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A B S T R A C T   

The size of an organ is proportional to the other body parts or the whole body. This relationship is known as 
allometry. Understanding how allometry is determined is a fundamental question in biology. Here we tested the 
hypothesis that local insulin-like growth factor (Igf) signaling is critical in regulating organ size and its allometric 
scaling by organ-specific expression of Igf binding protein (Igfbp). Overexpression of Igfbp2a or 5b in the 
developing zebrafish eye, heart, and inner ear resulted in a disproportional reduction in their growth relative to 
the body. Stable transgenic zebrafish with lens-specific Igfbp5b expression selectively reduced adult eye size. The 
action is Igf-dependent because an Igf-binding deficient Igfbp5b mutant had no effect. Targeted expression of a 
dominant-negative Igf1 receptor (dnIgf1r) in the lens caused a similar reduction in relative eye growth. 
Furthermore, co-expression of IGF-1 with an Igfbp restored the eye size. Finally, co-expression of a constitutively 
active form of Akt with Igfbp or dnIgf1r restored the relative eye growth. These data suggest that local Igf 
availability and Igf signaling activity are critical determinants of organ size and allometric scaling in zebrafish.   

1. Introduction 

In multicellular organisms, the size of each organ grows proportional 
to other organs and to the entire body. This morphological scaling 
relationship is known as allometry (Frankino et al., 2019; Vea and 
Shingleton, 2020). Understanding how allometry arises is a fundamental 
question in biology. To date, invertebrate models with diverse 
morphological features have been instrumental in our understanding of 
allometry regulation (Mirth et al., 2016). An emerging theme is that 
nutrient-sensitive insulin-like peptides (ILPs) play critical roles in allo
metric scaling (Texada et al., 2020). For instance, imaginal discs 
(primordia of the adult organ) of the genital arch of the fruit fly, 
Drosophila melanogaster, and the male sexual ornaments, or horn, of 
rhinoceros beetle, Trypoxylus dichotomus, have different sensitivity to 
ILPs compare to the other body parts, which contributes to the unique 
allometric scaling of these organs (Emlen et al., 2012; Shingleton et al., 
2005; Tang et al., 2011). An organ possessing elevated sensitivity to ILPs 
has a greater growth rate and achieves a larger final size relative to the 
other body parts. 

In the vertebrates, the ancestral insulin-like gene has evolved into 
insulin, IGF-1, IGF-2, and ILPs, including relaxin and several relaxin-like 

peptides (Lu et al., 2005; Wood et al., 2005a). Insulin and IGFs, in 
particular, are implicated in somatic growth and metabolism (Wood 
et al., 2005a). While insulin acts via the insulin receptor. IGF-1 and IGF- 
2 act via the type1 IGF receptor (IGF1R) (Duan et al., 2010; Duan and 
Xu, 2005). The intracellular signaling cascades downstream of the in
sulin receptor and the IGF1R are largely overlapping, including protein 
kinase B (Akt), the target of Rapamycin, and mitogen-activated protein 
kinase (Duan et al., 2010; Duan and Xu, 2005). Insulin is predominantly 
secreted from pancreatic β-cells and act as an endocrine factor. Unlike 
insulin, however, IGF-1 and IGF-2 are not only produced and secreted 
from the liver, but also expressed in many, if not all, other tissues. 
Therefore, they act as endocrine, paracrine, and autocrine factors. 
However, the precise roles of the systemic (endocrine) and local (para
crine and/or autocrine) IGF actions in allometry regulation are not well 
understood. 

IGFs, but not insulin, are bound to a family of high-affinity IGF 
binding proteins (IGFBPs/Igfbps) in extracellular environments (Allard 
and Duan, 2018; Clemmons, 2012, 2016; Firth and Baxter, 2002). These 
IGFBPs prevent the potential binding of circulating IGFs to the insulin 
receptor and therefore segregate the two hormonal system (Clemmons, 
2012, 2016; Firth and Baxter, 2002). Functional studies suggest that 
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these IGFBPs/Igfbps can bind to IGFs with an affinity equal to or even 
greater than the IGF1R and they can modulate IGF biological activity by 
regulating IGFs available to the IGF1R. There are six types of IGFBPs, 
designated IGFBP-1 through IGFBP-6. Humans and other mammals have 
one gene belonging to each of the six IGFBP types (Allard and Duan, 
2018). Due to a teleost lineage specific genome duplication event, 
teleost fish generally have more Igfbps (Allard and Duan, 2018). It is 
now clear that Zebrafish has 9 igfbp genes, including 2 igfbp1, 2 igfbp2, 1 
igfbp3, 2 igfbp5, and 2 igfbp6 genes. All these 9 igfbp genes have been 
characterized and their spatiotemporal expression patterns studied to 
various degrees (Dai et al., 2010; Duan et al., 1999; Kajimura et al., 
2005; Kamei et al., 2008; Li et al., 2005; Maures and Duan, 2002; Wang 
et al., 2009; Wood et al., 2005b; Zhou et al., 2008). Among them, igfbp1a 
and igfbp1b genes are highly expressed in the liver in response to hyp
oxia, starvation, and chronic stresses (Kajimura et al., 2005; Kamei et al., 
2008; Maures and Duan, 2002). The igfbp2a mRNA is detected in the lens 
and in brain boundary vasculature during embryogenesis. Subsequently 
it becomes highly expressed in the liver (Wood et al., 2005b; Zhou et al., 
2008). The paralogous igfbp2b, on the other hand, is initially expressed 
in all tissues at low levels, but later becomes abundant in the liver (Zhou 
et al., 2008). In comparison, igfbp3 mRNA is first detected in the cranial 
neural crest cells and subsequently in pharyngeal arches and inner ears 
(Li et al., 2005). During early development, igfbp5b mRNA was tran
siently expressed in differentiating somites, gill arches, pectoral fin, and 
neural tissues. In comparison, igfbp5a mRNA is highly expressed in 
ionocytes located in the yolk sac region and subsequently in the gills 
(Dai et al., 2010; Liu et al., 2018). The igfbp6 mRNA levels were rela
tively low during embryogenesis (Wang et al., 2009). 

The goal of this study is to investigate the role of local Igf signaling in 
organ size and allometric scaling by targeted overexpression of Igfbps. 
We chose to express Igfbp2a and Igfbp5b because they were well char
acterized and reagents are ready available (Dai et al., 2010; Duan et al., 
1999; Liu et al., 2018; Wood et al., 2005b). Overexpression or addition 
of exogenous Igfbp2a and Igfbp5b inhibits IGF actions (Dai et al., 2010; 
Duan et al., 1999; Liu et al., 2018; Zhou et al., 2008). Zebrafish is a 
suitable vertebrate model to test the role of local Igf signaling in 
allometry regulation due to its fast growth and development, free-living 
embryos, the availability of many genetic tools such as tissue-specific 
promoters and the Tol-2 transposon-mediated transgenesis (Kawa
kami, 2004). Importantly, the zebrafish Igf-Igfbps are well character
ized, and they are highly similar to mammals (Allard and Duan, 2018; 
Duan and Allard, 2020). 

2. Materials and methods 

2.1. Chemicals 

RNase-free DNase and restriction enzymes were purchased from 
Promega (Madison, WI). High-fidelity DNA polymerase (PfuUltra™) was 
purchased from Stratagene (La Jolla, CA). All oligonucleotide primers 
were purchased from Invitrogen Life Technologies, Inc. (Carlsbad, CA). 
All other chemicals were reagent grade and purchased from Fisher Sci
entific (Pittsburgh, PA) unless otherwise noted. 

2.2. Experimental animals 

Adult zebrafish (Danio rerio) were maintained at 28 ◦C on a 14 h:10 h 
(light: dark) cycle and fed twice daily. Embryos were generated from 
natural crosses, and the fertilized eggs were raised at 28.5 ◦C and staged 
according to a previous report (Kimmel et al., 1995). All experiments 
were conducted under guidelines approved by the University Committee 
on the Use and Care of Animals, University of Michigan at Ann Arbor. 

2.3. Lens-, heart-, and otic vesicle-specific gene promoters 

We chose to express igfbps in the eyes, heart, and inner ear because 

these organ shapes are relatively easy to measure and the promoter 
constructs, antibodies, and maker genes are readily available. Zebrafish 
α-A-crystallin gene (αAcry) promoter DNA (2.8 k bp) was used for tar
geting transgene expression in the lens. The αAcry promoter DNA was 
kindly provided by Dr. Sumiko Watanabe, TheUniversity of Tokyo 
(Kurita et al., 2003). To express a transgene in the heart, a 259 bp DNA 
fragment encoding the minimum promoter sequence of the cardiac 
myosin light chain-2 gene (cmlc2) was cloned and used following a 
previous report (Huang et al., 2003). The cmlc2 promoter DNA was 
cloned using the PfuUltra™ DNA polymerase and the following primers: 
5′-TTTTGCATTAATTTTCATCCCTCAAATCTCTCATTCACGTC-3′ and 5′- 
TTGGATCCTCACTGTCTGCTTTGCTGTTGGTCTGGGCT-3′. For targeting 
transgene expression in the otic vesicles, a 2.2 k bp DNA fragment 
encoding the promoter sequence of zebrafish otolith-matrix protein-1 
gene (omp1) was cloned using the PfuUltra™ DNA polymerase and the 
following primers: 5′-TCCTATTAATGGCCATGTCATTTTCTA
TATGGGGAA-3′; 5′- TCCTCTCGAGGTTGTCTTTGAACAGTAACCTTTC- 
3′. All DNA constructs were sequenced. 

2.4. Construction of organ-specific gene expression vectors 

Two types of expression constructs were generated and used for 
targeting transgene expression in the developing lens. In the first, the 
αAcry promoter DNA was subcloned into the pEGFP-N1 or pEYFP-N1 
vector (Invitrogen, Carlsbad, CA) by replacing the original cytomega
lovirus promoter using suitable restriction enzymes. Next, cDNA of 
zebrafish Igfbp2a or Igfbp5b coding sequence lacking the stop codon 
was placed between the αAcry promoter and EGFP/EYFP using BspHI/ 
NcoI-NotI or NcoI site, resulting in an Igfbp-GFP/YFP fusion protein 
(Supplemental Fig. S1A). In the second type, an internal ribosomal entry 
site sequence (IRES) was inserted between the Igfbp and EGFP/EYFP 
sequences to allow the simultaneous expression of the Igfbp and EGFP/ 
EYFP. This was because adding a GFP tag in zebrafish Igfbp3 can affect 
its IGF binding property (Zhong et al., 2011). In addition, the 
transposon-mediated gene integration system (Tol2-system) (Kawa
kami, 2004) was used to increase the transgenesis efficiency (Supple
mental Fig. S1B). To target Igf signaling in the heart, the cmlc2 promoter 
cDNA was subcloned into EYFP-N1 vector by replacing the original 
cytomegalovirus promoter using suitable restriction enzymes. Next, 
cDNA encoding Igfbp2a lacking the stop codon was placed between the 
promoter and YFP using BamHI-AgeI sites to generate the heart-specific 
Igfbp2a-YFP expression vector (Supplemental Fig. S1C). The inner ear 
expression construct was engineered using a similar manner. But an 
IRES was between the Igfbp5b and EYFP sequence and Tol2 sites were 
added (Supplemental Fig. S1D). 

2.5. Microinjection 

Plasmid DNA was purified using the endotoxin-free DNA extraction 
system (UltraClean Endotoxin Free Mini Plasmid Prep Kit, MO BIO 
Laboratories, Inc., Carlsbad, CA) according to the manufactures in
struction. The 25 ng mL−1 DNA solution was prepared, and 4 nL of the 
solution (100 pg of DNA) was injected into 1-cell stage zebrafish em
bryos as described previously (Kamei et al., 2011). When the transposon 
vector was injected, 75 pg transposase RNA was co-injected with the 
Tol2-based plasmid for efficient DNA delivery to the fish genome. The 
injected embryos were raised to various stages. Successful transgene 
expression was confirmed under a fluorescence microscope and changes 
in relative organ size were determined as described below. 

2.6. Germ-line transgenesis 

Embryos injected with the Tol2 DNA vector (pT2-aAcry:igfbp5b:IRES: 
YFP) and the transposase RNA were raised to adulthood. The F0 fish 
were intercrossed to generate F1 fish. F1 fish were screened by lens- 
specific YFP fluorescence. The selected F1 fish were incrossed to 
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generate F2 fish. F2 fish were raised to adulthood. 

2.7. Relative organ size measurement 

The average eye diameter (Ed: averages of the left and right eye di
ameters) and the trunk length (Tl: length from the center of the ear to 
end of the trunk excluding the caudal fin) were measured. The relative 
eye size is calculated by dividing the Ed value with Tl. The effect of 
Igfbp2a overexpression in the eye size was evident at least 7 days post 
fertilization (dpf). Therefore, the measurement of relative eye size was 
carried at 4, 5, and 6 dpf depending on the spawning day in the week. 
The sizes of heart and inner ear were measured at 77 and 60 h post 
fertlization (hpf) respectively because of the developing timing of the 
organogenesis and the timing of the transgene expression. To determine 
the heart size, embryos were stained with the MF20 antibody (Devel
opmental studies hybridoma bank, University of Iowa, IA). The stained 
embryos were imaged from the ventral view. The ventricle size was 

measured based on the outline tracing. The value was divided by Tl, 
resulting in the relative heart size. The otic vesicle size was measured by 
tracing its outline in the lateral view. The relative otic vesicle or inner 
ear size was calculated by dividing the value of the measured area with 
the Tl value. The final relative organ size value in each experimental 
group was calculated and presented as % of the control group value. All 
these measurements were conducted using the ImageJ/Fiji software 
(NIH, Bethesda, MD). 

2.8. Whole-mount immunohistochemistry 

Embryos were fixed with 4% paraformaldehyde in phosphate- 
buffered saline not containing Ca2+ and Mg2+ ions (PBS(-) for 3 hrs at 
room temperature or 6 hrs overnight at 4 ◦C. The samples were washed 
and permeabilized. They were washed with tris-buffered saline (TBS) 
and incubated with the TBDT solution (1% bovine serum albumin; 1% 
dimethyl sulfoxide; 0.1% Triton-X100 in TBS) containing 2% normal 

Fig. 1. Targeted expression of Igfbps in the lens reduces relative eye size. (A) Representative images of 2 dpf zebrafish embryos injected with the indicated expression 
vectors (left column). In the fluorescent images (right column), the head and eye in a 6 dpf are outlined by dotted lines. Arrows indicate the lens-specific GFP signal. 
Scale bar = 250 μm. (B) Representative images of 4 dpf larvae injected with the indicated expression vectors. Scale bar = 500 μm. Ed (Eye-diameter) and TI (trunk- 
length) are indicated. (C) Relative eye size of 5 dpf larvae fish with the indicated transgene expression. n = 5–16. *, P < 0.05. (D) Representative image of 7 month 
old wild-type and Tg(aAcry:igfbp5b:IRES:YFP) fish. Scale bar = 1.0 cm. The inset images show lens-specific YFP signal (arrow) in Tg(aAcry:igfbp5b:IRES:YFP) fish. (E) 
Relative eye size of adult wild-type and Tg(aAcry:igfbp5b:IRES:YFP) fish. n = 5. *, P < 0.05. 
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goat serum to block non-specific binding sites for 1hr at room temper
ature. The samples were then incubated with the MF20 antibody diluted 
as 1: 25 in the blocking solution overnight at 4 ◦C. After a series of 
washing in TBDT, they were treated with secondary antibody (anti- 
rabbit IgG-Cy3, 1: 800) in TBDT overnight at 4 ◦C. 

2.9. Statistics 

Values are shown as mean ± SEM. The Student’s t-test was used for 
two-group comparisons. The statistical significance among multiple 
groups was determined by one-way analysis of variance (ANOVA) fol
lowed by Fisher’s least significant difference test. Statistical tests were 
performed by GraphPad Prism 7.0 software (GraphPad, San Diego, CA), 
and the significance was recognized at P < 0.05. 

3. Results and discussion 

3.1. Targeted expression of Igfbps in the lens reduces relative eye size and 
allometry 

We used the αAcry promoter, which drives the transgene expression 
in the lens (Kurita et al., 2003), to target the local Igf signaling in the 
developing eyes. As previously reported (Kurita et al., 2003), the αAcry 
promoter drove GFP expression exclusively in the lens. The GFP signal 
was detected beginning at 28–32 hpf, and continued at least until 6 dpf 
(Fig. 1A). Approximately 84.6 ± 8.3% of the αAcry:GFP DNA injected 
embryos showed GFP signal in the lens at 6 dpf, indicating a high 
penetrance. Next, Igfbp2a-GFP and Igfbp5b-GFP were targeted 
expressed in the lens using the αAcry promoter (Supplemental Fig. S1A). 
The expression of Igfbp2a-GFP and Igfbp5b-GFP was confirmed (Fig. 1A, 
Supplemental Fig. S2). As shown in Fig. 1B, the relative eye size in the 
Igfbp2a-GFP group was significantly smaller compared with that of the 
wild-type or GFP-expressing control fish (Fig. 1B and 1C). Likewise, 
targeted expression of Igfbp5b-GFP resulted in a similar reduction in the 
relative eye size at 5 dpf (Fig. 1C). It has been previously reported that 
GFP tagging if zebrafish Igfbp3 can affect its IGF binding property 
(Zhong et al., 2011). Among the IGFBPs/Igfbps, IGFBP5/Igfbp5 is most 
closely related to IGFBP3/Igfbp3 (Allard and Duan, 2018). To ascertain 
that expression of an native Igfbp indeed affects eye growth, we 
generated pT2-aAcry:igfbp:IRES:YFP expression constructs, in which an 
IRES was added to allow the simultaneous expression of the Igfbp and 

YFP proteins. In addition, Tol2 sites were added to increase the trans
genesis efficiency (Supplemental Fig. S1B). These constructs successfully 
targeted transgene expression in the lens (Supplemental Fig. S2B). 
Transient expression of Igfbp2a or Igfbp5b in the lens reduced the 
relative eye size in larval fish at 5 and 7 dpf (Fig. 2C and 2D; Supple
mental Fig. S3), but this effect was not significant in the juvenile fish 
(Supplemental Fig. S3). These results suggest that transient over
expression of Igfbp2a or Igfbp5b in the lens resulted in a disproportional 
reduction in eye growth relative to the body. 

To determine whether targeting Igf signaling by overexpressing an 
Igfbp affects adult eye size, Tg(αAcry:igfbp5b:IRES:YFP) fish, a transgenic 
zebrafish line in which Igfbp5b is stably expressing in the lens, was 
generated and used for morphometric analysis (Fig. 1D). The relative 
eye size in adult Tg(αAcry:igfbp5b:IRES:YFP) fish was significantly 
smaller than that of the wild-type fish (Fig. 1E), suggesting that stable 
expression of an Igfbp5b alters the allometric scaling in adult fish. 

3.2. Igfbp expression alters organ size by changing IGF bioavailability and 
reducing Igf1r signaling 

IGFBPs/Igfbps have been shown to have IGF-dependent and inde
pendent actions (Allard and Duan, 2018). If the Igfbps decrease eye 
growth by binding to local Igfs and sequestering them from binding to 
the Igf1r, then overexpressing an Igf ligand should reverse this effect. 
This idea was tested by transient co-expression of Igfbp2a-GFP or 
Igfbp5a-GFP with human IGF-1. Indeed, the eye size reduction caused by 
Igfbp2a-GFP or Igfbp5a-GFP expression was alleviated by IGF-1 co- 
expression (Fig. 2A and B). To determine that the effects of Igfbp 
expression are indeed Igf-dependent, we compared the activity of 
Igfbp5b with its ligand-binding deficient mutant, Igfbp5bmLBD, which 
has impaired IGF binding capability (Dai et al., 2010) by transient 
transgenic experiments. While the expression of Igfbp5b in the lens 
resulted in a significant decrease in the relative eye size, Igfbp5bmLBD 
did not have such effects (Fig. 2C), suggesting this action of Igfbp5b 
requires IGF binding. The expression of the transgene was confirmed by 
YFP signal (Fig. S2B). 

To test the role of local IGF signaling further, a dominant-negative 
form of zebrafish Igf1r (dnigf1r) was transiently expressed in the lens. 
Previous studies showed that expression of the dnIgf1r inhibited Igf1r- 
mediated Akt signaling in zebrafish embryos (Kamei et al., 2011; 
Onuma et al., 2011). As shown in Fig. 2D, expression of the dnIgf1r 

Fig. 2. The action of Igfbps in relative organ size is Igf binding- and Igf1r signaling-dependent. (A) Relative eye size of 5 dpf fish with the indicated transgene 
expression. n = 14-54. *, P < 0.05. (B) Relative eye size of 6 dpf fish with the indicated transgene expression. n = 10–21. *, P < 0.05. (C) Relative eye size of 4 dpf 
fish with the indicated transgene expression. Igfbp5bmlLBD, Igfbp5b ligand-binding deficient mutant. n = 8-19 *, P < 0.05. (D) Relative eye size of 4 dpf fish with the 
indicated transgene expression. dnIgf1r, dominant-negative Igf1 receptor. myrAkt, myristoylated Akt. n = 24–64. *, P < 0.05. 
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resulted in a similar reduction in the relative eye size as Igfbp2a. Finally, 
myrAkt, a constitutively active form of Akt, was introduced into the 
developing lens to test if the effect of Igfbp was via the Igf1r-mediated 
signaling pathway. As expected, co-expression of myrAkt with the 
Igfbp2a restored normal eye size (Fig. 2D). Likewise, co-expression of 
myrAkt also abolished the dnIgf1r-induced reduction in eye size 

(Fig. 2D). 

3.3. Targeted expression of Igfbps in the heart and inner ear reduces their 
relative growth 

The above mentioned results suggest that local Igf signaling is critical 

Fig. 3. Targeted expression of an Igfbp in the heart and inner ear reduces relative heart and inner ear size. (A) Representative images of 60 hpf (left panel: overlay 
image) and 72 hpf (right panels) zebrafish larvae injected with the indicated expression vectors. In the fluorescent images (right column), the eye (Ey), heart (H), and 
body are outlined by dotted lines. Arrows indicate the heart-specific YFP signal. Scale bar = 250 μm. (B) Representative images of 77 hpf larvae stained with MF20 to 
visualize the ventricle. Red arrowhead points to the ventricle. The ventricle area (Va) was traced (marked by red color) and measured as described in the Materials 
and Methods. Scale bar = 50 μm. (C) Relative heart size in 77 hpf larvae of the indicated group. n = 16–24. *, P < 0.05. (D) Representative images of 24 hpf embryos 
injected with the indicated expression constructs. The outline of the embryo, eye (Ey), and otic vesicle (OV) is marked by dotted lines. Scale bar = 100 μm. (E) 
Representative image of a 32 hpf omp1:GFP embryo. Scale bar = 250 μm. (F) Representative images of 60 hpf larvae. OV is indicated by an arrowhead. The area of OV 
(OVa) is presented graphically as a blue-colored trace. Scale bar = 100 μm. (G) Relative inner ear size in 60 hpf larvae of the indicated group. n = 8–19. *, P < 0.05. 
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in regulating eye size and its allometric scaling. To determine that Igf 
signaling also regulates other organ size, we used the cmlc2 promoter to 
drive transgene expression in the developing heart and the omp1 pro
moter in the otic vesicles (inner ears) transiently (Supplemental Fig. S1C 
and D). The heart-specific YFP expression and inner ear-specific 
expression of GFP were confirmed (Fig. 3A and D, E). The effect of 
Igfbp2a expression on heart growth was measured by MF20 antibody 
staining (Fig. 3B). The relative heart size in the Igfbp2a group was 
significantly smaller than that of the control groups (77.7 ± 2.90%, P < 
0.05, Fig. 3C). Expression of Igfbp5b resulted in a significant decrease of 
the relative inner ear size (83.4 ± 2.84%, P < 0.05, Fig. 3F and G). These 
results suggest local Igf signaling is critical in regulating the heart and 
inner ear growth and their allometric scaling. 

These findings suggest that local Igf availability and biological ac
tivity plays an important role in determining the organ size and allo
metric scaling. This is not limited to the eye because perturbing local Igf 
signaling in the heart and inner ear had similar effect. Our findings in 
zebrafish are also in line with previous discoveries made in the mouse 
model. Genetic deletion of IGF-1 specifically in the liver resulted in an 
80% reduction in circulating endocrine IGF-1 but it did not change body 
size (Yakar et al., 1999). IGFBP-2 knockout male mice did not affect the 
body size but altered spleen and liver size (Wood et al., 2000). 

An intriguing paradox in IGFBP biology is that while overexpression 
or addition of exogenous IGFBPs inhibits or potentiates IGF actions or 
even has IGF-independent actions in vitro and in vivo, IGFBP/Igfbp 
knockout mutant mice or zebrafish often do not exhibit major pheno
types (Allard and Duan, 2018; Hoeflich et al., 2018). One proposed 
explanation is genetic redundancy and compensation. Compensation by 
paralogous genes, caused by the upregulation of a family member with 
similar function in response to gene loss, has been reported in mouse, 
worm, zebrafish, and other model organisms (Jakutis and Stainier, 
2021). Indeed, levels of IGFBPs-1, -3, and -4 were all elevated in the 
IGFBP-2 knockout mice (Wood et al., 2000). Another emerging expla
nation is genetic robustness (Jakutis and Stainier, 2021). Genetic 
robustness refers to the invariance of the phenotype in the face of ge
netic perturbations. A classic and naturally occurred example is sex 
chromosome dosage compensation. Recent studies using CRISPR have 
found major discrepancies in phenotypes between permanent knockout 
and transient knockdowns. When zebrafish IGFBP-3 was deleted, for 
example, no phenotypes were detected. However, when zebrafish 
IGFBP-3 was knocked down using antisense morpholinos, it resulted in 
defects in the development of the pharyngeal skeleton and inner ear 
(Allard and Duan, 2018; Li et al., 2005). In addition, recent studies 
showed that different IGFBPs may be involved in the regulation of local 
IGF signaling under aberrant conditions. One example is the role of 
Igfbp5a in regulating low calcium stress-induced ionocyte proliferation 
(Liu et al., 2018). In zebrafish, igfbp5a is specifically and highly 
expressed in Ca2+ transporting ionocytes, known as NaR cells (Dai et al., 
2014). Under low calcium stress condition, these ionocytes rapidly 
proliferate to allow increased calcium import. This is considered to be an 
adaptive response allowing fish to acquire calcium for survival under 
low calcium stress. This elevated ionocyte proliferation is blunted in 
igfbp5a knockout fish. As a result, igfbp5a knockout fish, but not their 
siblings, die rapidly under low calcium stress (Liu et al., 2018). When 
raised in calcium-rich media, however, these mutant fish are indistin
guishable from their wild type siblings (Liu et al., 2018). Another 
example is the role of Igfbp1 in responding to catabolic conditions 
(hypoxia, starvation, stress etc.) by slowing down embryo growth and 
developmental rate in order to conserve scarce resources (Kajimura 
et al., 2005; Kajimura and Duan, 2007). Clearly, more studies are needed 
to understand the intrigue interplays among different IGFBPs/IGFBPs 
and the specific physiological/pathological conditions involved. 

4. Conclusion remarks 

Nearly a century ago, Harrison performed organ transplant 

experiments in salamanders to determine the importance of organ- 
intrinsic (autonomous) vs. extrinsic (non-autonomous) mechanisms in 
organ size control (Harrison, 1924). When transplanted a limb from an 
embryo of a large size salamander species into a small size salamander 
species, the limb grows up to the size of the donor animal and vice versa. 
This classic study clearly demonstrated the importance of the organ- 
intrinsic mechanism in organ size control and allometric scaling. The 
findings made in the present studies, together with previous studies in 
insect models (Mirth and Shingleton, 2012; Texada et al., 2020), suggest 
that local IGF/ILP availability and activity may be a part of the intrinsic 
organ size control mechanism. 
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