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Functional analysis of co-expression networks of zebrafish
ace2 reveals enrichment of pathways associated with
development and disease
Ayse Gokce Keskus, Melike Tombaz, Burcin Irem Arici, Fatma Betul Dincaslan, Afshan Nabi,
Huma Shehwana, and Ozlen Konu

Abstract: Human Angiotensin I Converting Enzyme 2 (ACE2) plays an essential role in blood pressure regulation
and SARS-CoV-2 entry. ACE2 has a highly conserved, one-to-one ortholog (ace2) in zebrafish, which is an important
model for human diseases. However, the zebrafish ace2 expression profile has not yet been studied during early de-
velopment, between genders, across different genotypes, or in disease. Moreover, a network-based meta-analysis
for the extraction of functionally enriched pathways associated with differential ace2 expression is lacking in the
literature. Herein, we first identified significant development-, tissue-, genotype-, and gender-specific modulations
in ace2 expression via meta-analysis of zebrafish Affymetrix transcriptomics datasets (ndatasets = 107); and the correla-
tion analysis of ace2 meta-differential expression profile revealed distinct positively and negatively correlated local
functionally enriched gene networks. Moreover, we demonstrated that ace2 expression was significantly modulated
under different physiological and pathological conditions related to development, tissue, gender, diet, infection,
and inflammation using additional RNA-seq datasets. Our findings implicate a novel translational role for zebrafish
ace2 in organ differentiation and pathologies observed in the intestines and liver.
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Résumé : L’enzyme humaine de conversion de l’angiotensine 2 (ACE2) joue des rôles essentiels dans la régulation de
la tension artérielle et l’entrée du SARS-CoV-2. L’ACE2 possède un orthologue direct très conservé (ace2) chez le pois-
son-zèbre, un organisme modèle important dans l’étude des maladies humaines. Cependant, le profil d’expression
du gène ace2 chez le poisson-zèbre n’a pas encore été étudié au cours des premiers stades de développement, chez les
deux sexes, au sein de différents génotypes et en cas de maladie. De plus, aucune méta-analyse fondée sur les réseaux
n’a encore été faite pour identifier les sentiers fonctionnels qui sont enrichis en fonction de l’expression différentielle
du gène ace2. Dans ce travail, les auteurs ont d’abord identifié des modulations spécifiques dans l’expression d’ace2
en fonction du stade de développement, du tissu, du génotype ou du sexe via une méta-analyse des jeux de données
transcriptomiques Affymetrix pour le poisson-zèbre (njeux = 107). Une analyse de corrélation des profils d’expression
méta-différentiels d’ace2 mis a au jour des réseaux géniques locaux distincts, à corrélation à la fois positive et néga-
tive, qui reflétaient un enrichissement fonctionnel. De plus, les auteurs ont démontré que l’expression d’ace2 était
modulée de manière significative en fonction des conditions physiologiques et pathologiques liées au stade de dével-
oppement, au tissu, au sexe, à la diète, à l’infection et à l’inflammation en utilisant des jeux de données RNA-seq addi-
tionnels. Ces résultats impliquent un rôle traductionnel inédit pour le gène ace2 du poisson-zèbre dans la
différentiation des organes et des pathologies observées dans l’intestin et le foie. [Traduit par la Rédaction]

Mots-clés : poisson-zèbre, ace2, transcriptome, analyse de réseaux, méta-analyse.
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Introduction

ACE2 and ACE, involved in angiotensin conversion,
are integral elements of renin-angiotensin signaling
(RAS) in multiple tissues. Recent studies have shown
that RAS is not only present in the kidney or adrenal
glands but also functional in other tissues with signifi-
cant roles in multiple pathologies, including cancer
(Cheng and Liu 2019; Nehme et al. 2019; Pinter and Jain
2017; Rasha et al. 2019). The role of ACE2 and ACE in the
regulation of hypertension is well known (Hamming
et al. 2007), and ACE2 has recently become the focus of
intense research due to its function as a receptor of
SARS-CoV-2 entry in COVID-19 (Ziegler et al. 2020). In
addition, ACE2 expression is tissue-specific; for example,
recent findings from single-cell RNA-seq studies show
that ACE2 is highly expressed in type II pneumocytes
and intestinal enterocytes, in which SARS-CoV-2 can
replicate (Ziegler et al. 2020).
In addition to mammalian models, zebrafish have

recently been used to study ace2 expression and func-
tion. Zebrafish ace2 is highly conserved in sequence and
structure to its mammalian counterparts and exists as
the only copy in zebrafish with a duplicated genome
(Chou et al. 2006). Furthermore, a recent study, phyloge-
netically comparing genes co-expressed with ace2 based
on zebrafish single-cell RNA-seq tissue data revealed
that RAS signaling is also conserved between humans
and zebrafish (Postlethwait et al. 2021). However, to our
knowledge, no study has investigated the changes in
ace2 expression over zebrafish embryonic and larval de-
velopmental stages, between genders, and in different
whole adult tissues as well as across different genotypes,
treatments, or pathologies. Accordingly, a meta-analysis
of differential expression of zebrafish ace2, performed
across public datasets, may reveal important function-
ally enriched networks (Shehwana and Konu 2019).
Co-expression analysis is a widely used and effective

method based on the guilt-by-association principle to
identify the regulatory mechanisms of transcription
under certain conditions. Several methods have been
proposed to perform co-expression analysis, such as
effect size, rank, or p-value combinations, and random
sampling (Evangelou and Ioannidis 2013; Gur-Dedeoglu
et al. 2008; Kolde et al. 2012; Tseng et al. 2012). Because
traditional co-expression analysis methods are based on
using the expression values from individual samples,
preprocessing steps may be required to remove batch
effects between datasets. However, data merging with
an increasing number of datasets may not be optimal
(Cheung and Vijayakumar 2016), and when combining
a heterogeneous set of datasets it requires different
approaches (Ter Veer et al. 2019). Recent network-
based methods have proposed combining the individ-
ual co-expression network of each dataset, calculated

separately; however, these methods are computation-
ally expensive for a large collection of datasets (Ter Veer
et al. 2019). A simpler and widely usedmethodology is to
use or compare the logFC values (as the mean expres-
sion value normalized to internal control) obtained for
each dataset that may come from numerous conditions,
which has been used in different contexts, including
miRNA target prediction, toxicogenomic patterns, and
compound similarity matrices (Kramer et al. 2020; Yoon
et al. 2019; Zhou et al. 2018; Cheng and Yang 2013). Here,
we combined these twomethods, that is, logFC compari-
son and co-expression network, and performed a pair-
wise correlation analysis between ace2 and other genes
using logFC values obtained from re-analysis (limma) of
public zebrafish Affymetrix datasets (GEO), followed by
network enrichment.
Briefly, we hypothesized that significantly enriched

functional local networks extracted based on the differ-
ential expression profile of ace2 across divergent con-
texts can provide a better understanding of zebrafish
ace2 function. Using the wealth of transcriptomic data
present in the zebrafish literature, we aimed to iden-
tify the development-, tissue-, gender-, and genotype-
specific differences in ace2 expression and extract its
co-differentially expressed transcriptome in zebrafish
using available datasets. We also investigated whether
ace2 was tissue-specific and found that it was expressed
the most in the intestines followed by the liver,
although highly variable. We then performed compari-
sons between relevant datasets using local network sig-
natures (STRING) of genes co-expressed with ace2, which
helped prioritize the positively and negatively ranked
local functional pathways with which ace2 was associ-
ated with development, intestinal differentiation, and
variable liver expression. Using additional datasets, we
showed that zebrafish ace2was also modulated in differ-
ent liver and intestinal pathologies, demonstrating its
translational importance.

Methods

Co-differential expression analysis using Affymetrix
Zebrafish Chip datasets (GPL1319)
Raw CEL files for all available datasets for GPL1319

were obtained from the NCBI GEO database (Fig. S11)
(Barrett et al. 2013). Groups containing at least two sam-
ples were used for comparisons, and datasets with no
comparable groups were excluded (ndatasets = 107). Nor-
malization of CEL files for each study was performed
separately using rma in the affy package (Gautier et al.
2004). From the 107 datasets, 344 two-group compari-
sons were manually generated using the following
rules: (i) each experimental group was compared to the
corresponding control group; (ii) experimental groups
with double mutation or morpholino treatment were
compared to each of the single mutation/morphant

1Supplementary data are available with the article at https://doi.org/10.1139/gen-2021-0033.
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groups; (iii) only control (or wild type) groups from dif-
ferent tissues, developmental time points, or gender
were compared with each other; (iv) for the time series,
all other groups were compared to the group with the
earliest time point only. Differential expression analysis
using limma was conducted for each of the manually
generated two-group comparisons with the normalized
datasets (Ritchie et al. 2015). A matrix of logFC values,
XlogFC, was obtained, where each row corresponded to a
gene and each column corresponded to one of the
limma comparisons. The average logFC values for each
gene were calculated across 344 comparisons, and the
distribution was plotted as a histogram. A Pearson cor-
relation coefficient (race2-logFC) was then calculated
between ace2 and every other gene found in XlogFC. Fur-
thermore, race2-logFC values were used to identify STRING-
enriched local networks, that is, small protein–protein
interaction networks with 5 to 200 members, obtained
through hierarchical clustering of the human protein–
protein network and named according to the con-
sensus annotations of proteins found in subnetworks
(Szklarczyk et al. 2019). In addition, limma compari-
sons in which ace2 was differentially expressed were
identified upon setting the FDR and logFC thresholds
stringently (adj. p-value< 0.05, abs(logFC)> 0.5).

Identification of tissue-specific expression patterns of ace2
in zebrafish adult tissues
Raw data for selected tissue datasets (Table S11) were

obtained from SRA (Chen et al. 2020a) and analyzed
using Seven Bridges Cancer Genomics Cloud (CGC;
https://www.cancergenomicscloud.org/). The reads were
aligned using the Star Alignment tool (Dobin et al.
2013). The HTSeq tool (Anders et al. 2015) was used to
retrieve count data. Raw count data were normalized
using the RPKM function from the edgeR package in R
(McCarthy et al. 2012). Samples from the same tissue and
from different datasets were visualized by plotting the
scores from the first two dimensions of principal
component analysis (PCA) and hierarchical clustering.
Tau was used as the tissue-specificity index, as described
previously (Kryuchkova-Mostacci and Robinson-Rechavi
2017).

Dataset collection for investigating sexual dimorphism,
and intestinal and liver development and disease
Zebrafish transcriptomics datasets selected from

NCBI GEO or Expression Atlas (Papatheodorou et al. 2020)
according to their relevance to sexual dimorphism, liver
and gut development, and disease/treatments are sum-
marized in Table S21. Series matrix files for four data-
sets of GPL14664 (GSE113241 (Alvarez-Rodriguez et al.
2018), GSE112272 (Jia et al. 2019), GSE73233 (Forn-Cuni
et al. 2017), and GSE100583 (Holden and Brown 2018))
and RPKM normalized data of GSE74244 (Aramillo Irizar
et al. 2018), GSE118076 (San et al. 2018), and GSE24616
(Domazet-Loso and Tautz 2010) were obtained from GEO
and used for statistical analysis after logarithmic (log2)

transformation. The expression of ace2 in the E-ERAD-
475 dataset was obtained from Expression Atlas (White
et al. 2017). ANOVA followed by multiple test correction
(Tukey’s HSD) was used for statistical analyses, as indi-
cated in the figure legends. Raw count data of GSE82200
(Koch et al. 2018), GSE83195 (Schall et al. 2017), and
GSE123439 (Chen et al. 2020b) were obtained from NCBI
GEO, Deseq2 package was used for differential gene
expression analysis, and regularized log (Rlog) normal-
ized expression values were used for visualization (Love
et al. 2014).

Condition-specific co-expression analysis
To generate a co-expression network of ace2, a Pear-

son’s correlation coefficient, called race2, was calculated
between ace2 and each gene based on the log2 trans-
formed expression values, generating a vector of race2
values for each comparison studied, namely, (i) larval de-
velopment, using GSE24616 (2–8 dpf) and GSE38575
(EtOH-treated samples only; 2–7 dpf) datasets; (ii) intesti-
nal expression, using GSE35889 and GSE12189 (GFP+
samples only); and (iii) expression in liver, using
GSE74244 (liver samples only) and GSE100583, sepa-
rately (Fig. S2, Table S21). The race2 value with the mini-
mum p-value was selected for multiple probe sets with
the same Ensembl ID.

Comparative network enrichment analysis (CNEA)
Ensembl IDs and each of the condition-specific race2

values were used to identify local network clusters
using STRING enrichment analysis (Szklarczyk et al.
2015). After obtaining enrichment results for each data-
set, a comparative network enrichment analysis (CNEA)
of STRING local networks was performed to identify
consistently enriched local networks common in both
datasets and visualized via scatter plots (FDR < 0.01).
Enriched local networks with the largest gene set were
selected in the presence of multiple local networks with
the same name. A local network interaction graph was
then generated using networks significantly (FDR <

0.01) enriched in both datasets, where nodes represent
local networks and edges, the number of shared genes
between local networks. The generated graph was then
clustered in Cytoscape using the Markov cluster algo-
rithm (MCL) (Shannon et al. 2003). Selected local net-
works were visualized in detail, where each node on the
specific STRING local network data referred to a gene
and was colored according to its race2, that is, the correla-
tion with ace2 expression. In addition, a GO term enrich-
ment analysis was performed for liver datasets using
the clusterProfiler package in R (Yu et al. 2012).

Results

Re-analysis of zebrafish GPL1319 datasets revealed
conditions in which ace2 expression was significantly
modulated
Upon re-analysis of publicly available datasets from

the GPL1319 platform (n = 107 with 344 pairwise group
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comparisons), ace2 expression was found to be differen-
tially expressed in 19 pairwise group comparisons from
11 different datasets relevant to sexual dimorphism,
estrogen signaling, embryogenesis, and liver and gut de-
velopment (Table 1) (Froehlicher et al. 2009; Heiden
et al. 2008; Hu et al. 2013; Jacob et al. 2015; MacInnes
et al. 2008; Rogers et al. 2011; Small et al. 2009; Soni et al.
2013; Stuckenholz et al. 2009; Thakur et al. 2014; Okuda
et al. 2010). The logFC matrix for all zebrafish genes

across 344 comparisons was generated, and row (i.e.,
gene) mean and coefficient of variation (CV) values
were found to be distributed symmetrically around 0
(Figs. S3A–S3B1). The co-differential expression vector of
ace2, race2-logFC, was used to obtain STRING local network
clusters, which revealed that genes positively correlated
with ace2 were enriched in carboxypeptidase activity
(Fig. 1A), intestinal hexose absorption, villin and keratin,
and fibrin clot formation associated sub-groups (Fig. S4A1),

Table 1. GPL1319 datasets in which zebrafish ace2 with a probe set ID “Dr.20290.1.A1_at” was significantly
differentially expressed (FDR (adj. p-value)< 0.05 and abs(logFC)> 0.5).

Dataset ID logFC p-value adj. p-value Comparison

GSE14979 –3.92 8.7E-06 2.1E-04 Ovary vs. Female Body
GSE14979 –3.88 1.0E-06 1.5E-05 Testis vs. Male Body
GSE13158 –3.77 5.7E-16 2.1E-13 50 lM ERbeta2 vs. Control morpholino
GSE17711 –1.86 4.8E-06 1.1E-03 cdiptMutant vs. Wild type
GSE55339 –1.43 8.5E-05 1.2E-02 uhrf1Mutant vs. Wild type
GSE12214 –1.10 3.0E-04 4.3E-03 1000 lg MCLR vs. Control ethanol
GSE11493 –1.06 1.6E-03 1.1E-02 MPNST (p53mut) vs. Seminoma
GSE14979 –0.90 1.1E-02 2.0E-02 Ovary vs. Testis
GSE4859 –0.81 8.3E-05 5.1E-03 Whole ovary 100 ppb TCDD vs. Whole ovary control
GSE12214 –0.80 4.1E-03 4.2E-02 100 lg MCLR vs. Control ethanol
GSE32360 –0.64 2.2E-02 3.6E-02 24 hpf mock LNA vs. 1 hpf mock LNA
GSE18830 –0.63 2.1E-03 6.0E-03 75% Epiboly vs. 30% Epiboly
GSE18830 –0.56 1.0E-03 2.4E-03 Tail Bud vs. 30% Epiboly
GSE12189 2.92 7.9E-03 4.8E-02 6 dpf (GIT) vs. 2 dpf (GIT)
GSE12189 3.05 9.6E-06 5.4E-04 6 dpf (not-GIT) vs. 2 dpf (not-GIT)
GSE12189 3.85 4.5E-06 3.2E-04 3 dpf (GIT) vs. 3 dpf (not-GIT)
GSE12189 3.95 9.0E-06 5.6E-03 3 dpf (GIT) vs. 2 dpf (GIT)
GSE12189 4.68 5.3E-04 1.2E-02 4 dpf (GIT) vs. 2 dpf (GIT)
GSE35889 7.58 5.7E-07 3.6E-04 cdx1b Transgenic vs. Wild type

Note: MCLR, MPNST, TCDD, LNA, and GIT refer to microcystin-LR, malignant peripheral nerve sheath tumor, 2,3,7,8-
Tetrachlorodibenzo-p-dioxin, locked nucleic acid, and gastrointestinal tract, respectively.

Fig. 1. (A) Carboxypeptidase and (B) intraflagellar networks colored according to race2-logFC values across GPL1319 datasets
(ndatasets = 107; ncomparison = 344).
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whereas those negatively correlated belonged to cilium
assembly (Fig. 1B), microtubule organization pathways,
and chromatin-modifying enzymes (Fig. S1A1). Ten genes
were represented in the GPL1319 platform out of 28 RAS
pathway genes (Postlethwait et al. 2021), and eight of
them were found to be positively correlated with ace2,
with a correlation coefficient ranging from 0.46 to 0.85.

ace2 expression in zebrafish is developmentallymodulated
Analysis of GPL1319 datasets revealed that ace2 exp-

ression decreased throughout gastrulation (GSE18830,
GSE32360; Table 1), which was supported by re-analysis
of GSE24616 (Fig. 2A) and E-ERAD-475 (Fig. S1B1). In addi-
tion, we found that ace2 was expressed at low levels
during embryogenesis and started to increase at 3 dpf
and thereafter until 4 dpf, after which it was steadily

expressed at high levels (Fig. 2A, Fig. S4B1). Analysis of
yet another dataset (GSE38575) supported this finding
of a significant increase in ace2 expression after 3 dpf in
zebrafish (Fig. 2B). The STRING local network enrich-
ment scores based on race2 values (between expression
profile of ace2 and that of every other gene), obtained
separately forGSE24616 (2–8 dpf) andGSE38575 (untreated;
2–7 dpf) zebrafish embryonic development datasets,
were significantly correlated with each other (r = 0.963,
p-value = 7.63e-127; Figs. 2A–2C). Network clustering
helped us define pathways modulated at the time of ace2
induction during the development of early zebrafish lar-
vae. Accordingly, networks enriched with genes positively
correlated with ace2 included pathways related to intesti-
nal hexose absorption, vitamin D metabolism, carboxy-
peptidases, interleukin signaling, phenylalanine/tyrosine

Fig. 2. ace2 expression patterns during developmental stages from (A) GSE24616, where min, d, and h refer to minutes,
days, and hours, respectively, and (B) GSE38575, where EtOH, VD, and dpf refer to ethanol, vitamin D, and days post-
fertilization, respectively. (C) Correlation between significantly modulated STRING local network enrichment scores
obtained using race2 values using developmental datasets.
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catabolism, peptide ligand binding, dopamine receptors,
phototransduction, and common fibrin clot/fibrinolysis
(Fig. 3, Fig. S51). On the other hand, networks enriched
with negatively correlated genes included terms such as
chromosome segregation, cilium assembly, DNA double-
strand break and replication, homeobox, alternative
splicing, and endothelial cell proliferation (Fig. 3, Fig. S6,
Table S31). We then generated graphs with positively and
negatively enriched networks separately, in which the
edge weights represent the number of genes common in
both networks to obtain a more comprehensive view of
the ace2’s functions. Here, we found that interleukin-20,
interleukin-6, interleukin-21, and interleukin-35 signaling
networks formed a network, and some of the genes
involved in vitamin D metabolism along with SLC-
mediated transmembrane transport networks were also
enriched (Fig. 4). Networks relevant to chromatin segrega-
tion clustered together with the checkpoint-associated
networks, while cilium assembly andmicrotubule organi-
zation formed separate networks, as in the case of DNA
damage response-associated networks (Fig. 5).

ace2 expression in zebrafish is sexually dimorphic and
tissue-specific
One of the most prominent findings of the GPL1319

dataset meta-analysis was the identification of sexual
dimorphism in zebrafish ace2 expression, as shown in

Table 1 (GSE14979, Table 1). Interestingly, gonads had
lower ace2 expression when compared with the rest of
the body regardless of sex, while testis had relatively
higher ace2 levels than the ovary (GSE14979, Fig. S7A1).
Moreover, ace2 expression decreased in the presence of
a morpholino for ERBeta2 (esr2a) (GSE13158, Table 1),
which was previously shown to be essential for female
sexual maturation and early follicle generation (Lu et al.
2017; Wu et al. 2020). We then re-analyzed the GSE24616
dataset for ace2 expression in adult zebrafish over time
and found that ace2 was highly expressed in juveniles
and early adulthood (90 dpf) (Fig. 6A). Moreover, males
exhibited high ace2 expression regardless of age, while
females showed a steady decrease with aging until
9 months (Fig. 6A; adj. p-value <0.0001 (age), adj.
p-value< 0.0001 (gender), adj. p-value = 0.43 (interaction)).
However, after 9 months, ace2 levels were indistinguish-
able between males and females. The results obtained
from another dataset, GSE123439, were consistent with
the observed significance of sexual dimorphism in
gonads (Fig. S7B1). In addition, we investigated the
tissue-specificity of ace2 using a collated dataset (Methods
for details). Samples from the same tissue and (or) anato-
mically related organs were clustered together using
PCA and hierarchical clustering (Fig. S81). We found that
the intestines and liver exhibited relatively high ace2
expression in comparisonwith the brain, gills, and kidneys

Fig. 3. Top 15 positively and negatively enriched networks using race2 values obtained using STRING local network analysis
of GSE24616 and GSE38575 focusing on zebrafish early development.
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in that descending order (Fig. 6B). Accordingly, zebrafish
ace2 expression was found to have a high tissue-specificity
index value (Tau) of 0.99 (Kryuchkova-Mostacci and
Robinson-Rechavi 2017).

ace2 exhibits the highest expression in the intestines
In accordance with the above tissue-specificity analysis,

our meta-analysis of GPL1319 datasets also implicated
ace2 in intestinal development. Indeed, ace2 expression
increased the most in the intestines of the zebrafish over-
expression model of cdx1b, an intestinal differentiation-
related transcription factor (GSE35889, Table 1). Moreover,
ace2 expression increased in GFP+ gastrointestinal tract
(GIT) cells of transgenic (Tg(XlEef1a1:GFP)s854) zebrafish

larvae at and after 3 dpf compared to 2 dpf (GSE12189,
Table 1; Fig. 7A), whereas in GFP– (non-GIT) cells, ace2
was significantly upregulated at 6 dpf only. Since ace2
expression also increased in GFP+ cells when compared
to GFP– cells at 3 dpf (GSE12189, Table 1; Fig. 7A), we fur-
ther performed a comparative network enrichment
analysis (Methods for details of CNEA) of STRING local
networks between the GSE12189 and GSE35889 datasets.
The network enrichment scores of the above-mentioned
datasets were highly correlated (r = 0.798, p-value = 6.49e-12;
Fig. 7B), strengthening the role of ace2 during intestinal
differentiation.The top commonnetworks included those
of intestinal hexose absorption, chylomicron assembly,
which is a key mechanism for lipid transport in the

Fig. 4. Selected common positively enriched networks using race2 values during zebrafish development. Each node
represents an enriched network, and edge weights represent the number of shared genes. Nodes are colored according to
their enrichment score.
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intestines, common pathway of fibrin clot formation and
fibrinolysis, fatty acid degradation, and carboxypepti-
dases (Fig. 7C, Fig. S91). In contrast, negatively correlated
genes were enriched in networks of striated muscle con-
traction and mRNA splicing (Fig. 7C, Fig. S91). Moreover,
increases in ace2 expression were steady over time in late
zebrafish larvaewith functional intestines (Fig. S10A1).

ace2 expression is altered with inflammation
We next focused on available disease model datasets

of zebrafish to examine changes in ace2 expression in
inflammation of the intestines and liver. From an intes-
tinal disease perspective, ace2 was found to be downre-
gulated in the zebrafish model of short bowel syndrome
(SBS) (Fig. S10B1), which may indicate a possible link
between ace2 expression and inflammatory responses
(Johnson et al. 2018; Mutanen et al. 2019; Schall et al.
2017). We further re-analyzed two other expression data-
sets associated with different inflammatory stimuli in

relation to the zebrafish digestive system. No significant
alteration in ace2 expression was observed in response
to bacterial colonization (conventionalization (CONVD),
Exiguobacterium (Exi), or Chryseobacterium (Chrys)) in
zebrafish embryos (GSE82200, Fig. 8A). However, ace2
expression significantly increased with immunosup-
pression in the myd88 knockout zebrafish embryos
showing significant effects for genotype and treatment
with a significant interaction between these factors
(GSE82200; adj. p-value = 4e-07 (genotype), adj. p-value =
0.03 (germ), adj. p-value = 0.03 (interaction); Fig. 8B).
In contrast, ace2 expression decreased in the kidney
with SVCV infection after pre-treatment with b-glucan
but not with exposure to lipopolysaccharides (LPS) or
polyinosinic:polycytidylic acid (poly (I:C)) exposure
(GSE113241, adj. p-value = 0.01 (SVCV), adj. p-value = 0.06
(pre-treatment), adj. p-value = 0.04 (interaction); Fig. 8B).
LPS treatment was not effective in the liver, muscle, or
kidney, either (Fig. S10C1).

Fig. 5. Selected common negatively enriched networks with race2 values during zebrafish development. Each node
represents an enriched network, and edge weights represent the number of shared genes. Nodes are colored according to
their enrichment score.
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ace2 expression is highly variable in the liver and
associated with diet and liver disease
Since ace2 exhibited the second-highest yet bimodal

expression levels in the liver (Fig. 6B; Fig. S11A1), we per-
formed GO annotation of genes with high or low race2
values, obtained by analyzing the GSE74244 dataset (the
largest RNA-seq zebrafish cohort for zebrafish adult
liver tissue in the GEO database). Significant GO biologi-
cal processes of genes whose expression levels were
positively correlated with that of ace2 were enriched
in metabolism, and in particular, that of the lipid
(Fig. S11B1), whereas those negatively correlated included
the immune response (Fig. S11C1). We also showed that
liver expression was not sexually dimorphic and could
vary regardless of strain and gender using another data-
set (GSE100583, Fig. S12A1). The results of GO enrich-
ment analysis of GSE100583 were similar in terms of
positively correlated genes, yet cilium organization
and establishment of cell polarity were found among

significantly negatively correlated pathways (Figs. S12B,
S12C1). CNEA of STRING local networks between these
two independent datasets (GSE74244 vs. GSE100583)
were highly concordant for a subset of pathways
(Fig. 9A, Fig. S13A1) and included networks of genes with
positive race2, such as intestinal brush border proteins
(villin and keratin) as well as interferon-stimulated
genes (ISG15 antiviral mechanism), carboxypeptidases,
and respiratory electron transport and oxidative phos-
phorylation (Fig. 9A, Fig. S13B1). Erythropoietin and the
hemoglobin network were among those enriched with
negative race2 values in both datasets (Fig. 9A, Fig. S13B1).
However, apolipoprotein A/E genes, known to be func-
tional in fat metabolism and immune response, were
enriched in both datasets and acted in the opposite
direction (Fig. 9A).
We further investigated ace2 expression in zebrafish

under conditions of fasting and refeeding in the liver

Fig. 6. (A) Sexual dimorphic expression pattern in adulthood based on GSE24616 (Simple effect analysis following
Two-Way ANOVA results are represented. *, p-value < 0.05). (B) Tissue-specific expression of ace2 (log2(RPKM + 1)) in the
intestines (731.1) and liver (432.8) and the relatively low expression in the gills (1.57), brain (1.08), kidney (0.83), heart (0.62),
and muscle (0.49) in the six-month-old zebrafish cohort.
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Fig. 7. (A) ace2 expression from GSE12189, where GFP+ and GFP– refer to cells inside and outside of the digestive tract,
respectively (limma results are represented. *, adj. p-value < 0.05; **, adj. p-value < 0.01; ***, adj. p-value < 0.001; ****, adj.
p-value < 0.0001). (B) Correlation between the significantly modulated STRING local networks obtained using race2 values in
GSE12189 and GSE35889 intestine-specific datasets. (C) Bar plots of significant STRING local network enrichment scores for
GSE12189 and GSE35889.
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and found ace2 expression increased when refed after
3 weeks of fasting (Fig. 9B), yet it was not altered when
given a high carbohydrate diet (GSE8856 (Robison et al.
2008); logFC = 0.24, adj. p-value = 0.51 (females) and
logFC = –0.67, adj. p-value = 0.99 (males)) or under the
condition of overfeeding (GSE48806 (unpublished data);
logFC = –1.76, adj. p-value = 0.26). To further support the
potential involvement of ace2 co-expressed gene net-
work in liver disease, ace2 expression decreased in
the zebrafish non-alcoholic fatty liver disease (NAFLD)
model (GSE17711, Table 1) and in response to microcystin-
LR, previously shown to cause liver damage (GSE11214,
Table 1; Fig. 9C) (Rogers et al. 2011).

Discussion

Zebrafish are widely used as model organisms to
understand disease mechanisms because of their high
sequence/functional similarity with humans as well as
the availability of a wide range of zebrafish genetic models
(Gomes and Mostowy 2020; Logan et al. 2018; Mickiewicz
et al. 2019; Willis et al. 2016; Shehwana and Konu 2019).
Conservation and functional similarity of ace2 and the
RAS pathway in zebrafish (Postlethwait et al. 2021) make
a disease-focused investigation of zebrafish ace2 expres-
sion essential, yet this has remained unexplored. Our
meta-analysis and (or) functional network enrichment
approaches with respect to various contexts, including
age-, gender-, tissue-specificity, genotype, and disease,
make the present study unique and timely.
Our meta-analysis has demonstrated that ace2 is

expressed at low levels during early larval development,
yet starts increasing in expression during the differen-
tiation of the liver and intestines (Kimmel et al. 1995).

Developmental studies in mice have reported Ace2
expression at E12.5, with an increasing trend over time
in the kidneys, lungs, brain, and heart (Song et al. 2012),
while ACE2 is also expressed in the human intestines,
gonads, kidneys, heart, adipose tissue, lung, and liver,
in accordance with its multiorgan functionality (Musavi
et al. 2020; Wang et al. 2020). In zebrafish, the ace2 gene
is highly expressed in a subcluster of intestinal epithe-
lial cells, where ace is also expressed (Postlethwait et al.
2021). In this study, we demonstrated that ace2 is tissue-
specifically expressed in zebrafish adult intestines as
ACE2 in humans (Musavi et al. 2020). Our analyses also
suggest a potential role for intestinal differentiation for
ace2, whose expression is higher in the cdx1b transgenic
strain exhibiting increased intestinal differentiation
(Hu et al. 2013). This finding supports that cdx1b could be
a transcriptional regulator of ace2 in zebrafish as Cdx2/
CDX2 is in mice (Chen et al. 2020a) and humans (Cheng
et al. 2008; Flores et al. 2008; Silberg et al. 2000). More-
over, fish larvae with a mutation in the uhrf1 gene cause
non-functional intestines and also exhibit lower levels
of ace2, further supporting the potential role of ace2
in intestinal development (Table 1) (Ganz et al. 2019;
Marjoram et al. 2015).
Herein, we compared the local enrichment scores

between independent datasets (Yildiz et al. 2013) to
increase confidence in our context-dependent analysis,
that is, ace2 co-expression in intestinal development
and the liver. Such a comparative analysis has proven to
be an effective strategy, demonstrating that ace2 expres-
sion is a tightly co-expressed component of carboxypep-
tidases. Interestingly, this is in accord with the reports
proposing the serine protease family of genes, in which

Fig. 8. (A) ace2 expression during immune response in myd88 knockout (Myd88KO) model with bacterial colonization
(conventionalization (CONVD), Exiguobacterium (Exi), and Chryseobacterium (Chrys)) (Tukey HSD corrected One-way ANOVA
results are represented. *, adj. p-value < 0.05; ****, adj. p-value < 0.0001). (B) ace2 expression during immune response
in viral infection (SVCV: Spring Viraemia Carp Virus) after pre-treatment with the viral medium (MEM), b-glucans,
lipopolysaccharide (LPS), or polyinosinic:polycytidylic acid (poly (I:C)) (Simple effect analysis following Two-Way ANOVA
results are represented. *; p-value < 0.05).
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ace2 is part of, as a target for COVID-19 treatment
(reviewed in Vargas et al. 2020; Yao et al. 2020). Other
networks we identified included fibrinolysis (positive
race2), and since COVID-19 severity is associated with dys-
regulation of clot formation (reviewed in Coccheri
2020), we propose that zebrafish larvae can be used to

test the effects of SARS-CoV-2 on the fibrinolysis path-
way members with which ace2 is co-expressed during
the specific timewindow of intestinal development.
Interestingly, several studies have previously reported

higher ACE2 expression in cilia of well-differentiated
epithelial cells compared to undifferentiated cells in

Fig. 9. (A) Bar plots of significant STRING local network enrichment scores for GSE74244 and GSE100583 liver datasets.
(B) ace2 expression in zebrafish livers during fasting and refed conditions. (C) ace2 expression in zebrafish larvae in
response to microcystin-LR (MCLR) exposure (*, p-value < 0.05; **, p-value < 0.01).
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humans (Jia et al. 2005; Lee et al. 2020b; Ziegler et al.
2020). ACE2 expression is present in motile cilia in
human airway epithelial cells (Lee et al. 2020a) and is
also shown to be affected by SARS-CoV-2 infection (Lee
et al. 2020b), which causes loss of cilia (Ziegler et al.
2020). Further studies are needed to understand the
dynamicity between ace2 expression and cilium assem-
bly. Indeed, the significant changes observed in ace2
expression levels at the time of intestinal differentia-
tion also provide an effective translational time frame
for testing potential drugs affecting intraflagellar trans-
port and the RAS pathway.
Consistently, our analyses of race2 in zebrafish have

also pointed to the enrichment of respiratory chain-
related networks. In support of this, Ace2 knockoutmice
have been reported to exhibit disrupted mitochondrial
function in pancreatic islets and skeletal muscle cells
(Cao et al. 2019; Shi et al. 2018). Transcriptomic analyses
of human cornea, retina, and lung datasets suggest that
ACE2 is significantly co-expressed with mitochondrial
genes (Yuan et al. 2020). Indeed, Ang II is known to acti-
vate NADPH and can stimulate an increase in reactive
oxygen species (ROS) in renal cells, while ACE2, as a neg-
ative regulator of Ang II, has a protective role against
ROS (Gava et al. 2009; Gwathmey et al. 2010; Kim et al.
2012). Ace2 knockout mice also exhibit increased insulin
resistance, which can lead to hepatic and oxidative
stress (Cao et al. 2014, Gallagher et al. 2008; Gwathmey
et al. 2010; Song et al. 2020). The enrichment of ROS-
related pathways in our analysis supports the notion
that zebrafish can also serve as a model organism to
study the potential link between the modulatory role of
ace2 inmitochondrial function and disease.
Our findings have also indicated that the liver is

the second-highest ace2 expressing tissue in zebrafish,
yet with a clear bimodal pattern regardless of age (6–
42 months) or gender. This bimodality might have
arisen from contamination with other tissues, espe-
cially the gut and (or) pancreas, and (or) the presence
of intrinsic or extrinsic factors in relation to diet,
inflammation, or infection. GO enrichment analyses of
the positively co-expressed genes of ace2 revealed the
involvement of lipid catabolism as a potential discrimi-
nator between low and high ace2 expressing liver; and
in partial support of this, our re-analysis showed that
ace2 levels decrease in response to microcystin-LR, a
common form of cyanotoxin, which causes liver dam-
age and disruption of lipid metabolism (Liu et al. 2014;
Woolbright et al. 2017); and in the NAFLD zebrafish
model, in accordance with mouse data in the literature
(Cao et al. 2016; Yang et al. 2020). In our re-analysis, ace2
expression in zebrafish refed liver steadily increased
after fasting, aiding in the connection between ace2
expression and diet. Ace2 levels have also been shown to
be elevated in high-fat-fed mice and rats (Gupte et al.
2008; Shoemaker et al. 2019; Zhang et al. 2014), but not

in the initial response to lipid exposure in zebrafish di-
gestive organs (Zeituni et al. 2016). This suggests that
further experiments are needed to identify the time
frame in which the diet can alter ace2 levels in zebrafish.
In addition to altered lipid metabolism, interferon path-
way modulation (ISG15 antiviral mechanism network)
has emerged as a discriminator of the low and high ace2
expressing liver in zebrafish. The liver, an organ contin-
ually subjected to food antigens and pathogens from
the intestines, can respond to such activators of
immune response readily with its residential macro-
phages (Bleriot and Ginhoux 2019), which may result in
highly variable interferon activity in the liver (reviewed
in Robinson et al. 2016). Future studies focusing on em-
bryonic and tissue-specific ace2 knockout and overex-
pression models can help understand the role of
adaptive and innate immune system challenges in
zebrafish liver expression variability. Moreover, a signif-
icant decrease in ace2 levels in response to vitamin D
treatment during early development can be studied fur-
ther in different contexts, including COVID-19 (Benskin
2020; Bleizgys 2021; Musavi et al. 2020; Ali et al. 2018;
Andersen et al. 2015; Shen et al. 2017).
From a disease perspective, the observed decrease in

ace2 expression in the zebrafish SBS model may indicate
a link between decreased levels of ace2 and inflamma-
tion, as widely observed in human SBS patients (Schall
et al. 2017). Our re-analysis showed that zebrafish uhrf1
and cdipt mutants, with elevated intestinal inflamma-
tion, both exhibited a significant decrease in ace2
expression (Marjoram et al. 2015; Thakur et al. 2014). In
human inflammatory bowel disease (IBD), ACE2 levels
exhibit a similar decrease in inflamed ileum but
increase in inflamed colon and rectum (Suarez-Farinas
et al. 2020; Verstockt et al. 2021). In addition, zebrafish
embryos deficient in the key innate immunity regula-
tory factormyd88 exhibit altered lipidmetabolismwhile
expressing ace2 highly, regardless of the type of micro-
biome (Koch et al. 2018). Interestingly, in mice,MyD88 is
essential for protection against SARS-CoV (Hirano and
Murakami 2020; Sheahan et al. 2008). Moreover, our
bioinformatics analyses showed that preexposure to
the immune-suppressive and lipid modulatory agent
b-glucans may lower ace2 levels (AbuMweis et al. 2010),
which supports an association between ace2 levels and
modulation of inflammatory pathways, which remains
to be tested.
We observed a sexually dimorphic expression pattern

of ace2 in zebrafish, which can provide a model for
studying gender-specific ace2 expression in response
to different drugs with regard to hypertension and
COVID-19 treatment (Cuffe et al. 2016; Goyal et al. 2015).
Moreover, esr2a knockout zebrafish, exhibiting a signifi-
cantly lower female-to-male offspring ratio (Lu et al.
2017; Wu et al. 2020), also showed lower ace2 levels.
Previously, a modulatory role of estrogen on ACE2
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expression through its receptors, ESR1 or GPER1, has
been shown (Feng et al. 2020; Mompeon et al. 2016;
Sun et al. 2021). Altogether, our analyses suggest a gen-
der-specific role for ace2 in zebrafish.
In conclusion, tissue- and context-dependent expres-

sion of ace2 in zebrafish correlates well with human,
non-human primate, and rodent data, as exemplified
above. Moreover, via meta-analysis, we provide novel
links between ace2 expression modulation and diseases
of the intestines and liver for the first time in the zebra-
fish literature. Our application of logFC-based extrac-
tion of co-expressed genes in zebrafish ace2 translates
into functional networks connected with each other
via their common components. These networks were
obtained based on heterogeneous datasets, hence reveal
a relatively wide range of conditions zebrafish ace2
expression could be modulated. A similar meta-analysis
approach has been used in drug or compound networks,
and herein applied to zebrafish ace2; hence, it is easily
applicable to species-specific gene networks reflecting
differential expression. Furthermore, we provide novel
leads for testing zebrafish ace2 levels against different
drugs within a given developmental and physiological time
frame, aswell as different liver and intestinal pathologies.
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