dpf and 40 dpf (p = 0.007 and 0.05, respectively) 
(Figure 47bi and Figure 47bii). Conversely, akr7a3 showed a significant 5.4-fold 
downregulation in the 33 dpf differentiating gonads (p = 0.0013), but the stronger 11.8-fold 
downregulation at 40 dpf was not statistically significant (p = 0.08). Other genes, such as atox1, 
hdac10, zgc:153284, and col28a2a, showed no statistically significant differences between 
wild-type and mutant gonads at either 33 dpf or 40 dpf.  

To investigate whether similar results would be observed in mature testes, where highest 
zbtb48 expression was observed in Figure 44b, qRT-PCR was repeated on testes harvested 
from 1-year-old males (n = 4 per genotype). Interestingly, more genes exhibited significant 
differences in the testes of 1-year-old males compared to the differentiating gonads at 33 dpf 
and 40 dpf. In zbtb48-/- mutants, a more than 2-fold downregulation of mtfp1, akr7a3, and atox1 
(p = 0.04, 0.001, and 0.04, respectively), along with an 8.5-fold upregulation of zgc:153284  
(p = 0.003), was observed (Figure 47biii). However, levels of hdac10 and col28a2a remained 
unchanged.  

Unfortunately, due to an insufficient number of female fish, qRT-PCR was not performed on 
ovaries from 40 dpf or older samples. 
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Overall, the qRT-PCR results consistently showed significant downregulation of mtfp1 in all 
tested gonads. While downregulation of akr7a3 and atox1, as well as upregulation of 
zgc:153284, was observed, these changes were not consistent across all samples. So far, 
hdac10 and col28a2a have not shown significant changes in the tested gonads. 

 

 

Proteome analysis on gonads 

Proceeding from the promising qRT-PCR results, proteome analysis was also conducted on 
gonad samples. Differentiated ovaries (n=3 per genotype) and differentiating testes (n=4 per 
genotype) were collected from those 40 dpf siblings used in qRT-PCR. The proteome analysis 
of ovaries identified 850 downregulated proteins and 38 upregulated proteins out of 6,015 
quantified (Figure 48ai). Conversely, in the testes proteome analysis with 5,891 quantified 
proteins using the same threshold (fold change >|2|, p-value < 0.05), it has much lower number 
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of protein that were downregulated, with 30 proteins downregulated and 22 upregulated in 
zbtb48-/- mutants (Figure 48aii). Notably, there was a stark difference in the number of 
downregulated proteins between the differentiated ovaries and differentiating testes in 40 dpf 
zebrafish. 

To investigate whether the fully differentiated, mature testes exhibit greater downregulation 
compared to 40 dpf differentiating testes, proteome analysis was also conducted on testes 
harvested from 10.5-month-old second-generation zbtb48-/- mutants and its wild-type 
counterpart. Interestingly, the analysis revealed an increase in the number of downregulated 
proteins, with the downregulation of 227 proteins while 9 proteins were upregulated out of the 
5,419 quantified (Figure 48aiii). This suggests that gonad maturity increases the number of 
downregulated proteins, potentially correlating with the expression level of Zbtb48. 

Among the three types of gonads examined, Zbtb48 was only detected in the proteome of wild-
type 40 dpf ovaries, further highlighting its low expression levels and explaining the difficulty in 
detecting it via Western blot (Figure 47a). It is intriguing that, despite the ovary and 
differentiating testes being from siblings of the same age, Zbtb48 was only detectable in the 
differentiated ovary, suggesting higher Zbtb48 expression in fully differentiated gonads. 
However, this hypothesis would require additional analysis of recently differentiated testes, 
such as those from 45 dpf samples. 

A comparative analysis of the three gonad proteomes revealed a distinct set of commonly 
dysregulated proteins than those identified in the 5 dpf proteome analysis (Figure 48b). The 
functions of these proteins are detailed in Table 3. Notably, Mtfp1 showed consistent and 
significant downregulation across all gonad proteomes, aligning with previous findings from 
the 5 dpf proteome analysis (Figure 42a) and further supported by qRT-PCR results (Figure 
47b). A deeper analysis of Mtfp1 peptides identified by mass spectrometry revealed a drastic 
reduction of Mtfp1 in the zbtb48-/- mutants, particularly in the testes of 10.5-month-old samples, 
where Mtfp1 was not detected in mutants but highly expressed in wild-type samples (Figure 
48c). In addition to Mtfp1, a chitinase, Chia.6, was significantly downregulated across all gonad 
proteomes. 

Interestingly, the proteome of 10.5-month-old testes shared more commonly downregulated 
proteins with 40 dpf differentiated ovaries than with 40 dpf differentiating testes. This may be 
attributed to the fewer downregulated proteins detected in the 40 dpf testes, indicating distinct 
effects of the zbtb48 knockout between differentiating and differentiated gonads, regardless of 
age or sex. 

In total, 15 other proteins, in addition to Mtfp1 and Chia.6, were commonly downregulated in 
both 40 dpf ovaries and 10.5-month-old testes. This list includes Gbp3, previously identified as 
downregulated in 5 dpf zbtb48-/- larvae. Two additional mitochondrial proteins (Mipep and 
Mrpl45) were also downregulated, although their relationship remains unclear. The remaining 
commonly downregulated proteins include Dhx57, Gtf2h4, Hira, Mdn1, Nbas, Parp14rs1, 
Parp9, Slc29a1a, Tdrd12, Zgc:161973, Zmym4, and Zpr1.  
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Tdrd12, a protein crucial for gametogenesis, is noteworthy. Deficiency in Tdrd12 is known to 
cause infertility in males 162, yet in zbtb48-/- mutants, its downregulation was not severe enough 
to induce infertility, as both male and female zbtb48-/- fish were fertile, even up to second 
generation (Fish ID: 872) at 1.5 years of age.  
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Conversely, only three proteins were commonly downregulated between 40 dpf ovaries and 
testes: Ark7a3, Hspa12b, and Senp3a. Ark7a3 had been previously identified as 
downregulated in 5 dpf zbtb48-/- larvae, though its transcript downregulation in 40 dpf sibling 
testes was not significant according to qRT-PCR. Despite the high number of downregulated 
proteins, only one protein—H1.0 linker histone (H1f0)—was commonly upregulated in both 40 
dpf ovaries and testes. Additionally, Golgb1, which was downregulated in the 5 dpf zbtb48-/- 
larvae, was only found to be downregulated in the 40 dpf testes but not in the ovaries or 10.5-
month-old testes. 

Comparing the proteomic results from adult testes with the qRT-PCR data, the significant 
downregulation of ark7a3 and atox1, as well as the upregulation of zgc:153284 transcripts in 
qRT-PCR of one-year-old testes, were not reflected in the proteome of the 10.5-month-old 
testes.  

Overall, the proteome analysis of gonads has yielded intriguing results. The differentiated 
ovaries at 40 dpf surprisingly showed protein dysregulation in the zbtb48-/- mutant that was 
more similar to the 10.5-month-old testes than to the 40 dpf differentiating testes of its sibling. 
This suggests that gonad maturity may influence Zbtb48 expression levels, which in turn could 
affect the transcriptional differentiation of certain genes. Although the precise role of Zbtb48 
remains unclear in this study, the proteome analysis across various gonads offers valuable 
insights into its potential function as a transcriptional regulator. Additionally, it highlights Mtfp1 
as an evolutionarily conserved target of Zbtb48, as Mtfp1 was consistently downregulated at 
both the transcript and protein levels in the zbtb48-/- mutant.  
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Discussion 

Overview 

This study has successfully established CRISPR-Cas9 knockout zebrafish lines for hmbox1a, 
hmbox1b, and zbtb48, with all the deletions resulting in frameshift mutations. For Hmbox1a/b 
study, two CRISPR knockout lines were generated for each gene, with most of the experiments 
performed on hmbox1a and hmbox1b mutants with larger deletions, as single mutants 
(hmbox1aLD/LD and hmbox1bLD/LD) and/or (hmbox1aLD/LD; hmbox1bLD/LD) double mutant. On the 
other hand, only one knockout line has been established for Zbtb48 study.  

Previously, HMBOX1 was reported as a positive regulator of telomere length in mammalian 
cells 77, whereas ZBTB48 was reported as a negative regulator 73,74. This study has 
investigated whether this role is also conserved in the zebrafish ortholog. However, no 
significant difference in telomere length was found between the first generation homozygous 
(hmbox1aLD/LD; hmbox1bLD/LD) double mutants and zbtb48-/- mutants when compared to their 
respective wild-type counterparts. One of the plausible explanations may be that it requires 
several generations before the telomere length change became evident in the mutants. 
Furthermore, telomere length was primarily measured in adult fins or embryo tails, rather than 
in tissues known for high telomere elongation activity or where high expression of Hmbox1a, 
Hmbox1b, and Zbtb48 has been reported. 

This study also did not find any difference in the lifespan of hmbox1aLD/LD, hmbox1bLD/LD and 
(hmbox1aLD/LD; hmbox1bLD/LD) mutants from their wild-type counterpart in the first three inbred 
generation. Conversely, the first generation zbtb48-/- mutants preliminarily showed a better 
survival rate than their wild-type counterparts in the first year of age. Since this result was 
based on two crosses, with one terminating at one year, further investigation with a larger 
sample size and more crosses would be required to draw a definitive conclusion. 

All homozygous mutants also appeared healthy and did not exhibit any visible physical 
difference from wild-type fish. Although unusual swimming behavior was observed in the third 
generation of inbred (hmbox1aLD/LD; hmbox1bLD/LD) double mutants, such abnormality was not 
observed in subsequent breeding attempt. Thus, suggesting that it may have resulted from 
environmental factors rather than the knockouts.  

Since no physical differences were observed at the organismal level, nor any changes in 
telomere length, attempts were made to study these mutants at the cellular level, focusing on 
cellular oxidative stress, senescence and telomere dysfunction-induced foci (TIF). However, 
these studies were hindered by technical challenges, as the protocol required further 
optimization, and the suitable reagents for zebrafish applications need to be explored. 

Overall, this study did not provide any evidence to clarify their role in telomere biology in 
zebrafish. It is very likely that these proteins are not as critical for fish survival as compared to 
other telomere-binding proteins like Terfa, Pot1, and telomerase 122,124,131,132. 
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In addition to the CRISPR knockout lines, this study has also generated antibodies to gain 
further insights into these proteins. In total, two Hmbox1a, one Hmbox1b, and four Zbtb48 
antibodies have been purified and validated. A series of experiments have revealed that 
Hmbox1a and Hmbox1b antibodies were more effective in IF applications in embryos than in 
Western blotting or IP. The Hmbox1a-T1 and Hmbox1b-T2 antibodies demonstrated specificity 
for Hmbox1a and Hmbox1b, respectively, while the Hmbox1a-T3 antibody appeared to 
recognize both paralogues, serving as a pan-Hmbox1a/b antibody.  

In contrast, the Zbtb48 antibodies showed suboptimal performance across all tested 
applications, leading to inconclusive results. While these antibodies could detect endogenous 
Zbtb48 in embryo protein lysates during IP applications, it also has a false-positive detection 
in zbtb48-/- mutants. All the Zbtb48 peptides detected in zbtb48-/- mutants have sequences that 
correspond to the epitope used for antibody generation and purification. Additionally, these 
epitope sequences were detected along with the MBP tag. Therefore, it is likely that the purified 
Zbtb48 antibody still contains the epitope peptide from the purification and resulted in a false 
positive detection of Zbtb48 in the mass spectrometry analysis. This issue was also observed 
with Hmbox1a/b antibodies, which raises concerns and cautions should be taken when 
interpretating such IP results. 

In addition to the challenges faced in IP, detecting Hmbox1a, Hmbox1b, and Zbtb48 via 
Western blot has been difficult due to nonspecific bands from the polyclonal antibodies. While 
not ruling out that the antibodies generated may be sub-optimal, this issue seems to be further 
exacerbated by the low abundance of these proteins in the sampled tissues. None of these 
proteins were detected in the proteomic analyses conducted on 4 hpf and 5 dpf embryos, 
despite the detection of Hmbox1a expression at 4 hpf via IF and Zbtb48 at 5 dpf using telomere 
pull-down. Furthermore, even with the enrichment methods deployed like telomere pull-down, 
the Hmbox1a/b paralogues were not detected, and while Zbtb48 was detected, it was often 
below the enrichment threshold when compared to the control probe in the embryos. These 
results highlight the low abundance of these proteins in the whole embryo, making it difficult to 
detect them on Western blot using the antibodies raised. 

According to the IF results, Hmbox1a was expressed during the blastula and gastrula stages 
(3–10 hpf), while Hmbox1b was expressed at 10 hpf to 3 dpf, but confined to the notochord 
and pronephros, which represent only a small population in the whole embryo. Therefore, this 
might explain the absence of Hmbox1a/b paralogues in telomere pull-downs. However, the 
telomere pull-down was not repeated on embryos of earlier stages due to technical challenges. 
Embryos at blastula stage have a larger yolk-to-cell ratio and removing yolk proteins would be 
crucial to avoid competition with proteins of interest during the pull-down process 136. However, 
to account for the limited number of cells in each embryo, and the inevitable loss of samples 
during de-yolking and washing steps, a larger sample size will be required to obtain sufficient 
protein concentrations for pull-downs. As a result, such pull-down was not performed on the 
embryos at blastula stage. On the other hand, as Hmbox1b was expressed only in a small 
group of cells, its protein level may have been diluted in the whole-embryo protein extract. 
Nevertheless, the IF experiments have successfully detected the expression of Hmbox1a/b 
paralogues in the embryos, revealing that they exhibit transient expression patterns. These 
results further underscore the importance of selecting samples at the appropriate 
developmental stage for analysis. 
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The telomere pull-down experiment in BRF41 has shown significant enrichment for Hmbox1b, 
Zbtb48, and all six shelterin components. However, in contrast to the telomere pull-down 
experiments in the embryos, most of these proteins were not detected in the embryo. These 
discrepancies could be attributed to various biological and/or technical factors. 

Firstly, tissue differences may play a role. As BRF41 cell line was derived from fin fibroblasts, 
it likely exhibits a distinct protein expression profile compared to whole embryos, which contain 
multiple cell types. Secondly, protein extraction methods are generally more optimized and 
simpler for cell lines than for embryos. Processing embryos may require the incorporation of 
different additional methods depending on the developmental stages. Early stages typically 
need de-yolking, while later stages often require additional enzymatic digestion or more 
intensive lysis techniques, such as sonication, to break down the skin barrier and extracellular 
matrix. Having an optimal lysis method is crucial, as suboptimal processing can lead to low 
protein yields and biased results, while excessive sonication may alter protein conformation, 
potentially compromising protein integrity and affecting telomere-binding activity 163,164. Thirdly, 
proteins with very high affinity for telomeres may remain bound to DNA during cell lysis, 
causing them to pellet and be discarded, which could explain their absence from the lysate 
used in the pull-down assay. Alternatively, lower affinity binders may not have been pulled 
down due to competition. Lastly, low abundance proteins may not be detected if they fall below 
the detection limit of mass spectrometer. 

Overall, although this study did not uncover the telomeric roles of these proteins in zebrafish, 
it has gained a lot of insight on the spatiotemporal expression patterns of Hmbox1a/b 
paralogues and Zbtb48 using IF staining and existing single-cell RNA sequencing (sc-RNA-
seq) data. In the following discussion, I will delve deeper into their potential roles in various 
tissues based on the expression patterns of these proteins. 

Hmbox1a/b paralogues 

Through IF staining, Hmbox1a was found expressed in the nuclei of embryonic cells as early 
as 1k-cell stage (3 hpf) and persisting at least until the bud stage (10 hpf). Since Hmbox1a is 
maternally deposited and not expressed by the zygotes after the zygotic genome activation, 
its expression likely began in the oocytes.  

It was speculated that HMBOX1 elongates telomere through facilitating telomerase recruitment 
77. This was based on a few pieces of evidence like co-localization of HMBOX1 signal with 
telomere foci, localization of HMBOX1 signal to Cajal bodies, and enrichment of telomerase 
active component using IP. Like the previous report, Hmbox1a was found co-localizing with 
telomere foci in 4 hpf embryos. This frequency was higher than its ortholog in human HeLa 
cells, but lower than in mouse spermatocytes 77, which the latter has a higher telomerase 
activity 88. Unfortunately, IF staining of the Cajal bodies was not performed in this study, hence, 
it is unclear if Hmbox1a also localized to it to participate in telomerase activity in zebrafish. 
Furthermore, the IP experiments performed on the 1 to 3 dpf embryos and the PAC2 cell line 
lysates failed to enrich for Hmbox1a, and no IP was not performed on the tissues where 
Hmbox1a expressed, such as oocytes or early embryonic stages. Although some of these IPs 
enriched for Hmbox1b, they did not enrich for the active component of the telomerase.  
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Despite lacking these pieces of evidence to support Hmbox1a's role as a telomerase recruiter, 
this study found that the expression level of Hmbox1a in the nucleus appears to correlate with 
changes in telomerase activity level throughout the cell cycle, which was not reported in the 
previous study. Hmbox1a expression was lowest during mitosis, which coincides to when 
telomerase activity is also at its lowest in the cell cycle 165. Based on the co-localization of the 
Hmbox1a signal with telomere foci and its expression level coinciding with telomerase activity, 
it is likely that Hmbox1a may also help recruit telomerase in zebrafish. However, further 
investigations at molecular level are needed to strengthen this hypothesis. 

The expression of Hmbox1b begins later than Hmbox1a. However, the absence of Hmbox1a 
during early embryonic development does not appear to influence the spatiotemporal 
expression of Hmbox1b. In hmbox1aLD/LD mutants, Hmbox1b expression remains detectable 
like in the wild-type embryos. Hmbox1b expression begins in the notochord at around 90% 
epiboly (9 hpf) when it forms and diminishes after 2 dpf. Additionally, Hmbox1b was expressed 
in the pronephros shortly after forming at the 14-somite stage (16 hpf) and fades by 3 dpf. 
Hmbox1b expression was observed in the nucleus of both the notochord and pronephros, 
which are both derived from the mesoderm layer. Notably, Hmbox1b expression in the 
pronephros aligns with microarray data showing that the human HMBOX1 ortholog is highly 
expressed in human kidney tubules among various tissues analyzed 81. 

Generally, most of the genes from the homeobox family play a critical role in orchestrating 
embryonic development, which may explain the early expression of Hmbox1a/b paralogues. 
To speculate on the role of Hmbox1b, its expression pattern was compared to other homeobox 
genes during early embryo development. Hmbox1b expression pattern appears to be different 
from the well-characterized hox genes, which exhibit transient and regionally restricted 
expression to coordinate body segment identity 166. On the other hand, although Hmbox1b also 
shows transient expression but spans the entire notochord in the somite region. 

The notochord is a transient rod-like structure that extends along the embryo's anterior-
posterior axis, serving as a signaling center to guide surrounding tissue development in 
chordates 167. noto (also known as floating head, flh), another homeobox gene, is important for 
proper formation of notochord 168. Similar to noto, Hmbox1b is expressed throughout the 
notochord in somite segments but is absent in rhombomeres (brain regions) 168,169. Although 
Hmbox1b was expressed during notochord formation, hmbox1bLD/LD mutants showed no 
apparent defects, unlike noto mutations, which result in notochord loss 168, or other mutations 
that result in notochord deformities 170,171. Similarly, adult hmbox1bLD/LD mutants displayed no 
signs of spine deformity, despite the notochord transforming into the spine during later 
development 172,173. Therefore, it is unlikely that Hmbox1b plays an important role in notochord 
or spine formation, and its function in the notochord remains unresolved in this study. 

It is plausible that Hmbox1b functions as a signaling molecule in the notochord, potentially 
associated with the pronephros. While the specific signals it mediates were unclear, Hmbox1b 
expression spans the entire pronephros (excluding the podocytes) and aligned with the timing 
of pronephros extension and segmentation. Although the HMBOX1 ortholog has been shown 
to aid stem cell differentiation into vascular endothelial cells in rodents 92,93, it appears unlikely 
that it influences stem cell differentiation in the pronephros in zebrafish. The hmbox1bLD/LD 
mutant embryos showed no apparent defect on pronephros morphology or positioning, as 
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visualized by the RNA-FISH staining of pronephros marker cdh17. Therefore, it seems unlikely 
that Hmbox1b plays a critical role in pronephros differentiation, elongation, or positioning along 
the body axis. 

The localization of Hmbox1b expression in the pronephros closely mirrors cdh17, a pan-
pronephros marker, which also excludes the podocytes. However, the cdh17 marker alone 
does not provide information about nephron segmentation. The zebrafish pronephros is 
divided into eight distinct segments and each segment being characterized by different solute 
carriers, which are responsible for nutrient, electrolyte, and water reabsorption 174. Differential 
gene expression in the pronephros begins as early as the 8-somite stage (13 hpf), with all 
segments formed by 24 hpf and some continuing to elongate until 48 hpf. This segmentation 
is regulated by various signaling factors such as hnf1b, retinoic acid, and Notch 141,175–180. 

Intriguingly, the hnf1b paralogues, which are among the segmentation regulators, also belong 
to the HNF class of the homeobox gene family, like hmbox1a/b. Given that they are from the 
same class of genes, this raised concerns that the Hmbox1b antibody generated might be 
recognizing Hnf1b and staining the pronephros. However, further investigation of the amino 
acid sequence identity revealed that these Hnf1b paralogues share less than 30% identity with 
Hmbox1b. Furthermore, according to the previously published RNA in situ hybridization of 
hnf1ba and hnf1bb  176, it showed that hnf1ba is expressed throughout the pronephros except 
for the podocytes and cloaca, while hnf1bb is mainly expressed in the proximal part of the 
pronephros. In contrast, Hmbox1b expression spans the entire pronephros that except for the 
podocytes. The Hmbox1b antibody that also showed notochord staining, which neither of the 
hnf1b paralogue expression was found in the notochord 176. Lastly, the absence of Hmbox1b 
signal in the immunofluorescence of hmbox1bLD/LD mutants further confirms that the generated 
Hmbox1b antibody was recognizing Hmbox1b in the pronephros and not Hnf1b. These results 
not only validate Hmbox1b expression in the pronephros but also suggest a distinct role for 
Hmbox1b compared to Hnf1b in pronephros development. 

To assess Hmbox1b's role in pronephros segmentation, attempts were made to perform RNA 
in situ hybridization for segment labelling. However, these efforts were hindered by technical 
challenges. Despite this, the uniform expression of Hmbox1b, which lacks the gradient or 
restricted patterns typical of segmentation factors, suggests it is less likely to play a significant 
role in segmentation. While nephron tubule segmentation and reabsorption remain 
unexamined, glomerular filtration by podocytes appears unaffected in (hmbox1aLD/LD; 
hmbox1bLD/LD) mutants as it is where Hmbox1b was not expressed. 

The early onset of Hmbox1b expression in the pronephros during its formation raises the 
question of whether Hmbox1b is also expressed in the newly formed nephrons as the kidney 
transitions into the mesonephros. Understanding this could reveal Hmbox1b's role in 
nephrogenesis beyond embryonic development and its potential involvement in nephron 
regeneration, given that the zebrafish kidney's is known to have regeneration capability 181. 
Speculatively, Hmbox1b could also play a role in regulating telomere length in these nephrons 
during nephrogenesis or regeneration. However, there was insufficient evidence to support 
this hypothesis, as IP failed to enrich any active components of telomerase in embryos, and 
no IF staining for Cajal bodies was performed. Additionally, the Hmbox1b staining in the 
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notochord and pronephros does not form foci, which hinders the verification of Hmbox1b 
localization to the telomeres. 

Apart from its renal function, the zebrafish adult kidney also acts as a hematopoietic marrow, 
similar to the bone marrow in mammals, and is sometimes referred to as the kidney marrow or 
head kidney 182,183. Notably, the telomere length of kidney marrow is similar to the testis, which 
is longer than those in the fins 125. These long telomeres are essential for maintaining 
hematopoietic function. This also raises the question of whether Hmbox1b contributes to 
maintaining telomere length in hematopoietic stem cells or plays a role in hematopoiesis, as 
the human HMBOX1 ortholog has been shown to be highly expressed in resting natural killer 
(NK) cells 184. 

However, there was a lack of evidence to support that Hmbox1b participates in hematopoietic 
function during early development. The spatial expression of Hmbox1b, in the pronephros and 
notochord, does not coincide with the sites of blood cell production during early embryogenesis. 
Prior to the formation of the kidney marrow, hematopoiesis in zebrafish occurs at distinct 
locations. Primitive erythropoiesis takes place in the intermediate cell mass (ICM) before 24 
hpf, while primitive myelopoiesis occurs in the anterior lateral mesoderm (ALM) 183,185. After 
circulation begins at 24 hpf, hematopoiesis shifts to the posterior blood island (PBI) briefly 
before transitioning to the aorta-gonad-mesonephros (AGM) region. After 2 dpf, hematopoietic 
stem cells (HSCs) migrate to various sites, including the caudal hematopoietic tissue (CHT) 
for blood development, the thymus for lymphocyte maturation, and the kidney marrow, which 
becomes the primary site of hematopoiesis 183.  

Importantly, IF staining did not detect Hmbox1b expression at any of these hematopoietic sites. 
Although the ICM is located near the pronephros, the two do not overlap spatially. IF-FISH 
experiments conducted in this study confirmed that Hmbox1b consistently localizes to the 
pronephros, as indicated by co-localization with the pronephros marker cdh17. Furthermore, a 
previously published in situ hybridization staining 186 has confirmed that the ICM and 
pronephros are two adjacent tissues, and they do not overlap with each other.  

So far, all studies have been conducted on embryos, leaving the roles of Hmbox1a and 
Hmbox1b in adults unaddressed. This study has focused on the spatiotemporal expression 
patterns of Hmbox1a and Hmbox1b, showing distinct expressions during embryonic 
development. Notably, their expressions were mainly linked to tissues with telomerase activity, 
such as oocytes, blastula-stage embryos, and the future pronephros, kidney. While it remains 
speculative whether Hmbox1a/b paralogues have a role in telomere length regulation, their 
expressions were found in tissues associated with telomerase activity. Unfortunately, this study 
failed to gather any strong evidence to support this hypothesis. 

Although attempts were made to conduct deeper analysis or functional tests specific to each 
tissue of interest, they were mainly unsuccessful due to technical limitations. Future work 
should focus on targeted adult tissues. For instance, the spatiotemporal expression of 
Hmbox1a in the ovary and Hmbox1b in the kidney should be validated in adult zebrafish. To 
assess their influence on telomeres, future experiments could include measuring telomere 
length, investigating co-localization of Hmbox1a and Hmbox1b with Cajal bodies or APBs, and 
evaluating their association with active telomerase components through IP. ChIP-seq could 
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also be used to decode the regulatory aspects of these paralogues. Additional studies, such 
as kidney function tests, blood panel analyses, and regeneration assays, would help clarify 
whether Hmbox1b plays a role in both renal and hematopoietic functions in the adult kidney. 

Zbtb48 

In comparison to the Hmbox1a/b study, which utilized IF to investigate spatiotemporal 
expression, the spatiotemporal expression of Zbtb48 was primarily explored using publicly 
available scRNA-seq data. Analysis of these data indicated that PGCs exhibited the highest 
zbtb48 transcript levels in 5 dpf larvae 151,152, while the gonads showed notable expression 
among adult tissues 153. Further analysis of gonad scRNA-seq datasets—including 40 dpf 
ovaries 155 and testes aged 5 to 22 months 154—consistently demonstrated that zbtb48 
transcript is highly expressed in specific gonad cell subsets, such as germ stem cells and 
gametocytes. 

Gonads, such as the testes, possess longer telomeres compared to most somatic tissues 125. 
While telomere length in somatic cells declines progressively over time, germline stem cells 
depend on telomerase activity to maintain their telomeres and sustain mitotic cell division 
necessary for reproduction 29. High Zbtb48 expression in the stem cells may help reinforce the 
upper limit of telomere length, consistent with its proposed role as a telomere trimmer 74. 
Beyond germ stem cells, high zbtb48 transcript levels were also reported in gametocytes, 
which undergo meiosis, a process that halves the chromosome number. However, the role of 
Zbtb48 in regulating telomere length during meiosis remains unclear, as there are insufficient 
studies to confirm whether telomere length changes during meiosis 187. 

Given that scRNA-seq profiling indicated zbtb48 transcript expression in PGCs at 5 dpf and 
adult gonads, IF staining was attempted using the Zbtb48 antibodies developed in this study 
to validate Zbtb48 presence in germ cells. Before the specialization of cells into PGCs, 
germline materials are localized within germplasms at cleavage furrows during early cleavage 
stages 158, identifiable as early as the 4-cell stage. When IF staining was performed at the 4-
cell stage and at 1 dpf using different Zbtb48 antibodies, the results were inconclusive. In wild-
type samples, Zbtb48-T2-BTB antibody stained the germplasm at the 4-cell stage and PGCs 
at 1 dpf, but this staining was still present in zbtb48-/- mutants. In contrast, Zbtb48-T3-BTB 
antibody did not stain the germplasm or PGCs but instead labeled the epidermal layer of wild-
type embryos at 1 dpf, with this signal absent in zbtb48-/- mutants, supporting the specificity of 
the Zbtb48-T3-BTB staining. However, the Zbtb48-T2-BTB antibody did not produce this 
epidermal signal. Unfortunately, as IF was not performed on 5 dpf larvae or adult gonads, 
where Zbtb48 expression was predicted based on RNA-seq data, it remains inconclusive 
which of the two Zbtb48 antibodies reliably represents the protein’s expression. 

Proceeding with the inconclusive IF result, proteome analyses were performed on various 
tissues that potentially express Zbtb48. This includes the 5 dpf whole larvae, and whole gonad 
tissues from 40 dpf ovaries and testes, and 10.5-month-old testes. Despite scRNA-seq data 
indicating high zbtb48 transcript levels in these tissues, Zbtb48 protein was barely detected in 
any proteome except for 40 dpf ovaries. The detection in 40 dpf ovaries likely reflects the 
higher population of germ stem cells and early oocytes in the just differentiated ovaries.  
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Gonads remain bipotential until ~21 dpf and start differentiation around 25 dpf 160,161. Ovary 
differentiation completes earlier (~35 dpf) than testis differentiation (~45 dpf), as testes 
undergo an additional step involving apoptosis of oocyte-like germ cells before differentiating 
into testes 188. Thus, the gonads analyzed likely represent different developmental stages: 40 
dpf ovaries had recently completed differentiation, 40 dpf testes were still differentiating, and 
10.5-month-old testes were fully matured. 

The differing cell population compositions in the gonads likely influence Zbtb48 protein levels. 
Zbtb48 expression appears higher in 40 dpf ovaries, which are primarily undergoing germ stem 
cell expansion and meiosis, compared to 40 dpf testes, which are dominated by ongoing 
differentiation and may be lacking the cell types that are highly expressing Zbtb48. However, 
Zbtb48 was also undetected in the proteome analysis of 10.5-month-old testes, despite the 
presence of germ stem cells and spermatocytes population, which supposedly expresses 
Zbtb48 154. It is likely that Zbtb48 was not detected due to the higher proportion of spermatids 
in the testes, which have minimal Zbtb48 expression. Thus, this is likely to reduce the overall 
Zbtb48 levels in 10.5-month-old matured testes 154. However, this low Zbtb48 level also 
conflicts with previous studies indicating that porcine mesenchymal stem cells (pMSC) exhibit 
higher ZBTB48 levels in later passages 110. Nevertheless, this finding suggests that Zbtb48 
expression is very low and confined to specific cell types. 

Despite the limited detection of Zbtb48, the proteome analyses revealed a skewed proteome 
distribution, with a significant number of proteins downregulated in the differentiated gonads 
of zbtb48-/- mutants. This supports its role as a transcriptional activator, in addition to its 
previously reported function in regulating telomere length in human studies 73. In 40 dpf ovaries, 
850 proteins were found downregulated and 38 were upregulated, while in 10.5-month-old 
testes, 227 proteins were downregulated and 9 were upregulated. This trend was less 
pronounced in 40 dpf testes (30 downregulated, 22 upregulated) and absent in 5 dpf proteomic 
data (80 and 99 downregulated, 109 and 152 upregulated, respectively). In contrast to the 
proteomic data, the transcriptomic analysis of 5 dpf samples showed a higher proportion of 
downregulated (n=25) than upregulated (n=7) genes in zbtb48-/- mutants. Notably, human 
U2OS and HeLa cells also showed this similar level of genes downregulation (23 and 11, 
respectively) 73. Overall, these results suggest that the protein downregulation intensifies in the 
gonad as the development progresses. 

Among the dysregulated genes, the nuclear-encoded mitochondrial protein Mtfp1 stood out 
due to its consistent downregulation across all proteome analyses, with the strongest effect 
observed in 10.5-month-old testes. This finding aligns with human studies where MTFP1 was 
downregulated in ZBTB48 knockout cancer cell lines 73, indicating it is an evolutionarily 
conserved target of ZBTB48. Although the transcriptomic analysis of 5 dpf samples did not 
reflect a significant downregulation of mtfp1 with the threshold used, qRT-PCR confirmed its 
significant reduction at 5 dpf. Similarly, downregulation of mtfp1 was also observed via qRT-
PCR in 33 dpf differentiating gonads, 40 dpf differentiating testes, and 1-year-old differentiated 
testes. These results highlight mtfp1 as a consistent target of Zbtb48 and underscore its critical 
role across developmental stages, even in the absence of detectable Zbtb48 expression. 

MTFP1 (also known as MTP18) is a protein essential for mitochondrial fission in human cells 
189. The knockout of MTFP1 leads to mitochondrial elongation 189, a phenotype also observed 
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in human ZBTB48 knockout cell lines 73. However, this mitochondrial elongation was not 
observed in zbtb48-/- zebrafish mutants at the blastula stage (~3 hpf). Instead, mitochondria 
appeared clustered in both wild-type and zbtb48-/- mutant embryos. Such clustered 
mitochondrial morphology has also been previously observed in wild-type zebrafish blastulae 
in another study 190. This suggests that zebrafish mitochondrial morphology may inherently 
differ from the tubular network observed in human cell lines. Moreover, studies on Mtfp1 
knockout mice have shown no significant morphological changes in the mitochondria of 
cardiomyocytes 191 or hepatocytes 192, and concluded its role in mitochondrial fission being 
dispensable. These findings highlight a contrast between the MTFP1 knockout phenotypes 
between human cell lines and tissues of model organisms. 

Beyond mitochondrial morphology, MTFP1 also influences mitochondrial function. For 
instance, knockdown of MTFP1 in oral squamous cell carcinoma caused cell cycle arrest, 
increased apoptosis, and reduced reactive oxygen species (ROS) production 193. In mice, 
Mtfp1 knockout resulted in impaired mitochondrial function in cardiomyocytes, leading to heart 
failure 191. Interestingly, in contrast, the knockout of Mtfp1 in hepatocytes increased 
mitochondrial respiration and provided protection against apoptotic liver damage 192. These 
findings indicate that MTFP1 exerts varying effects on cellular and tissue functions depending 
on the tissues. However, in this study, the impact of zbtb48 knockout on mitochondrial function 
in zebrafish was not explored beyond structural changes. 

Apart from being structurally dynamic organelles that continuously undergo fission and fusion 
194, mitochondria are also multifunctional. Mitochondria are the main site of energy production, 
and they are also the primary source of ROS generation, as they utilize the electron transport 
chain to produce ATP 195. Importantly, they also regulation redox homeostasis and apoptosis 
195–199. Dysregulation of ROS can cause cellular oxidative stress, which can lead to damage of 
cellular components, including DNA 200,201. Telomeres, in particular, are vulnerable, as they are 
primarily composed of guanine, the nucleotide most susceptible to oxidative damage 202. 
Although the oxidative stress levels and oxidative DNA damage in the cells of zbtb48-/- mutants 
were not measured, the omics analysis revealed some interesting findings. 

Both transcriptomic and proteomic analyses of zbtb48-/- mutants revealed a consistent trend of 
dysregulation in genes associated with redox homeostasis. However, none of these 
candidates were identified in the previous human cell line study. They are aldo-keto reductase 
(akr7a3) and guanylate-binding protein (gbp3), which both were frequently downregulated in 
the transcriptome and proteome of 5 dpf and gonads in zbtb48-/- mutants. In contrast, zbtb48 
knockout significantly upregulated zgc:153284 (predicted to have electron transfer and protein 
disulfide oxidoreductase activities) at both transcript and protein levels in the 5 dpf larvae. 
However, this upregulation was not observed in gonad proteomes. It remains unclear whether 
these genes are directly regulated by Zbtb48 at their promoters or a consequence of Mtfp1 
dysregulation. Further studies are needed to explore the mechanistic connections between 
these candidates and Zbtb48, as well as their association with mitochondrial functions. 

Apart from Zbtb48's regulation of Mtfp1 at the transcriptional level, the mouse MTFP1 ortholog 
is also regulated at the translational level by the nutrient-sensing mTORC1 pathway in mouse 
embryonic fibroblasts (MEF) cell line 203. The mTORC1 pathway has drawn attention recently 
due to its role in promoting longevity through calorie restriction (CR) 204. CR has been shown 
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to enhance antioxidant activity, reduce ROS levels, and protect against oxidative stress 205,206. 
However, it remains unclear whether ZBTB48 also participates in the mTORC1 pathway 
through MTFP1 regulation. 

Taken together, numerous connections between Zbtb48 and mitochondrial functions have 
been drawn in this study. Concomitantly, its high expression in zebrafish gonad tissues where 
telomerase activity is elevated, suggests a deeper relationship between Zbtb48’s role in 
mitochondrial function, telomerase activity, and telomere maintenance. Further exploration of 
Zbtb48 on the role of mitochondria and telomerase activity may help to better understand 
Zbtb48’s function at telomere. So far, interconnections between these factors have been briefly 
studied 207. For example, telomere dysfunction has been shown to impair mitochondrial 
biogenesis and function through p53 activation 208. Additionally, under oxidative stress, TERT 
is increasingly imported into the mitochondria, where it helps reduce mitochondrial ROS levels 
and protect both mitochondrial and nuclear DNA from damage 209,210.  

To gain a deeper understanding of how mitochondrial dysregulation and high telomerase 
activity affect the gonads in zbtb48-/- mutants, further studies should focus on various functional 
assays in gonads from different developmental stages. These should include, but not be limited 
to, the assessment of oxidative stress, TIF, localization of TERT in mitochondria, senescence 
markers, fertility, telomere length, proliferative capability, and differentiation potential to 
address questions that remain unresolved in this study.  
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Conclusion 

The initial aim of this study was to investigate the telomeric effects of Hmbox1a/b and Zbtb48 
at an organismal level. However, no significant changes in telomere length were observed in 
the fins of first-generation homozygous mutant animals, despite successfully generating the 
CRISPR knockout lines. Similarly, lifespan and fertility appeared unaffected in these mutants 
for at least the first two inbred generations. It is possible that a longer study duration is required 
to observe significant effects on telomere length in animal models. 

On the other hand, this study successfully examined the spatiotemporal expression of these 
proteins during early zebrafish development. For the first time, the physiological spatiotemporal 
expression of these proteins during development has been reported, as previous studies were 
mostly conducted on cell lines, focusing primarily on cancerous cells. Using IF, it was found 
that Hmbox1a is maternally inherited and expressed during early embryonic development. In 
contrast, Hmbox1b is expressed later in development, with its expression unaffected by 
Hmbox1a. Specifically, Hmbox1b was found in the pronephros and notochord, with the signal 
in the pronephros gradually fading as segmentation completes. Meanwhile, scRNA-seq data 
have revealed that Zbtb48 is highly expressed in the germ stem cells and gametocytes of the 
gonads. 

Unfortunately, due to time and technical limitations, the functional roles of Hmbox1a, Hmbox1b, 
and Zbtb48 were not uncovered in this study. However, the proteomic analyses in the Zbtb48 
study successfully recapitulated its regulatory role on Mtfp1 in zebrafish. This suggests an 
important relationship between them, as MTFP1 remains a conserved target of ZBTB48 
throughout evolution. 

As this study primarily focused on the spatiotemporal expression of these proteins during early 
development, future research should expand the investigation to specific adult organs where 
they are expressed. This would involve conducting organ-specific functional tests, molecular 
assays, and telomere length measurements. 
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Materials 

Biological materials 

Cell lines 
Cell line Source 
BRF41 Zebrafish fibroblast (CVCL_4131)  
PAC2 Zebrafish fibroblast (CVCL_5853) 
HEK293T  

E. coli strains 
Strain Source 
NEB® 5-alpha Competent E. coli (High Efficiency) NEB, C2987 
One Shot™ TOP10 Chemically Competent E. coli Invitrogen, C404010 
BL21 Competent E. coli NEB, C2530 
NEB® Stable Competent E. coli  NEB, C3040 

Zebrafish lines 
Fish line Type Source 
AB/Tübingen strain Wild-type KIT - European Zebrafish Resource 

Center (EZRC) 
Tg(vasa:eGFP)  Transgenic line KIT - European Zebrafish Resource 

Center (EZRC)  
(from Krøvel,& Olsen 156)  

Tg(wt1b:eGFP)li1 Transgenic line KIT - European Zebrafish Resource 
Center (EZRC) 
(from Zhou et al. 142)  

hmbox1aLD/LD 

CRISPR-Cas 
mutant Created during this study 

hmbox1aSD/SD 
hmbox1bLD/LD 
hmbox1bSD/SD 
hmbox1aLD/LD; hmbox1bLD/LD 
hmbox1aSD/SD; hmbox1bSD/SD 
zbtb48-/- 

 
  



98 
 

Plasmids 
 
Plasmid 
number 

Glycerol 
number Plasmid Insert Backbone Description/ 

Purpose 

P1157 G515 Full length hmbox1a-Main 
(with stop codon) 

pCR8/GW/TOPO Holding vector 

P1155 G513 
Full length cDNA of 
hmbox1b-X1 (with stop 
codon) 

P1139 G507 
Full length cDNA of 
hmbox1b-X2 (with stop 
codon) 

P1156 G514 
Full length cDNA of 
hmbox1b-X3 (with stop 
codon) 

P1142 G509 Full length cDNA of zbtb48 
(with stop codon) 

P1137 G504 C-terminal of Hmbox1a  

pCoofy4 

Epitope 
expression  
 
(N-terminal His6-
MBP) 

P1133 G506 C-terminal of Hmbox1b  
P1234 G516 BTB domain of Zbtb48 

P1136 G501 ZNF domain of Zbtb48 

P1019  (Empty) 

PX459-V2 

CRISPR-Cas9  
 
For transfection 
in PAC2 cells 

P1247 G534 hmbox1a, gRNA1 
P1249 G535 hmbox1a, gRNA2 
P1248 G536 hmbox1b, gRNA1 
P1250 G537 hmbox1b, gRNA2 
P1285 G550 (Empty) 

plentiCRISPRV2-
Puro 

CRISPR-Cas9  
 
For transduction 
in PAC2 cells  

P1281 G546 hmbox1b, gRNA1 

P1282 G547 hmbox1b, gRNA2 

P1237 G524 hmbox1a, gRNA1 

pDR274 
(SP6 promoter) 

CRISPR  
 
gRNA synthesis 
for embryo 
injection 

P1238 G525 hmbox1a, gRNA2 
P1239 G526 hmbox1b, gRNA1 
P1240 G527 hmbox1b, gRNA2 
P1243 G530 zbtb48, gRNA1 
P1244 G531 zbtb48, gRNA2 

  (Empty) pCS2-eGFP 
For transfection 
test in PAC2 
cells 

  (Empty) pMDLg/pRRE Lentivirus 
packaging 
plasmids 

  (Empty) pRSV-Rev 
  (Empty) pMD2.G 

 
  



99 
 

Oligonucleotides 
 
Primers for amplification and genotyping (1/2) 
Oligo 
number Sequence Description/ Purpose 

4211 ATGTCCCATTATACAGATGAG 

Full-length cDNA of hmbox1a for 
pCR8/GW/TOPO cloning; Forward 
primer 
 
Genotyping- T7E1 for hmbox1a 

4212 TCACTCATCATCCAGCAC 
Full-length cDNA of hmbox1a for 
pCR8/GW/TOPO cloning; Reverse 
primer with stop codon 

4214 ATGTCTCACTACACAGACGAG 

Full-length cDNA of hmbox1b for 
pCR8/GW/TOPO cloning; Forward 
primer 
 
Genotyping- T7E1 for hmbox1b 

4215 TCAGTCGTCATCTATCGCTTC 
Full-length cDNA of hmbox1b for 
pCR8/GW/TOPO cloning; Reverse 
primer with stop codon 

4220 ATGGAGAAACTTGCAGAA 

Full-length cDNA of zbtb48 for 
pCR8/GW/TOPO cloning; Forward 
primer 
 
Genotyping- zbtb48- 

4221 TTAGTCTTTTCTATCAGCCTC 
Full-length cDNA of zbtb48 for 
pCR8/GW/TOPO cloning; Reverse 
primer with stop codon 

4223 AAGTTCTGTTCCAGGGGCCC 
CATGGGATTGATGTCCAAAGC 

Epitope sequence for Hmbox1a for 
pCoofy4 cloning; Forward primer 
 
Genotyping- Identifying hmbox1a 
variants 

4224 CCCCAGAACATCAGGTTAATGGCG 
CATCTCTACTGCCAGAGC 

Epitope sequence for Hmbox1a for 
pCoofy4 cloning; Reverse primer 
 
Genotyping- Identifying hmbox1a 
variants 

4286 AAGTTCTGTTCCAGGGGCCC 
GGTTGCGATGTTGCCTATTTT 

Epitope sequence for Hmbox1b for 
pCoofy4 cloning; Forward primer 

4287 CCCCAGAACATCAGGTTAATGGCG 
TAGGGCGAGGATGCTGTG 

Epitope sequence for Hmbox1b for 
pCoofy4 cloning; Reverse primer 

4229 AAGTTCTGTTCCAGGGGCCC 
GTGCTGTCTTTGCTCAACA 

Epitope sequence for Zbtb48-BTB 
for pCoofy4 cloning; Forward primer 
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Primers for amplification and genotyping (2/2) 
Oligo 
number Sequence Description/ Purpose 

4719 CCCCAGAACATCAGGTTAATGGCG 
GGTTTTGATGGATCACCTTCA 

Epitope sequence for Zbtb48-BTB 
for pCoofy4 cloning; Reverse primer 
 
Genotyping- zbtb48- 

4231 AAGTTCTGTTCCAGGGGCCC 
ACTCAAGCCAGTCTGGACA 

Epitope sequence for Zbtb48-ZNF 
for pCoofy4 cloning; Forward primer 

4232 CCCCAGAACATCAGGTTAATGGCG 
AATTTCCTCATGCCCTTGTG 

Epitope sequence for Zbtb48-ZNF 
for pCoofy4 cloning; Reverse primer 

4767 CTCGACTCGGTCATCGA Genotyping- T7E1 for hmbox1a and 
Genotyping- hmbox1aLD and 
hmbox1aSD 

4774 CTCATGAGCTCCTCCAC Genotyping- T7E1 for hmbox1b 
4835 GCAACAGTCTGGCATTGAGA Genotyping- hmbox1aLD 
4820 AAACTGAGCATGCCGATGGCCAAAC Genotyping- hmbox1aLD 

(also hmbox1a gRNA1) 
4768 GTGGAGGAGCTCATGAG Genotyping- hmbox1bLD 
4976 GTGTTGTGCTGTGTGTCAGTGTGTTT Genotyping- hmbox1bLD 

 
 
Primers for plasmid sequencing 
Oligo 
number Sequence Description/ Purpose 

404 GTTGCAACAAATTGATGAGCAATGC pCR8/GW/TOPO  
405 GTTGCAACAAATTGATGAGCAATTA pCR8/GW/TOPO  
1421 GATGAAGCCCTGAAAGACG pCoofy4 
2191 GAGGGCCTATTTCCCATGATTCC PX459-V2 & plentiCRISPRV2-Puro 
3725 TGTAAAACGACGGCCAGT pDR274 

 
 
gRNA oligonucleotides for PX459 & pLentiCRISPRV2-Puro 
Oligo 
number Sequence Description/ Purpose 

4819 CACCG TTTGGCCATCGGCATGCTCA hmbox1a gRNA1-Top 
4820 AAAC TGAGCATGCCGATGGCCAAA C hmbox1a gRNA1-Bottom 
4821 CACCG GTGCTACAACCGGCATAG hmbox1a gRNA2-Top 
4822 AAAC CTATGCCGGTTGTAGCAC C hmbox1a gRNA2-Bottom 
4823 CACCGTCGAGGGCGTGCACGATCT hmbox1b gRNA1-Top 
4824 AAAC AGATCGTGCACGCCCTCGA C hmbox1b gRNA1-Bottom 
4825 CACCG AACTGCGTCTGAGTTGCTG hmbox1b gRNA2-Top 
4826 AAAC CAGCAACTCAGACGCAGTT C hmbox1b gRNA2-Bottom 
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gRNA oligonucleotides for pDR274 
Oligo 
number Sequence Description/ Purpose 

4732 TAGG TTTGGCCATCGGCATGCTCA hmbox1a gRNA1-Top 
4733 AAAC TGAGCATGCCGATGGCCAAA hmbox1a gRNA1-Bottom 
4734 TAGG GTGCTACAACCGGCATAG hmbox1a gRNA2-Top 
4735 AAAC CTATGCCGGTTGTAGCAC hmbox1a gRNA2-Bottom 
4736 TAGG TCGAGGGCGTGCACGATCT hmbox1b gRNA1-Top 
4737 AAAC AGATCGTGCACGCCCTCGA hmbox1b gRNA1-Bottom 
4738 TAGG AACTGCGTCTGAGTTGCTG hmbox1b gRNA2-Top 
4739 AAAC CAGCAACTCAGACGCAGTT hmbox1b gRNA2-Bottom 
4744 TAGG CAGGCCAGGACATTGCGAT zbtb48 gRNA1-Top 
4745 AAAC ATCGCAATGTCCTGGCCTG zbtb48 gRNA1-Bottom 
4746 AGG CATCGGGACACTCTAAAGGG zbtb48 gRNA2-Top 
4747 AAAC CCCTTTAGAGTGTCCCGATG zbtb48 gRNA2-Bottom 

 
qRT-PCR primers  
Oligo 
number Sequence Description/ Purpose 

NW542 CCTCACTTTGAGCTCCTCCAC β- actin- Forward 
NW543 GACCCACGATGGATGGGAAG β- actin- Reverse 
5655 ACATTTCGCACTCAAGCCAG zbtb48- Forward 
5656 GTGTGGTCGACCTTCTTGGT zbtb48- Reverse 
5679 CTGGGTCAGATTCCTGGGTT mtfp1- Forward 
5680 GCCTTTATCGATGGCGTCTG mtfp1- Reverse 
5685 TTCCTGGTCCTTGAGTTGGC zgc:153284- Forward 
5686 ACCCTGATGTTGCTTTACCTCT zgc:153284- Reverse 
5687 CACCGCGCTGATGTACAATG akr7a3- Forward 
5688 GGTCGCGATTCGAACTGTTT akr7a3- Reverse 
5714 ACACTGATGTCCTTCTGGAAACA atox1- Forward 
5715 GCAGCATGATTCTGACCTTATTGT atox1- Reverse 
5716 TGAATGTGGACACGAAGCCT col28a2a- Forward 
5717 CCAGGGGAGCCGATTCTTTTA col28a2a- Reverse 
5718 GGGGACCCAGAAGGTGAAAT hdac10- Forward 
5719 TTTTTCCTGCAGCCAAAGGC hdac10- Reverse 
5681 TGTTCGAGACCCCTCTTTGC pxmp2- Forward 
5682 AGCAGACAGAATACCACTCGT pxmp2- Reverse 
5675 CTCCGATGGCTCGCTGTTTA vwa5a- Forward 
5676 GTGCAGACTTTGCTTCACGG vwa5a- Reverse 
5677 GAAAGGACGACTAAAAGCGGTG ppp3cb- Forward 
5678 CAAACACCTCTCGCATGCTC ppp3cb- Reverse 
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 Telomere pull down baits 
Oligo 
number Sequence Description/ 

Purpose 
4031 TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGG

GTTAGGGTTAGGGTTAGGGTTAGGG 
TTAGGG- Forward 

4032 AACCCTAACCCTAACCCTAACCCTAACCCTAACCC
TAACCCTAACCCTAACCCTAACCCT 

TTAGGG- Reverse 

4033 GTGAGTGTGAGTGTGAGTGTGAGTGTGAGTGTGA
GTGTGAGTGTGAGTGTGAGTGTGAGT 

GTGAGT- Forward 

4034 ACACTCACACTCACACTCACACTCACACTCACACT
CACACTCACACTCACACTCACACTC 

GTGAGT- Reverse 

 
 
RNA-FISH (smFISH) cdh17 probe set sequences (generated by Stellaris) 
Probe # Probe (5'-> 3') Probe position * Percent GC 
1 CCTGCTCAAGTCAAAGTAGG 18 50.00% 
2 GTAAAACCTGTCAGCAGAGC 81 50.00% 
3 CAAAAGTGCACCTCTCATCG 110 50.00% 
4 CATGACCAATGCTGACGAGA 144 50.00% 
5 TCTGGCACATCTAAAACCGT 202 45.00% 
6 CGTCTTCAACTGCAGATGTA 255 45.00% 
7 CCATCTTCTGAAAGTGCTTC 394 45.00% 
8 ATCACTTGCAGTACAACCTG 436 45.00% 
9 AATGCTCTCTAATACTGCCA 501 40.00% 
10 TCTGAAGCAAACACCTGCAC 541 50.00% 
11 ATCTGTCCATTGTTTGGATT 652 35.00% 
12 TGTATGTTACGCTAGGTCTG 708 45.00% 
13 CTTTTTCTTCAGGACGTCAG 752 45.00% 
14 GTGCAATGTTGTTCTTTGGA 789 40.00% 
15 TTCTTTCTGCACGTTCAACA 834 40.00% 
16 TAGTCAGGATCCTGGAGAAC 865 50.00% 
17 CTCAATGAGTTCACAGCGTT 919 45.00% 
18 AGAGGTTTTGAAGGATGGCT 960 45.00% 
19 TCTAATGGTGATTGGTCCAG 989 45.00% 
20 GGTATTCCTCATCTGTATTT 1011 35.00% 
21 CATTTCTTTCTCTTCTCTGT 1157 35.00% 
22 TTCTGCTATGACTACCAGTA 1181 40.00% 
23 CAATCGAATTACCTACGGGC 1314 50.00% 
24 GTGTAGGTTAAAGCTGAGCT 1375 45.00% 
25 TGATTGGCCACTTTGATTTC 1459 40.00% 
26 GCACTTGTTTTCTCTGGAAG 1482 45.00% 
27 AGTCACTTCAAAGGTGAGCT 1511 45.00% 
28 GATCACCTTGATGATTGCTT 1556 40.00% 
29 GGGAACACTGTAAGTTCCAT 1616 45.00% 
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Probe # Probe (5'-> 3') Probe position * Percent GC 
30 CTGTGGCTTTAATGTTGAGC 1662 45.00% 
31 TGTGATGTGATACTCCACTC 1712 45.00% 
32 CAACCTCAATGGCGAAGAGG 1749 55.00% 
33 AGATTGTAGACGCTCTGGAG 1822 50.00% 
34 GTCTACCAGCTCAATGACAA 1913 45.00% 
35 TGTTTTCTGGCACATTGACA 1971 40.00% 
36 TTGGCTTCAGCTTTCATTAG 2008 40.00% 
37 TGTCAACATTCAGCTCCAAC 2082 45.00% 
38 AGATGAATGTCCACCTTCAT 2206 40.00% 
39 AGGGTAGTTGTCGTTTACAT 2231 40.00% 
40 TTGTGATTTTCGGCTGATGG 2357 45.00% 
41 ATCCACAGGTTTGATCTCAA 2381 40.00% 
42 CTTCTTCAGGATCAGTTTCG 2411 45.00% 
43 AGTGACGTTCTGTTCACTTG 2438 45.00% 
44 CAGCGTTGTCTAAGACGTTG 2466 50.00% 
45 GAGAAGCTGGCTCGATGTAA 2547 50.00% 
46 AGGCCACATGGCAAATAAGT 2862 45.00% 
47 CATTTGACCTCAGCAAGACA 3185 45.00% 
48 TGCTTTTAACGCCTTTTGTA 3240 35.00% 
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Antibodies 
 
Primary antibodies 
Antibody Supplier Catalogue number 
Mouse anti-GFP Roche 11814460001 
Mouse anti-human HMBOX1 Obtained from Kappei et al.77  
Rabbit anti-Actin Sigma A2066 
Rabbit anti-Cas9 Diagenode C15310258 
Rabbit anti-pan Histone 3  Diagenode C15310135 
Rabbit anti-human MTFP1  Sigma SAB4301167 
Rabbit anti-Hmbox1a-T1 

Raised in this study 
Purified by myself 

 
Rabbit anti-Hmbox1a-T3  
Rabbit anti-Hmbox1b-T2  
Rabbit anti-Zbtb48-BTB-T2  
Rabbit anti-Zbtb48-ZNF-T2  
Rabbit anti-Zbtb48-BTB-T3  
Rabbit anti-Zbtb48-ZNF-T3  
Rabbit anti-Hmbox1b-T2 (M) Raised in this study 

Purified by IMB Protein 
Production Core Facility 

 

Rabbit anti-Zbtb48-BTB-T3 (M)  

Rat anti-zebrafish Ziwi Raised by Ketting group 396 
Rabbit IgG Sigma I5006 

  
Secondary antibodies 
Antibody Supplier Catalogue number 
Anti-mouse IgG, HRP-linked Cell Signaling Technology 7076 
Anti-rabbit IgG, HRP-linked GE Healthcare NA934V 
Anti-mouse IgG (H+L), AF488 Invitrogen A32723 
Anti-rabbit IgG (H+L), AF488 Invitrogen A11034 
Anti-rabbit IgG (H+L), AF568  Invitrogen A11011 
Anti-rat IgG, IRDye 680RD Li-COR 926-68076 
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Enzymes and Polymerase 
 
Enzymes and 
Polymerase Supplier Catalogue 

number 
BbsI  NEB R0539 
BsaI NEB R3733 
BsmbI-V2  NEB R0580 
DNase I (RNase-free) NEB M0303 
EnGen® Spy Cas9 NLS NEB M0646 
HF-DNA Polymerase IMB Protein Production Core Facility  
Pronase Sigma 10165921001 
Proteinase K Sigma P2308 
Q5® High-Fidelity DNA 
Polymerase NEB M0491 

RecA NEB M0249 
T4 DNA Ligase NEB M0202 
T4 Polynucleotide Kinase 
(PNK) Thermo Scientific EK0032 

T7 Endonuclease I (T7E1) NEB M0302 
Taq DNA Polymerase IMB Protein Production Core Facility  
Trypsin-EDTA (0.25%), 
phenol red Gibco 25200056 

Trypsin, MS approved Serva 37286.03 
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Chemical/ Reagent 
 
Chemical/ Reagent Supplier Catalogue 

number 
1-phenyl 2-thiourea (PTU) Sigma-Aldrich P7629 
100 bp DNA Ladder Jena Bioscience M214L 
Acetic acid  Sigma-Aldrich 33209 
Acetone  Carl-Roth 9372 
Acetonitrile VWR 20048.32 
Agarose gel Sigma-Aldrich A9539 
Amersham ECL Detection Reagents cytiva RPN2105 
Ammonium bicarbonate  Sigma-Aldrich A6141 
Ampicillin IMB Core Facility 

Media lab 

 

Benzoylated dialysis tubing  Sigma-Aldrich D7884 
Blocking reagent Roche 11096176001 
BlueEye Prestained Protein Marker Jena Bioscience PS-104 
Bovine Serum Albumin Sigma-Aldrich A3294 
C18 material Dr Maisch r119.aq.0001 
Calcium chloride, dihydrate Carl-Roth 5239.1 
Chloroform Carl-Roth 3313.4 
cOmplete Mini EDTA-free protease inhibitor 
tablets 

Roche 4693159001 

Coomassie Blue G-250 Biozym 902120 (HS-
605) 

DAPI dihydrochloride powder Sigma-Aldrich D9542 
Dextran sulfate  Sigma-Aldrich D8906 
Dextran, Alexa Fluor™ 647, 10,000 MW Invitrogen D22914 
Dextran, Fluorescein, 500,000 MW Invitrogen D7136 
DL-Dithiothreitol (DTT) Sigma-Aldrich D0632-25G 
DMSO Sigma-Aldrich D2650 
dNTPs (4x 100 mM) Jena Bioscience NU-1005S 
DPBS, no calcium, no magnesium Gibco 14190094 
Dynabeads™ MyOne™ Streptavidin C1 Invitrogen 65002 
Dynabeads™ Protein G Invitrogen 10004D 
EDTA IMB Core Facility 

Media lab 

 

Ethanol Carl-Roth 9065.3 
Empore™ SPE Disks Supelco 66886-U 
Fetal Bovine Serum  Gibco 10270106 
Formamide Carl-Roth 6749.1 
Formic acid Merck 1.00264.1000 
FuGENE® HD Transfection Reagent  Promega E2311 
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Gelatin Sigma-Aldrich G7041 
GeneRuler 1 Kb Thermo Fisher 

Scientific 
SM0312 

Glycerol Sigma-Aldrich G7757 
GlycoBlue Invitrogen 10301575 
Heparin Sigma-Aldrich H3393 
Hepes Carl-Roth HN78.2 
HisTrap™ HP GE Healthcare 17-5247-01 
Igepal CA-630 Sigma I8896 
Imidazole Sigma-Aldrich 56750 
Iodoacetamide Sigma-Aldrich I6125 
Isopropyl-ß-D-thiogalactopyranosid (IPTG) AppliChem A1008,0005 
Ispopropanol Carl-Roth 9866.6 
Kanamycin IMB Core Facility 

Media lab 

 

Leupeptin Serva 51867.02 
Magnesium sulfate, anhydrous Sigma-Aldrich M7506 
Maleic acid Sigma-Aldrich M0375 
MES buffer Invitrogen NP0002 
Methanol MS grade VWR 20864.32 
MitoTracker™ Deep Red FM Invitrogen M22426 
Mounting Medium ibidi 50001 
Amersham™ Protran™ 0.45 μm 
Nitrocellulose membranes 

Cytiva 15259794  

NuPAGE Novex 4-12% Bis-Tris Protein Gels, 
1.0 mm, 10-well 

Invitrogen NP0321BOX 

NuPAGE® Novex® 10% Bis-Tris Gels, 1.0 
mm, 10 well 

Invitrogen NP0301BOX 

NuPAGE™ LDS Sample Buffer, 4X Invitrogen 11559166 
Paraformaldehyde Sigma-Aldrich P6148 
Penicillin-Streptomycin (Sterile-Filtered) Sigma-Aldrich P0781 
Pepstatin A Serva 52682.02 
Phenol red Gibco B21710.30 
Phenol:Chloroform:isoamyl alcohol (25:24:1) Invitrogen 1559309 
Phenylmethylsulfonyl fluoride (PMSF) Serva 32395.02 
Polybrene Santa Cruz sc-134220 
Ponceau S Applichem A2935 
Potassium chloride Carl-Roth 6781.1 
Potassium phosphate monobasic Carl-Roth P018.2 
Protein Assay Dye Reagent, 5x Bio-rad 5000006 
Puromycin dihydrochloride Santa Cruz  sc-108071B 
Salmon sperm Invitrogen 10605543 
Skim milk powder  Sigma-Aldrich 70166 
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Sodium chloride  Thermo Fisher 
Scientific 

15626770 

Sodium citrate tribasic hydrate  Sigma-Aldrich 25114 
Sodium deoxycholate monohydrate Sigma-Aldrich D5670 
Sodium dodecyl sulfate  Carl-Roth 4360.1 
Sodium phosphate dibasic Carl-Roth 4984.2 
Spectinomycin IMB Core Facility 

Media lab 

 

SuperSignal™ West Pico PLUS 
Chemiluminescent Substrate 

Thermo Scientific 34580 

SYBR Safe DNA Gel Stain Invitrogen S33102 
SYBR™ Power SYBR™ Green PCR Master 
Mix 

Applied Biosystems 4367659 

TAMRA-labeled C-rich telomere probe Eurogentec 
Deutschland GmbH 

507207 

Tricane Sigma-Aldrich E10521 
Tris(2-carboxyethyl)phosphine hydrochloride Sigma-Aldrich C4706 
Triton X-100 Sigma-Aldrich X100 
TRIzol™ Reagent Invitrogen 15596026 
Tween-20 Sigma P7949 
Vanadyl-ribonucleoside complex NEB S1402S 
Whatman paper GE Healthcare WHA10426892 
Yeast tRNA  Invitrogen 54016 
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Media 
 
Medium Composition Supplier Catalogue 

number 
E3  
(Zebrafish 
embryo 
medium) 

5 mM NaCl 
0.17 mM KCl  
0.33 mM CaCl2 
0.33 mM MgSO4 

Prepared by IMB 
Animal Facility  

DMEM, high 
glucose, 
pyruvate, no 
glutamine 

Supplemented with  
10% FBS  
1% Penicillin-streptomycin 

Gibco 21969035 

L-15 
(Leibovitz) 
Medium  

Supplemented with  
15% FBS  
1% Penicillin-streptomycin 

Gibco 11415049 
 

LB Luria 
Medium 

0.17 M NaCl 
1 % (w/v) Bacto-Tryptone 
0.5 % (w/v) Bacto-Yeast 
extract 
Adjusted to pH 7.0 ± 0.2 

IMB Core Facility 
Media Lab  

LB Agar 
plates 

0.17 M NaCl 
1 % (w/v) Bacto-Tryptone 
0.5 % (w/v) Bacto-Yeast 
extract 
1.5% (w/v) Agar 
Adjusted to pH 7.0 ± 0.2  
 
Supplemented with 
respective antibiotics 
100 μg/mL Ampicillin 
50 μg/mL Kanamycin 
100 μg/mL Spectinomycin 

IMB Core Facility 
Media Lab  

 
 
  



110 
 

Buffers and Solutions 
 
Buffer/ 
Solution Composition Description/ Purpose 

HBS, 2X 

280 mM NaCl 
10 mM KCl 
1.5 mM Na₂HPO₄ 
12 mM D-glucose 
20 mM Hepes 

Lentivirus production 

IPTG 1 M Isopropyl β- d-1-thiogalactopyranoside 
(IPTG)  

To induce protein 
expression in BL21 cells 

Bacteria 
Lysis buffer 

25 mM Tris-HCl, pH7.5 
300 mM NaCl 
 
Freshly supplement: 
1 mM DTT 
20 mM Imidazole 
1 mM PMSF 
1 μM Pepstatin A 
2 μM Leupeptin 
100 μg of DNaseI 

To harvest protein 
expressed from IPTG-
induction in BL21 cells 

Column 
binding buffer 

20 mM Tris-HCl, pH7.5 
500 mM NaCl 
 
Freshly supplement: 
20 mM Imidazole 
1 mM PMSF 
1 μM Pepstatin A 
2 μM Leupeptin 

Ni Column for protein 
purification 

Column wash 
buffer 

20 mM Tris-HCl, pH7.5 
500 mM NaCl 
 
Freshly supplement: 
50 mM Imidazole 
1 mM PMSF 
1 μM Pepstatin A 
2 μM Leupeptin 

Ni Column for protein 
purification 

Column 
Elution buffer 

20 mM Tris-HCl, pH7.5 
500 mM NaCl 
 
Freshly supplement: 
500 mM Imidazole 
1 mM PMSF 
1 μM Pepstatin A 
2 μM Leupeptin 

Ni Column for protein 
purification 
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Buffer/ 
Solution Composition Description/ Purpose 

Dialysis 
buffer 

25 mM Tris-HCl, pH7.5 
100 mM NaCl 
5% Glycerol 
 
Freshly supplement: 
1mM DTT 

Salt exchange for eluant 

Tricane 0.02% tricane in E3 water Zebrafish anaesthesia 

Fin-clipping 
lysis buffer 

50 mM KCl 
2.5 mM MgCl2 

10 mM Tris-HCl, pH 8.0 
0.45% Igepal  
0.45% Tween-20  
0.01% Gelatin 
 
Freshly supplement:  
100 μg/mL of Proteinase K 

Tissue lysis buffer for 
genotyping 

TAE, 10x 
0.4 M Tris 
0.01 M Na2EDTA*2H2O 
0.2 M Glacial acetic acid 

Supplied by IMB Core 
Facility Media Lab 
(To be used at 1X) 

TBE, 10x 
0.9 M Tris base 
0.9 M Boric acid 
0.02 M Na2EDTA*2H2O 

Supplied by IMB Core 
Facility Media Lab 
(To be used at 1X) 

Pronase 
solution 1 mg/ml Pronase Zebrafish embryo de-

chorion buffer 
Ringer 
solution 
(calcium-
free) 

116 mM NaCl 
2.9 mM KCl 
5.0 mM Hepes, pH 7.2 

Zebrafish embryo wash 
buffer 

Ringer 
solution with 
PMSF and 
EDTA 

Calcium-free Ringer's solution  
 
Freshly supplement:  
0.3 mM PMSF  
1 mM EDTA, pH7.0 

Zebrafish embryo de-
yolking buffer 

RIPA protein 
lysis buffer 

150 mM NaCl  
1% Triton X-100  
0.5% Sodium deoxycholate 
50 mM Tris, pH 8.0  
5 mM EDTA  
0.1 % SDS  
 
Freshly supplement:  
1x cOmplete protease inhibitors (Roche) 

Whole cell lysis buffer 
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Buffer/ 
Solution Composition Description/ Purpose 

Zebrafish 
embryo lysis 
buffer 

25 mM Tris pH7.5 
150 mM NaCl 
1.5 mM MgCl2 

1% Triton 
 
Freshly supplement:  
1 mM DTT  
1 mM PMSF  
1 μM Pepstatin A 
2 μM Leupeptin 

Whole cell lysis buffer for IP 
and telomere pull-down 

Nuclear 
extraction 
buffer A 

10 mM Hepes-KOH pH 7.4  
1.5 mM MgCl2  
10 mM KCl  
 
Freshly supplement:  
1 mM DTT  
1 mM PMSF  
1 μM Pepstatin A 
2 μM Leupeptin 

Nuclear extraction 

Nuclear 
extraction 
buffer C 

20 mM Hepes-KOH pH 7.4  
420 mM NaCl  
2 mM MgCl2  
0.2 mM EDTA pH8  
20% Glycerol  
 
Freshly supplement:  
1 mM DTT  
0.1% Igepal  
1 mM PMSF  
1 μM Pepstatin A 
2 μM Leupeptin 

Nuclear extraction 

PBB buffer 

150 mM NaCl 
50 mM Tris-HCl, pH 7.5 
0.5% Igepal 
5 mM MgCl2 
 
Freshly supplement: 
1 mM DTT 
1 mM PMSF 
1 μM Pepstatin A 
2 μM Leupeptin 

Telomere pull down and 
immunoprecipitation buffer 

10X Transfer 
Buffer  

1.92 M Glycine  
0.25 M Tris 

Supplied by IMB Core 
Facility Media Lab 

Transfer 
buffer 

1X Transfer buffer 
20% Ethanol 

Transfer buffer for Western 
blot 
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Buffer/ 
Solution Composition Description/ Purpose 

5X PBS 

685 mM NaCl 
13.5 mM KCl 
50 mM Na2HPO4 
9 mM KH2PO4  
  
Adjust to pH 7.4 ± 0.1 

Supplied by IMB Core 
Facility Media Lab 

PBST 0.05% Tween-20 in 1X PBS Wash buffer for Western 
blot and microscopy. 

Skim milk 5% Skim milk in PBST Blocking buffer for Western 
blot 

Coomassie 
staining 
solution 

0.25% Coomassie Blue G-250 
10% Acetic acid 
43% Ethanol 

Mass spectrometry sample 
preparation 

MS ABC 50 mM Ammonium bicarbonate buffer 
(ABC) (pH 8.0) 

Mass spectrometry sample 
preparation 

MS 
destaining 
buffer 

50% (v/v) 50 mM ABC 
50% (v/v) Ethanol 99.9% p.a 

Mass spectrometry sample 
preparation 

MS reduction 
buffer 

50 mM ABC 
10 mM DTT 

Mass spectrometry sample 
preparation 

MS alkylation 
buffer 

50 mM ABC 
50 mM Iodoacetamide (IAA) 

Mass spectrometry sample 
preparation 

MS trypsin 
solution 

50 mM ABC 
1 μg Trypsin (per sample) 

Mass spectrometry sample 
preparation 

MS 
extraction 
buffer 

30% Acetonitrile Mass spectrometry sample 
preparation 

MS Buffer A 0.1% (v/v) Formic acid in HPLC grade H2O Mass spectrometry sample 
preparation 

MS Buffer B 
80% (v/v) Acetonitrile 
0.1% (v/v) Formic acid  
HPLC grade H2O 

Mass spectrometry sample 
preparation 

0.003% PTU 0.003% of 1-phenyl 2-thiourea (PTU) in E3 
To prevent pigment 
formation in embryo 
development 

4% PFA 4% Paraformaldehyde (PFA) in PBS Sample fixing  

10% BSA 10% Bovine serum albumin (BSA) in PBS Blocking buffer for IF 
staining 

20X SSC 

3 M NaCl  
0.3 M Sodium citrate tribasic  
 
Adjust to pH 7.0 

Supplied by IMB Core 
Facility Media Lab 

smFISH 
wash buffer 

10% Formamide 
2X SSC smFISH wash buffer 
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Buffer/ 
Solution Composition Description/ Purpose 

smFISH 
hybridization 
buffer 

10% Dextran sulfate  
10% Formamide  
1 mg/mL Yeast tRNA  
2X SSC  
0.02% BSA  
2 mM Vanadyl-ribonucleoside complex  

smFISH staining 

Telomere-
FISH 
hybridization 
buffer 

1X Blocking reagent (Roche)  
70% Formamide  
100 µg/mL Yeast tRNA 
100 µg/mL Salmon sperm DNA 
10 mM Tris-HCl, pH 7.2  
 
Prepared in Maleic acid buffer 

Telomere-FISH staining 

Maleic acid 
buffer 

100 mM Maleic acid  
150 mM NaCl, pH 7.5 

To prepare telomere-FISH 
hybridization buffer 

Telomere-
FISH wash 
buffer 

2X SSC 
0.1% Tween-20 Telomere-FISH wash buffer 

 

Commercial kits  
 
Kit Supplier Catalogue number 
AllPrep DNA/RNA/Protein Mini Kit Qiagen 80004 
Direct-zol RNA Microprep Kit Zymo  R2062 
DNeasy Blood and Tissue Kit Qiagen 69504 
First Strand cDNA Synthesis Kit Thermo Scientific K1612 
GenElute™ Plasmid Miniprep Kit Sigma-Aldrich PLN350 
HiScribe™ SP6 RNA Synthesis Kit NEB E2070 
Monarch® DNA Gel Extraction Kit NEB T1020 
Nucleofector® Kit V Lonza VCA-1003 
NucleoSpin Gel and PCR Clean-up  MACHEREY-NAGEL 740609.50 
pCR™8/GW/TOPO™ TA Cloning Kit Invitrogen K250020 
ProtoScript® II First Strand cDNA 
Synthesis Kit NEB E6560 

SulfoLink™ Immobilization Kit for 
Peptides Thermo Scientific 44999 

TruSeq Stranded mRNA LT Sample 
Prep Kit Illumina  

QIAGEN Plasmid Midi Kit Qiagen 12143 
QIAGEN Plasmid Mega Kit Qiagen 12181 
Qubit dsDNA HS Assay Kit Invitrogen Q32851 
RNeasy Mini Kit  Qiagen 74104 
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Instruments  
 
Instruments Supplier 
2100 Bioanalyzer Agilent Technologies 
Aurora Ultimate CSI 25×75 C18 UHPLC column Ionopticks 
BC43 Benchtop Microscope Andor 
Bioruptor Plus UCD-300I Diagenode 
Easy-nLC 1200 Thermo Fisher Scientific 
Exploris 480 Thermo Fisher Scientific 
NanoElute2 HPLC system  Bruker 
NextSeq 500 High Output FC  Illumina 
Optima XE-100 Ultracentrifuge Beckman-Coulter 
QuantStudio™ 5 Real-Time PCR machine Applied Biosystems 
Qubit 2.0 Fluorometer  Life Technologies 
QExactive Plus mass spectrometer Thermo Fisher Scientific 
Sonifier® Cell Disrupters Branson 
TimsTOF HT mass spectrometer  Bruker 
VisiScope Confocal Microscope Visitron 

 

Softwares 
 
Software Distributor 
Adobe Illustrator 2024 Adobe 
ApE plasmid editor  
Image J Image J 
Image Lab BioRad 
MaxQuant (version 1.6.10.43 and 2.4.2.0) MaxQuant 
QuantStudio™ Design and Analysis Desktop 
Software Thermo Fisher Scientific 

R The R foundation 
R-studio R Studio Inc 
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Methods  
 
Orthologous comparison 
Nucleotide sequences were aligned in A plasmid Editor software (ApE). The genomic 
sequences were obtained from NCBI with the following gene IDs: hmbox1a (571508), 
hmbox1b (100317353), and zbtb48 (567773). The transcript ID were as follows: hmbox1a-
Main (NM_001030264.1), hmbox1a-X1 (XM_005169832.4), hmbox1a-X2 (XM_009292894.3), 
hmbox1a-X3 (XM_021467220.1), hmbox1a-X4 (XM_021467221.1), hmbox1a-X5 
(XM_005169831.4), hmbox1b-X1 (XM_005173819.4), hmbox1b-X2 (XM_009301469.3), 
hmbox1b-X3 (XM_009301470.3), and zbtb48 (XM_691074). 
 
Amino acid sequences and domain annotations of proteins were obtained from UniProt and 
the sequences were aligned using UniProt alignment tool. The percentage of domain and 
ortholog identity was obtained through NCBI BLAST search. The UniProt accession numbers 
for the proteins used in the amino acid sequence alignments are as follows: human HMBOX1 
(Q6NT76) and zebrafish Hmbox1a (Q4V904) and Hmbox1b (A0A8M2BL53), human ZBTB48 
(P10074), zebrafish Zbtb48 (E7FDZ5), human MTFP1 (Q9UDX5), and zebrafish Mtfp1 
(Q6PCS6).  
   
Methods for E. coli 
 
Plasmid transformation 
Respective E. coli competent cells (DH5α, Stable, or BL21) were thawed on ice and mixed 
with 250 - 1000 ng plasmid for 30 min on ice. Cells were heat shocked at 42 °C for 45 s and 
immediately rested on ice for 2 min. Cells were then diluted with 250 µL of SOC medium and 
incubated at 37 °C for 1 h, with shaking at 800 rpm on thermomixer. Afterward, the cells were 
plated on LB agar plates with respective antibiotics and incubated overnight at 37 °C.   
 
Bacterial culturing 
Individual colonies were selected from the plate or inoculated from glycerol stock and cultured 
overnight in LB medium containing the respective antibiotics at 37 °C, shaking at 180 rpm. For 
cultures larger than 500 mL, a smaller volume of starter culture was prepared and then 
subcultured for the overnight growth. The antibiotic concentration used for culture was 50 μg/ml 
for kanamycin or 100 μg/ml for ampicillin or spectinomycin.  
 
Plasmid purification  
Cultures were centrifuged at max speed (or, 4000 xg) for 15min at 4 °C. Depending on the 
culture volume and plasmid copy number, plasmids were purified using different kits like 
GenElute Plasmid Miniprep Kit (Sigma-Aldrich), Plasmid Midi Kit (Qiagen), or Plasmid 
Megaprep kit (Qiagen), as directed by the manufacturers. 
 
Glycerol stock preparation 
For long-term storage of bacterial possessing plasmids of interest, 300 µL of the overnight 
culture was added to 100 µL of 80% glycerol and mixed homogeneously, bringing the final 
glycerol concentration to 20%. Stored at -80 °C.  
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Cloning 
 
Cloning gene of interest into pCR8/GW/TOPO holding vector 
RNA was isolated from BRF41 cells using RNeasy Mini Kit (Qiagen) and reverse transcribed 
into cDNA with First Strand cDNA Synthesis Kit (Thermo Scientific). Full-length cDNAs of 
interest were amplified using Q5 High-Fidelity DNA Polymerase (NEB). The PCR was 
performed at an annealing temperature of 58 °C for hmbox1a (primer #4211 and #4212, or 
#4283) and zbtb48 (primer #4220 and #4221), and 64 °C for hmbox1b (primer #4214 and 
#4215), with an elongation time of 90 s. The amplicons were cloned into holding vector pCR8 
using the pCR8/GW/TOPO TA Cloning Kit (Invitrogen) as directed by the manufacturer. The 
plasmids were transformed into DH5α competent cells (NEB) and selected using 
spectinomycin. Six colonies were picked and sequenced with primers #404 and #405. Those 
that possessed the correct inserts and orientation were cultured and plasmids were extracted 
using the GenElute Plasmid Miniprep Kit (Sigma-Aldrich).  
 
Cloning epitope sequence into pCoofy4 vector 
The epitopes used to raise the antibodies were from a small fragment of each protein rather 
than their full-length forms. These sequences were amplified from the respective holding 
vectors using Q5 High-Fidelity DNA Polymerase (NEB) and primers with added 5' overhangs: 
Forward - AAGTTCTGTTCCAGGGGCCC, and Reverse – 
CCCCCAGAACATCAGGTTAATGGCG; Primer #4223 and #4224 for Hmbox1a, #4286 and 
#4287 for Hmbox1b, #4229 and #4719 for Zbtb48-BTB, and #4231 and #4232 for Zbtb48-ZNF. 
They were then cloned into the expression vector pCoofy4 (N-terminal His6-MBP) following the 
Sequence and Ligation Independent Cloning (SLIC) method 211. All amplifications were 
conducted at an annealing temperature of 64 °C with a 90 s elongation time. The amplicons 
were cloned into a linearized pCoofy4 vector at a 3:1 weight ratio, utilizing RecA enzyme (NEB) 
at a 1:1000 dilution. The plasmids were then transformed into DH5α competent cells (NEB), 
except for Zbtb48-BTB in TOP10 (Invitrogen), and selected with kanamycin. Colonies were 
picked, and their plasmids were sequenced using primer #1421. Those containing the correct 
inserts were cultured, and plasmid DNA was extracted using the Plasmid Midi Kit (Qiagen). 
 
Cloning gRNA into PX459 
Guide RNAs (gRNAs) were designed using CRISPRscan software 
(https://www.crisprscan.org). Two gRNAs were selected for each gene to target the most 
upstream coding exon(s), refer to Table M1 for the oligo number and sequence. The cloning 
method was adapted from Ran et al. 212. Firstly, pSpCas9(BB)-2A-Puro (PX459) vector was 
linearised by BbSI enzyme (NEB) and purified using Monarch® DNA Gel Extraction Kit (NEB). 
Next, the complementary strands of the synthesized gRNA oligos were annealed, and then 
phosphorylated by T4 PNK (ThermoFisher). Lastly, the phosphorylated gRNA oligos were 
ligated to the digested-PX459 vector using T4 ligase (NEB). The plasmids were transformed 
into DH5α competent cells (NEB) and selected using ampicillin. Colonies were picked and their 
plasmids were sequenced with primer #2191. Those that possessed the correct inserts were 
cultured and the plasmids were extracted using the GenElute Plasmid Miniprep Kit (Sigma-
Aldrich). 
 
 

  

https://www.crisprscan.org/
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Cloning gRNA into plentiCRISPRV2-Puro 
The cloning follows the method from “Cloning gRNA into PX459” with the below-mentioned 
adjustments. plentiCRISPRV2-Puro vector was linearized by BsmbI-V2 enzyme (NEB) and the 
ligated plasmids were transformed into Stable Competent E. coli (NEB). The plasmids were 
extracted using the Plasmid Midi Kit (Qiagen). 
 
Cloning gRNA into pDR274 
The cloning follows the method from “Cloning gRNA into PX459” with the below-mentioned 
adjustments. Due to the differences in the overhang sequence of pDR274, new oligos were 
synthesized with compatible overhangs whilst the gRNA target sequences remained the same, 
refer to Table M1 for the oligo number and sequence. pDR274 vector was linearized by BsaI 
enzyme (NEB). Colonies were selected using kanamycin and plasmids were sequenced with 
primer #3725.  
 

 
 
Polymerase chain reaction (PCR)  
 
PCR amplification 
For cDNA amplification, either Q5 (NEB) or in-house HF polymerase was used to amplify cDNA. 
Reactions and amplifications were set up as directed by the manufacturer. A 50 μL reaction 
composed of 1X reaction buffer, 200 μM dNTPs, 0.5 μM of each primer, < 1 μg of cDNA, and 
0.5 μL of polymerase. 
 
For genotyping, In-house Taq polymerase was used for genotyping and reactions were set up 
in 10 μL reaction volume. Each reaction comprised of 1X reaction buffer, 250 μM dNTPs, 0.1 
μM of each primer, 0.05 μg BSA, 0.5 μL to 1 µL of DNA lysate, and 0.5 μL of Taq polymerase. 
Universal amplification protocol was used for all genotyping and the setting on the thermocycler 
was as follows: denaturing at 95 °C for 5 min, a touch-down format of amplification with 5 
cycles of 95 °C for 15 s, 64 °C for 30 s, 68 °C for 30 s, followed by another 5 cycles of 95 °C 
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for 15 s, 60 °C for 30 s, 68 °C for 30 s, and lastly 27 cycles of 95 °C for 15 s, 55 °C for 30 s, 
68 °C for 30 s, and final extension at 68 °C for 5 min.   
 
DNA electrophoresis  
2% agarose was used for genotyping (product size < 1kb) while 0.8% to 1.5% agarose was 
used for cDNA amplification, depending on the product size. Agarose powder was dissolved 
in TBE or TAE buffer by heating through microwaving and SYBR Safe (Invitrogen) was added 
to the gel before casting. PCR products were mixed with loading dye before loading it on the 
agarose for DNA gel electrophoresis. Electrophoresis was performed at 120V for 25 min, or 
up to 1 h depending on the gel size and product size to resolve.  
 
PCR product purification 
To precipitate DNA using ethanol, 500 μL of 100% ethanol was added to 25-30 μL of PCR 
product, and 0.5 μL of GlycoBlue (Ambion). Then, incubated at -80 °C for 10 min before 
centrifuging at max speed for 1 h, at 4 °C. Remove ethanol and air dry the pellet, followed by 
resuspending it in an appropriate volume of nuclease-free water. 
 
To purify PCR products from the agarose gel, band of the desired base pair was excised under 
the UV-light. DNA gel purification kits like Monarch® DNA Gel Extraction Kit (NEB) or 
NucleoSpin Gel and PCR Clean-up (MACHEREY-NAGEL) were used as directed by the 
manufacturer.  
 
DNA or plasmid sequencing 
400 μg of DNA, or 7.5 μl of DNA (if < 400 μg DNA available), supplemented with 2.5 μl of 10 
μM sequencing primer was sent to GATC Biotech for sequencing.  
 
 
Generating antibodies 
 
Protein production 
Cloned pCoofy4 plasmids were transformed into protein-expressing BL21 competent cells 
(NEB) and selected using kanamycin. For each epitope, the BL21 was cultured in 2 L of LB 
medium with kanamycin, with volume split equally into four 2 L flasks. For epitopes that have 
low yield like His6-MBP-Hmbox1b and His6-MBP-Zbtb48-BTB, LB medium used was 
supplemented with 3% ethanol to enhance the protein expression 137. The cultures were 
incubated at 37 °C, 180 rpm until the OD600 of 0.6-0.8 was reached. When the optimum OD600 
value was reached, the cultures were cooled on ice before inducing with 1 mM IPTG (Carl 
Roth). The cultures were incubated overnight at 18 °C, with 180 rpm shaking for protein 
expression.  
 
Protein extraction and purification 
To maintain the integrity of the expressed protein, all the steps were performed either on ice 
or at 4 °C. The cultures were pelleted by centrifuging at 4000 xg for 30 min at 4 °C. BL21 were 
lysed on ice in bacteria lysis buffer using sonication (Branson sonifier) with 9mm tip at 30% 
duty cycle, output 4 for 3 min, twice. The lysates were transferred to the appropriate tubes for 
ultracentrifugation. Lysates were ultracentrifuged in Beckman-Coulter OPTIMA XE-100 using 
a 70Ti rotor at 27, 000 rpm for 30 min at 4 °C. The supernatant was collected and proceeded 
with affinity purification.  
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Each epitope was purified using a fresh HisTrap HP column (GE Healthcare). The column was 
equilibrated with column binding buffer prior to passing the supernatant through it. The column 
was washed with column binding buffer followed by column wash buffer. The epitope was 
subsequently eluted from the column using column elution buffer, the eluant was collected in 
fractions, at approximately 1 mL per tube. The column was prepared for storage by cleaning it 
with 1M imidazole solution (Sigma), followed by MQ water, and finally with 20% ethanol. 
Throughout the process, the flow rate for all buffers entering the column was maintained at 1 
mL/min, except for the supernatant and elution buffer, which were set at 0.5 mL/min.  
 
All eluant fractions were run on SDS-PAGE gel to check for the quality and quantity of the 
protein. Dialysis was performed on four of the best elution fractions using the benzoylated 
dialysis tubing (Sigma) in the dialysis buffer to remove salts. 
 
Epitope immunization and antibody purification 
Between 400 μg and 1.6 mg of each epitope was sent to Pineda for immunization. Three 
rabbits were immunized per protein, and sera were collected 61 days later. The sera were then 
purified using the SulfoLink™ Immobilization Kit for Peptides (ThermoFisher) in a 5 mL 
polypropylene column (Thermo Scientific) following the manufacturer's instructions. The 
columns were coupled with 800 μg of the respective epitopes, and 5 mL of sera were purified 
each time. Antibodies were collected across 10 elution fractions (1 mL per fraction). The flow-
throughs and elutions were also collected and analyzed on SDS-PAGE.  
 
Methods for cell culture 
 
Cell culture and maintenance 
Zebrafish-derived fibroblast cell line BRF41 (CVCL_4131) and PAC2 (CVCL_5853) were 
cultured in Leibovitz's L-15 medium (Gibco), supplemented with 15% fetal bovine serum (Gibco) 
and 1% penicillin-streptomycin (Sigma). Cells were maintained at 33 °C for BRF41 whilst 28 °C 
for PAC2 without carbon dioxide supply and passaged through trypsinization every three to 
four days. 
 
HEK293T were cultured in Dulbecco's Modified Eagle Medium (DMEM) medium (Gibco), 
supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin-streptomycin (Sigma). 
Cells were maintained at 37 °C with 5% CO2 and passaged through trypsinization every three 
to four days. 
 
Transfection with FuGENE® HD Transfection Reagent (Promega) 
PAC2 cells were seeded in a 6-well plate at a density of 4.5 x 105 cells per well the night prior 
to transfection. The medium in each well was replaced with 1800 µL of L-15 medium without 
FBS and antibiotic supplements, and 200 µL of the transfection mixture was added dropwise 
to the cells. The transfection mixture was prepared by combining FuGENE® HD Transfection 
Reagent (Promega) with either 2 or 4 µg of the empty pCS2-eGFP plasmid at a ratio ranging 
from 2:1 to 4:1, then incubated at room temperature for 20 min before adding it to the cells 138. 
The cells were incubated in the transfection mixture for 24 h, after which the medium was 
replaced with L-15 medium supplemented with antibiotics and FBS. 
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Transfection with Nucleofector® solution V (Lonza) 
As described by He et al. 139, 2 x 106 PAC2 cells were resuspended in 100 µl of Nucleofector® 
solution V containing 5 µg of total plasmids. The cells were either transfected with 5 µg of 
empty PX459 plasmid or with 2.5 µg of each gRNA-insert PX459 plasmids (P1247 and P1248 
for hmbox1a, or P1249 and P1250 for hmbox1b). The cell suspension was transferred into a 
kit-provided cuvette and placed into the Lonza™ Nucleofector™ Transfection 2b Device. The 
cells were pulsed with the pre-programmed nucleofection settings T027 or X001. Afterwards, 
the cells were transferred into a 10 cm dish containing L-15 medium supplemented with 15% 
FBS and the medium was refreshed at 36 hours post-transfection (hpt). For selection, 0.5 
µg/mL of puromycin was added to the cells at 3 days post-transfection (dpt). 
 
Lentivirus production 
Five plates of 3 x 106 HEK293T cells were seeded in 10 cm dishes the day before transfection 
for each hmbox1b gRNA for lentivirus production. The transfection mixture was prepared as 
follows: 25 µg of each packaging plasmid (pMDLg/pRRE, pRSV-Rev, and pMD2.G) was 
combined with 50 µg of either the empty lentiCRISPR-V2 plasmid or each of the hmbox1b 
gRNA-insert (P1281 or P1282). To this mixture, 275 µL of 2M CaCl₂ was added and the volume 
was topped up to 2250 µL with water. This plasmid mixture was then combined with 2250 µL 
of 2X HBS (containing 280 mM NaCl, 10 mM KCl, 1.5 mM Na₂HPO₄, 12 mM D-glucose, and 
20 mM HEPES) and incubated at room temperature for 5 min. To each plate of HEK293T cells 
containing 7 mL of freshly replaced DMEM, 900 µL of the transfection mixture was added in a 
dropwise manner. The cells were incubated at 37 °C with 5% CO2 for 8 to 10 h before 
refreshing the medium with 7 mL of DMEM medium supplemented with 10% FBS. At 48 hpt, 
the medium was collected and centrifuged at 300 xg for 5 min at 4 °C. The supernatant was 
filtered through a 0.45 µm filter before an overnight centrifugation at 4000 rpm at 4 °C. The 
supernatant from the overnight centrifugation was discarded while the virus pellet was 
resuspended in DMEM at 1:100 of the initial volume and stored at -80 °C. 
 
Plaque assay 
To measure the virus titer, the produced lentivirus was diluted in a series of ten-fold dilutions, 
ranging from 10-4 to 10-8, using DMEM supplemented with 5 µg/mL of polybrene (Santa Cruz). 
The diluted virus was then added to 1 x 105 HEK293T cells per well in a 6-well plate, seeded 
the day before. The medium was replaced with DMEM supplemented with 10% FBS and 2 
µg/mL of puromycin for selection at 2 dpt, and then reduced to 1 µg/mL of puromycin at 5 dpt. 
The plaque assay was performed on 17 dpt. The wells were washed once with PBS before 
fixing the cells with 2 mL of a 3:1 mixture of methanol to acetic acid for 10 min. The cells were 
then stained with 1.5% crystal violet in ethanol for 20 min, followed by washing the wells with 
water. The number of colonies were counted, and the virus titer was represented in Infectious 
Unit (IU)/mL. 
 
Lentivirus transduction 
Each well of 1 x 105 PAC2 cells, seeded in a 6-well plate the night before, was transduced with 
2 ml of L-15 medium containing viruses diluted at 1:100 and 5 μg/ml of polybrene. The medium 
was replaced with L-15 supplemented with 10% FBS at 2 dpt. The transduced cells were not 
subjected to puromycin selection. 
T7 Endonuclease I assay 
PAC2 cells were trypsinized from wells, and the genomic DNA was extracted using the DNeasy 
Blood & Tissue Kit (Qiagen) according to the manufacturer's instructions. The target genes 
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were amplified using HF-DNA polymerase (in-house) with an annealing temperature of 63 °C. 
Primers used for amplifying hmbox1a were #4211 and #4767, while primers for hmbox1b were 
#4214 and #4774. The amplified DNA was purified using the ethanol precipitation method and 
the DNA pellet resuspended in 30 µL of water. 
 
A T7 Endonuclease I (T7E1) assay was performed on these purified DNA samples according 
to the manufacturer's instructions (NEB). The amplicons were melted at 95 °C for 5 min before 
allowing the DNA to slowly re-hybridize with a gradual temperature reduction (from 95 °C to 
85 °C at -2 °C/s, followed by 85 °C to 25 °C at -0.1 °C/s). As a non-T7E1 treatment control, 5 
µL of the hybridized amplicons were withdrawn prior to T7E1 treatment. The remaining 15 µL 
were treated with 0.5 µL of T7E1 and incubated at 37 °C for 40 min. After incubation, 5 µL of 
the T7E1-treated DNA and 5 µL of the untreated control were loaded onto a 1.5% agarose gel 
for analysis. 
 
 
Methods for zebrafish 
 
Zebrafish husbandry 
Zebrafish were housed at the Institute of Molecular Biology in Mainz and husbandry was 
carried out following the standards described 213. Room and water temperature were 
maintained at 26-28 °C with a 14:10 hours light: dark cycle. Adult fish were mated in the 
morning after an overnight male and female separation. Embryos were kept in a 10-cm Petri 
dish filled with E3 medium and raised in a 28.5 °C incubator until 5 days post fertilization (dpf). 
Afterward, they were transferred to the aquarium facility. All experiments were approved and 
licensed by the local authorities of Rhineland-Palatinate and were conducted in accordance 
with European animal welfare law. The zebrafish strain used in this study was AB/Tübingen 
and transgenic lines used include Tg(vasa:eGFP) 156 and Tg(wt1b:eGFP)li1 142.  
 
Creating CRISPR-Cas9 knockout zebrafish line 
The gRNA transcripts were produced as previously described 214. Briefly, the pDR274 plasmids 
with gRNA insert were linearized with DraI enzyme (NEB). As the pDR274 vector used in this 
experiment harbours an SP6 promoter, the gRNAs were transcribed with HiScribe™ SP6 RNA 
Synthesis Kit (NEB). The transcription products were treated with DNaseI (NEB) and purified 
using the ethanol precipitation method 215. The gRNA pellets were resuspended in 5 μL of 
nuclease-free water and 0.25 μL was loaded on 2% agarose gel for quality and quantity check. 
 
Each CRISPR knockout line was generated separately. Cas9-injection mix was prepared as 
follows: 0.5 μL NEB 3.1 buffer, 3 μL of both gRNA transcripts, 0.5 μL phenol red (Gibco), and 
1 μL EnGen® Spy Cas9 NLS (NEB). The mixture was injected into embryos at one-cell stage 
(F0) and were raised to adulthood. They were out-crossed to AB/Tübingen wild-type fish, and 
the offspring (F1) were screened for deletion through genotyping. Those that possessed 
desired deletion were selected. For hmbox1a/b, hmbox1a+/- mutants were crossed with 
hmbox1b+/- mutants to create hmbox1a+/-; hmbox1b+/- F2 mutants. For zbtb48, the zbtb48+/- 
were out-crossed with wild-type. The F2 heterozygotes were then in-crossed to create F3 
generation of mutants, or first homozygous mutant generation (G1).  
Fin clipping and genotyping 
Zebrafish were anesthetized with 0.02% tricaine (Sigma) for fin-clipping. Upon clipping the 
caudal tail fins, the fish were put into individual tanks filled with fresh system water for recovery. 
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For those fish to be used for organ harvesting, they were sacrificed in an ice water bath instead. 
Similarly, embryos before 5 dpf were also sacrificed with an ice water bath, and the whole 
embryo was used for genotyping. All samples were lysed in 20 μl of lysis buffer at 60 °C for 60 
min, followed by 90 °C for 15 min for proteinase K inactivation. Lysates were diluted with 30 μl 
of water and PCR was conducted as mentioned under “PCR methods”. hmbox1aLD was 
genotyped with #4835, #4820 and #4767, while hmbox1aSD with #4211 and #4767. hmbox1bLD 
was genotyped with #4214, #4768 and #4976, while hmbox1bSD with #4214 and #4774. zbtb48 
mutants were genotyped with #4220 and #4719. Fish were then sorted based on genotyping 
results. 
 
Protein extraction 
 
Sample collection 
BRF41 and PAC2 cells were harvested by trypsinization and neutralized with L-15 medium 
(with FBS). Then, pelleted by centrifugation at 400 xg for 5 min and washed with PBS (Gibco). 
U2OS protein lysate was obtained from a colleague in the lab.  
 
The chorions of zebrafish embryos younger than 3 dpf were removed by incubating them in a 
1 mg/mL solution of pronase for 10 to 30 min with gentle agitation. After decanting the debris, 
the embryos were rinsed with cold calcium-free Ringer’s solution. De-yolking of embryo and 
larvae was carried out using a P200 pipette tip in cold Ringer’s solution supplemented with 0.3 
mM PMSF and 1 mM EDTA. The solution was then removed, and the embryos were washed 
twice with cold Ringer’s solution before being kept on ice. 
 
Juvenile and adult zebrafish were sacrificed in an ice bath and dissected under a 
stereomicroscope to harvest the respective organs. For transgenic lines, dissections were 
performed under a fluorescence stereomicroscope. The harvested organs were immediately 
transferred into a tube and kept on ice. 
 
Whole-cell (total) protein lysate with RIPA buffer 
Samples were lysed in RIPA buffer for downstream applications such as Western blotting or 
mass spectrometry proteome measurement. Cell pellets were resuspended with 50 μL of RIPA 
buffer and vortexed thoroughly. Embryos and organs were snap-freeze in liquid nitrogen and 
grinded with a micro-pestle before adding 50 μL of RIPA lysis buffer. For smaller organs, like 
40 dpf gonads, they were sonicated in 25 μL of RIPA using a Bioruptor Plus UCD-300I at a 
low setting with three cycles of 30 s on and 30 s off, or until the samples were disintegrated, 
at 4 °C. All lysates were incubated on ice for at least 30 min before centrifuging at maximum 
speed for 30 min at 4 °C to collect the supernatant.  
 
Whole-cell (total) protein lysate with IP buffer 
Samples were lysed in IP buffer for downstream applications like telomere pull-down or 
immunoprecipitation (IP). Sonication was performed using Bioruptor Plus UCD-300I at a low 
setting with three cycles of 30 s on and 30 s off, or until the samples were disintegrated, at 
4 °C. The lysate was centrifuged at maximum speed for 30 min, at 4 °C and the supernatant 
was collected.  
Nuclear extraction 
To enrich for nuclear proteins, the cell pellets were resuspended in 5 volumes of cold nuclear 
extraction buffer A, or 50 embryos in 1 mL of cold nuclear extraction buffer A, and incubated 
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on ice for 30 min. They were transferred to a pre-cooled glass douncer and sheared with either 
50 strokes of tight-fitting pestle B for cells, or 20 strokes with loose-fitting pestle A followed by 
60 strokes with a tight-fitting pestle B for embryos. Samples were rested on ice after every 20 
strokes for 5 min. The lysates were centrifuged at 2000 xg for 10 min at 4 °C. The pellets were 
washed by resuspending in cold 1X PBS and centrifuging at 2000 xg for 5 min at 4 °C. After 
washing, the pellets were resuspended in cold Buffer C and rotated at 4 °C for 1h. The lysates 
were centrifuged at maximum speed for 1h at 4 °C. The supernatant was collected as the 
nuclear fraction.  
 
For the second telomere pull-down experiments with 5 dpf nuclear extract, an additional step 
of passing the lysate through a 20 μM cell strainer was performed before the centrifugation to 
separate the nucleus from the cytoplasmic extract, and an extra round of cold 1X PBS wash 
to the nuclear pellet was added.  
 
Protein concentration measurement 
Protein concentration was measured using Bradford assay (Bio-rad) and prepared into the 
desired concentration for downstream applications. The protein extracts were kept at 4 °C for 
immediate or within the week use. For long-term storage, they were supplemented with 10% 
glycerol and snap-freeze for -80 °C storage.  
 
Protein analysis  
 
Western blotting 
Approximately 50 µg of protein lysates were prepared in 1X NuPAGE™ LDS Sample Buffer 
(Thermo Scientific) and 0.1 M DTT. The lysates were boiled at 70 °C for 10 min with shaking 
at 500 rpm. Proteins were resolved in a 4-12% NuPAGE Bis-Tris precast gel (Thermo Scientific) 
using MES running buffer at 180V for 1 h. The proteins were transferred to a nitrocellulose 
membrane (Cytiva) using transfer buffer (IMB CF), supplemented with 20% ethanol, at 300 mA 
for 90 min. 
 
The membrane was stained with Ponceau S (Applichem) to confirm protein transfer and 
imaged. The Ponceau stain was then washed off with PBST (PBS containing 0.05% Tween-
20) before blocking in 5% skim milk for 1 h at room temperature with shaking. Then, incubated 
with primary antibodies overnight at 4 °C with shaking. The membrane was washed three times 
with PBST for 10 min before incubating with secondary antibodies at room temperature for 1 
h. The membrane was then washed again for three more times with PBST for 10 min before 
developing with chemiluminescent reagents (Thermo Fisher or Amersham) and imaged using 
ChemiDoc (Bio-Rad). 
 
The primary and secondary antibodies used in this study were prepared in 5 mL of 5% skim 
milk. The dilution of primary antibodies were used as follows: rabbit antibodies raised in this 
study, such as Hmbox1a (T1 and T3), Hmbox1b (T2), Zbtb48-BTB (T2 and T3), and Zbtb48-
ZNF (T2 and T3) antibodies, were used at a dilution of 1:200 of elution 3, whereas Hmbox1b-
T2 (M) and Zbtb48-BTB-T3 (M) antibodies, purified by the protein production core facility, was 
used at 1:1000. Mouse anti-GFP antibody (Roche), rabbit anti-human MTFP1 antibody 
(Sigma), and rabbit anti-pan Histone 3 antibody (Diagenode) were used at 1:1000. Rabbit anti-
Cas9 (Diagenode) was used at 1:5000, and rabbit anti-actin (Sigma) was used at 1:8000. For 
secondary antibodies, anti-mouse IgG, HRP-linked antibody (Cell Signaling Technology) was 
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used at 1:10,000, while anti-rabbit IgG, HRP-linked antibody (GE Healthcare) was used at 
1:2500. 
 
Telomere pull down 
Telomere pull-down was performed as previously described 79. The oligonucleotide baits were 
formed by chemically synthesizing DNA oligonucleotides containing either the telomeric 
TTAGGG sequence or a shuffled control sequence, which were then concatenated through in 
vitro ligation. These concatenated telomeric and control oligonucleotides were biotinylated in 
vitro and immobilized on Dynabeads MyOne C1 streptavidin beads (Thermo Scientific). The 
experiments were conducted in quadruplicate, with each replicate involving 450 µg of beads 
incubated with 300-750 µg of protein lysate. Both telomere (TTAGGG) and scrambled 
(GTGAGT; control) baits were employed in the BRF41 and zebrafish embryo pull-downs, while 
only telomere bait was used in the wild-type versus zbtb48-/- mutant larvae pull-downs. 
Samples were incubated on a rotating wheel at 4 °C for 1 h, followed by three washes with 
PBB buffer. Samples were eluted from the beads with 20 μL of 0.1 M DTT and 1X NuPAGE™ 
LDS Sample Buffer (Thermo Scientific) by boiling at 70 °C for 10 min. 
 
Immunoprecipitation 
All experiments were conducted with four replicates. For each replicate, 750 µg of Protein G 
beads (Invitrogen) was coupled with antibody on a rotating wheel for 1 h at 4 °C. Antibodies 
were used at either a 1:10 dilution of rabbit antibodies raised in this study, such as Hmbox1a 
(T1 and T3), Hmbox1b (T2), Zbtb48-BTB (T2 and T3), and Zbtb48-ZNF (T2 and T3) antibodies, 
or with 5 µg of rabbit-IgG control (Sigma), Hmbox1b-T2 (M), and Zbtb48-BTB-T3 (M) purified 
by the protein production core facility. After coupling, the beads were washed three times with 
PBB buffer. The coupled beads were incubated with 200-800 µg of protein lysates on a rotating 
wheel for 2 h at 4 °C, followed by three washes with PBB buffer. Samples were eluted from 
the beads with 20 µL of 0.1 M DTT and 1X NuPAGE™ LDS Sample Buffer (Thermo Scientific) 
by boiling at 70 °C for 10 min.  
 
Mass spectrometry sample preparations 
Samples eluted from telomere pull-down and immunoprecipitation were loaded onto 10% 
NuPAGE Bis-Tris precast gel (Thermo Scientific) and resolved at 180V for 8 min in MES 
running buffer (Life Technology). In-gel digestion was performed as previously described 79. 
Briefly, the gels were stained with Coomassie blue and washed overnight in distilled water with 
shaking. The next day, the protein bands were excised from the gel, cut into small pieces, and 
destained in a 96-well filter plate with 50% ethanol. Gel pieces were dehydrated using 
acetonitrile (VWR) before reducing the samples with 10 mM DTT (Sigma) for 1 h at 56 °C, 
followed by alkylation with 55 mM iodoacetamide (Sigma) for 45 min in the dark. Gel pieces 
were dehydrated again using acetonitrile (VWR) before tryptic digestion with 1 μg of MS-grade 
trypsin (Sigma) in 50 mM ammonium bicarbonate buffer (pH 8.0) at 37 °C overnight. Afterwards, 
the peptides were extracted using 30% acetonitrile and stored on activated C18 material 
(Empore). 
 

 

MS measurement and analysis (telomere pull-down and immunoprecipitation) 
Measurements of telomere pull-down and immunoprecipitation were conducted on either 
Exploris 480 (Thermo Fisher Scientific) or Q Exactive Plus mass spectrometer (Thermo Fisher 
Scientific) coupled online to an Easy-nLC 1200 (Thermo Fisher Scientific) on an in-house 
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packed C18 (Dr. Maisch) column. The data were acquired via data-dependent acquisition 
(DDA) with a top15 method. The data were analyzed with MaxQuant 216 version 1.6.10.43 with 
standard settings except label-free quantification (LFQ) and the match between run option 
were activated. UniProt zebrafish database (39,559 entries), was supplemented with the MBP 
and epitope sequences used in this study. Protein quantification was performed as previously 
described 217. In brief, contaminants, reverse database hits, protein groups identified only by 
site, and protein groups with fewer than two peptides (with at least one classified as unique) 
were filtered out from the MaxQuant proteinGroups.txt file. Missing values were imputed by 
shifting a beta distribution, based on the LFQ intensity values, to the limit of quantitation. 
Volcano plots, heatmap, and Venn diagram were generated from Rstudio using packages 
including ggplot2 and more. The threshold for protein enrichment was set at a fold change > 
|2| and a p-value < 0.05 (Welch’s t test). The peptide sequences detected by the mass 
spectrometer were obtained from the peptide.txt file. 
 
MS measurement and analysis (proteome) 
For proteome analysis, 4 hpf embryos of various hmbox1a/b genotypes (wild-type, 
(hmbox1aLD/LD; hmbox1bLD/LD) double mutant, hmbox1aLD/LD and hmbox1bLD/LD single mutants) 
and 5 dpf of wild-type and zbtb48-/- mutants were respectively pooled and lysed in RIPA. 
Proteome analyses were performed in technical quadruplicate, utilizing 50 µg of protein per 
replicate, with two independent collections of biological replicates for zbtb48 study. The 
proteins were loaded onto a 10% NuPAGE Bis-Tris precast gel (Thermo Scientific) and 
resolved at 180 V for 30 min using MES running buffer (Life Technology). The gels were 
subsequently divided into three parts at the 41 kDa and 93 kDa ladder bands for in-gel 
digestion, following the procedure mentioned above. The proteins were measured on Exploris 
480 mass spectrometer (Thermo Fisher Scientific) coupled online to an in-house packed C18 
column (Dr. Maisch GmbH). 
 
For the proteome analysis involving juvenile and adult gonads in the zbtb48 study, three to 
four biological replicates were conducted, each consisting of individual fish. Sample 
preparation for mass spectrometry was conducted by research assistant Rachel Mullner, with 
400 ng of protein used for each replicate. Proteomes were analyzed using a TimsTOF HT 
mass spectrometer (Bruker), interfaced with a NanoElute2 HPLC system (Bruker). An Aurora 
Ultimate CSI 25×75 C18 UHPLC column (Ionopticks) was utilized at 50 °C. 
 
The peptides were eluted along a 95-min gradient from 4% to 32% acetonitrile (VWR) and 
measured with a DDA acquisition scheme. The measurement files were processed with 
MaxQuant (2.4.2.0) and a combined Swissprot/Trembl database (47,082 entries) with the 
standard settings except for peptides for quantification, which was switched to unique and LFQ 
quantitation activated. Protein analysis was performed as previously described 217. In brief, 
contaminants, reverse database hits, protein groups identified only by site, and protein groups 
with fewer than two peptides (with at least one classified as unique) were filtered out from the 
MaxQuant proteinGroups.txt file. Missing values were imputed by shifting a beta distribution, 
based on the LFQ intensity values, to the limit of quantitation. Volcano plots, heatmap, and 
Venn diagram were generated from Rstudio using packages including ggplot2 and more. The 
threshold for protein enrichment was set at a fold change > |2| and a p-value < 0.05 (Welch’s 
t test).  
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RNA-related works 
 
Quantitative real-time PCR (qRT-PCR) 
RNA was extracted from 5 dpf larvae, 33 dpf gonads, 40 dpf differentiating testes, and 1 year-
old differentiated testes for both wild-type and zbtb48-/- genotypes. Each biological replicate 
consisted of either a pool of 25 larvae or the gonad from a single individual. Samples were 
lysed in 500 µL of TRIzol Reagent (Invitrogen) and sonicated for 3 cycles of 30s ON and 30s 
OFF at 4 °C. RNA purification was performed using the Direct-zol RNA Microprep kit protocol 
(Zymo Research), and 1 µg of RNA was converted to cDNA with the First Strand cDNA 
Synthesis Kit (ThermoFisher) for larvae and ProtoScript II First Strand cDNA Synthesis Kit 
(NEB) for gonads. 
 
Quantitative real-time PCR (qRT-PCR) was conducted using SYBR™ Power SYBR™ Green 
PCR Master Mix (Applied Biosystems), with three technical replicates. The qRT-PCR was 
carried out on a QuantStudio™ 5 Real-Time PCR machine under the following conditions: 
50 °C for 2 min, 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min, 
ending with a melting curve analysis. β-actin was used as the reference gene, and data were 
analyzed using the 2−ΔΔCt method.  
 
RNA-seq  
From a single mating of zbtb48+/- parents, 22 sibling larvae were picked at 5 dpf and processed 
individually. RNA and DNA were extracted using an AllPrep DNA/RNA/Protein Mini Kit (Qiagen) 
according to the manufacturer’s instructions. Larvae were lysed in the provided RLT buffer by 
the sonication. Genotyping was performed on the extracted DNA, and subsequently, the 
respective RNA of the 4 selected wild-type and zbtb48-/- mutants were submitted for RNA 
sequencing (RNA-seq), with each larva representing a biological replicate.  
 
RNA-seq preparations and sequencing were handled by the IMB Genomic Core Facility. NGS 
library preparation was performed with Illumina's TruSeq Stranded mRNA LT Sample Prep Kit 
following the TruSeq Stranded mRNA Reference Guide (Oct. 2017) (Document # 
1000000040498v00) using ¼ of the reagents. Libraries were prepared with a starting amount 
of 250 ng and amplified in 10 PCR cycles. Libraries were profiled on a high-sensitivity DNA 
chip on a 2100 Bioanalyzer (Agilent Technologies) and quantified using the Qubit dsDNA HS 
Assay Kit in a Qubit 2.0 Fluorometer (Life Technologies). All 8 samples were pooled together 
with 20 samples from another project in equimolar ratio and sequenced on a NextSeq 500 
High Output FC, SR for 1x 75 cycles plus 2x 8 cycles for the dual index read. 
 
The library quality was assessed with FastQC (version 0.11.9) and FastQscreen (version 
0.15.2) before alignment against the D. rerio genome assembly GRCz11 and its canonical 
gene annotations (Danio_rerio.GRCz11.100.chr.gtf). Alignment was performed with STAR 
aligner 218 version 2.7. Reads mapped to annotated features in the GTF file were counted with 
featureCounts 219 version 1.6.2 using the featureCounts functionality. Coverage tracks were 
generated with deepTools 220 version 3.5.1 and plotted using Gviz 221 on an R framework. The 
threshold for transcript enrichment was set at a fold change > |2| and a p-value < 0.01 (Welch’s 
t test).  
 
Analysis of published RNA-seq data 
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Metadata from RNA-seq analysis of embryo development 135,151,152 and adult tissues 153 were 
downloaded and processed in R. 
 
The data and images of the scRNA measurements of 40 dpf ovaries 155 and adult testes 154 
were obtained from the following websites: 
https://singlecell.broadinstitute.org/single_cell/study/SCP928/40dpf-ovary-all-cells and 
https://sposato.shinyapps.io/testis_shiny_app/ . 
 
Microscopy imaging and analysis 
 
Breeding 
Embryos and larvae were bred from in-crossing parents of the same homozygous genotype to 
ensure 100% offspring of the same genotype, unless stated otherwise. In some hmbox1a/b 
staining experiments, larvae with Tg(wt1b:eGFP)li1 transgenic background lines were used to 
label the podocytes. 
 
Fixing and Dehydration 
Embryos younger than 6 hpf (50% epiboly) were fixed in 4% paraformaldehyde (PFA) at room 
temperature for 1 h, while older embryos were fixed overnight at 4 °C. After fixation, the PFA 
was removed, and embryos were washed twice with PBST (PBS with 0.05% Tween-20) before 
manually removing their chorions. 
 
For 24 hpf (1 dpf) embryos, chorions were removed before fixing in 4% PFA at room 
temperature for 1 h. To prevent pigmentation in larvae older than 1 dpf, they were treated with 
0.003% PTU in E3 medium at 1 dpf, refreshed at 3 dpf. These larvae were also dechorionated 
before fixing in 4% PFA at room temperature for 2 h. 
 
All samples were washed once in PBST, dehydrated through a methanol/H2O series (25%, 
50%, 75%, 100%, and 100% methanol). They were then stored overnight in 100% methanol 
at -20 °C. Before proceeding to the staining steps each time, samples were rehydrated in a 
reverse methanol/H2O series (75%, 50%, and 25% methanol, followed by twice in PBST). 
 
Immunofluorescence (IF) 
All incubations and washes for immunofluorescence (IF) were performed on a shaker at room 
temperature, unless specified otherwise, with each wash in PBST lasting for 10 min. 
Rehydrated embryos (1 dpf and younger) were permeabilized in PBST for 30min while larvae 
(2 dpf and older) were permeabilized with ice cold 100% acetone in -20 °C for 7 min. Samples 
were blocked in 10% BSA (Sigma) for at least 2 h, followed by an overnight incubation with 
primary antibody at 4 °C. The next day, the samples were washed three times before 
incubating with secondary antibody and DAPI for 1 h. Samples were washed three times before 
mounting onto slides or 8-well chambers (ibidi) with mounting medium (ibidi). Samples were 
imaged on the same day whenever possible using either the VisiScope spinning disk confocal 
microscope or the BC43 benchtop confocal microscope (Andor). 
 
The primary and secondary antibodies used in this study were prepared in 10% BSA. The 
primary antibodies were diluted as follows: rabbit antibodies raised in this study, such as 
Hmbox1a (T1 and T3), Hmbox1b (T2), Zbtb48-BTB (T2 and T3), and Zbtb48-ZNF (T2 and T3) 
antibodies, were used at dilutions between 1:100 to 1:400 of elution 3, whereas Hmbox1b-T2 

https://singlecell.broadinstitute.org/single_cell/study/SCP928/40dpf-ovary-all-cells
https://sposato.shinyapps.io/testis_shiny_app/
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(M) and Zbtb48-T3 (M) antibodies, purified by the protein production core facility, was used at 
1:2000. Mouse anti-human HMBOX1 antibody was used at 1:100, and rat anti-zebrafish Ziwi 
antibody (Ketting’s self-raised antibody, 396) was used at 1:250. For secondary antibodies, 
anti-mouse IgG (H+L) AF488 (Invitrogen),  anti-rabbit IgG (H+L) AF488 (Invitrogen), anti-rabbit 
IgG (H+L) AF568 (Invitrogen), and anti-rat IgG IRDye 680RD (Li-COR) were used at a 1:250 
dilution. 
 
IF with single-molecule FISH (smFISH) cdh17 probe set 
A Stellaris™ RNA FISH probe set comprising 48 unique probes labelled with Quasar® 670 
dye was synthesized to target zebrafish cdh17 mRNA (OTTDART00000026378) to mark the 
pronephros. 
 
All incubations and washes for IF-single-molecule FISH (smFISH) were performed on a 
thermomixer at 30 °C with shaking at 300 rpm, with each wash lasting for 10 min. The smFISH 
hybridization buffer was prepared as follows: 10% dextran sulfate (Sigma), 10% formamide 
(Roth), 1 mg/mL yeast tRNA (Invitrogen), 2X SSC, 0.02% BSA (Sigma), and 2 mM vanadyl-
ribonucleoside complex (NEB).  
 
Rehydrated samples were pre-hybridized in smFISH hybridization buffer for 2 h. The samples 
were hybridized overnight with a 1:50 dilution of smFISH-cdh17-Quasar670 probe, added with 
either a 1:400 dilution of Hmbox1a-T1 antibody or a 1:2000 dilution of Hmbox1b (M) antibody. 
The next day, samples were washed twice with pre-warmed smFISH wash buffer (10% 
formamide with 2X SSC), followed by a 1 h incubation with a 1:250 dilution of anti-rabbit-AF568 
secondary antibody (Invitrogen) and 1:500 DAPI prepared in the smFISH wash buffer. 
Afterward, samples were washed three times with smFISH wash buffer and once with PBST 
at room temperature before mounting on chamber slides. They were imaged on the same day 
using a BC43 benchtop confocal microscope (Andor) with a 20X objective. 
 
Telomere staining 
All incubations and washes for telomere staining were conducted on a thermomixer with 
shaking at 300 rpm for 10 min, unless stated otherwise. The hybridization buffer for the 
TAMRA-labeled C-rich telomere probe (Eurogentec) was prepared using the following 
components: 1X Blocking Reagent (Roche), 70% formamide (Sigma), 100 µg/mL yeast tRNA 
(Invitrogen), 100 µg/mL salmon sperm DNA (Invitrogen), and 10 mM Tris-HCl (pH 7.2), all 
diluted in maleic acid buffer (100 mM maleic acid (Sigma), 150 mM NaCl, pH 7.5). 
 
The telomere probe was diluted 1:100 in the hybridization buffer and preheated to 90 °C prior 
to use. For staining telomere staining coupled with IF on 4 hpf embryos, samples were 
rehydrated and incubated with the preheated hybridization mixture at 85 °C, followed by 1 h of 
hybridization at room temperature. The samples were washed once with 2X SSC/0.1% Tween-
20 at 30 °C before rinsing with PBST. They were then blocked with 10% BSA for subsequent 
IF staining with the Hmbox1a antibody. 
 
For telomere staining coupled with IF-smFISH on 1 dpf embryos, the telomere staining was 
performed as described above for 4 hpf, but the room temperature hybridization was extended 
to 4 h, and samples were washed three times with smFISH wash buffer before proceeding to 
the pre-hybridization step of smFISH. The samples were subsequently probed with the 
smFISH-cdh17 and Hmbox1b antibody with the methods mentioned above. 
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Detection, colocalization, and quantification of telomere foci and Hmbox1a signals were carried 
out using the ComDet v.0.5.5 plugin for ImageJ (https://github.com/UU-cellbiology/ComDet). 
The threshold for the maximum distance between colocalized spots was set at 1 pixel, with the 
approximate particle size for both telomere foci and Hmbox1a signals set at 2 pixels. The 
intensity threshold (in SD) was established at 3. 
 
Glomerulus filtration test 
The glomerulus filtration assay was conducted following the methods previously described 
146,147. The injection mixture was prepared by combining equal parts of 20 mg/mL Alexa Fluor 
647-conjugated 10-kDa dextran (Invitrogen) and 10 mg/mL FITC-conjugated 500-kDa dextran 
(Invitrogen) in PBS. Wild-type and hmbox1aLD/LD; hmbox1bLD/LD double mutant larvae at 4 dpf 
were anesthetized using 0.02% tricaine (Sigma) before the dextran mixture was injected into 
their hearts, after which they were placed in E3 medium for recovery. 
 
At 3 hours post-injection (hpi), the larvae were re-anesthetized for imaging with a VisiScope 
spinning disk confocal microscope. Following imaging, the larvae were returned to E3 medium 
at 28 °C until 24 hpi, when they were anesthetized and imaged again. To evaluate dextran 
clearance, images from the 10-kDa and 500-kDa dextran channels were overlaid, and 
fluorescence intensity was compared between the wild-type and hmbox1aLD/LD; hmbox1bLD/LD 
larvae at both the 3 hpi and 24 hpi time points. 
 
Mitotracker 
Wild-type and zbtb48-/- embryos were bred from parents of the respective genotype. Embryos 
were collected at around the 32-cell to 64-cell stage (1.5 hpf) and incubated with 1 mL of 
1:2000 MitoTracker™ Deep Red FM Dye (Invitrogen) diluted in E3 medium for 2 h at 28 °C, in 
the dark. The embryos were washed once with E3 medium for 5 min and fixed with 4% PFA 
at room temperature for 1.5 h. The embryos were washed with PBST for 5 min with shaking 
and manually dechorionated. The embryos were stained with 1:500 DAPI at room temperature 
for 5 min before being mounted onto a slide and imaged using the BC43 benchtop confocal 
microscope (Andor) with a 100X objective. 
 
Quantitative fluorescence in situ hybridization (q-FISH)  
Telomere quantification using q-FISH method was only performed on larva in the zbtb48 study. 
Thirty larvae bred from the single mating of zbtb48+/- parents were collected at 30 hpf and 5 
dpf. The larvae were fixed in 4% PFA for 1 h at room temperature, followed by two washes 
with PBS/0.05% Tween-20. The samples were then dehydrated through a methanol/H2O 
series and stored overnight in 100% methanol at -20 °C prior to hybridization. Samples were 
rehydrated in 2X SSC/0.1% Tween-20 twice for 10 min each. 
 
To ensure uniform staining, all larvae of the same stage were processed together in the same 
tube. Similar to the telomere staining mentioned earlier, a TAMRA-labeled C-rich telomere 
probe was used at a 1:100 dilution and combined with 1 μg/mL DAPI in 250 μL of hybridization 
buffer. The hybridization mixture was preheated to 90 °C before incubating it with the samples 
at 85 °C. The samples were hybridized at room temperature for 2 h, followed by three washes 
with 2X SSC/0.1% Tween-20 for 10 min each at 55 °C with 300 rpm shaking. The larvae were 
then cut at the trunk, with the tails mounted on glass slides for telomere length analysis and 
the other half used for genotyping. 

https://github.com/UU-cellbiology/ComDet
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The tail biopsies were imaged using the BC43 benchtop confocal microscope (Andor) with a 
100X objective. The images were processed using ImageJ software. To measure telomere 
fluorescence intensity, a difference of Gaussian blur filter (sigma = 1 subtract sigma = 4) was 
used to set the threshold for telomere foci identification. The fluorescence intensity in the 
telomere channel was normalized to the fluorescence intensity of the corresponding area in 
the DAPI channel. Measurements were performed throughout the z-stack images, and the 
normalized intensity values were averaged to represent each individual. Medians were then 
calculated for each genotype, and p-values were obtained using Welch’s t-test. 
 
 
Telomere length measurement 
 
Telomere restriction fragment (TRF) analysis by Southern blot 
Telomere length was measured on the caudal fins of three 8-month-old males of each 
genotype. For hmbox1a/b study, hmbox1aLD/LD; hmbox1bLD/LD and the wild-type counterpart 
fish were bred from a group mating of hmbox1a+/LD; hmbox1b+/LD parents. For zbtb48 study, 
zbtb48-/- and the wild-type counterpart fish bred from a group mating of zbtb48+/- parents. The 
TRF experiment and analysis was performed by our collaborator, Miguel Godinho Ferreira 
from Institute for Research on Cancer and Aging, Nice (IRCAN). 
 
 
Fish genotype distribution and survival curve 
 
Genotype distribution 
The genotype distribution was analysed on the first generation mutants, offsprings bred from 
heterozygous parents (hmbox1a+/LD; hmbox1b+/LD or zbtb48+/-), at the indicated ages. Chi-
square tests were performed on individual and the overall crosses to evaluate whether the 
distribution follows Mendelian inheritance pattern.  
 
Survival curve 
The number of fish per homozygous genotype was monitored by routinely counting those left 
in each tank. Dead or sick fish were removed by caretakers, but escapes (assumed dead) 
could not be tracked. As a result, Kaplan-Meier survival curves were not used. Instead, simpler 
graphs displayed the percentage of fish remaining in each tank by genotype over time, with 
100% based on counts from the time of genotyping (for the first generation) or when the larvae 
were placed in the aquarium (for the subsequent generation). 
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