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Oxygen deprivation induces multiple changes at the cellular and organismal levels, and its re-supply also brings another special physiological status. We have investigated the effects of hypoxia/re-oxygenation on embryonic growth using the zebrafish model: hypoxia slows embryonic growth, but re-oxygenation induces growth spurt or catch-up growth. The mitogen-activated kinase (MAPK)-pathway downstream insulin-like growth factor (IGF/Igf) has been revealed to positively regulate the re-oxygenation-induced catch-up growth, and the role of reactive oxygen species generated by environmental oxygen fluctuation is potentially involved in the phenomenon. Here, we report the role of NADPH-oxidase (Nox)-dependent hydrogen peroxide (H2O2) production in the MAPK-activation and catch-up growth. The inhibition of Nox significantly blunted catch-up growth and MAPK-activity. Amongst two zebrafish insulin receptor substrate 2 genes (irs2a and irs2b), the loss of irs2b, but not its paralog irs2a, resulted in blunted MAPK-activation and catch-up growth. Furthermore, irs2b forcedly expressed in mammalian cells allowed IGF-MAPK augmentation in the presence of H2O2, and the irs2b deficiency completely abolished the somatotropic action of Nox in re-oxygenation condition. These results indicate that redox signaling alters IGF/Igf signaling to facilitate hypoxia/re-oxygenation-induced embryonic growth compensation.
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Introduction

When growing animals encounter adverse conditions, they are prone to reduce growth rate (1). However, intriguingly, upon removing the harsh condition, the stunted animals restart growth with accelerated progression to rapidly reach the original growth level, termed “catch-up growth” (2, 3). In humans, this compensation phenomenon often occurs in newborns who experienced intrauterine growth restriction (IUGR) (3–5). Since the catch-up growth is known to associate with adult-onset diseases (such as type 2 diabetes, obesity, and cardiovascular diseases) affecting multiple organs in the later life of IUGR infants (6), keen attention has been paid to the underlying molecular mechanisms in the etiology. On the other hand, though the rapid growth process should also have an intimate connection with the diathesis, we still know little about the molecular basis of the growth spurt. In mammalian models, inhibition of cellular senescence in the epiphyseal cartilage of long bone has been suggested as a key to catch-up growth (7). Nevertheless, the catch-up growth also occurs even in non-mammalian early embryos (2), which do not show a senescence process, and in which the chondrogenic differentiation is still in progress. Thus, it is assumed that this phenomenon has an unknown systemic mechanism(s).

An experimental model of hypoxia-induced growth retardation and the following re-oxygenation-induced catch-up growth has been developed in zebrafish embryos (2). Hypoxia reduced growth-promoting signals such as insulin-like growth factor (IGF/Igf) signaling, but re-oxygenation restored it (2). The insulin and IGF/Igf-signaling activate two major downstream signaling pathways, such as PI3K- and MAPK-pathways (8, 9). Notably, the Igf-MAPK-pathway is responsible for growth acceleration in the zebrafish model of catch-up growth (2). The insulin receptor substrate (IRS/Irs) is an intracellular Igf-signaling mediator that transduces type-I IGF/Igf-receptor (IGF1R/Igf1r) activation to both PI3K- and MAPK-pathways (8, 9). Four IRS/Irs genes (IRS/Irs1-4) are known from fish to primates, and most animal genomes retain IRS1/Irs1 and IRS2/Irs2 genes (10). The physiological significance of IRS/Irs proteins has been studied primarily using gene knockout mice. Specific to growth, defects in the Irs1 gene cause marked growth retardation from the embryonic stage (11). Meanwhile, mice lacking the Irs2 gene do not show a significant growth-inhibitory phenotype. Instead, Irs2 deficient mice show severe hepatic insulin resistance, impaired beta-cell proliferation, insulin secretion, and diabetic symptoms caused outside of growth (12, 13). However, a recent knockout study has shown that deletion of the Irs2 gene in rats causes significant growth retardation (14). In addition, the role of Irs1 was examined in a catch-up growth model using zebrafish and found it was responsible for the survival of multipotent cells vital for the growth spurt (15). On the other hand, we have not examined Irs affecting the activation of the Mapk-pathway during catch-up growth or the role of Irs2, leaving room for related studies.

Oxygen is an indispensable molecule for the anabolism and efficient generation of cellular energy or ATP in most cells (16, 17). In addition to its anabolic roles, oxygen turns into reactive molecular species such as superoxide- and peroxy-radicals, and their derivatives (18, 19). Thus, oxygen and these reactive molecular species lay in the inevitable nexus. Indeed, an extreme decrease in oxygen concentration followed by its rapid restoration causes a significant change in the cells’ generation of oxidative compounds or reactive oxygen species (ROS) (20). Since in vivo local oxygen consumption and its level alters according to motor activity and local metabolism, animals are constantly exposed to dynamic changes in oxygen availability and ROS generation. Hydrogen peroxide (H2O2) is a common derivative of superoxide radicals and peroxide ions; its fundamental importance in numerous biological events is widely documented (21, 22). The H2O2 triggers cellular injury, but it also acts as an essential cellular signal to induce tissue regeneration (23, 24). It has also been reported that H2O2 increases the expression and tyrosine phosphorylation of Irs2 (25, 26), suggesting that H2O2 may contribute to the re-oxygenation-induced Igf-signaling via Irs2. One of the major family of enzymes involved in H2O2-generation is NADPH-oxidases or Nox (19, 21, 22). Nox enzymes are transmembrane protein that metabolizes oxygen and water to produce H2O2, either directly (Nox4, Duox1 and 2) or in combination with superoxide dismutase (SOD) (Nox1, 2, 3 and 5). After production in the extracellular compartment, H2O2 is rapidly imported into cells by dedicated aquaporins. Therefore, the amount of H2O2 in the vicinity of the cell membrane, where the Igf1r-Irs signaling ignites, would be influenced by environmental oxygen level and Nox activity. Previous studies also indicated that Nox molecules generated the membrane-localized H2O2 influenced IGF-signaling both in vitro and in vivo (27, 28).

This study investigated the functional nexus between Nox and Irs2 in the re-oxygenation-induced catch-up growth. First, we examined changes in the H2O2 levels in zebrafish embryos during hypoxia and subsequent re-oxygenation, using specific H2O2-sensing probes that enable us to live-image H2O2. Next, the contribution of Nox-derived H2O2 to catch-up growth was investigated. In addition, we identified an irs2, irs2b, which played a vital role in catch-up growth in conjunction with H2O2 generated by Nox. Our data suggest that the Nox-mediated H2O2 brings a context-dependent MAPK-activating function to the Irs2b, initiating re-oxygenation-induced catch-up growth. This study would help understand the relationship between redox signaling and growth promotion in developing embryos.



Materials and Methods


Chemicals

Chemicals and reagents were purchased from Fujifilm-Wako (Tokyo, Japan) and Nacalai Tesque (Kyoto, Japan) unless noted otherwise. Trizol reagent, reverse transcriptase, and oligonucleotide primers were purchased from Invitrogen Life Technologies (Invitrogen, Carlsbad, CA, USA).



Experimental Animals

Adult zebrafish (Danio rerio) were kept at around 27-29°C on a 14 hr-light:10 hr-dark cycle and fed twice daily. Natural crosses obtained fertilized eggs which were raised at 28.5°C and staged according to a previous report (15, 29). Embryos were anesthetized in tricaine mesylate (ethyl 3-aminobenzoate methane sulfonate; Sigma-Aldrich Japan, Tokyo). All experiments were conducted under guidelines authorized by the committees on the use and care of animals at Kanazawa University and Collège de France.



Hypoxia and Re-Oxygenation of the Zebrafish Embryo

As previously reported (30), hypoxic water was prepared by bubbling pure nitrogen gas into the embryo rearing solution. Oxygen concentrations were measured using a dissolved oxygen meter (YSI Model ProODO, YSI Nanotech Japan, Kawasaki, Japan). The amount of dissolved oxygen in the hypoxic water was ≈ 0.85 ± 0.2 mg O2/L (approximately 10% of oxygen when the oxygen concentration in normoxic water is 100%: ≈ 8.5 mg O2/L). In the experiment, all embryos were kept under normoxia for up to 24 hr post-fertilization (hpf). In the hypoxia/re-oxygenation experiment, embryos shifted to hypoxia from 24 hpf to 32 (or 36) hpf were designated Hypo. Embryos placed in constant normoxia were referred to as Norm. Embryos exposed to hypoxia and then returned to normoxic water were denoted as Reoxy.



HyPer Imaging and Image Processing

To measure the amount of H2O2 in the cell, we used HyPer, a protein whose fluorescence property changes with H2O2. The HyPer protein has OxyR-domains on both the N- and C-terminal sides of engineered YFP protein. These two OxyR-domains are highly sensitive to H2O2 to form a disulfide bond between two cysteine (Cys) residues in the OxyR domain, resulting in conformational and fluorometric changes (31) (Figure 1A). Transgenic embryos harboring the coding sequence of HyPer1 under the ubiquitin gene promoter designated as Tg(ubi:Hyper1) (18) were anesthetized in tricaine solution and embedded in low-melting agarose (0.8%). Imaging was performed with a CSU-W1 Yokogawa spinning disk coupled to a Zeiss Axio Observer Z1 inverted microscope equipped with a sCMOS Hamamatsu camera and a 25× (Zeiss 0.8 Imm DIC WD: 0.57 mm) oil objective. DPSS 100 mW 405 nm and 150 mW 491 nm lasers and a 525/50 bandpass emission filter were used for HyPer imaging. To calculate the HyPer ratio, images were treated as previously described (32).




Figure 1 | Hypoxia blunts H2O2 generation, but re-oxygenation regains it in HyPer1 transgenic zebrafish embryo. (A) Schematic illustration of fluorometric features of the HyPer1, a specific H2O2 sensor. (B) Experiment summary. The transgenic zebrafish embryos harboring ubiquitous HyPer1 expression were used. The embryos were placed in distinct environments (constant normoxia, hypoxia, and re-oxygenated normoxia) and subjected to imaging analysis. (C, D) Changes in H2O2 levels in zebrafish embryos during the transition from normoxia to hypoxia (C) or from hypoxia to normoxia (D). Transgenic fish expressing HyPer1 under the control of a ubiquitin gene promoter (ubi) were allowed to develop normally for up to 24 hr post-fertilization (hpf), and fluorescence signals were detected approx. 20 and 10 min before each treatment. After that, the rearing water of the embryos was replaced with hypoxic (C) or normoxic (D) water, and the images were timelapse photographed every 10 min for 2.5 hr after the transitions. The fluorescence intensity was analyzed in each image. The timing of the red arrows indicates the transition. The HyPer1 signal was calculated relative to the signal intensity of the first photo. Data are mean ± SE of 7 independent experiments. Values marked with different letters (a, b, c) are significantly different from each other (P<0.05), but values marked with common letters (b and bc; bc and c) are not significantly different from each other (P>0.05).





Analysis of H2O2 Level During Reoxy Condition

The OxiVision™ Green hydrogen peroxide sensor (OVG, CosmoBio, Tokyo, Japan), a fluorescent dye that selectively reacts with H2O2, was used to detect H2O2 in the fish embryo and the culture cell. For the use in the fish embryo, the 24 hpf live specimens were exposed to hypoxia with OVG (10 μM) for 8 hr. After that, we measured the fluorescence intensity at 5 to 10 min after returning to the Reoxy condition. Then, the OVG signal was visualized under the fluorescence stereomicroscope system (Leica M165 FC with the DFC6200 camera, Leica microsystems, Tokyo, Japan) through an eGFP filter. For the use in the cell culture experiment, 5 μM of OVG was added after two washes of human embryonic kidney (HEK) 293T cells (approximately 70-90% confluent) seeded in a p35 dish with Hoechst 33342 (Invitrogen; 1:20,000) in serum-starved medium containing 0.1% BSA. The cells were incubated in a 5% CO2 incubator under normoxia or hypoxia. According to the previous report (33), hypoxia for the cells was carried out using a hypoxic chamber containing nitrogen gas. For the re-oxygenation experiment, the cells were incubated in a chamber for 12-14 hr; then, immediately after being taken out of the hypoxic chamber, the timelapse imaging was performed with an inverted fluorescence microscope (BZ9000, Keyence, Tokyo, Japan). The Fiji software calculated the strength of the OVG signals in the fluorescent images.



Inhibition of Nox and Co-Treatment With H2O2

As a specific inhibitor of Nox, we used VAS2870 (Enzo Life Sciences, NY, USA), whose efficiency in zebrafish embryos was previously reported (18). The effect of VAS2870 on embryo growth was also analyzed by adding H2O2 (100-1000 nM) to the rearing water. The concentration of H2O2 in the rearing water remained relatively stable up to 8 hr after addition but was primarily lost by 24 hr after addition, so the rearing water containing newly adjusted H2O2 was used every 8 hr as in the case of VAS2870.



Growth Rate Measurement and Relative Growth Rate Calculation

Embryonic body growth was evaluated by HTA (Head-Trunk Angle) as previously described (15, 29). Growth rate (dh/dt) was obtained by the following equation: dh/dt = (hn-h0) / (tn-t0); h0: HTA at initial time point (t0), hn: HTA at end time point (tn). The relative growth rate was expressed as the percentage of the control group.



Immunoblot Analysis

Immunoblot (IB) analysis was performed as previously reported (2, 15). Antibodies used for IB were purchased from Cell Signaling Technology (CST-Japan, Tokyo, Japan). Anti-phospho-Akt antibody (9271: phosphorylated at Ser473) was diluted 1:500, and total-Akt (9272), anti-phospho-Erk1/2 (9101: phosphorylated at Thr202, Tyr204) and total-Erk1/2 (137F5) were all diluted 1:1,000. Protein concentrations were quantified with a BCA protein assay kit (Pierce Biotechnology, Rockford, IL, USA) and subjected to SDS-PAGE. After the proteins were separated by SDS-PAGE, they were blotted on to PVDF membrane (Millipore, Darmstadt, Germany). The membrane was treated with each antibody for IB analysis.



Molecular and Functional Evaluation of Zebrafish Irs2 Proteins

The cDNAs encoding full-length CDSs of zebrafish Irs2a and Irs2b were cloned using the primers (No. 1-4, Table S1) and high-fidelity DNA polymerase (Phusion polymerase, Thermo Fisher Scientific-JP, Tokyo, Japan). The zebrafish DNA sequence database (GRCz9) in Ensembl (http://asia.ensembl.org/Danio_rerio/Info/Index) was used for designing cloning primers. The phylogenetic analysis was done using the Geneious Prime software. The amplified cDNAs were subcloned into the pCS2-FLAG vector after the sequential digestion with EcoRI and XhoI as previously described (15). Recombinant FLAG-tagged zebrafish Irs2 and human IRS2 proteins were expressed in HEK293T cells. Cells were cultured in high-glucose Dulbecco’s modified Eagle’s medium (Nissui, Tokyo, Japan) with 10% fetal bovine serum (Sigma, St. Louis, MO, USA), 2 mM glutamine, and nonessential amino acids. Polyethyleneimine (Polyscience Inc; Warrington, PA, USA) was used to introduce each expression plasmid into the cells. One day after transfection, cells were incubated with a serum-free medium for 12 hr. One hour before IGF1 stimulation, BMS754807 (Selleck Chemicals, Boston, MA 0.5 μM) were applied to block insulin receptor (IR)/IGF1R. Cells were then stimulated with 100 ng/mL IGF1 for 5 min, and a lysis buffer containing protease inhibitor cocktail and phosphatase inhibitor mix was used to treat the cells and collect the lysate. Equal amounts of protein were used for immunoprecipitation (IP) and IB analyses. IP was performed as described previously (15). The IGF1 was a kind gift from Dr. Toshiaki Ohkuma (Fujisawa Pharmaceutical Co., Osaka, current Astellas Pharma Inc., Tokyo, Japan).



Quantitative Real-Time RT-PCR

Total RNA was extracted using Trizol reagent, and the 1st strand cDNA was synthesized using Super script II reverse transcriptase, according to the manufactures instruction. qRT-PCR was performed using TB Green Premix Ex Taq (Tli RNase H Plus, Takara Bio, Shiga, Japan) and Applied Biosystems® StepOnePlus™ real-time PCR system (Thermo Fisher Scientific, Waltham, MA, USA) as described previously (15). The primers used for the assay (No. 5-10; 17-40) are listed in Table S1. The specificity of PCR was confirmed by denaturation curve analysis, and PCR products were analyzed by electrophoresis to determine the single amplicon.



Microinjection

Translation block antisense MO against zebrafish irs2a mRNA (irs2a MO: 5’- CCTTTAAGAGGCGGACTTGCCATAC-3’), against zebrafish irs2b mRNA (irs2b MO: 5’- CGGCGGACTCGCCATTCTCATATGC-3’), and standard control MO (control MO: 5’- CCTCTCTTACCTCAGTTACAATTTATA-3’) were purchased from Gene Tools, LLC (Philomath, OR, USA). The cDNAs encoding the MO target sequence of either zebrafish irs2a or irs2b was cloned using specific primers (No. 11-14, Table S1) and Phusion polymerase, and the amplicons were inserted into the linearized pCS2+Venus vector by In-Fusion® HD cloning kit w/Cloning Enhancer (Takara Bio). Linearized pCS+Venus vector was generated by PCR using specific primers (No. 15-16, Table S1) and Phusion polymerase. The MO-target Venus mRNAs (irs2a MO target-Venus; irs2b MO target-Venus) were made in vitro capped RNA transcription (mMessage mMachine: Ambion, TX, USA). MOs were injected into embryos at the same dose (4 ng/embryo). The effects of irs2a and irs2b translation-inhibition MOs were examined by co-injection of MOs with the capped RNA encoding modified fluorescent protein Venus, which has a MO target sequence. Capped RNAs encoding modified Venus, N-terminal FLAG-tagged zebrafish Irs2b which has incomplete MO target sequence, constitutively active Akt (mouse Akt1 with N-terminal myristoylated signal: myrAkt), and constitutively active Ras (HA-RasV12) were synthesized by mMessage mMachine as previously described (15). Capped RNAs for Venus (250 pg/embryo), FLAG-zebrafish Irs2b (1000 pg/embryo), myrAkt (20 pg/embryo), and HA-RasV12 (5 pg/embryo) were injected into 1-2 cell stage embryos and kept at 28.5°C until sampling.



Signal Activation Experiments Using H2O2 and IGF1 in HEK293T Cells

HEK293T cells overexpressing pCS2-FLAG and pCS2-FLAG-Irs2b were cultured in a serum-starved medium containing 0.1% BSA overnight. The following day, cells were replaced with a medium supplemented with H2O2 (0.1 mM) and incubated for 10 min, followed by replacement with a medium containing Long-R3 IGF1 (Sigma; 200 ng/mL) and incubation for 15 min. Immediately afterward, when IGF1-stimulation was completed, cells were snap-frozen at -80°C and used for subsequent analysis.



Statistics

Values are presented as average ± standard deviation (SD) when the data from a single representative experiment are shown, or mean ± standard error of means (SE) when the data are from multiple repetitive experiments. The Student’s t-test was used for comparing two groups. The multiple groups were compared by one-way analysis of variance (ANOVA) followed by Fisher’s least significant difference test. Statistical tests were performed by GraphPad Prism 9.0 (GraphPad, San Diego, CA), and the significance was admitted at P<0.05.




Results


Changes in H2O2 Levels in Zebrafish Embryos in Response to Environmental Oxygen

Using transgenic zebrafish genetically engineered to express HyPer1 systemically under the regulation of a ubiquitin promoter (Figure 1B), timelapse imaging was performed every 10 min for about 2.5 hr after the transition from normoxia to hypoxia. Analysis of fluorescence intensity revealed that the cellular H2O2 levels significantly decreased immediately after the Hypo condition (10 min after the transition, signal intensity changed to about 78% of control), and the signal reached its lowest value (64.7%) at 41 min after the transition (Figure 1C). In the same way, we analyzed the HyPer1 signals in zebrafish embryos after Reoxy by taking timelapse images every 10 min for about 2.5 hr. The results showed that the HyPer1 signal increased significantly soon after the transition to Reoxy. The signal reached the highest level 66 min after the Reoxy (signal increased by 121.7%) and remained at a steady high level for the remainder of the imaging period (Figure 1D).



H2O2 Levels in Embryos and Culture Cells Under Normoxic and Re-Oxygenation Conditions

We analyzed the H2O2-levels in zebrafish embryos in Norm, Hypo, and Reoxy conditions using HyPer1 and OVG probes. Although the HyPer1-based analysis is suitable for capturing intracellular H2O2 changes with high sensitivity, there is a limitation in comprehensively capturing the amount of H2O2 inside and outside the cells. Therefore, we also used a chemical H2O2 probe (OVG) (Figure 2A). The 24 hpf zebrafish embryos were exposed to OVG for 8 hr in Hypo and Reoxy to measure fluorescence intensity. As a result, the OVG signal of Reoxy embryos was, on average, 11.5-fold stronger than that of the stage-matched Norm specimens. In addition, when comparing the OVG-treated Norm and Reoxy embryos at the same chronological age (32 hpf), the Reoxy embryos also showed a 2.9-fold stronger OVG signal than that of the Norm embryos (Figure 2B). This study also examined the changes in H2O2 levels produced by the Reoxy condition in mammalian cells. Namely, HEK293T cells were maintained for 14 hr in a hypoxic chamber with 5 μM OVG, and the change in OVG signal was observed after the transition to the Reoxy condition (Figure 2C). The results showed that OVG-derived fluorescence was very low immediately after Reoxy, but it increased 1.8-fold compared to the Norm control by 5 min after Reoxy, and it increased to more than 3-fold from that of the Norm control until 30 min after Reoxy (Figure 2D).




Figure 2 | Re-oxygenation increases H2O2 generation in the zebrafish embryo and mammalian cells. (A) Experiment summary. The zebrafish embryos exposed with a specific H2O2 sensor probe (OxyVision Green™: OVG) were placed in distinct environments (constant normoxia: Norm and re-oxygenation: Reoxy) and subjected to imaging analysis. (B) The 24 hpf zebrafish embryos were exposed to hypoxia with 10 μM of OVG for 8 hr. Then, the fluorescence intensity at around 10 minutes after re-oxygenation was measured. The stage-matched (25 hpf Norm) and the chronological age-matched (32 hpf Norm) embryos were also tested for comparison. Bar, 100 μm. The OVG signal was calculated relative to the signal intensity of the 25 hpf Norm embryos. Data are mean ± SE of 5 independent experiments. The different letter denotes statistical significance at P<0.05. (C) Experiment summary. The human embryonic kidney cells (HEK293T cells) exposed with OVG were placed in Norm or Reoxy condition and subjected to imaging analysis. (D) The cells were exposed to 14 hr-long hypoxia with 5 μM of OVG. The OVG signal was calculated relative to the signal intensity of the Norm cells. Data are mean ± SE of 4-5 independent experiments. Values marked with different letters (a, b, c) are significantly different from each other (P<0.05), but values marked with common letters (b and bc; bc and c) are not significantly different from each other (P>0.05).





Effect of Nox-Generated H2O2 on Catch-Up Growth

Wild-type zebrafish embryos were treated with a Nox inhibitor (VAS2870) under both Norm and Reoxy conditions (Figure 3A). As a result, a significant decrease in growth rate was observed in 333 nM of VAS2870-treated Reoxy embryos, but no effect was observed in Norm embryos with the same treatment (Figure 3B). The Reoxy-specific growth inhibition of VAS2870 was concentration-dependent (Figure 3C). To confirm whether this result was due to inhibition of H2O2 production by Nox, we further added H2O2 to the VAS2870 treated groups. The results showed that catch-up growth in the group treated with VAS2870 plus H2O2 was restored to the same level as the control group. Furthermore, the embryos treated with H2O2 alone resulted in the same growth rate as the control embryos (Figure 3D). To test if the increase in H2O2 was sufficient for growth acceleration, H2O2 was added to Norm and Hypo embryos. The results showed that the growth under the Norm condition was not accelerated by adding 1 mM H2O2, whereas exogenous H2O2 significantly accelerated growth under the Hypo condition (Figure 3E).




Figure 3 | NADPH-oxidase (Nox)-generated H2O2 is crucial for the hypoxia/re-oxygenation-induced embryonic catch-up growth. (A) Schematic diagram of NADPH oxidase (Nox) function, which produces H2O2, a redox signaling molecule, near the plasma membrane. The Nox inhibitor, VAS2870, reduces the Nox-dependent production of H2O2 in the vicinity of the plasma membrane. Most Nox generate superoxide which is converted to the H2O2 by superoxide dismutase (SOD). (B, C) Effects of the Nox-inhibitor VAS2870. Wild-type zebrafish embryos were raised following the experimental regime depicted in the panel (B) diagram. Head-Trunk Angle (HTA) was determined at the indicated time points (B). Data are average ± SD, n=9-20. (C) Changes in the relative growth rate of embryos in the Norm (26-38 hpf) and Reoxy (36-48 hpf) groups. The control (vehicle=0.1% DMSO) group was set as 100%. Data are mean ± SE of 3 independent experiments. Values marked with different letters (a, b, c) are significantly different from each other (P<0.05), but values marked with common letters (a and ab; ab and b) are not significantly different from each other (P>0.05). N.S. means not significantly different (P>0.05). (D) Changes in the relative growth rate of embryos in the Reoxy (36-48 hpf) embryos treated with or without VAS2870 and H2O2. The vehicle alone group was set as 100%. Data are mean ± SE of 3 independent experiments. Values marked with different letters (a, b) are significantly different from each other (P<0.05). (E) Changes in HTA of the Norm and Hypo embryos at 32 hpf with or without 8 hr H2O2 treatment. Data are average ± SD, n=18-20. The asterisk (*) denotes statistical difference at P<0.05. N.S. means not significantly different (P>0.05).





Effect of Nox-Generated H2O2 on MAPK-Signaling

Cell lysate extracted from wild-type zebrafish embryos treated with VAS2870 during the Reoxy condition (from 32 hpf immediately after the start of Reoxy) was subjected to immunoblot analysis. Compared to Vehicle (DMSO) treatment, the relative ERK1/2 phosphorylation was reduced (to less than 50% of the Vehicle control) in the 1 hr-VAS2870 treatment, and the effect was observed up to 16 hr post-treatment (Figure 4A). However, ERK1/2 relative phosphorylation by VAS2870 was not observed in Norm embryo at 48 hpf, and VAS2870 did not reduce the Akt relative phosphorylation in both Norm and Reoxy embryos (Figure 4B). In addition, the H2O2 co-treatment with VAS2870 was prone to restoring the Erk1/2 phosphorylation level, which was reduced by the VAS2870 treatment alone (Figure S1).




Figure 4 | Nox-mediated generation of H2O2 is crucial for the hypoxia/re-oxygenation-induced Erk1/2-phosphorylation. (A) Time-course Erk1/2 phosphorylation changes of the VAS2870-treated embryos. Outline of experimental schedule is shown above the data. Reoxy embryos treated with or without VAS2870 were sampled at various timing, and the Erk1/2-phosphorylation levels were tested by immunoblotting. Relative Erk1/2-phosphorylation levels were shown as mean ± SE of 2-3 independent assays. (B) Erk1/2- and Akt- phosphorylation changes of the VAS2870-treated embryos. Embryos treated with or without VAS2870 (500 nM) were sampled at 48 hpf (16 hr post-re-oxygenation), and the Erk1/2- and Akt-phosphorylation levels were tested by immunoblotting. Relative Erk1/2- and Akt- phosphorylation levels were shown as mean ± SE of 2-3 independent assays. The asterisk (*) denotes statistical difference at P<0.05.





Identification and Primary Structure of Zebrafish Irs2

In this study, we specifically explored the relationship between the Nox-generated H2O2 and the function of Irs2 in catch-up growth. First, we searched for the human IRS2 homologs in zebrafish using BLASTP with its deduced amino acid sequence. As a result, we found two molecules (Irs2a and Irs2b) that encode proteins consisting of about 1,000 amino acids with the characteristic Pleckstrin homology (PH) and phosphotyrosine-binding (PTB) domains of IRS-family proteins. The full-length amino acid sequence identity of zebrafish Irs2a and Irs2b was 61.5%, and that of the PH and PTB domains were 74.3% and 91.3%, respectively (Figure 5A). Phylogenetic analysis based on these primary structures showed that the zebrafish Irs2a and Irs2b were classified as members of the IRS2/Irs2 clade (Figure 5B).




Figure 5 | Identification, characterization, and expression of two zebrafish Irs2 genes (irs2a/b). (A) Schematic illustration of zebrafish Irs2 proteins (Dr Irs2a/2b). Characteristic pleckstrin homology (PH) domain and IRS-type phospho-tyrosine binding (PTB) domain are shown. (B) Phylogenetic analysis of the deduced amino acid sequence of Irs/IRS molecules based on the Neighbor joining method with bootstrap proportions. Dr, Danio rerio; Hs, Homo sapiens; Mm, Mus musculus; Rn, Rattus norvegicus. (C) Functional assay of zebrafish Irs2s in HEK293T cells. FLAG-tagged human IRS2 and zebrafish Irs2a/b were expressed, and the cells were treated with or without the specific IR/IGF-1R tyrosine kinase inhibitor BMS-754807 and were stimulated with IGF1 (100 ng/mL) for 5 minutes. Immunoprecipitation (IP) and immunoblot (IB) analyses were performed using denoted antibodies. (D) Real-time Q-PCR analysis of irs2a/b expression during zebrafish embryogenesis. Data are average ± SD, n=8-38. The sampling timing and the outline of experimental design are shown in the left. Embryos harboring statistically comparable body size was applied for the gene expression comparison: stage (1), 25 hpf Norm vs 32 hpf Hypo; stage (2) 32 hpf Norm vs 38 hpf Reoxy; stage (3), 44 hpf Norm vs 48 hpf Reoxy. Total RNA originating from whole embryos was used for cDNA synthesis, and the house-keeping gene (β-actin) expression was used for the internal control and normalization. The data are shown as ± SE of 3 independent assays. The Norm 25 hpf group is set as 1.0. The asterisk (*) denotes statistical difference at P<0.05.





Functional Analysis of Zebrafish Irs2a and Irs2b

Next, the coding sequences of zebrafish Irs2a cDNA and Irs2b cDNA were cloned and expressed in HEK293T cells as a FLAG-labeled recombinant protein, and changes in tyrosine phosphorylation of the recombinant protein upon the IGF1-stimulation were examined by IP using anti-FLAG antibody followed by IB using a phospho-tyrosine antibody. The results showed that after 5 min of IGF1-stimulation, both zebrafish Irs2a and Irs2b and human IRS2 showed clear tyrosine phosphorylation. However, these IGF1-effects were no longer observed upon treatment with BMS754807, a specific inhibitor of IR/IGF1R (Figure 5C).



Analysis of irs2a and irs2b Gene Expression in Normal and Catch-Up Growth

Expression levels of irs2a and irs2b genes under Hypo and Reoxy conditions were analyzed in zebrafish embryos. The results showed that irs2a was significantly upregulated (18.2-fold of the stage-matched control group) under the Hypo condition, but there was no apparent difference in the Reoxy condition (Figure 5D, irs2a). On the other hand, irs2b tended to be slightly upregulated (1.7-fold, P=0.0804) at a relatively early stage (38 hpf) of Reoxy compared to the stage-matched 32 hpf Norm embryos; however, in the prolonged Reoxy stage at 48 hpf, there was no apparent difference in expression compared to the stage-matched Norm embryo (Figure 5D, irs2b).



Effects of irs2a and irs2b Translation Inhibitionon Catch-Up Growth

Next, we observed changes in the growth rate of irs2a/b deficient embryos in Norm and Reoxy. As a result, loss of irs2b resulted in an evident growth inhibition only in the Reoxy condition, whereas there was no significant difference in growth rate in the loss of irs2a (Figures 6A, B). Furthermore, there was no significant difference in the growth rate of irs2a or irs2b deficient embryo in Norm condition. A similar comparison was made in the irs2a/b double-knockdown embryo. The growth rate of the irs2a/b double deficient groups resulted in almost the same growth loss as that of the irs2b alone knocked down embryos (Figure S2). Gene knockdown efficiency was confirmed using RNAs encoding fluorescent protein harboring each MO target sequence. The fluorescence was fully lost in embryos microinjected with specific MOs (Figure S3).




Figure 6 |  Irs2b, but not Irs2a, is required for Reoxy induced catch-up growth in the zebrafish embryo via its Reoxy-specific Erk1/2 activation function. (A) Changes in head-trunk angle. Data are average ± SD, n = 7-12. Embryos lacking the irs2b expression (irs2b KD) or control MO injected embryos were used for experiments. (B) Relative growth rates in Norm (26-32.5 hpf) and Reoxy (32-48.5 hpf) group. Data are mean ± SE of 3 independent experiments. Values marked with different letters (a, b) are significantly different from each other (P<0.05), but values marked with common letters (a and ab; ab and b) are not significantly different from each other (P>0.05). N.S. means not significantly different (P>0.05). (C) Immunoblot analysis of the phosphorylation levels of Akt and Erk1/2 under Reoxy condition (48 hpf). Data are mean ± SE of three independent experiments. The asterisk (*) denotes statistical difference at P<0.05. (D) Rescue experiments. Changes in head-trunk angle in the indicated experimental groups. Data are mean ± SE of 2-4 independent experiments. Values marked with different letters (a, b) are significantly different from each other (P<0.05).





Importance of irs2b on MAPK-Pathway in Re-Oxygenation Condition

In zebrafish embryos microinjected with irs2b MO, protein samples were prepared from embryos 48 hr after fertilization in Norm and Reoxy embryos for IB analysis. In addition, the levels of phospho- and total-Erk1/2 during the Reoxy condition were investigated. As a result, the level of phospho-Erk1/2 was significantly reduced in the irs2b knocked down embryos (Figure 6C, phospho-Erk1/2), but the activity of the PI3K-pathway (which was monitored by the Akt phosphorylation) was not significantly different in the irs2b knocked down embryos compared to the control embryos in Reoxy condition (Figure 6C, phospho-Akt; Figure S4). In the irs2b MO-injected group, catch-up growth was suppressed along with the decreased the phosphorylation levels of the Erk1/2 representing the activity of the MAPK-pathway (Figures 6B–D). Therefore, we performed rescue experiments using various synthetic RNAs to confirm whether the MAPK-pathway is crucial for the irs2b action in catch-up growth. The irs2b RNA, HA-RasV12, and myrAkt were microinjected into 1-2 cell stage embryos simultaneously with irs2b MO, and their growth rates in Reoxy condition were compared. As a result, when irs2b RNA or HA-RasV12 RNA was co-injected with irs2b MO, the growth delay caused by irs2b MO disappeared. However, co-injected myrAkt RNA failed to eliminate the growth-inhibitory effect of irs2b deficiency (Figure 6D). These results confirmed the implication of Irs2b-MAPK pathway but not PI3K pathway during reoxygenation-induced catch-up growth.



Effects of H2O2 on Irs2b-Mediated Signaling and Catch-Up Growth

Since the H2O2 levels are higher in Reoxy than in Norm in culture cells, we analyzed whether changes in H2O2 levels alter the activity of the MAPK-pathway downstream of Irs2b in HEK293T cells. Overexpression of Irs2b increased basal Erk1/2-activity with or without IGF1. On the other hand, when 0.1 mM H2O2 was added, Erk1/2-activity was not enhanced by IGF1 in control cells without I rs2b overexpression. Importantly, it was significantly increased upon IGF1-stimulation in Irs2b overexpressing cells (Figure 7A, Erk1/2). In contrast, PI3K-pathway was not significantly altered by IGF1 in Irs2b overexpressing cells within the current 15 min stimulation, regardless of the H2O2 treatment (Figure 7A, Akt). To determine if H2O2 is associated with irs2b function in Reoxy, irs2b deficient embryos were treated with VAS2870 and H2O2 at the beginning of Reoxy. In the Reoxy-induced catch-up growth, a decrease in growth rate was observed in VAS2870-treated control MO-injected embryos, but the growth rate was recovered to the normal level by the H2O2 co-treatment with VAS2870. On the other hand, the growth rate of irs2b deficient embryos was lower in the vehicle control MO-injected embryos. Notably, the growth rate change induced by VAS2870 and H2O2 was utterly abolished in the irs2b deficient embryos (Figure 7B).




Figure 7 | Irs2b mediates H2O2-dependent Erk1/2-phosphorylation and catch-up growth. (A) Immunoblot analysis of the IGF1 (200 ng/mL) -induced phosphorylation levels of Erk1/2 in the presence or absence of H2O2 and Irs2b in HEK293T cells. Cells harboring the irs2b overexpression (irs2b OE) or not (control) were used. Data are mean ± SE of 2 independent experiments. Values marked with different letters (a, b) are significantly different from each other (N.S. means not significantly different (P<0.05). (B) Changes in the relative growth rate of embryos in the Reoxy (32-45 hpf) embryos treated with or without VAS2870 and H2O2. Embryos lacking the irs2b expression (irs2b KD) or control MO injected embryos (Control) were used for experiments. The vehicle alone group was set as 100%. Data are mean ± SE of 3 independent experiments. Values marked with different letters (a, b) are significantly different from each other (P<0.05). (C) A proposed model. The Nox generates more H2O2 in Reoxy than in Norm, and the H2O2 facilitates Irs2b mediated Erk1/2 activation to induce catch-up growth. Thus the Irs2b serves as a downstream effector of re-oxygenation-induced H2O2. Since the excess H2O2 is insufficient for the significant growth acceleration in the Norm condition, other hypothetical factors (X, Y, Z, in this model) collaborating with the H2O2-Irs2b-Erk1/2 signaling would be involved in this catch-up growth model.






Discussion

Immediately after the transition from Norm to Hypo, the H2O2 levels in zebrafish embryos markedly decreased, and it increased immediately after the transition from Hypo to Reoxy. It is noteworthy that these changes in H2O2 levels occurred within a brief period (approximately 10-15 min post environmental change). Such dynamic changes in H2O2 levels are likely to occur without gene expression. Because oxygen is often consumed for the formation of H2O2, it makes sense that the levels of newly synthesized H2O2 drop under the Hypo condition. Nevertheless, monitoring the in vivo H2O2 levels in living embryos is always challenging. Current data would be an important demonstration that the H2O2 levels decreases in living embryos in response to scary environmental oxygen. Furthermore, the amount of H2O2 was higher in Reoxy than in Norm. This supports the notion that the internal physiological condition is different between Norm and Reoxy, even though the two groups have the same environmental oxygen concentration. It was shown that, in ischemia/reperfusion, the H2O2 levels increased (20). In the present model, systemically elevated H2O2 was also confirmed in embryos (as well as in culture cells) under the Reoxy, suggesting that the H2O2 augmentation is a conserved cellular response to the Reoxy condition. We know that intracellular embryonic growth signaling (e.g., IGF-signaling) in Reoxy is distinct from Norm (2, 17), leading to catch-up growth. Given that H2O2 is prone to modify intracellular signal mediator proteins, it is conceivable that H2O2 alters somatotropic signaling, which controls the catch-up phenomenon in Reoxy.

Since the cell membrane is an ignition site of growth factor signaling, H2O2 produced in the vicinity of the cell membrane could have roles which cannot be ignored in catch-up growth. Because Nox is a vital membrane resident H2O2-generator in the zebrafish embryo (34), and because hypoxia is known to induce some nox gene expression and to enhance Nox function (35, 36), we focused on the role of Nox in Reoxy-induced catch-up growth in this study. Inhibition of Nox by the VAS2870 significantly reduced the growth rate and MAPK-signaling in Reoxy but not in Norm. In addition to H2O2, Nox is also known to produce NADP+ (37). The addition of exogenous H2O2 restored the catch-up growth and MAPK-pathway activation in the presence of the Nox inhibitor. Therefore, it was highly likely that the Nox-generated H2O2 at the cell membrane was necessary for catch-up growth in the current model. The detailed molecular mechanism for this Reoxy-specific H2O2 generation is still unclear. We failed to find any significant increase of relative gene expression for the nox family and its regulators in neither Hypo nor Reoxy; some of the gene expressions were even lower in Hypo and Reoxy compared to their stage-matched Norm embryo at the whole body level (Figure S5). Since related studies have shown that nox is expressed in blood cells and particular tissue such as the brain, analysis focusing on the tissue/cell type-specific nox expression is needed in the future. Alternatively, Reoxy-specific regulation of Nox activity is crucial, though we did not test in this work. We also found the ubiquitous expression pattern of irs2b in the zebrafish embryo, though some of the Norm fish had lower expression in mid trunk region and some of the Reoxy embryo had more vital global expression (Figure S6). Another crucial result is that the growth-promoting effect of H2O2 is observed in Reoxy and Hypo, but not in Norm (Figure 3E). Similarly, we tried to increase the H2O2 levels by the loss of the H2O2-eliminating enzyme gene, catalase (38). The catalase-mutant is a null mutation, and this gene is functional as the overexpression of this gene reduced the levels of H2O2 in vivo (38). As results, the catalase mutant did not enhance the growth rate in Norm (Figure S7). These results, in conjunction with the fact that the addition of H2O2 per se did not significantly increase the growth rate in Norm embryos, indicate that the increased H2O2 levels are necessary but insufficient for growth acceleration found in Reoxy. It is plausible that the prolonged hypoxia changes gene expression and such factors potentially collaborate with H2O2 to accelerate growth, especially in the beginning of Reoxy. Indeed, redox regulators and signal modulators (such as gpx3, txnipa, irs2a, mknk2b, and arrdc3b) were upregulated in Hypo embryos compared to stage-matched Norm embryos in RNA-sequencing analysis (Data not shown). In addition, increased H2O2 levels affect the activities of protein phosphatases (39). Given the prominent roles of phosphatases in the insulin/IGF-signaling (40), it is plausible that H2O2 diminishes the phosphatase activity in Reoxy, thereby the unique growth-promoting role of Irs2b found in this model. Therefore, the investigation focused on modifying phosphatase activity seems likely to link to the currently revealed Irs2b mode in Reoxy. The identification of hypothetical “Reoxy-specific” factor(s), which is essential for the H2O2-induced growth acceleration (designated as X, Y, Z in Figure 7C), would also await future investigation.

This study focused on irs2 genes as effectors of Nox-generated H2O2 to control IGF/Igf-MAPK signaling because the Irs2 showed altered function in response to the increased H2O2 (25, 26), anti-inflammatory function (41), and some studies reported a biased IGF-MAPK signaling in culture cells (42, 43). Thus, we characterized zebrafish irs2 genes (irs2a/irs2b) and found that both genes encode functional Irs2 protein showing efficient tyrosine phosphorylation upon the IGF-stimulation in culture cells. The tyrosine phosphorylation of the IRS is known for inevitable events for recruiting the PI3K-p85 regulatory subunit and Grb2/SOS MAPK-mediator to the complex/membrane region that initiates signal transductions of both PI3K- and MAPK-pathways (8). Expression analysis revealed that the irs2a expression markedly gained under Hypo condition; however, the loss of irs2a did not resulted in the significant loss of the growth in any conditions. These data suggest that the irs2a gene is not decently involved in the growth in this model organism, though the loss of the irs2a slightly reduced the growth in Reoxy. The loss of irs2a prone to reduce Akt phosphorylation in Reoxy (data not shown), which may lead a minor growth deficit (Figure 6B). The loss of irs2a or irs2b tended to increase Akt phosphorylation in Norm (data not shown). Since the IRS2/Irs2 generally activates Akt signaling, the current data puzzles. Also, since the Irs2-Akt signaling plays a critical role in proper nutrient and energy metabolism in mice model, the loss of irs2a and irs2b may lead to the phenotypically invisible metabolic defects. The Irs1 in mice also have metabolic roles, which was not characterized in the zebrafish model. The metabolic role of irs genes in the fish model is an another important research subject in the future. About the Irs2 function, the most important finding in the current study was that growth rate and MAPK-pathway were significantly reduced by the loss of the irs2b in Reoxy embryos. The irs2b function in the MAPK-activation was not found in Norm (Figure S8). In addition, forced expression of irs2b RNA or HA-RasV12 (an upstream factor of the MAPK-pathway) restored catch-up growth in irs2b deficient embryos, but the myrAkt expression failed. These results imply that irs2b specifically increases input from the Igf1r to the MAPK-pathway during the Reoxy condition to facilitate catch-up growth. This study would provide new insights into the function of IRS2/Irs2 in body growth; it partially proposes a molecular basis for the previously unsolved question of why the Igf1r-MAPK (but not the Igf1r-PI3K) has a biased augmentation in Reoxy in the zebrafish model. The molecular basis explaining why the irs2b is involved to the growth more than the irs2a and other signaling mediators is currently unknown, but we speculated that the posttranslational modifications specific to the Irs2b is likely involved the efficient MAPK activation in Reoxy condition. Future studies are needed to uncover this part.

The proper ROS generations during embryonic growth and development and the Nox molecule(s) play crucial roles in the neurite outgrowth of retinotectal connections and optic tectum development in zebrafish embryos in Norm embryos (44, 45). In response to adverse conditions such as wounds, Nox-induced H2O2 is an initiation cue for the healing process in the damaged tissue (46). This time, we found that the Nox-inhibitor significantly blunted the growth in the Reoxy condition, and the addition of H2O2 restored it. The Reoxy-specific Nox action for body growth is an essential finding of the current study. Notably, the growth rate of irs2b deficient embryo was not further reduced by VAS2870. Furthermore, the addition of H2O2 did not restore the growth of these Nox-inhibited irs2b deficient embryos. These results strongly suggest that H2O2 cooperatively functions with irs2b. In fact, in mammalian cells overexpressing Irs2b, IGF1-stimulation in the presence of H2O2 significantly increased the Erk1/2 phosphorylation (Figure 7A). Since these results were not observed in cells without exogenous H2O2-supplementation, it was strongly inferred that the function of Irs2b for efficient transduction of IGF1-stimulus to the MAPK-pathway occurs only when a certain amount of H2O2 and Irs2b are present simultaneously. The HEK293T cells should express endogenous human IRS2 at a certain level, but the control experiment without no exogenous Irs2b expression failed to show the H2O2-induced significant augmentation of Erk1/2 phosphorylation upon the IGF-stimulus. These data suggest either that the Irs2b and human IRS2 have a distinct function under the effects of H2O2 or that the H2O2-mediated IRS2/Irs2b function requires a certain expression level. Earlier studies showed that the Nox4-derived H2O2 facilitated the sustained IGF-action via Src-oxidation in vascular smooth muscle cells under hyperglycemic conditions (27). The nox4 gene expression was too low to detect in this study, and the Irs2b may play a role with oxidized-Src induced by other Noxes, or the Irs2b itself could be oxidized by the Nox-produced H2O2 to change its function. It has been shown that H2O2 can change the structure and function of proteins through oxidative modification (47). Another idea is that Irs2b may alter its function only under catabolic conditions such as hypoxia. It is widely accepted that some of the proteins (including deacetylases such as Sirtuins, Sirt1-7) are highly active in the catabolism condition (48), and maybe its activity remains higher for a while at the removal of catabolic condition. The Sirt1 and IRS2 form a complex to activate IGF-MAPK-pathway when the neuron was exposed to H2O2 (43). Recent reports have shown that Sirt1 contributes to catch-up growth in mice models (49).

In this study, we found that the levels of H2O2 are increased under the Reoxy condition, and the Nox-dependent H2O2 is indispensable for the MAPK-activation and catch-up growth in the zebrafish embryo. We also identified irs2b as a gene required for the Nox-mediated catch-up growth, where the Irs2b functions as an effector of Nox-generated H2O2 to maintain the Reoxy-specific Igf-MAPK-pathway and body growth. Thus, these molecules control Reoxy-induced catch-up growth in the zebrafish embryo. Though endogenous early developmental H2O2 production is necessary for normal neurogenesis and tissue regeneration (22, 23), this study reveals a novel Reoxy-specific physiological function of the Nox-generated H2O2 in systemic growth. Another important idea from the current study is the context-dependent (Reoxy-specific) growth-promoting role of the Irs2b. So far, studies in mice have reported that Irs1 is essential for body growth (11), but Irs2 contributed to normal body growth only a little (13). On the other hand, recent studies have shown that Irs2 is required for normal body growth in rats (14) and that Irs2 protein potentially plays a role in the growth-promoting mechanism with some specific interacting molecule(s) (50). Irs2 is crucial for various physiological functions, including maintaining energy homeostasis (12, 51), and the Erk1/2 contributes to various cell-fate determinations such as proliferation and differentiation (52), the elucidation of the H2O2-induced Irs2b-MAPK function should be a crucial research subject. Future biochemical characterization of the detailed Irs2b modification caused by the membranous H2O2 in Reoxy would lead to a new avenue for a better understanding of how the redox signaling generates context-dependent growth signaling.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The animal study was reviewed and approved by Care and Use of Laboratory Animals prepared by Kanazawa University; Center for Interdisciplinary Research in Biology, Collège de France.



Author Contributions

HK, MV, SV and CR conceived and designed these experiments. AZ, FHi, MT, YY, YK and HK performed the experiments. AZ, FHi, MT, YY, CR, and HK analyzed the data. HK, YK, FHa, S-IT, SV contributed reagents and materials/analysis tools. AZ, FHa, MV, S-IT, SV, CR and HK wrote/edit the paper. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by JSPS-MEAE-MESRI (JAPAN-France) collaboration SAKURA program [JPJSBP120193208] to HK and SV. This work was also partially supported by the Japan Society for the Promotion of Science, Grant-in-Aid for Young Scientists (B) [15K18799] and Grant-in-Aid for Scientific Research (C) [18K06014] to HK. Invitation program from Université Paris Cité.



Acknowledgments

We thank Dr. Akihiro Ito at Tokyo University of Pharmacy and Life Sciences for invaluable discussions.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2022.929668/full#supplementary-material

  

Abbreviations

PI3K, phosphatidylinositol 3-kinases; MAPK, mitogen-activated protein kinase; Erk1/2, extracellular signal−regulated protein kinase 1/2; CDS, coding sequence; eGFP, enhanced green fluorescent protein; HA-RasV12, a type of constitutive active Ras family of oncogenic protein; myrAkt, a myristoylated constitutive active Akt1 protein; Grb2, growth factor receptor-bound protein 2; SOS, son of sevenless Ras/Rac guanine nucleotide exchange factor 1; gpx3, glutathione peroxidase 3 gene; txnipa, thioredoxin interacting protein a gene; mknk2, MAPK Interacting Serine/Threonine kinase 2 gene; arrdc3b, arrestin domain containing 3b; Src, Proto-oncogene tyrosine-protein kinase Src.



References

1. Kajimura, S, Aida, K, and Duan, C. Insulin-Like Growth Factor-Binding Protein-1 (Igfbp-1) Mediates Hypoxia-Induced Embryonic Growth and Developmental Retardation. Proc Natl Acad Sci USA (2005) 102(4):1240–5. doi: 10.1073/pnas.0407443102

2. Kamei, H, Ding, Y, Kajimura, S, Wells, M, Chiang, P, and Duan, C. Role of Igf Signaling in Catch-Up Growth and Accelerated Temporal Development in Zebrafish Embryos in Response to Oxygen Availability. Development (2011) 138(4):777–86. doi: 10.1242/dev.056853

3. Wit, JM, and Boersma, B. Catch-Up Growth: Definition, Mechanisms, and Models. J Pediatr Endocrinol Metab (2002) 15(Suppl 5):1229–41.

4. Saenger, P, Czernichow, P, Hughes, I, and Reiter, EO. Small for Gestational Age: Short Stature and Beyond. Endocr Rev (2007) 28(2):219–51. doi: 10.1210/er.2006-0039

5. Tanner, JM. Catch-Up Growth in Man. Br Med Bull (1981) 37(3):233–8. doi: 10.1093/oxfordjournals.bmb.a071708

6. Hales, CN, and Ozanne, SE. The Dangerous Road of Catch-Up Growth. J Physiol (2003) 547(Pt 1):5–10. doi: 10.1113/jphysiol.2002.024406

7. Gafni, RI, Weise, M, Robrecht, DT, Meyers, JL, Barnes, KM, De-Levi, S, et al. Catch-Up Growth Is Associated With Delayed Senescence of the Growth Plate in Rabbits. Pediatr Res (2001) 50(5):618–23. doi: 10.1203/00006450-200111000-00014

8. Hakuno, F, and Takahashi, SI. Igf1 Receptor Signaling Pathways. J Mol Endocrinol (2018) 61(1):T69–86. doi: 10.1530/JME-17-0311

9. Saltiel, AR, and Kahn, CR. Insulin Signalling and the Regulation of Glucose and Lipid Metabolism. Nature (2001) 414(6865):799–806. doi: 10.1038/414799a

10. Hakuno, F, Fukushima, T, Yoneyama, Y, Kamei, H, Ozoe, A, Yoshihara, H, et al. The Novel Functions of High-Molecular-Mass Complexes Containing Insulin Receptor Substrates in Mediation and Modulation of Insulin-Like Activities: Emerging Concept of Diverse Functions by Irs-Associated Proteins. Front Endocrinol (Lausanne) (2015) 6:73. doi: 10.3389/fendo.2015.00073

11. Tamemoto, H, Kadowaki, T, Tobe, K, Yagi, T, Sakura, H, Hayakawa, T, et al. Insulin Resistance and Growth Retardation in Mice Lacking Insulin Receptor Substrate-1. Nature (1994) 372(6502):182–6. doi: 10.1038/372182a0

12. Withers, DJ, Burks, DJ, Towery, HH, Altamuro, SL, Flint, CL, and White, MF. Irs-2 Coordinates Igf-1 Receptor-Mediated Beta-Cell Development and Peripheral Insulin Signalling. Nat Genet (1999) 23(1):32–40. doi: 10.1038/12631

13. Withers, DJ, Gutierrez, JS, Towery, H, Burks, DJ, Ren, JM, Previs, S, et al. Disruption of Irs-2 Causes Type 2 Diabetes in Mice. Nature (1998) 391(6670):900–4. doi: 10.1038/36116

14. Toyoshima, Y, Nakamura, K, Tokita, R, Teramoto, N, Sugihara, H, Kato, H, et al. Disruption of Insulin Receptor Substrate-2 Impairs Growth But Not Insulin Function in Rats. J Biol Chem (2020) 295(33):11914–27. doi: 10.1074/jbc.RA120.013095

15. Kamei, H, Yoneyama, Y, Hakuno, F, Sawada, R, Shimizu, T, Duan, C, et al. Catch-Up Growth in Zebrafish Embryo Requires Neural Crest Cells Sustained by Irs1 Signaling. Endocrinology (2018) 159(4):1547–60. doi: 10.1210/en.2017-00847

16. Dunwoodie, SL. The Role of Hypoxia in Development of the Mammalian Embryo. Dev Cell (2009) 17(6):755–73. doi: 10.1016/j.devcel.2009.11.008

17. Kamei, H. Oxygen and Embryonic Growth: The Role of Insulin-Like Growth Factor Signaling. Gen Comp Endocrinol (2020) 294:113473. doi: 10.1016/j.ygcen.2020.113473

18. Gauron, C, Meda, F, Dupont, E, Albadri, S, Quenech'Du, N, Ipendey, E, et al. Hydrogen Peroxide (H2o2) Controls Axon Pathfinding During Zebrafish Development. Dev Biol (2016) 414(2):133–41. doi: 10.1016/j.ydbio.2016.05.004

19. Nisimoto, Y, Diebold, BA, Cosentino-Gomes, D, and Lambeth, JD. Nox4: A Hydrogen Peroxide-Generating Oxygen Sensor. Biochemistry (2014) 53(31):5111–20. doi: 10.1021/bi500331y

20. Granger, DN, and Kvietys, PR. Reperfusion Injury and Reactive Oxygen Species: The Evolution of a Concept. Redox Biol (2015) 6:524–51. doi: 10.1016/j.redox.2015.08.020

21. Jones, DP, and Sies, H. The Redox Code. Antioxid Redox Sign (2015) 23(9):734–46. doi: 10.1089/ars.2015.6247

22. Rampon, C, Volovitch, M, Joliot, A, and Vriz, S. Hydrogen Peroxide and Redox Regulation of Developments. Antioxidants (Basel) (2018) 7(11):23. doi: 10.3390/antiox7110159

23. Love, NR, Chen, Y, Ishibashi, S, Kritsiligkou, P, Lea, R, Koh, Y, et al. Amputation-Induced Reactive Oxygen Species Are Required for Successful Xenopus Tadpole Tail Regeneration. Nat Cell Biol (2013) 15(2):222–8. doi: 10.1038/ncb2659

24. Meda, F, Joliot, A, and Vriz, S. Nerves and Hydrogen Peroxide: How Old Enemies Become New Friends. Neural Regener Res (2017) 12(4):568–9. doi: 10.4103/1673-5374.205088

25. Udelhoven, M, Leeser, U, Freude, S, Hettich, MM, Laudes, M, Schnitker, J, et al. Identification of a Region in the Human Irs2 Promoter Essential for Stress Induced Transcription Depending on Sp1, Nfi Binding and Erk Activation in Hepg2 Cells. J Mol Endocrinol (2010) 44(2):99–113. doi: 10.1677/JME-08-0182

26. Xie, F, Zhu, J, Hou, B, Wang, Y, Meng, F, Ren, Z, et al. Inhibition of Nf-Kappab Activation Improves Insulin Resistance of L6 Cells. Endocr J (2017) 64(7):685–93. doi: 10.1507/endocrj.EJ17-0012

27. Xi, G, Shen, XC, Maile, LA, Wai, C, Gollahon, K, and Clemmons, DR. Hyperglycemia Enhances Igf-I-Stimulated Src Activation Via Increasing Nox4-Derived Reactive Oxygen Species in a Pkc Zeta-Dependent Manner in Vascular Smooth Muscle Cells. Diabetes (2012) 61(1):104–13. doi: 10.2337/db11-0990

28. Xi, G, Shen, XC, Wai, C, and Clemmons, DR. Recruitment of Nox4 to a Plasma Membrane Scaffold Is Required for Localized Reactive Oxygen Species Generation and Sustained Src Activation in Response to Insulin-Like Growth Factor-I. J Biol Chem (2013) 288(22):15641–53. doi: 10.1074/jbc.M113.456046

29. Kimmel, CB, Ballard, WW, Kimmel, SR, Ullmann, B, and Schilling, TF. Stages of Embryonic Development of the Zebrafish. Dev Dyn (1995) 203(3):253–310. doi: 10.1002/aja.1002030302

30. Kamei, H, and Duan, C. Hypoxic Treatment of Zebrafish Embryos and Larvae. Methods Mol Biol (2018) 1742:195–203. doi: 10.1007/978-1-4939-7665-2_17

31. Belousov, VV, Fradkov, AF, Lukyanov, KA, Staroverov, DB, Shakhbazov, KS, Terskikh, AV, et al. Genetically Encoded Fluorescent Indicator for Intracellular Hydrogen Peroxide. Nat Methods (2006) 3(4):281–6. doi: 10.1038/nmeth866

32. Mishina, NM, Markvicheva, KN, Bilan, DS, Matlashov, ME, Shirmanova, MV, Liebl, D, et al. Visualization of Intracellular Hydrogen Peroxide With Hyper, a Genetically Encoded Fluorescent Probe. Methods Enzymol (2013) 526:45–59. doi: 10.1016/B978-0-12-405883-5.00003-X

33. Ren, HX, Accili, D, and Duan, CM. Hypoxia Converts the Myogenic Action of Insulin-Like Growth Factors Into Mitogenic Action by Differentially Regulating Multiple Signaling Pathways. P Natl Acad Sci U S A (2010) 107(13):5857–62. doi: 10.1073/pnas.0909570107

34. Weaver, CJ, Leung, YF, and Suter, DM. Expression Dynamics of Nadph Oxidases During Early Zebrafish Development. J Comp Neurol (2016) 524(10):2130–41. doi: 10.1002/cne.23938

35. Kim, YM, Kim, SJ, Tatsunami, R, Yamamura, H, Fukai, T, and Ushio-Fukai, M. Ros-Induced Ros Release Orchestrated by Nox4, Nox2, and Mitochondria in Vegf Signaling and Angiogenesis. Am J Physiol Cell Physiol (2017) 312(6):C749–C64. doi: 10.1152/ajpcell.00346.2016

36. Cho, S, Yu, SL, Kang, J, Jeong, BY, Lee, HY, Park, CG, et al. Nadph Oxidase 4 Mediates Tgf-Beta1/Smad Signaling Pathway Induced Acute Kidney Injury in Hypoxia. PLoS One (2019) 14(7):e0219483. doi: 10.1371/journal.pone.0219483

37. Brandes, RP, Weissmann, N, and Schroder, K. Redox-Mediated Signal Transduction by Cardiovascular Nox Nadph Oxidases. J Mol Cell Cardiol (2014) 73:70–9. doi: 10.1016/j.yjmcc.2014.02.006

38. Albadri, S, Naso, F, Thauvin, M, Gauron, C, Parolin, C, Duroure, K, et al. Redox Signaling Via Lipid Peroxidation Regulates Retinal Progenitor Cell Differentiation. Dev Cell (2019) 50(1):73–89.e6. doi: 10.1016/j.devcel.2019.05.011

39. Lee, CU, Hahne, G, Hanske, J, Bange, T, Bier, D, Rademacher, C, et al. Redox Modulation of Pten Phosphatase Activity by Hydrogen Peroxide and Bisperoxidovanadium Complexes. Angew Chem Int Ed Engl (2015) 54(46):13796–800. doi: 10.1002/anie.201506338

40. Kushner, JA, Simpson, L, Wartschow, LM, Guo, S, Rankin, MM, Parsons, R, et al. Phosphatase and Tensin Homolog Regulation of Islet Growth and Glucose Homeostasis. J Biol Chem (2005) 280(47):39388–93. doi: 10.1074/jbc.M504155200

41. Nakahara, M, Ito, H, Skinner, JT, Lin, Q, Tamosiuniene, R, Nicolls, MR, et al. The Inflammatory Role of Dysregulated Irs2 in Pulmonary Vascular Remodeling Under Hypoxic Conditions. Am J Physiol Lung Cell Mol Physiol (2021) 321(2):L416–L28. doi: 10.1152/ajplung.00068.2020

42. Furuta, H, Yoshihara, H, Fukushima, T, Yoneyama, Y, Ito, A, Worrall, C, et al. Irs-2 Deubiquitination by Usp9x Maintains Anchorage-Independent Cell Growth Via Erk1/2 Activation in Prostate Carcinoma Cell Line. Oncotarget (2018) 9(74):33871–83. doi: 10.18632/oncotarget.26049

43. Li, Y, Xu, W, McBurney, MW, and Longo, VD. Sirt1 Inhibition Reduces Igf-I/Irs-2/Ras/Erk1/2 Signaling and Protects Neurons. Cell Metab (2008) 8(1):38–48. doi: 10.1016/j.cmet.2008.05.004

44. Amblard, I, Thauvin, M, Rampon, C, Queguiner, I, Pak, VV, Belousov, V, et al. H(2)O(2)and Engrailed 2 Paracrine Activity Synergize to Shape the Zebrafish Optic Tectum. Commun Biol (2020) 3(1):9. doi: 10.1038/s42003-020-01268-7

45. Weaver, CJ, Terzi, A, Roeder, H, Gurol, T, Deng, Q, Leung, YF, et al. Nox2/Cybb Deficiency Affects Zebrafish Retinotectal Connectivity. J Neurosci (2018) 38(26):5854–71. doi: 10.1523/Jneurosci.1483-16.2018

46. Niethammer, P, Grabher, C, Look, AT, and Mitchison, TJ. A Tissue-Scale Gradient of Hydrogen Peroxide Mediates Rapid Wound Detection in Zebrafish. Nature (2009) 459(7249):996–U123. doi: 10.1038/nature08119

47. Wall, SB, Oh, JY, Diers, AR, and Landar, A. Oxidative Modification of Proteins: An Emerging Mechanism of Cell Signaling. Front Physiol (2012) 3:369. doi: 10.3389/fphys.2012.00369

48. Houtkooper, RH, Pirinen, E, and Auwerx, J. Sirtuins as Regulators of Metabolism and Healthspan. Nat Rev Mol Cell Bio (2012) 13(4):225–38. doi: 10.1038/nrm3293

49. Shtaif, B, Bar-Maisels, M, Gabet, Y, Hiram-Bab, S, Yackobovitch-Gavan, M, Phillip, M, et al. Cartilage -Specific Knockout of Sirt1 Significantly Reduces Bone Quality and Catch-up Growth Efficiency. Bone (2020) 138. doi: 10.1016/j.bone.2020.115468

50. Fukushima, T, Yoshihara, H, Furuta, H, Kamei, H, Hakuno, F, Luan, J, et al. Nedd4-Induced Monoubiquitination of Irs-2 Enhances Igf Signalling and Mitogenic Activity. Nat Commun (2015) 6:6780. doi: 10.1038/ncomms7780

51. Previs, SF, Withers, DJ, Ren, JM, White, MF, and Shulman, GI. Contrasting Effects of Irs-1 Versus Irs-2 Gene Disruption on Carbohydrate and Lipid Metabolism In Vivo. J Biol Chem (2000) 275(50):38990–4. doi: 10.1074/jbc.M006490200

52. Lavoie, H, Gagnon, J, and Therrien, M. Erk Signalling: A Master Regulator of Cell Behaviour, Life and Fate. Nat Rev Mol Cell Biol (2020) 21(10):607–32. doi: 10.1038/s41580-020-0255-7




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zasu, Hishima, Thauvin, Yoneyama, Kitani, Hakuno, Volovitch, Takahashi, Vriz, Rampon and Kamei. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo.2022.929668_cover.jpg
’ frontiers | Frontiers in Endocrinology

NADPH-Oxidase Derived Hydrogen
Peroxide and Irs2b Facilitate
Re-oxygenation-Induced Catch-Up
Growth in Zebrafish Embryo





OEBPS/Images/fendo-13-929668-g002.jpg
A C
OxyVision Green™

H202 sensor (OVG ; .
( ) Imaging analysis: oVG Imaging analysis -

, *Constant Normoxia

_ *Constant Normoxia == -
*Re-oxygenation

" «Re-oxygenation

B
(Day) 0 d 2
(hpf) O 24 32 Norm [ Normoxia
Norm | Normoxia Reoxy [ Normoxia Normoxia

Reoxy [ Normoxia . Normoxia

Timelapse imaging
(5-30 min)

oVG

OoVG Hoechst33342 Merge

Norm (25 hpf)
Normoxia

Reoxy (32 hpf)

10 min post re-oxygenation

Normoxia (Re-oxygenation)
min. post re-oxygenation

Norm (32 hpf)

80
S 60 =
= "
< <
3 @ E
2 )
[ 20 ]
g Q
o o
0
e 5 10 15 20 30
A"
2 . . .
&6@ time (min. post re-oxygenation)

Re-oxygenation






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        NADPH-Oxidase Derived Hydrogen Peroxide and Irs2b Facilitate Re-oxygenation-Induced Catch-Up Growth in Zebrafish Embryo

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Chemicals

          



          		

            Experimental Animals

          



          		

            Hypoxia and Re-Oxygenation of the Zebrafish Embryo

          



          		

            HyPer Imaging and Image Processing

          



          		

            Analysis of H2O2 Level During Reoxy Condition

          



          		

            Inhibition of Nox and Co-Treatment With H2O2

          



          		

            Growth Rate Measurement and Relative Growth Rate Calculation

          



          		

            Immunoblot Analysis

          



          		

            Molecular and Functional Evaluation of Zebrafish Irs2 Proteins

          



          		

            Quantitative Real-Time RT-PCR

          



          		

            Microinjection

          



          		

            Signal Activation Experiments Using H2O2 and IGF1 in HEK293T Cells

          



          		

            Statistics

          



        



        



        		

          Results

        

          		

            Changes in H2O2 Levels in Zebrafish Embryos in Response to Environmental Oxygen

          



          		

            H2O2 Levels in Embryos and Culture Cells Under Normoxic and Re-Oxygenation Conditions

          



          		

            Effect of Nox-Generated H2O2 on Catch-Up Growth

          



          		

            Effect of Nox-Generated H2O2 on MAPK-Signaling

          



          		

            Identification and Primary Structure of Zebrafish Irs2

          



          		

            Functional Analysis of Zebrafish Irs2a and Irs2b

          



          		

            Analysis of irs2a and irs2b Gene Expression in Normal and Catch-Up Growth

          



          		

            Effects of irs2a and irs2b Translation Inhibitionon Catch-Up Growth

          



          		

            Importance of irs2b on MAPK-Pathway in Re-Oxygenation Condition

          



          		

            Effects of H2O2 on Irs2b-Mediated Signaling and Catch-Up Growth

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-13-929668-g004.jpg
Embryo sampling for
immunobloting

Groraranananasnnn s >
(hpf) 24 32 48
Reoxy Normoxia
VAS2870
20 -~ Vehicle

- VAS2870 (500 nM)
1.5

N e s et I

0.5

Relative Erk1/2 activation (A.U.)

-1
0 05 1 16

1 time post VAS2870 treatment (hr) 1
(hpf) 32 48

phosphorylation phosphorylation

A.U.

-
°
-
°

(4
o
e
3

(-
o
S
@

e

Relative Akt activation (A.U.)
o

Relative Erk1/2 activation (

phosphorylation phosphorylation

u.)

Relative Erk1/2 activation (A.
Relative Akt activation (A.U.)





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-13-929668-g006.jpg
A B
(hpf) 24 32 48

Norm | Normoxia | Norm Reoxy
Reoxy Normoxia |

Norm
160 —O-- Control _
~@-- irs2b KD S
~ 140 Reoxy oA %
Q. —/\— Control ,/: = ; 75
2 : P
% —A\— irs2b KD P g
S 120 { ' %
g o 50
2 =}
% 100 =
3 K
]
T
80
60 .
24 30 36 42 48
hpf
c D
| Reoxy |
- 120:
2 =
% < 100
S 2
£ w
ki
% E 60
g )
X o
i % 40
[ _
2 ]
g 20
[
©

KRR R
(,;» \@ ,;»‘\v ~x‘






OEBPS/Images/fendo-13-929668-g001.jpg
- H202 + H202
- SH-C Cys-8-8-C . ..
Cpe-su i i s Imaging analysis:
OxyR-N OxyR-C OxyR-N |OxyR-C .
‘ ‘ ‘ r *Constant Normoxia
T~ —— Hypoxia
405 nim Ex. 48,y Ex: Tg(ubi:HyPer1) *Re-oxygenation
516 nm Em. 516 nm Em.
o D
(hpf) O 24 27 (hpf) O 24 32 35
Normoxia Normoxia m Normoxia (Re-oxygenation)
< > <€ >
Timelapse imaging (every 10min) Timelapse imaging (every 10min)

Switch (Normoxia to Hypoxia)

Switch (Hypoxia to Normoxia)

Normalized HyPer ratio (A.U.)

21 0 50 100 150 20 0 50 100 150
time (min. post hypoxia) time (min. post re-oxygenation)





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-13-929668-g003.jpg
VAS2870

g
H202 2
Y
: SOD"\ -
H
Extracellular <]
space o
o
2
s
Cytosol ;I;r\ansputer) §
juaporin,
NAD(P)H ' L
|
v S N S &
NADP)  H20:2 S S & P
VAS2870 conc.
B D E
Growth Growth
measurement measurement
(hpf) 24 26 3 D > oo 24 .
PR P
Norm Normoxia { (hpf) 24 32 45 Norm Normoxia
: VAS2870 Reoxy [T Normoxia Hypo

Reoxy Normoxia
VAS2870 / H202' H202
! VAS2870

160
e ] o B
pe :
- 110 a ‘
= . 120 ‘
s S R NS,
2 © 1001 -~ SO T P
2 ‘
£ 120 N b 2 100 Lo
[ 90 c i
£ 100 5 3 w0 S8
3 -0 - Vehicle o 80 £ :
-O- @ ; :
3 @ - VAS2870 (333 M) 2 T i
80 Reoxy E 70 £ 60 ;
—/\— Vehicle
—A— VAS2870 (333 1M) oL L | I Dl ‘

60 . .
24 30 36 42 48 54 & o o8 e &
hpf é@\ & @






OEBPS/Images/fendo-13-929668-g005.jpg
0058 222 Drlrs2a

| Drlrs2b
1 1032 0065 Hs |RS2
Dris2a NN ; O im 152
H 0185 2 Hs IRS1
’ . overall a.a. identity: 61% '21062 _@ Mm Irs1
T I . L0219 prirst
priseo IR e S i
0089 \m Irs3
LEH) Mm Irs4
o]
FLAG-Hs IRS2 FLAG-Drirs2a FLAG-Dr Irs2b
BMS-754807 - - + + e
IGF1 0 5 0 5 0 5 0 5 0 5 0 5 (min)
200
IB: phospho-Tyr
(4G10)
IP: FLAG 120
IB: FLAG
Lysate IB: FLAG
D
(hpf) 24 32 48 5 irs2b
Norm | Normoxia ; ;
Reoxy Iﬂm Normoxia < <4
‘ & &
1601 _ 5 Norm £ 23
S 140 —/\— Reoxy yog g 9
o + Stage (3) 3 £ 2
= o o
5 120 2 g
¥ g § 14 .
2 100 & &
- 1] -
E 80 (hpf) 2532 3238 4448

L& Q&8 &N
| S T I
25 32 38 44 48 < <
hpf (Stage) (1) (2) (3) (Stage) (1) (2) (3)





OEBPS/Images/fendo-13-929668-g007.jpg
Contol |  ins2bOE

H202(mM) 0 0.1
IGF1(200 ng/mL) -+ - + -+

Phospho-
Erk1/2

Total-
Erk1/2

P=0.2491

Phospho-
Akt

Total-
Akt

Relative Erk1/2 activation (A.U.)

H202001mM) - - + + - -+«
IGF1(200 ng/mL) - + -+ - % -

B C
irs2b KD Growth

»L p measurement
,,,,,,,,,,,,,,,,,,,,,,,,, N

(hpf) 0 24 32 45

Reoxy [ Normoxia m1 Normoxia

VAS2870 / H202

Reoxy
Control irs2b

110
& 100
o
© 90
=
'g 50 Reoxy-specific
> . i MAPK-activation
2 7 Little or less i 1
g growth-promoting : Growth promotion
2 6o function :

XY, Z:

Hypothetical “Reoxy-specific”
factor(s) which is essential for
the H20:2-induced growth





