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adducin 1 is essential for the survival
of erythroid precursors via regulating
p53 transcription in zebrafish

Shuyan Yang,1,* Shanhu Cao,2 Xuebing Xu,1,3 Quan Li,4 Jianting Li,5 Jin Guo,1 Fang Wang,1 Yihua Bao,1

Zean Jiang,2 Ting Zhang,1 Li Wang,1,* and Shaoguang Sun2,6,*

SUMMARY

Adducin 1 (Add1) is known as a membrane cytoskeletal protein, but its nuclear
function remains unclear. In this study, we generated add1-deficient zebrafish
to investigate its role in hematopoiesis. Lack of add1 impaired both primitive
and definitive hematopoiesis, preventing healthy erythrocyte development.
RNA sequencing revealed activation of the p53 pathway in add1-depleted
erythroblast cells, leading to apoptosis at the 14-somites stage and 24 hpf. Inter-
estingly, partial rescue of the anemic phenotype and apoptosis was observed
with p53 insufficiency.Mechanistically, ADD1was found to regulate promoter ac-
tivity. These findings demonstrate that Add1 plays a crucial role in zebrafish
erythropoiesis, involving the p53-mediated apoptotic pathway, expanding its
regulatory role beyond cytoskeletal functions.

INTRODUCTION

The Adducin (ADD) family proteins, namely ADD1, ADD2, and ADD3, are actin-binding proteins localized

at actin-spectrin junctions, a strategic site for control of the stabilization of membrane cytoskeleton. It is

expressed as heterotetramers in heterodimeric combinations with ADD1/2 or ADD1/3.1 There is a signif-

icant sequence, structural, and functional homology among ADDs.2 In Add1-null mice, Add2 and Add3

proteins are undetectable,3,4 indicating a predominant role of Add1 in stabilizing Add2 and Add3.

Add1-null mice display growth retardation, compensated hemolytic anemia, and approximately 50%

developed lethal communicating hydrocephalus accompanied by dilation of the ventricles.3 Genetic var-

iants ofADD1may disrupt themembrane skeleton and in turn influence a variety of physiological processes

and manifests in diverse diseases, such as hypertension,5,6 hemorrhagic stroke,7 myocardial infarction,8

atherosclerosis,9 renal diseases,10,11 and colorectal cancer.12 However, the precise pathogenetic mecha-

nisms of Add1/ADD1 involved need to be elucidated further.

Although ADDs function primarily as membrane cytoskeletal proteins, all the ADDs contain a highly

conserved bipartite nuclear localization signal (NLS) at the carboxyl termini,13,14 implying their special nu-

clear function. Compared to ADD2 and ADD3, ADD1 tends to localize in the nucleus and can interact with

RNA polymerase II, zinc-finger protein 331(ZNF331),15,16 or regulatory factor X1 (RFX1),17 indicating a diver-

sity of nuclear functional roles apart from maintaining cytoskeletal stability. However, whether ADD1 par-

ticipates in hematopoiesis via regulating transcriptional levels of target genes remains unknown.

Zebrafish are very suitable for hematopoiesis development studies. Transient genetic manipulation by

microinjection of mRNA or antisense morpholino oligonucleotides (MOs) provides convenient methods

for functionally assessing genetic regulatory pathways without needing extended breeding strategies.18

Zebrafish developmental hematopoiesis closely resembles mammalian hematopoiesis and is regulated

by a conserved molecular pathway.19 Many zebrafish mutants with hematopoiesis defects at various stages

are identified in a large-scale chemical mutagenesis screen.20 and several mutants model human hemato-

poiesis diseases.21,22 Whereas, there is currently no add1-null zebrafish model, so it is valuable to create

add1 mutant zebrafish to elucidate the regulatory role of add1 during hematopoiesis.

In this work, we obtained a zebrafish mutant with add1-deficient using Tol2 transposon-mediated gene

trapping and found that loss of add1 leads to defective assembly of erythrocyte membrane proteins,
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impairment of erythrocyte maturation and defective definitive hematopoiesis. The mechanism was that

add1 deficiency activated the p53-mediated apoptotic pathway from the transcriptional level. Our findings

provide a new nuclear functional role of add1 apart from maintaining cytoskeletal stability.

RESULTS

add1�/� transgenic embryos express GFP ubiquitously and homozygous embryos are

embryonic lethal

Using the Tol2 transposon-mediated gene tapping technique, we carried out a small-scale gene trap

screen in zebrafish.23 The Tol2-transposase mRNA was generated in vitro, then co-injected into zebrafish

embryos at the one-cell stage together with a modified Tol2-based transposon trap vector called TSG that

contained a splice acceptor and a promoterless GFP reporter.20,24,25 We identified a mutant line named

add1�/� after identifying the interrupted gene in our previous work. In this line, the embryos expressed

green fluorescent protein (GFP) at the 1-cell stage (Figure 1A), suggesting that the trapped gene is mater-

nally expressed. The expression pattern of GFP in this line is ubiquitous. Around 24 h postfertilization (hpf),

the embryos can be classified into three groups according to the intensity of GFP: intensive, moderate, and

weak. We observed 1,392 embryos from 10 pairwise crosses of heterozygotes and found that intensive,

moderate, and weak GFP groups accounted for 25%, 48%, and 27%, respectively, suggesting that GFP

segregation accorded with Mendel’s law of segregation.

To elucidate the function of the trapped gene during zebrafish development, the morphological defects of

this mutant line were analyzed. Homozygous add1�/� mutant embryos with intensive GFP expression nor-

mally developed until 20 hpf, showing dark heads. At 24 hpf, significant abnormalities could be observed in

add1�/� mutants compared with siblings, including abnormal midbrain-hindbrain boundary (MHB) (Fig-

ure 1B), smaller heads, smaller eyes, and a defective yolk extension. As development proceeds, additional

morphological changes can be observed, such as swelling of the fourth ventricles and heart edema at 48

Figure 1. GFP expression pattern and phenotypes of add1�/� transgenic embryos

(A) Fluorescent images of add1�/� embryos. GFP was expressed maternally from the 1-cell stage and ubiquitously

distributed along the whole body from 24 hpf to 48 hpf. Scale bars, 100 mm.

(B) Morphology of add1�/�mutant and sibling embryos. At 24 hpf, MHB was poorly developed in the homozygous mutant

embryos (red triangle). Swelling of the hindbrain was observed in homozygous mutant embryos at 48 hpf (black star).

Black arrow showed the trimmer head and smaller eyes in homozygous mutant embryos at 48 hpf. The mutant embryos

developed edema at 96 hpf compared to siblings. Scale bars, 100 mm.

(C) Bright-field microscopy of blood cells in WT andmutant embryos at 30 hpf. Some blood cells could be observed in the

caudal veins of siblings at 30 hpf (black arrowheads), whereas they were almost absent in the mutants. Scale bars, 10 mm.
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Figure 2. Genomic schematic and reduced expression level of add1 in add1�/� mutant embryos

(A) Genomic structure of the add1 locus and putative transcripts. The Tol2 transposon was inserted into the first intron of

the add1 gene. The binding positions and directions of primers add1-F, add1-R, and T3-3 used in (B) were indicated. UTR,

untranslated region.

(B) PCR-based genotyping of individual embryos. At 24 hpf, embryos from add1 heterozygote intercrosses were separated

based on GFP intensity and phenotypes. Three primers, add1-F, add1-R, and T3-3, the Tol2-30 element located downstream

of the insertion site, were used in tandem for PCR with genomic DNA from a single embryo as the template. The mutant and

WT add1 alleles were represented by 1200 and 450 bp bands, respectively. M stands for molecular marker lane.

(C) Expression levels of add1 transcript in mutant embryos detected with WISH. In the left panel, wt, ht, and mt

representedWT with weak GFP, heterozygote with moderate GFP, and homozygote with intensive GFP, respectively. It is

worth noting that the expression level of Add1 nearly vanished.
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hpf (Figure 1B). In addition to dysplasia, the number of blood cells in circulation significantly decreased in

mutant animals. At 30 hpf, zebrafish already have blood circulation, and some blood cells can be seen in the

caudal veins of wild type (WT) embryos. In contrast, there are almost no blood cells in mutant embryos can

be seen (Figure 1C). Over time, the severity of the defects increased and the mutants died around 5 dpf.

Taken together, we obtained a zebrafish mutant with significant abnormalities in development.

The interruption of the add1 locus accounts for the mutant phenotype

To identify the Tol2 integration site in the mutant line, we performed 50-rapid amplification of cDNA ends

(50-RACE) on total RNAs isolated from homozygous embryos at 24 hpf. The sequencing result of the

50-RACE products showed that the first exon of the zebrafish add1 gene was fused with GFP (Figure S1A).

This finding confirmed that the gene disrupted by the Tol2 transposon in the mutant embryos is add1. Ze-

brafish add1 is located on chromosome 21 and encodes a 783 amino acid protein with 76% identity to hu-

man ADD1 (Figure S1B).

The add1 locus in zebrafish comprises 13 exons and 12 introns. The transposon element insertion occurs at

the first intron, allowing the transcription of the GFP expression cassette under the control of the add1 pro-

moter (Figure 2A). Using PCR-based genotyping, specific primers add1-F, add1-R, and T3-3 were designed

to test the relationship between GFP expression levels and the interrupted add1 locus. The results show

that intensive GFP-embryos and moderate GFP-embryos in this mutant line had homozygous and hetero-

zygous insertions of the Tol2 transposon at the add1 locus, respectively. At the same time, embryos with

weak GFP do not have Tol2 elements inserted (Figure 2B). This suggested that GFP expression was closely

related to the mutant line’s phenotypes.

Subsequently, we utilized several approaches to verify that the mutation in add1 mutants is sufficient to

cause the phenotype. We first used whole-mount RNA in situ hybridization (WISH) to look at the expression

of add1 in this mutant. The WISH results revealed that add1 was expressed both maternally and zygotically

throughout early development (Figure S2A), with relative enrichment in the head and anterior region of the

pronephric ducts at 22 hpf (Figure S2A). By 36 hpf, add1 transcripts were also found in hematopoietic tissue

(Figure S2A). At 24 hpf, we found that add1 expression was robust in WT siblings but significantly reduced

or abolished in homozygotes (Figure 2C).

We accessed the relative abundance of endogenous add1 transcript in WT and mutant embryos by quan-

titative real-time PCR (qRT-PCR). The results indicated that homozygous embryos at 24 hpf and 36 hpf only

retained approximately 0.014% and 0.004% amount of add1 mRNA in the WT embryos, respectively

(Figure 2D).

We next performed immunofluorescence analysis with an anti-Add1 antibody to visualize Add1 distribution

in the mutant embryos. In WT embryos, the expression of Add1 is robust and mainly localized at the mem-

brane in all examined cells, while in the mutant embryos, a profound reduction of Add1 was observed when

detected with immunostaining (Figure 2E). At the same time, the protein level of Add1 was reduced pro-

foundly in the mutant when analyzed with western blot (WB) (Figure 2F).

We also used Morpholino injection to knock down add1 in zebrafish embryos. Injection with 10 ng of add1-

MO efficiently blocked add1-50UTR-EGFP reporter expression (Figures S3A and S3B). The morphants in-

jected with 10 ng or 15 ng of add1-MO exhibited phenotypic traits consistent with those observed in

add1�/�mutants at 30 hpf and 48 hpf, including a curved body axis, reduced circulating blood cells, hydro-

cephalus, and edema (Figures S3C and S3D). Furthermore, o-dianisidine staining of the morphants at 30

hpf and 48 hpf revealed significantly diminished or absent signals compared to WT embryos

Figure 2. Continued

(D) qRT-PCR analysis of the relative expression level of add1 in WT and add1�/� embryos at indicated stages. b-actin was

used as an internal control. Embryos were pre-sorted as mentioned above. The data were presented as mean G SD from

three independent biological repeats. Total RNA of each group was extracted from a pool of 30 embryos. **, p < 0.01 (by

Student’s t test).

(E and F) Expression of Add1 was dramatically reduced in add1�/� mutants. Embryos of add1�/� and their siblings were

harvested at 22 hpf, and then stained with anti-Add1 antibodies. Confocal photography was used to capture the optic

tectum and blood island. (E). Scale bars, 10 mm. The levels of Add1 in cell lysis of the embryos was further analyzed by

western blots (F).
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(Figures S3E and S3F). To assess rescue potential, mRNA rescue experiments were conducted in add1�/�

embryos. Introduction of 100 or 200 pg of add1 mRNA, synthesized in vitro, into add1 mutant embryos at

the one-cell stage partially reversed the anemic abnormalities at 30 hpf (Figures S3G and S3H). Taken

together, these results confirmed that add1 is the mutated gene responsible for the add1�/� mutant

phenotype.

Disruption of add1 leads to hematopoietic defects in zebrafish larva

To investigate the defects in add1 mutant embryos, we first examined the embryos under a dissection mi-

croscope from 30 hpf to 96 hpf. We noticed that add1�/� larvae always had fewer blood cells compared to

siblings. Blood cells were actively circulating in WT embryos at 30 hpf (Video S1, Figure 1C), but add1

mutant embryos had only about 30 cells in circulation on average (Video S2, Figure 1C). At 96 hpf, WT em-

bryos have 1000–3000 blood cells in circulation, whereas add1 mutant embryos have no blood cells. This

evidence suggests that add1 plays an important role in zebrafish hematopoiesis.

To rule out the possibility that the hematopoietic defects observed in the add1 mutant were secondary ef-

fects of a vascular deficiency, we analyzed the expression of vascular marker genes, flk and fli1, by WISH.

The results show that there were no obvious defects in vascular morphogenesis in add1 mutant embryos

at the indicated stages (Figure S4), indicating that the hematopoietic phenotype is not a side effect of a

vascular defect.

add1 is required for primitive erythropoiesis and definitive hematopoiesis

All vertebrates, including zebrafish, have two waves of hematopoiesis.26 To investigate the effects of add1

deficiency on primitive erythropoiesis in add1�/� mutant embryos, we performed WISH for several

erythroid-specific marker genes at different stages.Gata1 was one of the first markers for erythroid lineage

specification.27 The results demonstrated that the expression levels of gata1 were slightly lower in the

mutant embryos compared to their siblings at 22 hpf (Figures 3A and S5A). Similarly, the expression levels

of hbae3 and hbbe1, which are marker genes for erythrocytes, were somewhat reduced in add1�/� mutant

embryos at 22 hpf when compared to their sibling counterparts (Figures 3A and S5A). Furthermore, by us-

ing qRT-PCR, gata1, hbbe1 and hbae3 relative expression levels in add1�/� mutants were quantified. The

analysis demonstrated that at 22 hpf, add1mutants had lower expression levels of gata1, hbbe1 and hbae3

than WT siblings (Figure 3B). These findings indicate that add1�/� embryos exhibit altered initiation of

erythropoiesis. When the embryos developed into 30 and 48 hpf, the expressions of hbae3 and hbbe1

were significantly reduced in add1�/� homozygotes (Figure 3C).

To further analyze the defects in erythropoiesis, o-dianisidine staining was performed, which detects heme

present in hemoglobin. After circulation begins, the o-dianisidine positive cells mainly aggregate promi-

nently in the ducts of cuvier at 30 hpf and 48 hpf (Figure 3D). In contrast, all the add1�/� homozygotes

had no detectable signals from 30 hpf to 48 hpf (Figure 3D), suggesting a defect in the production or main-

tenance of mature erythroid cells in the mutant embryos.

Figure 3. add1 is required for the primitive erythropoiesis and definitive hematopoiesis

(A) Expression pattern of primitive erythropoiesis marker genes in add1 mutant embryos. The erythrocyte marker genes

gata1, hbae3 and hbbe1 were detected with WISH in add1 mutant and siblings at 22 hpf. There was a slight decrease in

the expression levels of these genes in the mutants.

(B) FPKM values of erythroid cell specific genes in add1�/� and siblings.

(C) WISH results of erythrocyte marker genes from 36 hpf to 48 hpf. The expression levels of hbae1 and hbbe3 in add1

mutant embryos decreased sharply in the mutant from 30 hpf to 48 hpf.

(D) o-dianisidine staining for hemoglobin at indicated embryos. Left panel: Hemoglobin in red blood cells is strongly

stained in WT embryos, noted prominently in the ducts of cuvier over the yolk sac (red arrow). Right panel: In contrast,

there is no detectable hemoglobin staining in add1 mutant embryos.

(E) Transmission electron micrographs of WT and add1�/� erythrocytes at 48 hpf. Note that erythroid cells from add1�/�

heart chambers were variable in the number and morphology, the bottom looked like erythroblast. Scale bars: 5 mm (left

panel); 500 nm (right panel).

(F) Expression pattern of runx1 in add1�/� mutants and WT siblings. The expression level of runx1 decreased in mutant

embryos at 48 hpf.

(G) The EGFP signals in the mutant embryos in the background of Tg(c-myb:EGFP). The EGFP positive signals displayed

an obvious reduction of HSCs compared with WT embryos at 48hpf. The red arrows indicate c-myb expression.

(H) Quantification of c-myb+ HSPCs. Error bars, mean G SD, ***, p < 0.001.
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Following that, we wanted to observe the morphology of the remaining rare blood cells in add1�/�mutant

larvae. Transmission electron microscopy (TEM) was used to examine the ultrastructural morphology

changes in cardiac sections of embryos at 48 hpf. Not surprisingly, the total number of blood cells in mutant

embryos at 48 hpf was greatly reduced (Figure 3E). The remaining blood cells in add1�/� embryos showed

earlier proerythroblast morphology with large round cells and large non-condensed nuclei (Figure 3E),

whereas the differentiated and mature red cells in WT sibling embryos were nucleated with condensed

nuclei and elliptical (Figure 3E). This suggested that erythrocyte maturation was halted in add1 deficient

embryos. Overall, these findings indicate that Add1 play a vital role in promoting erythroid maturation.

We also detected the expression of the hematopoietic genes runx1 and c-myb, which are thought to be

markers of definitive hematopoietic stem cells (HSC) in zebrafish. The expression of runx1 was reduced

in mutant embryos detected with WISH at 48 hpf (Figure 3F). At 48 hpf, the add1�/� embryos in the back-

ground of Tg (c-myb: EGFP) transgenic line also showed a reduced number of EGFP-positive cells

compared to WT siblings (Figures 3G and 3H), indicating that HSC formation was disrupted. Taken

together, Add1 plays pivotal roles in primitive erythropoiesis and definitive hematopoiesis.

Erythrocyte membrane cytoskeleton changed in add1 mutant embryos

Evidence suggested that Add1 played roles in membrane skeleton assembly and/or stabilization of the

spectrin-actin complex in red blood cells (RBCs).1 We speculated that a deficiency of add1 may destroy

the structure of the erythroblast. To test this, we used phalloidin-TRITC staining to examine the distribution

of actin oligomers in the erythrocyte cytoskeleton of add1 mutant embryos in the background of Tg

(gata1:EGFP) which is widely used for monitoring living erythroid precursors. Actin filaments are abundant

in WT erythroblast cells and form a highly cross-linked network (Figure 4A) while erythrocytes in mutant em-

bryos have almost no actin filaments (Figure 4A). This data indicates that Add1 plays a role in the formation

of the erythrocyte actin network, consistent with the findings in other cells.1,28

TEM was used to further investigate the ultrastructural membrane changes in add1 deficient erythroblasts.

TEM analysis of erythroblasts revealed that WT cells have sharply packed and organized membranes with

high electron density, whereas mutant erythroblasts have membrane integrity loss and diffused mem-

branes with low electron density (Figure 4B).

Erythrocytes’ spectrin-based membrane skeleton is well known for providing blood cells with the strength

and flexibility needed to deal with hemodynamic challenges in the vascular system.29 The abnormal actin

meshwork, we hypothesize, made the erythrocyte too fragile to withstand pressure from the circulation and

vascular vessels. To test the hypothesis, a T2EGEZ8 mutant with no heartbeat and circulation but normal

hematopoiesis30 was crossed into add1�/� mutant. When WT embryos were stained with o-dianisidine

at 24 hpf, 28 hpf, and 32 hpf, o-dianisidine positive signals were found in the intermediate cell mass

(ICM) region (Figure 4C), where erythroid precursors further develop and enter the circulation by 24–26

hpf.30 We were surprised to discover that embryos of add1�/�; tpm4�/� double mutant have the same se-

vere congenital anemia defects (Figure 4C). These results suggested that the erythrocytemembrane and its

cytoskeleton changed in add1 mutant embryos but a lack of heartbeat could not reverse the anemia

phenotype.

Depletion of add1 upregulates the p53 signal and knockout of p53 can partially rescue the

anemia phenotype

Based on the fact that Add1 interacts with RNA polymerase II and transcriptional factors in the nucleus,15,16

we hypothesized that Add1 may regulate the transcriptional levels of target genes involved in zebrafish

erythropoiesis. To better understand the nuclear-specific function of Add1, we used RNA sequencing

(RNA-seq) to analyze transcriptome changes in gata1-EGFP positive cells sorted from add1-deficient em-

bryos and siblings at 22 hpf, when the differences in the number of erythrocytes were not yet evident in

add1 mutant embryos. Among the detectable mRNAs, there were 507 differentially expressed mRNAs

in total, including 412 with upregulated expression and 95 with downregulated expression (fold-change

＞2, and p＜0.05) (Figure 5A, GSE236659). Functional annotation of differentially expressed mRNAs was

performed using Gene Ontology (GO) and KEGG pathway analysis.

Based on GO annotation, the downregulated genes were enriched in the GO terms of gas transport, ox-

ygen transport, DNA replication initiation, erythrocyte differentiation, erythrocyte homeostasis, and

ll
OPEN ACCESS

iScience 26, 107516, September 15, 2023 7

iScience
Article



myeloid cell homeostasis (Figure S6A). The upregulated genes were mainly enriched in supramolecular

fiber organization, actin filament-based process (Figure S6A). According to the KEGG pathway analysis,

p53, apoptosis, and cell cycle signaling pathways were significantly upregulated in the add1-deficient

erythrocytes (Figure 5B). Among significantly enriched pathways, the activated p53 signaling pathway

interested us (Figures 5A and S6B). Expression levels of p53 and its target genes, such as mdm2,

casp8, and gaddaa were confirmed to be elevated in add1-deficient embryos by qRT-PCR (Figure 5C)

and WISH (Figure 5D).

Figure 4. Abnormal cytoskeleton and ultrastructural analysis of the membrane of erythroblasts in add1 mutant

embryos

(A) Distribution of F-actin in erythroblasts. In order to display the distribution of F-actin (red) in erythroblasts, WT and

mutant embryos were co-stained with phalloidin-TRITC and anti-GFP antibody at 22 hpf (green). Confocal fluorescence

microscopy was used to examine the sagittal cryosections. Scale bars: 10 mm (left panel); 5 mm (right panel).

(B) TEM ultrastructural examination of the proerythroblast membrane in the add1 mutant. On the right panel, labeled

regions on the left panel were enlarged. The images are representative of 4 embryos each. Scale bars: 10 mm (left panel);

500 nm (right panel).

(C) o-dianisidine staining of add1 mutant and double mutant of add1;tpm4 at indicated stages. Embryos were sorted to

four groups by the phenotype of mutant add1 and T2EGEZ8. Embryos had no heart beat and shrinkage of yolk sac

extension; smaller head and a few pigments were double mutant carried add1 and tpm4 gene. Note that there are no

detectable positive signals in the double mutants just like the mutant of Add1. In T2EGEZ8 mutant, the positive signals

were only found in the ICM from 24 hpf to 32 hpf.
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We wanted to know if removing p53 from the embryos can rescue the anemic phenotype. As a result, add1

heterozygous adults were crossed with p53 homozygous mutant adults, yielding double mutant embryos.

The hemoglobin level was also determined using o-dianisidine staining. We found that the expression of

hemoglobin was improved at 32 hpf in add1;p53 double mutant embryos compared to add1 mutant em-

bryos (Figure 5E). We then performed a dual-luciferase reporter gene assay to test the effect of Add1 on

p53 promoter activity, Figure 5F showed that ADD1 decreased the p53 promoter activity to about 50%

of control. Taken together, these findings suggest that the anemic phenotype due to add1 deletion is

partially dependent on the p53 signaling pathway.

add1 deficiency causes apoptosis

It is well known that p53 is a famous activator of apoptosis, which inspires us to detect apoptosis in add1

mutant embryos. TUNEL assay revealed that apoptosis signals were much higher in the brain, spinal cord,

and ICM region in add1�/�mutants than in the WT siblings (Figures 6A and 6C) at 28 hpf. We attempted to

know whether the reduction of erythrocytes was due to apoptosis and performed a TUNEL assay on add1

mutant embryos in the background of Tg (gata1:EGFP) zebrafish. We found that apoptosis signals were

enriched in gata1-EGFP positive cells at the 14-somite stage and 22 hpf (Figures 6B and 6C), suggesting

erythroblast cells maybe undergo apoptosis. We sought to investigate whether the deficiency of add1 re-

sulted in the phenotype of erythroid cells by activating the p53-mediated apoptotic pathway. To address

this, we microinjected p53MOs and performed a TUNEL assay to assess erythrocyte apoptosis in add1�/�

embryos at 22 hpf. The results demonstrated a significant reduction in apoptotic signals within gata1+ cells

of add1�/� embryos following p53 knockdown, as compared to WT embryos (Figures 6C and 6D).

Meanwhile, TEM revealed that many mutant proerythroblasts had more mitochondria, nuclear budding,

fragmentation, and vacuolated cytoplasm, which are all ultrastructural characteristics of apoptosis (Fig-

ure 6E). Thus, these findings indicate that the loss of add1 caused apoptosis in erythroid progenitors in

add1 mutant embryos.

DISCUSSION

In this study, we obtained a zebrafish mutant add1�/� using Tol2 transposon-mediated gene trapping

methods, in which the interrupted gene was zebrafish add1. Embryos homozygous (mutant) for the trans-

poson insertion are characterized by lack of blood cells in circulation, heart edema, smaller head, and eyes,

striking dilation of the fourth ventricles, reduced melanocytes, and shrinkage of yolk sac extension and die

at 5 dpf. In add1 homozygousmutant embryos, primitive erythropoiesis, and definitive hematopoiesis were

affected. Mutant embryos suffered from extensive apoptosis in the brain, spinal cord, and ICM region, and

erythroblast cells underwent apoptosis as early as 14-somites stage. The ultrastructural membrane of pro-

erythroblasts in the add1 mutant showed compromised integrity and exhibited membrane diffusion. Our

findings provide evidence for the first time that accelerated apoptosis and defective assembly of mem-

brane proteins in erythroid precursors are due to add1 deficiency in our zebrafish anemia model.

Although hemolytic anemia caused by targeted deletion of add1 has been reported in mammals,3 this is the

first report in a non-mammalian vertebrate animal model in our study. Unlike the zebrafish add1mutant, which

is embryonic fatal at around 5 dpf, thesemice are alive and reachmaturity. To date, there is no report on path-

ological consequences of ADD1 defects with mild to severe anemia in humans. Mouse red cells deficient in

add1 are characterized by spherocytes with significant loss of surface area, decreased mean corpuscular

Figure 5. Elevated p53 is responsible for the survival of the erythroblast

(A) Volcano plot of differentially expressed coding genes (DEGs) between erythroblast from add1�/� and siblings. Vertical lines correspond to 2-fold

differences; horizontal line represents a p value of 0.05. Red and blue points represent DEGs with statistical significance. The differentially expressed genes

enriched in p53 signaling pathway were indicated.

(B) Pathway enrichment analysis identified affected in mutants.

(C) The expression levels of p53 related genes were examined by qRT-PCR. The expression levels of b-actin were used as a reference to normalize the

amounts of mRNAs in each group. Significance of differences: **, p < 0.01, ***, p < 0.001 (by Student’s t test).

(D) Expression pattern of p53 related genes in add1mutant embryos detected by WISH. The expression levels of these genes were elevated in add1mutant

embryos.

(E) Detection of hemoglobin in different embryos using o-dianicidine staining. Note that there are apparent positive signals in the add1;p53 double mutants

embryos at the indicated stage.

(F) Dural luciferase reporter assay of ADD1 regulating the p53 promoter. Confirmation of Add1 inhibiting the promoter activity of p53. ***, p < 0.001 (by

Student’s t test).
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Figure 6. Excess apoptosis occurred in add1 mutant embryos

(A) DNA fragmentation was detected by TUNEL assay. Embryos were observed by fluorescence microscopy after staining

at indicated stages. Note that the mutants had more and stronger positive signals. Scale bars: 100 mm.

(B) TUNEL assay in embryos under the background of Tg (gata1:EGFP) at 14-somites stage. Scale bars: 100 mm.

(C) Statistical data for the number of TUNEL positive cells. The positive cells are defined by ImageJ software in 6 WT and

mutant siblings. Significance of differences:**, p < 0.01 (by Student’s t test).

(D) TUNEL assay in embryos under the background of Tg (gata1:EGFP). The embryos of WT, add1�/� and add1�/�

microinjected with p53 MO were harvested at 22 phf and conducted with TUNEL assay. The images were taken by

confocal fluorescence microscopy. Scale bars: 50 mm.

(E) Ultrastructure of proerythroblast in mutant embryos observed by TEM. Blood island region of WT and mutant

homozygous embryos were sectioned and observed by TEM. Note that the increased number of mitochondria

(indicated by arrowhead) can be seen in proerythroblast of mutant siblings in contrast with WT siblings. N, nuclear; M,

mitochondria.
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volume (MCV), cell dehydration, and increased osmotic fragility.3 This supported that Add1 plays an important

role in maintaining RBC membrane stability. However, the mechanism of hemolytic anemia occurrence is not

clear. As zebrafish is a powerful vertebratemodel for the study of hematopoiesis and other aspects of embryo-

genesis and organogenesis.31 Analysis of the mutant add1 homozygous embryos will provide important clues

for the mechanism of blood anemia and developmental roles in hematopoiesis.

All vertebrates have two waves of hematopoiesis, primitive and definitive hematopoiesis.26 In zebrafish, prim-

itive hematopoiesis occurs in two locations: the intermediate cell mass and the rostral blood island. Cells

within the ICM differentiate into the endothelial cells of the trunk vasculature and proerythroblasts, which

begin to enter the circulation at 24 hpf.31 We employed WISH to investigate the early erythropoiesis of

add1�/� mutant embryos. At 22 h postfertilization (hpf), these homozygous mutants exhibited modestly

reduced expression levels of key erythroid cell-related genes, including gata1, hbae3, and hbbe1 (Figure 3A).

This observation implies a compromised initiation of primitive erythropoiesis in these mutant embryos. o-dia-

nisidine staining for hemoglobin was performed to check whether red cell maturation is normal. The results

indicated that the mature blood cells were almost absent in add1 mutant and add1 morphant embryos

(Figures 3D and S3E). Meanwhile, mature hematopoietic cell markers, such as hbae3 and hbbe1were all found

to be significantly down-regulated from 30 to 48 hpf detected by WISH (Figure 3C). Between 36 and 48 hpf,

primitive circulating erythroblasts have a rounded shape and develop into erythrocytes with a lentiform

appearance.32 But the remaining blood cells in circulation displayed morphological abnormalities, including

an apparent maturation arrest at the proerythroblast stage (Figure 3E). Therefore, disrupting add1 resulted in

not only fewer erythrocytes but also the repression of proerythroblast maturation. Further studies may provide

insights into the role of Add1 in erythrocyte maturation in zebrafish.

However, the expression levels of runx1 and c-myb, known as definitive hematopoiesis marker genes,

decreased dramatically (Figures 3F–3H). This supports that the process of definitive hematopoiesis is

affected in the add1�/�mutant embryos. These data demonstrated that add1 is involved in primitive eryth-

ropoiesis and definitive hematopoiesis.

It has been demonstrated that many actin-binding proteins and actin-related proteins are involved in nu-

clear-specific functions such as chromatin remodeling, transcription, and nuclear transport.33 ADD1, a NLS-

containing actin-binding protein, can shuttle between the cytoplasm and nucleus. ADD1 translocates into

the nucleus upon loss of cell-cell adhesion.15 ADD1 binds to and co-localizes with RFX-1 in the nucleus,

implying a role in some nuclear-specific functions.17 In the nucleus, ADD1 interacts with RNA polymerase

II and the transcriptional factor ZNF331, but themechanism by which ADD1 regulates transcription remains

unknown.16 In our investigation, we employed RNA-seq to conduct a comprehensive screening of potential

transcriptional targets influenced by Add1. Our findings unveiled the activation of multiple genes associ-

ated with the p53 pathway in add1-deficient embryos (Figures 5A and 5B). Subsequent validation through

qRT-PCR and WISH assays confirmed the upregulation of p53 and its target genes in add1-deficient em-

bryos (Figures 5C and 5D). Furthermore, our reporter gene assay (Figure 5F) demonstrated a significant

reduction in promoter activity of p53 upon the modulation of ADD1, implying that ADD1 could regulate

p53 at the transcriptional level.

Additionally, we used the TUNEL assay to show that p53-mediated apoptosis was induced in add1-defi-

cient embryos (Figures 6A and 6C), the apoptosis occurred in proerythroblast cells early at the

14-somites stage (Figure 6B). Given that the TUNEL assay is capable of detecting signals during the initial

stages of apoptosis when cell disintegration has not yet occurred, it is expected that there would be no

notable differences in cell numbers. Consequently, the expression level of gata1 did not exhibit a signifi-

cant decrease at 24 hpf (Figure 6D). Interestingly, when compared to add1 homozygous mutant embryos,

the o-dianisidine staining defects in add1;p53 double mutant embryos were partially rescued. The data

demonstrated that apoptosis in proerythroblasts is partially p53 dependent. The residual blood cells

observed in add1 homozygous mutant embryos exhibited proerythroblast morphology characterized by

enlarged round cells and non-condensed nuclei, as evidenced in Figure 3E, indicating impaired erythro-

cyte development. Our RNA-seq analysis of gata1+ cell sorting from add1�/� embryos or siblings revealed

an enrichment of differentially expressed genes, particularly within the cell cycle and other pathways

(Figures 5A and 5B). Notably, the upregulation of cell cycle-related genes p53, mdm2, and gadd45aa

was observed, suggesting a potential arrest in the cell cycle. Previous studies have demonstrated that

cell cycle inhibition or exit can lead to abnormal cell differentiation,34 which in some circumstances may
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result in apoptosis.35 Furthermore, p53 has been identified as a crucial regulator of cell-cycle arrest and

initiation of apoptosis.36 Thus, we propose a hypothesis that the elevated expression of genes associated

with the p53 pathwaymay contribute to the induction of apoptosis in proerythrocytes of add1-deficient em-

bryos by impeding the cell cycle. It will be interesting to investigate the other possible cell death mecha-

nism involved in the mutant’s elimination of proerythroblast. It has been established that Add and Band 3

work together to stabilize the cohesive forces that link the erythrocyte membrane skeleton and the bilayer.

This connection can be broken by Add tail domains, resulting in membrane fragmentation on its own.37

Consistent with our finding, the p53 pathway is activated in some zebrafishmodels of hematopoietic diseases. In

zebrafish, ribosomal protein S19 deficiency causes developmental abnormalities and defective erythropoiesis

via the p53 pathway.38 Higher p53 activity contributes to the phenotypes of Diamond Blackfan anemia by

inducing apoptosis during RBC differentiation.39 In telomerase-deficient zebrafish, the p53 pathway is acti-

vated.40 During the early stages of dyskeratosis congenital pathogenesis, dkc1, and nola1 deficiency in zebrafish

contributes to the hematopoietic phenotype via p53 activation associated with rRNAprocessing defects. Loss of

p53 rescues the definitive hematopoietic phenotype in nol9-deficient zebrafish.38 Our finding expands the crit-

ical roles of p53-mediated apoptosis in hematopoietic development and diseases.

Erythrocyte membrane structure is the model for all spectrin-based membrane skeletons, and abnormalities in

its structure cause a variety of hemolytic anemias.41 Add1 is a well-known protein located at the junction of actin

and spectrin. It regulates the global properties of the cell, possibly including cation transport, cell morphology,

and membrane deformability.42 This enables RBCs to withstand high shear forces within the circulation and un-

dergoes extensive deformation to squeeze through the microvasculature intact.3 Add1-null mice have compen-

satory hemolytic anemiawith hallmarks of hereditary spherocytosis RBCs, such as spherocytes with considerable

surface area reduction and enhanced osmotic fragility. Add2 and Add3 are likewise missing in the RBC of Add1-

null animals, demonstrating that Add1 is the limiting subunit in tetramer formation at the spectrin-actin junction.3

We hypothesize that abnormal RBCs in themutant with a fragilemembrane skeleton cannot survive through cir-

culation. To test this hypothesis, we crossed a mutant tpm4�/�, which has no heartbeat and circulation, with an

add1mutant. Interestingly, in the doublemutant of add1;tpm4, the phenotype of blood anemia also happened

like mutant add1(Figure 4C). This implies that the heartbeat and high shear forces within the circulation are not

responsible for the anemia in add1 mutant embryos.

Limitations of the study

Because add1 is a gene expressed ubiquitously, there are also other abnormalities in the mutant such as

heart edema and hydrocephalus (Figure 1B). This is supported by Add1-null mice. Targeted deletion of

add1 results in strain-dependent non-erythroid phenotypes such as abnormal cervicothoracic spine curva-

ture with complete penetrance and severe megaesophagus.43 The role of Add1 in developmental and

organogenesis needs to be studied further.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal mouse anti-Add1 antibody Novus NB110-55442

Rabbit GFP Polyclonal Antibody Thermo Fisher Scientific Cat#A-11122

Sheep Anti-Digoxigenin-AP Roche Cat# 11093274910

Donkey anti-Rabbit, Alexa Fluor 488 Thermo Fisher Scientific Cat# A-21206

Donkey anti-Mouse, Alexa Fluor 594 Thermo Fisher Scientific Cat# A-21125

Chemicals, peptides, and recombinant proteins

JUNG tissue freezing medium Leica NO. 0201 08926

o-dianisidine Sigma N/A

RNA Polymerase, T7 Roche Cat#10881775001

GP-transfect-mate GenePharma NO.220901

Critical commercial assays

RNeasy Mini Kit Qiagen N/A

FirstChoice� RLM-RACE Kit Ambion N/A

ApopTag� Red In Situ Apoptosis Detection Kit Millipore S7165

TruSeq� RNA Sample Preparation Kit Illumina N/A

Luc-PairTM Duo-Luciferase Assay Kit 2.0 GeneCpoeiaTM Cat#LF-002

Experimental models: Cell lines

HEK293 ATCC CRL-1573

Experimental models: Organisms/strains

Tg (gata1:EGFP) This paper N/A

Tg (fli1:EGFP) This paper N/A

Tg (c-myb:EGFP) This paper N/A

p53M214K This paper N/A

Oligonucleotides

add1-F: This paper N/A

50-TTTAATATTATGATCTACCATGTTGT-30 This paper N/A

add1-R: This paper N/A

50-ATAGGAATAAACAATAATAGCAATAA-30 This paper N/A

T3-3: This paper N/A

50-CCTAAGTACTTGTACTTTCACTTG-30 This paper N/A

add1-qPCR Forward: This paper N/A

50-CGTTCATTTGTCCAGGGGGA -30 This paper N/A

add1-qPCR Reverse: This paper N/A

50- GGCTGACCTTCGTCTTCTCC -30 This paper N/A

b-actin-qPCR Forward: This paper N/A

50-ACCATCACCAGAGTCCATCACG-30 This paper N/A

p53-qPCR Forward: This paper N/A

50-CTTCTTCAGCTACATTACGACCTGAGGGGAGC-30 This paper N/A

p53-qPCR Reverse: This paper N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact Shaoguang Sun (sunshaoguang00@163.com (S.S.)).

Materials availability

Plasmids and animal models generated in this paper will be shared freely upon request to the lead contact.

Data and code availability

Data: All data reported in this paper will be shared by the lead contact upon request.

Code: This paper does not report original code.

Any additional information required to reanalyze the data in this paper is available from the lead contact

upon request. RNA-seq are deposited in a publicly accessible database, and the accession numbers in

the key resources table under Deposited heading.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

50-GCAGGCACCACATCACTTAACTCCAGACTG-30 This paper N/A

mdm2-qPCR Forward: This paper N/A

50-CCTCACAACAGCAGCGCAGGAGGAGGAGAAG-30 This paper N/A

mdm2-qPCR Reverse: This paper N/A

50- CAGGCCACCAATCACGCACCAAGACAGGCTG-30 This paper N/A

casp8-qPCR Forward: This paper N/A

50- GAGGAATTGTGTCCCAAGAAAG-30 This paper N/A

casp8-qPCR Reverse: This paper N/A

50- TCCAACGTGTGTCCAGTCAATC-30 This paper N/A

gaddaa-qPCR Forward: This paper N/A

50- GAGGAATTGTGTCCCAAGAAAG-30 This paper N/A

gaddaa-qPCR Reverse: This paper N/A

50- TCCAACGTGTGTCCAGTCAATC-30 This paper N/A

p53 MO: This paper N/A

50-GCGCCATTGCTTTGCAAGAATTG-30 This paper N/A

add1 MO: This paper N/A

50-TGTGTCACTGTTTGTTTCTGCAAGC-30 This paper N/A

Recombinant DNA

pEZX-FR01-p53 promoter GeneCopoeia N/A

pcDNA3.1(+)-ADD1 Promega N/A

Software and algorithms

CM1900 Leica N/A

SteREO Discovery.V20 Zeiss N/A

H-7650 electron microscope HITACHI N/A

Qubit� 2.0 Fluorometer Life Technologies N/A

HiSeq Xten Illumina N/A

R package clusterProfiler v.3.16 (Yu G, et al. 2012)45 (https://bioconductor.org/

packages/clusterProfiler/)

Deposited data

GEO database GSE236659 N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Zebrafish strains and transgenesis

WT AB stocks of Danio rerio, the transgenic lines Tg (gata1:EGFP), Tg (fli1:EGFP), Tg (c-myb:EGFP) and

p53 mutant line were raised and maintained under standard laboratory conditions at 28.5�C. The trans-

poson vector TSG was constructed as previously described.20 At the one-cell stage, 50 ng of TSG

plasmid and 100 pg of tol2 mRNA were coinjected into the embryos. The implanted founder (F0) em-

bryos were grown to adulthood, crossed with WT zebrafish, and their offspring (F1) were examined under

a fluorescent microscope to determine the pattern of GFP expression. To create transgenic lines, the

GFP-positive transgenic embryos were raised to adulthood. We created the transgenic zebrafish line

add1+/� for this pilot study.

Embryo stages were determined by morphology as previously described.22

Ethical approval

All zebrafish experiments were in strict accordance with the Regulations for the Care and Use of Laboratory

Animals as published by the Ministry of Science and Technology of China, and the Institute of Zoology’s

Guidelines for the Care and Use of Laboratory Animals.

METHOD DETAILS

50-RACE analysis

Total RNAs were isolated from 50 GFP-positive embryos at 24 hpf using RNeasy Mini Kit (Qiagen, CA), and

cDNA amplification was performed using FirstChoice RLM-RACE Kit (Ambion) according to the manufac-

turer’s instructions.

Genotyping and quantitative real-time PCR

Embryos from add1+/� intercrosses were divided into three classes for genotyping based on the level of

fluorescence at 24 hpf. The main resources table lists three specific primers add1-F, add1-R, and T3-3

that were utilized for a genotyping experiment with genomic DNA isolated from a single embryo.

Total RNAs from siblings and add1�/� embryos were collected from a pool of 30 embryos at the appro-

priate stages using the RNeasy Mini Kit (Qiagen, 74104) for quantitative real-time PCR (qRT-PCR).

Following the manufacturer’s instructions (TOYOBO, TRT-101) qRT-PCR was performed using TB Green

Premix Ex TaqTM II (Takara, RR820A) in the Mx3000P real-time PCR system (Stratagene). cDNAs were

created from 2 mg of RNA using oligo-dT primer. Actin expression levels were examined as an internal

control.

The primer sequences for qRT-PCR were shown in key resources table.

Morpholino, mRNA, and plasmid microinjection

Add1 MO was designed to target the translational start region of zebrafish add1 and was purchased from

Gene Tools LLC. p53MOwas purchased fromGene Tools LLC. Morpholino or mRNAwere injected into the

yolk, while plasmid DNA was injected into the cytoplasm of one-cell stage embryos.

Cryosectioning and o-dianisidine staining

Embryos stained with phalloidine were embedded using JUNG tissue freezing medium (Leica, order NO.

0201 08926) and snap-frozen in liquid nitrogen. Sagittal sections of embryos were cut in 20 mm thickness by

Leica CM1900. Sections were transferred onto slides and stored at�20�C for confocal observation. For the

staining of globin, live anesthetized embryos were stained with o-dianisidine staining solution (40% anhy-

drous ethanol, 0.65% hydrogen peroxide, 10 mM sodium acetate, and 0.6 mg/mL o-dianisidine (Sigma) in

the dark for 15 min as described previously.25

Whole-mount in situ hybridization and immunostaining

Digoxigenin-UTP-labeled RNA probes for add1, add2, add3, gata1, runx1, hbae3, and hbbe1,mdm2, p53,

casp8, gaddaa were synthesized in vitro from linearized DNA templates using the RNA Polymerase, T7
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system (Roche, Cat#10881775001) and according to the manufacturer’s instructions. WISH were performed

following the standard procedure.

Embryos preserved in 4% paraformaldehyde were dehydrated for at least 2 h in graded methanol and

stored at �20�C before being rehydrated three times for 5 min each in PBST (1 3 PBS, 0.1% Triton

X-100). The embryos were heated in a microwave for 10 min at 94�C–100�C while being immersed in

1 mM EDTA (pH 8.0) to repair antigens. After being washed three times with PBST, the embryos were incu-

bated for an hour at room temperature in block solution (5% fetal calf serum, 1% dimethyl sulfoxide, and 2%

BSA in PBST). A 1:1000 concentration of monoclonal mouse anti-Add1 antibody (Novus, NB110-55442) was

added, and the embryos were then incubated at 4�C overnight before being washed three times with PBST

for 15min each. After that, embryos were incubated for 4 h at 4�Cwith DAPI (1:10,000, Sigma) and goat anti-

mouse IgG dyed with DyLight 594 (1:500, 715-585-150, Jackson). The embryos were then photographed

with a Nikon A1R+ confocal microscope after being put in 1% low melting point agarose.

TUNEL assay

For detection of apoptotic cells in embryos, TUNEL assay was performed using ApopTag Red In Situ

Apoptosis Detection Kit (Millipore, S7165) according to the manufacturer’s instruction with some modifica-

tions. The stained embryos were mounted in 1% low melting point agarose and imaged using a laser scan-

ning confocal microscope (Zeiss LSM780).

Transmission electron microscopy

Zebrafish embryos at desired stages were fixed by 2.5% glutaraldehyde (pH7.2) overnight at 4�C, osmi-

cated in 1% osmium tetroxide (OsO4), and dehydrated with graded cold ethanol in series acetone.

Next, the embryos were embedded in the Spur resin and polymerized for 2 days. The heart and blood is-

land regions were cut sagittally. Sections were stained with lead citrate and imaged under a HITACHI

H-7650 electron microscope.

Cell sorting and RNA sequencing

The trunk region of 50–80 embryos from add1:Tg (gata1:EGFP) mutants and siblings at 22 hpf were

dissected separately and dissociated into single cells with trypsin. GFP+ cells were sorted using BD

FACS Aria I. Total RNAs were isolated using SMART-Seq HT Kit. Paired-end libraries were synthesized

by using the TruSeq RNA Sample Preparation Kit (Illumina, USA). Using reverse transcriptase and random

primers, the cleaved RNA fragments were converted into first-strand cDNA. The second strand of cDNA

was then synthesized using DNA Polymerase I and RNase H. These cDNA fragments were then subjected

to an end repair process, the Addition of a single ’A’ base, and adapter ligation. To create the final cDNA

library, the products were purified and enriched with PCR. To confirm the insert size and calculate the mole

concentration, purified libraries were quantified using a Qubit 2.0 Fluorometer (Life Technologies, USA)

and validated using an Agilent 2100 bioanalyzer (Agilent Technologies, USA). cBot generated clusters

with a library diluted to 10 p.m., which were then sequenced on the Illumina HiSeq Xten (Illumina, USA).

The library construction and sequencing were performed at Shanghai Biotechnology Corporation.

Dual-luciferase reporter gene assay

The p53 promoter was amplified using PCR, and inserted into the luciferase reporter gene vector pEZX-

FR01 (GeneCopoeia) at Spe I/BamH I sites. The pEZX-FR01-p53 promoter was co-transfected with

pcDNA3.1(+)-ADD1 vector into 293A cells using GPtransfect-Mate (GenePharma, Shanghai, China).

Twenty-four hours after co-transfection, the Dual-Luciferase Reporter Assay System (Promega) was per-

formed to measure the luciferase activity based on the manufacturer’s instructions. For each analysis,

the Renilla luciferase signal was normalized with the firefly luciferase signal.

Data analysis for gene expression

We performed differential expression analysis using R package edgeR v.3.344 with parameter bcv (biolog-

ical coeffient of variation) equals 0.1 based on fragments per kilobase of exon model per million mapped

fragments (FPKM) normalized expression data. The genes with |log2FoldChange| > 1 and p < 0.05 were

defined differentially expressed genes (DGE). Functional enrichment analysis was performed using R pack-

age clusterProfiler v.3.16.45 The terms with p < 0.05 were considered significantly enriched.
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QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analysis was conducted using GraphPad Prism 9.0 software (GraphPad Software, San Diego,

CA, USA). To assess the significance between or within groups, One-way ANOVA or Student’s t-tests were

utilized. Statistical differences are considered significant at a p < 0.05 significance level and marked with

‘‘*’’, very significant at p < 0.01 and labeled with ‘‘**’’, and extremely significant at p < 0.001 and labeled

with ‘‘***’’.
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