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Abstract

The Insulin-like growth factor type 1 receptor (IGF-1R) is part of the receptor tyrosine kinase 

(RTK) superfamily. Activation of IGF-1R regulates several key signaling pathways responsible for 

maintaining cellular homeostasis, including survival, growth and proliferation. In addition to 

mediating signal transduction at the plasma membrane, in serum-based models, IGF-1R undergoes 

SUMOylation by SUMO1 and translocates to the nucleus in response to IGF-1. In corneal 

epithelial cells grown in serum free culture however, IGF-1R has been shown to accumulate in the 

nucleus independent of IGF-1. In this study, we report that the insulin-like growth factor binding 

protein 3 (IGFBP-3) mediates nuclear translocation of IGF-1R in response to growth factor 

withdrawal. This occurs via SUMOylation by SUMO2/3. Further, IGF-1R and IGFBP-3 undergo 

reciprocal regulation independent of PI3k/Akt signaling. Thus, under healthy growth conditions, 

IGFBP-3 functions as a gatekeeper to arrest the cell cycle in G0/G1, but does not alter 

mitochondrial respiration in cultured cells. When stressed, IGFBP-3 functions as a caretaker to 

maintain levels of IGF-1R in the nucleus. These results demonstrate mutual regulation between 

IGF-1R and IGFBP-3 to maintain cell survival under stress. This is the first study to show a direct 

relationship between IGF-1R and IGFBP-3 in the maintenance of corneal epithelial homeostasis.
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Introduction

Insulin-like growth factor receptor (IGF-1R) is a hetero-tetrameric tyrosine kinase receptor 

that belongs to the receptor tyrosine kinase superfamily. IGF-1R shares a high homology 

with the closely related insulin receptor (INSR), with highest homology found within their 

tyrosine kinase domains. Due to the significant homology between these receptors, IGF-1R 

and INSR together can form heterodimeric receptors known as hybrids (Soos et al., 1990). 

The functional significance of hybrid receptors (Hybrid-R) in different cells and tissues is 

still largely undefined. In addition to Hybrid-Rs, the high structural similarity between 
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IGF-1R and INSR also impacts ligand specificity and binding, resulting in crosstalk between 

the IGF-1 and insulin axes (Werner et al., 2008).

It is well established that the principal IGF-1R ligands, IGF-1 and IGF-2, bind IGF-1R, 

activating IGF-mediated signaling (Pandini et al., 2002). This leads to the induction of 

multiple cellular pathways including proliferation, differentiation, and survival (Laron, 

2001). Over-expression of IGF-1R is frequently implicated in human malignancies. As such, 

the IGF system has been extensively characterized in cancer cells and has been shown to 

regulate tumor progression (Arteaga, 1992; Chen et al., 1998; Myal et al., 1984), 

angiogenesis and vascular endothelial repair (Jacobo and Kazlauskas, 2015), and metastasis 

(Cubbon et al., 2016; Imrie et al., 2012; Thum et al., 2007). The finding of a nuclear IGF-1R 

has complicated our previous understanding of the role of IGF-1R in tumor and epithelial 

cell biology. In their seminal study, Sehat et al demonstrated that IGF-1 binding of the 

IGF-1R triggers nuclear translocation of IGF-1R via SUMOylation by SUMO1 and that 

nuclear localized IGF-1R functions as a transcriptional modulator (Sehat et al., 2010). More 

recent work by this same group has since shown that nuclear localized IGF-1R functions as 

a transcriptional co-activator of the lymphoid enhancer factor/T cell factor (LEF1/TCF) to 

mediate proliferation and control of the cell cycle (Lin et al., 2017; Sehat et al., 2010).

Insulin-like growth factor binding protein-3 (IGFBP-3) is an N-linked glycosylated and 

phosphorylated secretory protein that belongs to the family of insulin-like growth factor 

binding proteins (IGFBPs) (Baxter et al., 1986). IGFBP-3 is the primary binding protein for 

IGF-1 in serum (Furstenberger and Senn, 2002). Binding of IGFPB-3 to IGF-1 functions to 

both block activation of IGF-1R and extend the half-life of IGF-1 in circulation. IGFBP-3 

also has known IGF-independent functions (Kim et al., 2011). In a cell and tissue-specific 

manner, IGFBP-3 has been shown to regulate apoptosis (Butt et al., 2002), DNA repair, cell 

cycle, autophagy (Grkovic et al., 2013), angiogenesis, hypoxia and insulin resistance 

(Baxter, 2013). IGFBP-3 contains multiple p53 response elements and induces apoptosis in 

tumor cells in response to DNA damage or hypoxia (Grimberg et al., 2005; Grimberg et al., 

2002). Moreover, in breast cancer cells, IGFBP-3 regulates autophagy through binding to the 

78-kDa glucose-regulated protein, GRP78 (Grkovic et al., 2013). In contrast, exposure to 

hyperglycemia induces phosphorylation of IGFBP-3 by the DNA-dependent protein kinase, 

DNA-PK, to prevent apoptosis in retinal endothelial cells (Zhang and Steinle, 2013).

In the corneal epithelium, IGFBP-3 is lowly expressed in proliferating cells, but is 

upregulated upon reaching confluence (Robertson et al., 2007). IGFBP-3 is also upregulated 

in response to hypoxia (unpublished data) and hyperglycemia in vitro, suggesting that 

IGFBP-3 may function in corneal epithelial cells as an important stress response protein. In 
vivo, IGFBP-3 is present in the human tear film and is increased approximately 3 fold in 

diabetic tears (Wu et al., 2012a). Increased expression in diabetic tears is associated with 

damage to the corneal subbasal nerve plexus (Stuard et al., 2017). We have previously 

shown that IGF-1R is upregulated in response to stress induced by growth factor withdrawal 

(Titone et al., 2018). In the present study, we investigated the relationship between IGF-1R 

and IGFBP-3 in corneal epithelial cells to determine whether the stress induced increase in 

IGFBP-3 mediates IGF-1R. Importantly, we show for the first time that IGFBP-3, not IGF-1, 

induces translocation of IGF-1R into the nucleus of corneal epithelial cells via 
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SUMOylation by SUMO2/3. This is the first report of an IGF-binding protein inducing the 

nuclear translocation of IGF-1R in any cell type.

Materials and Methods

Cell lines and primary cultures

Human telomerized corneal epithelial (hTCEpi) cells, previously developed and 

characterized by our laboratory, were used in this study (Robertson et al., 2005). hTCEpi 

cells were cultured in serum-free keratinocyte basal media containing 0.15 mM calcium with 

supplements at 37°C and 5% CO2 (KGM2, Lonza, Walkersville, MD). To induce growth 

factor deprivation, cells were cultured in keratinocyte basal media containing 0.15 mM 

calcium without supplements (KBM). For primary cultures of human corneal epithelial cells 

(HCECs), human eye bank corneas (Tissue Transplant Services, UT Southwestern Medical 

Center, Dallas, TX) were digested in dispase (Invitrogen, Carlsbad, CA) overnight at 4 °C. 

Intact epithelial cell sheets were carefully removed and subject to a second digestion in 

dispase for 2 hours at 37 °C. Individual cells were separated by gentle pipetting and seeded 

onto plastic tissue culture dishes coated with Type 4 collagen (Biocoat, BD Biosciences, San 

Jose, CA). Cells were cultured in CnT20 cell culture media enriched for progenitor cell 

culture for 10–15 days (Zen Bio, Research Triangle Park, NC). After their first passage, 

HCECs were then transitioned to serum-free keratinocyte basal media containing 0.15 mM 

calcium with supplements at 37°C and 5% CO2 (KGM2, Promocell, Germany). To induce 

growth factor deprivation, cells were cultured in keratinocyte basal media containing 0.15 

mM calcium without supplements (KBM).

siRNA knockdown

For siRNA experiments, hTCEpi cells were seeded at 50–60% confluence in a 6-well tissue 

culture plate and grown overnight. Cells were transfected with double-stranded inhibitory 

RNA oligonucleotides (GeneSolution, IGF-1R #GS3480, INSR #GS3643, FlexiTube CAV1 

SI00027720 and CLTC SI00299873, Qiagen, Germantown, MD) using Lipofectamine 

RNAiMAX (Invitrogen, Carlsbad, CA) in antibiotic-free basal media. Briefly, 12 pmol of 

siRNA oligonucleotides were added to 100 μl basal media and incubated for 5 minutes at 

room temperature. siRNAs were then mixed with 2 μl Lipofectamine and allowed to 

incubate for an additional 20 minutes, after which the transfection mixture was added 

directly to hTCEpi cells containing 1 ml of KBM and incubated for 24 hours. The media 

was removed and cells were then cultured in KGM (growth) or KBM (basal) for another 24 

hours as indicated, with or without 10 μg/ml of human recombinant insulin (Sigma, St. 

Louis, MO) or 500 ng/ml of human recombinant IGFBP-3 (rhIGFBP-3, Sino Biological 

Inc., BDA, Beijing, China). AllStars negative control siRNA was used as a non-targeting 

control (#1027280, Qiagen, Germantown, MD) for all experiments.

Subcellular fractionation and immunoblotting

To examine the nuclear localization of IGF-1R, hTCEpi cells were subject to nuclear and 

cytoplasmic fractionation. Confluent hTCEpi cells were collected using trypsin-EDTA and 

washed with phosphate buffered saline (PBS). A NE-PER nuclear fractionation kit was used 

to separate soluble and insoluble nuclear and non-nuclear proteins (Thermo Fisher, 
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Rockford, IL). Protein concentration for individual fractions was measured using a Qubit 3.0 

Fluorometer (Thermo Fisher, Rockford, IL). Lysates were then electrophoresed through a 4–

15% linear gradient precast polyacrylamide gel (BioRad, Hercules, CA) and immunoblotted 

as described below.

SDS PAGE and Immunoblotting

For experiments involving whole cell lysates, hTCEpi cells and HCECs were lysed directly 

in 6-well culture plates using radioimmunoprecipitation buffer (RIPA) containing a protease 

and phosphatase inhibitor cocktail (Thermo Fisher, Rockford, IL) on ice for 10 minutes, then 

centrifuged for 5 minutes at 12,000 rpm at 4°C in a microcentrifuge (BioRad, Hercules, 

CA). For experiments testing for SUMOylation, 10 mM N-Ethylmaleimide, an isopeptidase 

inhibitor, was added to the lysis buffer. Protein concentration was determined using a Qubit 

3.0 Fluorometer (Thermo Fisher, Rockford, IL). Supernatants were removed and boiled for 5 

minutes in 2× sample buffer, pH 6.8, containing 65.8 mM Tris-HCL, 26.3% (w/v) glycerol, 

2.1% SDS, 5.0% β-mercaptoethanol and 0.01% bromophenol blue (Bio-rad, Hercules, CA). 

Samples were resolved on a 4–15% precast linear gradient polyacrylamide gel (Bio-rad, 

Hercules, CA) and transferred to a polyvinyl difluoride (PVDF) membrane (Millipore, 

Temecula, CA). Membranes were blocked in 5% non-fat milk (Bio-rad, Hercules, CA) for 1 

hour at room temperature and incubated in primary antibody overnight at 4°C (IGF1-Rβ 
#3027 Caveolin-1 #3238, Histone 3 #9715, Sumo-1 #4930, Sumo-2/3 #4971, Cell Signaling, 

Danvers, MA; p-Akt # sc-7985-R, Akt1 #sc-5298, Insulin Rβ #sc-57342, GAPDH 

#sc-66163, Santa Cruz, CA; IGFBP-3 #MAB305, R&D Systems, Minneapolis, MN; and 

clathrin heavy chain #ab21679, SP1 #ab13370, Abcam, Cambridge, MA). Following a 1 

hour incubation with an anti-mouse or anti-rabbit secondary antibody (Santa Cruz, CA), 

proteins were visualized using ECL Prime Detection Reagent (Amersham Biosciences, 

Piscataway, NJ) and imaged on an Amersham Imager 600 (Amersham Biosciences, 

Piscataway, NJ). β-actin was used as a loading control for whole cell lysates. Histone 3, SP1, 

and GAPDH were used as loading controls for the insoluble nuclear fraction, the soluble 

nuclear fraction, and the cytosolic fraction, respectively.

Enzyme-linked Immunoassay (ELISA)

Cell culture supernatants were concentrated using protein concentrators containing a 

polyether sulfone membrane (10K MWCO; Pierce, Rockford, IL). Cells were starved in 

basal media for 24 hours and then stimulated by 10 μg/ml of recombinant human insulin or 

500 ng/ml of recombinant human IGFBP-3 for 24 hours. Whole cell lysates were harvested 

directly in the culture dish using RIPA buffer containing a protease and phosphatase 

inhibitor cocktail (Thermo Fisher, Rockford, IL) on ice for 10 minutes. Protein 

concentration was determined using a Qubit 3.0 Fluorometer (Thermo Fisher, Rockford, IL). 

IGFBP-3 levels were detected by a human IGFBP-3 Quantikine ELISA (R&DSystems, 

Minneapolis, MN). Media and whole cell lysate samples were assayed in triplicate. Each 

experiment was repeated a minimum of two additional times.

Cell Cycle Assay

Propidium Iodide (PI)/RNase staining solution (Cell Signaling, Danvers, MA) was used for 

cell cycle analysis. hTCEpi cells were seeded into 6-well plates and cultured overnight in 
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KGM. Media was removed and replaced with either growth or basal media with or without 

rhIGFBP-3. At the end of the incubation period, cells were trypsinized and centrifuged at 

1500 rpm. Cells were then washed with PBS and fixed with cold ethanol for 15 minutes. 

Following fixation, cells were stained with PI for 40 minutes at 37°C. The cell cycle was 

analyzed using a Cellometer K2 Fluorescent Viability Cell Counter (Nexcelom, Lawrence, 

MA). All assays were performed in triplicate and repeated a minimum of two additional 

times.

Quantitative ATP Analysis

hTCEpi cells were seeded into 6-well plates and cultured overnight in KGM. Media was 

removed and replaced with either growth or basal media with or without rhIGFBP-3 for 24 

hours. At the end of the incubation period, cells were trypsinized and centrifuged at 1500 

rpm. Cells were then washed with PBS and incubated at 37°C for 5 minutes in a low 

detergent lysis buffer containing 10 mM Tris pH 7.5, 100 μM NaCl, 1 mM EDTA, and 

0.15% Triton X-100 (Thermo Fisher, Rockford, IL). ATP levels were measured using a 

bioluminescence assay with recombinant luciferase and its substrate D-luciferin that in the 

presence of ATP produces light (Thermo Fisher, Rockford, IL). Samples were incubated in a 

reaction solution at room temperature for 15 minutes and the measured ATP levels were 

compared against a standard curve of a series of known ATP concentrations. All samples 

were assayed in quadruplicate. Each experiment was repeated a minimum of three times.

Global Protein SUMOylation Assay

hTCEpi cells were cultured in KBM and transfected with siRNA oligonucleotides targeting 

IGFBP3 or a non-targeting control, as described under siRNA knockdown. Extracellular 

IGFBP-3 levels were rescued following knockdown by the addition of exogenous 

rhIGFBP-3. Nuclear fractions were isolated using an NE-PER nuclear fractionation kit as 

described above (Thermo Fisher, Rockford, IL). 10 mM N-Ethylmaleimide was added to the 

lysis buffer. To quantify SUMOylation of our target protein (IGF-1R), a global protein 

sumoylation colorimetric assay (Abcam, Cambridge, MA) was used. Two μg/ml of an 

immunoprecipitation-grade antibody against IGF-1R alpha (#MA5–13807, Thermo Fisher, 

Rockford, IL) or an irrevelant IgG negative control antibody (provided in the SUMOylation 

kit) were added to the wells and incubated overnight at 4 ͦ C. Nuclear fractions were then 

added to each pre-coated well containing the capture antibody. To detect SUMOylated 

IGF-1R, a pan-SUMO detection antibody was added to each well and incubated for 1 hour 

at room temperature using an orbital shaker (Talboys Advanced Microplate Shaker, Thermo 

Fisher, Rockford, IL) at 100 rpm. After addition of the developing solution, absorbance was 

read at 450 nm. Results are calculated in terms of ng of SUMOylated-IGF-1R normalized to 

mg of total protein. All samples were assayed in quadruplicate. Each experiment was 

repeated a minimum of three times.

Immunofluorescence

For immunofluorescence studies, hTCEpi cells and HCECs were seeded onto 35 mm glass 

bottom dishes (MatTek Corporation, Ashland, MA) and allowed to adhere overnight. Cells 

were transfected with double-stranded inhibitory RNA oligonucleotides (GeneSolution, 

IGFBP3 #GS3486, QIAGEN) with or without rhIGFBP-3. After treatment, cells were first 
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rinsed with cold PBS and then fixed in 1% paraformaldehyde (Electron Microscopy 

Sciences, Fort Washington, PA) in PBS for 10 minutes. After 3 washes with PBS, cells were 

permeabilized in 0.1% Triton X-100 in PBS for 10 minutes and then blocked using 0.5% 

bovine serum albumin (Sigma, St. Louis, MO) in PBS for 30 minutes. Samples were then 

incubated in primary antibodies against IGF-1R and IGFBP-3 at 4°C overnight and 

subsequently washed in PBS and stained with Alexa Fluor 488 and 555 (Cell Signaling, 

Danvers, MA) secondary antibodies for 1 hour at room temperature. All samples were 

mounted on slides using Prolong gold antifade reagent with DAPI to label nuclei 

(Invitrogen, Carlsbad, CA). Cells were imaged on a Leica SP8 laser scanning confocal 

microscope (Leica Microsystems, Heidelberg, Germany) using a 63x oil objective. All 

images were sequentially scanned to avoid spectral crosstalk between channels.

In Situ Fluorescence Proximal Ligation Assay

A Proximal Ligation Assay (PLA) was used to determine the localization of SUMOylated 

IGF-1R (Sigma, St. Louis, MO). hTCEpi cells were seeded onto 35 mm glass bottom dishes 

(MatTek Corporation, Ashland, MA) and allowed to adhere overnight. Cells were then 

treated with KGM or KBM and fixed in 4% paraformaldehyde (Electron Microscopy 

Sciences, Fort Washington, PA) in PBS for 10 minutes. After 3 washes with PBS, cells were 

permeabilized in 0.2% Triton X-100 in PBS for 20 minutes and blocked using the Duolink 

blocking solution for 1 hour at room temperature. Samples were then incubated in primary 

antibodies recognizing IGF-1R β (#3027, Cell Signaling, Danvers, MA) and SUMO 2/3 

(#FL-103, Santa Cruz, CA) overnight at 4°C. After washing, cells were incubated with 

secondary antibodies conjugated to oligonucleotides (PLA probe MINUS and PLA probe 

PLUS) for 1 hour at 37°C. Oligonucleotides were ligated using the ligation solution for 30 

minutes at 37°C, followed by a 2 hour amplification step at 37°C. Amplified 

oligonucleotides were labeled using FITC and nuclei were counterstained using DAPI 

contained within the mounting media (Vectashield, Thermo Fisher, Rockfield, IL). PLA 

signals were detected by imaging with a Leica SP8 confocal microscope in sequential scan 

mode.

Statistical Analysis

All data are expressed as mean ± standard deviation. For comparison between three groups, 

a One-way or Two-way ANOVA was used with an appropriate post-hoc comparison. 

Statistical significance was set at P<0.05.

Results

IGFBP-3 levels are regulated by IGF-1R, not INSR, in human corneal epithelial cells

To measure the level of secreted IGFBP-3 in conditioned media from hTCEpi cells, 

conditioned media was collected and concentrated following transfection of non-targeting 

siRNA control oligonucleotides. In basal media, there was a significant increase in secreted 

IGFBP-3 compared to culture in growth media (Fig. 1A). The increase in IGFBP-3 was 

attenuated following the addition of insulin to culture media. To determine the effect of 

IGF-1R expression on secreted IGFBP-3, cells were transfected with siRNA 

oligonucleotides targeting IGF-1R in parallel to controls. Following knockdown, hTCEpi 
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cells were cultured in growth (KGM) and basal (KBM) media for 24 hours and then treated 

with 10 μg/μl of human recombinant insulin. Concentration of secreted IGFBP-3 in the 

conditioned media was measured using ELISA (Fig. 1A). Reduced expression of IGF-1R 

following knockdown triggered a significantly attenuated IGFBP-3 secretion.

To investigate the mechanism by which insulin mediates the downregulation of IGFBP-3, 

caveolin 1 (Cav-1) and clathrin (CLTC), two main proteins involved in cellular trafficking 

and surface membrane receptor uptake, were knocked down using siRNA. As shown in 

Figures 1B and 1C, cells transfected with the negative control siRNA showed an increase in 

secretion of IGFBP-3 in conditioned media under basal conditions, which was reduced by 

the addition of insulin (Fig. 1B and 1C). Knockdown of either CAV-1 or CLTC however, 

blocked insulin uptake. This blunted the effect of insulin on IGFBP-3.

Upregulation of IGFBP-3 in basal media was further confirmed in whole cell lysates by 

immunoblotting (Fig. 1D). Similar to expression in conditioned media, IGFBP-3 was 

increased in whole cell lysates from basal media compared to growth media. Secretion of 

IGFBP-3 was similarly reduced in the presence of insulin. The efficiency of siRNA 

knockdown of IGF-1R, CAV-1, and CLTC was confirmed by immunoblotting (Fig. 1D). 

Compared to the non-targeting control, blocking CLTC blunted the increase in IGF-1R in 

basal media. This paralleled a decrease in IGFBP-3. These observations suggest that IGF-1R 

regulates expression of IGFBP-3 and that CLTC, and to a lesser extent, Cav-1, is essential 

for insulin uptake by the receptors and their consequent activation.

We next investigated whether IGF1-R and INSR both played a role in regulating IGFBP-3 

secretion. To determine if INSR was involved in IGFBP-3 regulation, INSR and IGF-1R 

were each knocked down using siRNA and secreted IGFBP-3 was again measured using 

ELISA. As expected, there was a significant increase in secreted IGFBP-3 in basal media 

that was abrogated following IGF-1R knockdown (Fig. 2A). In cells transfected with siRNA 

targeting INSR, IGFBP-3 secretion in basal media was slightly increased compared to 

controls, indicating that IGF-1R and not INSR, mediates IGFBP-3 expression. Similar to the 

negative controls, secretion of IGFBP-3 after INSR knockdown was decreased after 

treatment with insulin. The efficiency of each knockdown was evaluated by immunoblotting 

(Fig. 2B). Knockdown of INSR in basal media produced a corresponding increase in 

IGF-1R. The increase in IGF-1R paralleled the increase in secreted IGFBP-3. Taken 

together, these data suggest that the presence of insulin regulates IGFBP-3 expression 

independent of INSR. To confirm that there is a decrease in IGFBP-3 secretion following 

depletion of IGF-1R was not a cell line artifact, we transfected HCECs with siRNA targeting 

IGF-1R. Transfected HCECs were cultured in growth media, basal media, and basal media 

supplemented with insulin. Similar to hTCEpi cells, knockdown of IGF-1R blunted 

secretion of IGFBP-3 in basal media (Fig. 3A, B).

Our prior studies have shown that phosphorylation of IGF-1R in hTCEpi cells activates the 

PI3k/Akt signaling pathway. To test whether IGF-1R regulates IGFBP-3 secretion via 

PI3k/Akt signaling, we measured IGFBP-3 secretion in hTCEpi cells treated with 50 μM of 

PI3 kinase inhibitor LY 294002 in basal and growth media, with or without insulin. 

IGFBP-3 secretion in conditioned media was measured using ELISA (Supplementary data 1. 
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A). Neither treatment with the inhibitor nor the DMSO control altered secretion of IGFBP-3 

from hTCEpi cells. Similarly, the addition of insulin induced the expected decrease in 

secretion of IGFBP-3. The inhibition of Akt phosphorylation by the PI3 kinase inhibitor was 

assessed by immunoblotting (Supplementary data 1. B). In control cells treated without the 

inhibitor, growth media and basal media supplemented with insulin induced phosphorylation 

of Akt. In contrast, phosphorylation of Akt was completely abrogated following treatment 

with the inhibitor LY 294002. These observations indicate that regulation of IGFBP-3 by 

IGF1-R is not through activation of the canonical PI3k/Akt pathway.

In growth condition, exogenous IGFBP-3 arrests the cell cycle, but does not alter cellular 
respiration

Our data demonstrate a role for IGF-1R in the regulation of IGFBP-3. To determine if there 

is reciprocal regulation between IGF-1R and IGFBP-3, we used siRNA oligonucleotides to 

knock down IGFBP-3 in hTCEpi cells in basal media. We then used ELISA (Fig. 4A, B) and 

immunoblotting (Fig. 4C) to verify the transfection efficiency in whole cell lysates (Fig. 4A) 

and in conditioned media (Fig. 4B). In both whole cell lysates and conditioned media, 

knockdown of IGFBP-3 decreased IGFBP-3 to undetectable levels. Knockdown of IGFBP-3 

in basal media triggered an increase in IGF-1R (Fig. 4C). The subsequent addition of 

exogenous rhIGFBP-3 to cells deficient in IGFBP-3 appeared to further increase IGF-1R 

(Fig. 4C). We then tested whether rhIGFBP-3 was internalized in epithelial cells cultured in 

growth media. Immuoblotting for IGFBP-3 showed robust uptake of the exogenous protein 

(Fig. 4D). IGF-1R, which was decreased in growth media compared to basal, was unaffected 

by the addition of rhIGFBP-3 under growth conditions. These data demonstrate that IGF-1R 

expression is stimulated by the addition of IGFBP-3 in basal media, but is unaltered by the 

addition of exogenous IGFBP-3 in growth media. To test whether there is reciprocal 

regulation between IGF-1R and IGFBP-3 in HCECs, we knocked down IGFBP-3 in HCECs 

cultured in basal media. We used ELISA (Fig. 5A, B) and immunoblotting (Fig. 5C) to 

confirm the transfection efficiency in the whole cell lysates and in conditioned media. Our 

results confirmed our cell line findings and showed the same increase of IGF-1R expression 

after IGFBP-3 knock down and a further increase by the addition of rhIGFBP-3.

Previous studies in our laboratory have shown that IGFBP-3 is expressed at very low levels 

during normal growth conditions and is upregulated upon reaching confluence (Robertson et 

al., 2007). To examine the effects of supplementation of exogenous rhIGFBP-3 on the cell 

cycle during growth, epithelial cells were stained with PI and the cell cycle was analyzed 

using a Cellometer. As expected, due to the lack of growth factors in basal media, there was 

a significant increase in cells arrested in G0/G1 compared to cells cultured in growth media. 

This was associated with a significant reduction in cells in S phase and in G2/M (Fig. 6A-F). 

When exogenous rhIGFBP-3 was added to epithelial cells cultured in growth media for 24 

hours, there was an increase in the number of cells arrested in G0/G1 compared to growth 

media alone. There was a similar reduction in the number of cells in S phase and in G2/M 

after treatment with IGFBP-3 in growth media (Fig. 6A-F). Together, these data confirm that 

IGFBP-3 functions as an inhibitor of cell growth in proliferating cells. This is in line with 

our previously reported data showing that IGFBP-3 can inhibit cell proliferation in an IGF-1 

dependent manner (Wu et al., 2012b).
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In order to investigate the effects of IGFBP-3 on cellular respiration, we measured the level 

of ATP in epithelial cells incubated in basal media and after supplementation with 

rhIGFBP-3 in growth media for 24 hours. As expected, the level of ATP decreased 

significantly after culture in basal media (Fig. 6G). However, there was no significant 

difference in ATP levels in hTCEpi cells cultured in growth media with or without 

rhIGFBP-3. These data show that IGFBP-3 functions to regulate the cell cycle during 

proliferative growth conditions, but does not play a role in mediating cellular respiration.

IGF-1R nuclear translocation is regulated by IGFBP-3 and SUMOylation of IGF-1R

As described above, we observed an increase in IGF-1R following siRNA knockdown of 

IGFBP-3 in our cells. To determine whether IGFBP-3 impacts nuclear translocation and 

accumulation of IGF-1R after treatment with siRNAs targeting IGFBP-3 in basal media, we 

performed a nuclear fractionation (Fig. 7A). Immunoblotting for IGFBP-3 confirmed the 

efficiency of the knockdown. The addition of rhIGFBP-3 following knockdown restored 

IGFBP-3 levels in the cytosol, confirming cellular uptake. There was also an observed 

increase in IGFBP-3 in the insoluble nucleus. No IGFBP-3 was detected in the soluble 

nucleus, suggesting that nuclear IGFBP-3 may be complexed with DNA in the epithelial cell 

nucleus.

Immunoblotting for IGF-1R under these same conditions demonstrated an increase in 

IGF-1R in basal media compared with cells cultured in growth media in all subcellular 

compartments tested (Fig. 7A). There was a small increase in IGF-1R in the soluble and 

insoluble nuclear fractions after siRNA knockdown of IGFBP-3. Subsequent rescue with 

rhIGFBP-3 further increased expression of IGF-1R in the insoluble nucleus. This coincided 

with a reduction in IGF-1R in the soluble nucleus. Taken together, the fractionation results 

confirm that IGF-1R is present in the soluble and insoluble nuclear fraction and that 

IGFBP-3 mediates nuclear translocation of IGF-1R. GAPDH, SP1, and Histone H3 for 

cytosolic, soluble nucleus, and insoluble nucleus loading controls, respectively, confirmed 

successful fractionation (Fig. 7A).

To further assess the effects of IGFBP-3 on nuclear accumulation of IGF-1R, we performed 

immunofluorescence staining for IGF-1R (Fig 7B). We found that there was low expression 

of IGF-1R in the nucleus of corneal epithelial cells cultured in growth media. Consistent 

with our immunoblot analysis, culture in basal media increased expression of IGF-1R in the 

nucleus and appeared to further increased, albeit slightly, following knockdown of IGFBP-3. 

Consistent with our immunoblotting data, we also found that rescue with rhIGFBP-3 

induced robust nuclear accumulation (Fig. 7B). These data indicate a novel role for IGFBP-3 

in the regulation of IGF-1R nuclear translocation in human corneal epithelial cells. We then 

used immunofluorescence to verify nuclear accumulation of IGF-1R in HCECs 

(Supplementary data Fig. 2). As we showed in hTCEpi cells, the addition of rhIGFBP-3 

triggered an increase in nuclear localization of IGF-1R and IGFBP-3 (Supplementary data 
Fig. 2).

To determine whether SUMOylation mediated nuclear translocation of IGF-1R in corneal 

epithelial cells, we first analyzed global SUMOylation for SUMO-modifiers SUMO1 and 

SUMO2/3 in growth and basal conditions by immunoblotting (Fig. 8A). Our results indicate 
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that there is greater expression of SUMO1 in cells cultured in growth media compared to 

basal media. In contrast to this, SUMO1 was decreased in basal media. This decrease 

coincided with an increase in SUMO-2/3.

To test whether IGF-1R is SUMOylated by SUMO2/3 in basal conditions, we performed a 

proximal ligation assay. Nuclei were counterstained with propidium iodide. We detected 

IGF-1R-SUMO2/3 in both growth and basal conditions. However, there was a clear increase 

in IGF-1R-SUMO-2/3 in basal conditions in both the cytosol and the nucleus (Fig. 8B). To 

further confirm that IGF-1R is SUMOylated in basal conditions, we performed a global 

SUMOylation colorimetric assay using a detection antibody specific for the alpha subunit of 

IGF-1R and a pan-SUMO detection antibody that recognized both SUMO1 and SUMO2/3 

(Fig 8B). Epithelial cells were fractionated into nuclear extracts. SUMOylated IGF-1R was 

detectable in nuclear fractions in basal conditions. This was completely inhibited following 

knockdown of IGFBP-3. Rescue with rhIGFBP-3 not only restored but significantly 

increased SUMOylation of IGF-1R over basal levels. Given our finding of the shift from the 

soluble to insoluble nuclear fraction following rescue with rhIGFBP3, together, this data 

suggests that SUMOylation of IGF-1R may regulate IGF-1R/DNA interactions.

Discussion

The key finding in this manuscript is the novel mechanism in which IGFBP-3 triggers 

nuclear translocation of IGF-1R. Nuclear localization of IGF-1R has been shown in several 

other cell lines. In these prior studies, IGF-1 triggers the translocation of IGF-1R from the 

plasma membrane to the nucleus in serum-starved cells (Sehat et al., 2010). It has further 

been shown that nuclear translocation of IGF-1R is mediated by SUMO1 and the nuclear 

transport protein importin-β. In corneal epithelial cells however, which are cultured in 

serum-free conditions, there is an upregulation and nuclear accumulation in response to 

stress-induced by growth factor withdrawal. This is further enhanced following knockdown 

of the putative stress-response protein, IGFBP-3. More interestingly however, is the finding 

that knockdown of IGFBP-3 induces a compensatory increase in IGF-1R in the soluble 

nucleus, whereas rescue with exogenous rhIGFBP-3 triggers a shift in nuclear localized 

IGF-1R from the soluble to the insoluble nuclear fraction. This suggests that there is a 

potential increase in DNA binding. This finding is in agreement with studies by our 

laboratory and others that indicate IGF-1R binds DNA and functions as a transcriptional 

modulator (Sehat et al., 2010; Wu et al., 2012b).

One potential difference that may account for our findings is the presence of a nuclear 

IGF-1R/INSR hybrid. We previously reported that IGF-1R present in the corneal epithelial 

nucleus is a Hybrid receptor (Wu et al., 2012b). In contrast to this, tumor cells or cell lines 

that over-express IGF-1R may function in a divergent manner. IGF-1R has been shown to 

have oncogenic effects in cancer, and has been implicated in tumor growth, migration and 

angiogenesis (Heidegger et al., 2014). Likewise, the role of IGF-1R in the regulation of the 

cell cycle has already beem well documented in cancer cells (Warsito et al., 2012). Other 

studies have shown that knockdown of IGF-1R diminishes tumor cell proliferation and 

increases susceptibility of cancer cells to apoptosis (Ofer et al., 2015). In addition to the 

presence of a nuclear localized hybrid receptor (Hybrid-R), in the current study, we have 
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further shown that under basal conditions that upregulate IGF-1R and INSR, IGF-1R 

becomes SUMOylated by SUMO 2/3. The functional differences between SUMO1 and 

SUMO 2/3 are not well described. There is speculation that there is functional redundancy 

between the two modifiers (Yuan et al., 2010). Others posit that SUMO 2/3 may be 

implicated in stress response pathways (Guo and Henley, 2014). The addition of SUMO 

modifiers have been shown to mediate and stabilize DNA binding (Wei et al., 2007). This 

potential role would be consistent with our finding of the shift in IGF-1R from the soluble to 

insoluble fraction.

The role of IGFBP-3 in corneal epithelial cells is not well defined. Previous work in our 

laboratory has shown that IGFBP-3 secretion by corneal epithelial cells is upregulated in 

response to hypoxia (data not shown) and hyperglycemia (Wu et al., 2012a). In human 

studies in vivo, we have further shown that IGFBP-3 is increased in human diabetic tears 

and is associated with damage to the corneal subbasal nerve plexus. Collectively, these 

findings suggest that IGFBP-3 functions as a stress-response protein in the corneal 

epithelium. Unlike IGF-1R, IGFBP-3 does contain a nuclear localization site. IGFBP-3 is 

also present within the insoluble nuclear fraction. Future studies are needed to determine 

whether IGFBP-3 is directly or indirectly involved in triggering the shift in localization of 

IGF-1R from the soluble to insoluble nucleus.

The second key finding in this paper is the mutual relationship between IGFBP-3 and 

IGF-1R. Under basal conditions, IGF-1R and INSR are transcriptionally upregulated (Titone 

et al., 2018). However, knockdown of IGF-1R and not INSR blocks the stress-induced 

upregulation of IGFBP-3. Inclusion of the Akt inhibitor confirms that this is not due to 

signaling from the Akt/PI3K pathway. Conversely, knockdown of IGFBP-3 in basal stress 

conditions increases expression levels of IGF-1R, whereas during growth, IGF-1R 

expression is unaltered by exogenous rhIGFBP-3. This suggests that the interplay between 

IGF-1R and IGFBP-3 is critical in modulating the epithelial stress response.

Given the pleiotropic roles for IGFBP-3, many of its reported functions are cell and tissue 

specific. It has been reported that IGFBP-3 may function as a gatekeeper or caretaker in 

different cells (Baxter, 2013). Here our data suggests that IGFBP-3 has dual roles in the 

corneal epithelium (Fig. 9). During growth, IGFBP-3 binds IGF-1 to prevent IGF-1 from 

activating IGF-1R or Hybrid-R, but does not alter cellular respiration, as shown by measured 

ATP levels. The ability of IGFBP-3 to bind IGF-1 and induce cell cycle arrest is consistent 

with a gatekeeper role. In contrast to this, the addition of rhIGFBP-3 to stressed epithelial 

cells with already reduced levels of IGFBP-3, selectively targets IGF-1R to the insoluble 

nuclear fraction where it can bind DNA. This finding indicates a caretaker role for IGFBP-3. 

Studies to identify the nuclear targets of IGF-1R are on-going.

The membrane proteins Cav-1 and CLTC have been shown to mediate the internalization of 

IGF-1R and INSR (Huo et al., 2003; Salani et al., 2010). Recent studies show that Cav-1 

plays a role in insulin uptake and in insulin resistance in diabetes (Stralfors, 2012). Here we 

show that in corneal epithelial cells, at the plasma membrane insulin uptake is mediated by 

Cav-1 and CLTC. Our data further shows that knock down of CAV-1 and CLTC does not 

alter secretion of IGFBP-3. Knockdown of CAV-1 and CLTC does however, blunt the ability 
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of insulin to restore IGFBP-3 secretion to normal growth levels. We speculate that insulin 

regulates IGFBP-3 through interactions with the IGF-1R or Hybrid-R at the cell surface, 

since knockdown of INSR failed to alter IGFBP-3 secretion.

In summary, our data shows, for the first time, the reciprocal regulation between IGF-1R and 

IGFBP-3. These data also suggest that IGFBP-3 may play a critical role in mediating corneal 

epithelial stress responses by triggering nuclear translocation of IGF-1R independent of 

IGF-1. The corneal epithelium is continuously subjected to high amounts of stress, including 

hyperosmolarity, hyperglycemia, oxidative stress, and sheer stress from blinking. Further 

studies are necessary to identify key regulatory targets for IGF-1R, including a potential role 

for IGF-1R in gene modulation in the cornea.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: 
IGF-1R, CAV-1, and CLTC regulate IGFBP-3 secretion in conditioned media. An IGFBP-3 

ELISA was used to analyze the concentration of secreted IGFBP-3. (A) hTCEpi cells treated 

with siRNA oligonucleotides targeting IGF-1R significantly decreased IGFBP-3 secretion 

into culture media compared to the non-targeting control (**P<0.001, One-way ANOVA, 

Holm-Sidak post hoc multiple comparison test). (B, C) hTCEpi cells were treated with 

siRNA oligonucleotides targeting CAV-1 and CLTC. Knockdown of each protein increased 

secretion of IGFBP-3 in basal media. Unlike the non-targeting control, secreted levels of 
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IGFBP-3 were unchanged by the addition of 10 μg/ml of human recombinant insulin in 

basal media (***P<0.001, One-way ANOVA, Holm-Sidak post hoc multiple comparison 

test). (D) Immunoblotting for IGF-1R, Cav-1 and CLTC confirmed knockdown in whole cell 

lysates. IGFBP-3 immunoblotting of whole cell lysates paralleled secreted levels of 

IGFBP-3. β-actin was used as a loading control. KGM: keratinocyte growth media; KBM: 

keratinocyte basal media; IGF-1R: insulin-like growth factor type 1 receptor; IGFBP-3: 

insulin-like growth factor binding protein-3; Cav-1: caveolin-1; CLTC: clathrin; CTRL: 

control; ins: insulin. Data representative of 6 independent experiments performed in 

triplicate. ELISA data presented as mean ± standard deviation.
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Fig. 2: 
Depletion of INSR does not inhibit IGFBP-3 secretion in hTCEpi cells. Secreted IGFBP-3 

in conditioned media was measured using an IGFBP-3 ELISA. (A) hTCEpi cells were 

treated with siRNA oligonucleotides targeting IGF-1R or INSR. In basal media, knockdown 

of IGF-1R blunted secretion of IGFBP-3 compared to the non-targeting control 

(***P<0.001, One-way ANOVA, Holm-Sidak post hoc multiple comparison test). In 

contrast, knockdown of INSR in basal media resulted in a small but significant increase in 

secreted IGFBP-3 compared to the non-targeting control (***P<0.001, Two-way ANOVA, 
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Holm-Sidak post hoc multiple comparison test). (B) Immunoblotting for IGF-1R and INSR 

confirmed knockdown in whole cell lysates. As expected, in basal media, knockdown of 

INSR upregulated expression of IGF-1R I whole cell lysates. β-actin was used as a loading 

control. KGM: keratinocyte growth media; KBM: keratinocyte basal media; CTRL: control; 

ins: insulin. Data representative of 4 independent experiments performed in triplicate. 

ELISA data presented as mean ± standard deviation.
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Fig. 3: 
Knockdown of IGF-1R attenuates IGFBP-3 secretion in HCECs. Secreted IGFBP-3 in 

conditioned media was measured using an IGFBP-3 ELISA. (A) HCECs were treated with 

siRNA oligonucleotides targeting IGF-1R. In basal media, IGF-1R knockdown resulted in a 

large decrease in secreted IGFBP-3 compared to the non-targeting control (***P<0.001, 

Two-way ANOVA, Holm-Sidak post hoc multiple comparison test). (B) Immunoblotting for 

IGF-1R confirmed knockdown in whole cell lysates. β-actin was used as a loading control. 

KGM: keratinocyte growth media; KBM: keratinocyte basal media; CTRL: control; ins: 
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insulin. Data representative of 3 independent experiments performed in triplicate. All 

independent experiments used HCECs derived from different donors. ELISA data presented 

as mean ± standard deviation.
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Fig. 4: 
Knockdown of IGFBP-3 increases expression of IGF-1R in whole cell lysates. hTCEpi cells 

were treated with siRNA oligonucleotides targeting IGFBP-3 in basal media. (A, B) An 

IGFBP-3 ELISA was used to confirm knockdown of IGFBP-3 in whole cell lysates (A, 

***P<0.001, One-way ANOVA, post hoc multiple comparison test) and secretion of 

IGFBP-3 in conditioned media (B, ***P<0.001, One-way ANOVA, post hoc multiple 

comparison test). (C) Immunoblotting for IGF-1R in whole cell lysates demonstrated an 

increase in receptor expression after siRNA knockdown of IGFBP-3 in basal media 

compared to the non-targeting control. Rescue with 100 ng/ml exogenous rhIGFBP-3 further 

increased IGF-1R expression. (D) Immunoblotting for IGFBP-3 was used to confirm 

knockdown of IGFBP-3. β-actin was used as a loading control. hTCEpi cells were cultured 
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in basal or growth media with or without 500 ng/ml of rhIGFBP-3 for 24 hours. Addition of 

rhIGFBP-3 in growth media did not alter IGF-1R expression compared to cells cultured in 

growth media alone. β-actin was used as a loading control. KGM: keratinocyte growth 

media; KBM: keratinocyte basal media; BP3: IGFBP-3; WCL: whole cell lysates; CTRL: 

control. Data representative of 3 independent experiments performed in triplicate. ELISA 

data presented as mean ± standard deviation.

Titone et al. Page 22

J Cell Physiol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5: 
IGFBP-3 regulates nuclear accumulation of IGF-1R. HCECs were treated with siRNA 

oligonucleotides targeting IGFBP-3 in basal media. (A, B) An IGFBP-3 ELISA was used to 

confirm knockdown of IGFBP-3 in whole cell lysates (A, ***P<0.001, One-way ANOVA, 

post hoc multiple comparison test) and in conditioned media (B, **P<0.01, One-way 

ANOVA, post hoc multiple comparison test). (C) Immunoblotting for IGF-1R in basal media 

demonstrated an increase in receptor expression following siRNA knockdown of IGFBP-3 

compared to the non-targeting control. Rescue with 100 ng/ml exogenous rhIGFBP-3 further 

increased IGF-1R expression. Immunoblot for IGF-1R is shown at both high and low 

exposures during imaging. Immunoblotting for IGFBP-3 confirmed knockdown of IGFBP-3 

in basal media. β-actin was used as a loading control. KGM: keratinocyte growth media; 

KBM: keratinocyte basal media; BP3: IGFBP-3; WCL: whole cell lysates; CTRL: control. 

Data representative of 3 independent experiments performed in triplicate. All independent 
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experiments used HCECs derived from different donors. ELISA data presented as mean ± 

standard deviation.
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Fig. 6: 
IGFBP-3 induces cell cycle arrest but does not alter cellular respiration. (A, C and E) 

Representative graphs of cell count as a function of PI intensity in (A) basal media; (C) 

growth media; (E) growth media supplemented with 100 ng/ml rhIGFBP-3. (B) hTCEpi 

cells cultured in basal media showed an increase in the proportion of cells in G0/G1 

compared to growth conditions (***P<0.001, One-way ANOVA, Holm-Sidak multiple 

comparison test). Treatment with rhIGFBP-3 also produced a corresponding arrest in the cell 

cycle (***P<0.001, One-way ANOVA, Holm-Sidak multiple comparison test). (D) hTCEpi 
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cells cultured in growth media showed an increase in the number of cells in S phase 

compared to cells cultured in basal media and growth media supplemented with rhIGFBP-3 

(***P<0.001, One-way ANOVA, Holm-Sidak multiple comparison test). (F) Cells cultured 

in basal media showed a corresponding decrease in the number of cells in the G2/M phase of 

the cell cycle compared to growth media and growth media supplemented with rhIGFBP-3 

(***P<0.001, One-way ANOVA, Holm-Sidak multiple comparison test). Data shown as a 

composite of 3 independent experiments performed in triplicate. (G) Quantitative 

determination of ATP levels (μM). hTCEpi cells were cultured in basal or growth media with 

or without 100 ng/ml rhIGFBP-3 for 24 hours. ATP levels were significantly higher in 

growth media with or without IGFBP-3 compared to basal media (***P<0.001; **P<0.01, 

One-way ANOVA, Holm-Sidak multiple comparison test). KGM: keratinocyte growth 

media; KBM: keratinocyte basal media; BP3: IGFBP-3. Data representative of 5 

independent experiments performed in triplicate. All data represented as mean ± standard 

deviation.
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Fig. 7: 
IGFBP-3 regulates IGF-1R nuclear translocation. hTCEpi cells were cultured in basal media 

and transfected with siRNAs for IGFBP-3 with or without 100 ng/ml rhIGFBP-3. (A) Cells 

were lysed and fractionated into cytosolic, soluble and insoluble nuclear fractions. 

Immunoblotting for IGF-1R showed an increase in IGF-1R expression in basal media 

compared to growth media in all fractions. The increase in IGF-1R was higher in the nuclear 

fraction after IGFBP-3 knockdown and further increased in the insoluble fraction after 

addition of exogenous rhIGFBP-3. Immunoblotting for IGFBP-3 confirmed knockdown and 
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uptake of rhIGFBP-3. Immunoblotting for GAPDH, SP1 and Histone H3 were used for 

cytosolic, soluble nucleus, and insoluble nucleus fractionation controls, respectively. Data 

representative of 3 independent experiments. Low and high exposures shown for IGF-1R 

immunoblot. (B) Immunofluorescence for IGF-1R (green) and IGFBP-3 (red). Nuclei were 

counterstained with DAPI (blue). There was an increase in IGF-1R expression and nuclear 

accumulation in cells cultured in basal media compared to growth media. IGF-1R remained 

in the nucleus following IGFBP-3 knockdown. There was a robust increase in nuclear 

IGF-1R in the nucleus after rescue with exogenous rhIGFBP-3. Scale bar: 10 μm. KGM: 

keratinocyte growth media; KBM: keratinocyte basal media; BP3: IGFBP-3; CTRL: control. 

Data representative of 3 independent experiments.
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Fig. 8: 
SUMO-2/3 but not SUMO-1 triggers IGF-1R nuclear translocation and DNA binding in 

corneal epithelial cells. (A) Immunoblotting for SUMO-1 and SUMO-2/3 showed a decrease 

in SUMO-1 in basal media compared with growth. Instead in basal media, there was an 

observable increase in SUMO-2/3. Data representative of 3 independent experiments. (B) 

Proximal Ligation Assay (PLA) shows an increase in IGF-1R SUMOylation by SUMO-2/3 

(green) in the cytoplasm and nucleus in basal media compared with growth media. Scale 

bar: 23 μm. Data representative of 3 independent experiments. (C) The global SUMOylation 
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assay confirmed a significant decrease in SUMOylated IGF-1R in nuclear extracts after 

knock down of IGFBP-3 in basal media (siRNA control versus siRNA IGFBP3 *P<0.05, 

siRNA IGFBP3 plus BP3 versus siRNA control and siRNA IGFBP3 in basal ***P<0.001, 

One-way ANOVA, Holm-Sidak multiple comparison test). KGM: keratinocyte growth 

media; KBM: keratinocyte basal media; BP3: IGFBP-3; CTRL: control; PI: propidium 

iodide. Data representative of 4 independent experiments performed in triplicate. Data 

shown as mean ± standard deviation.
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Fig. 9: 
Schematic summary of IGF-1R and IGFBP-3 in corneal epithelial cells in response to stress 

induced by growth factor withdrawal. INSR, IGF-1R, and Hybrid-R are increased when 

cultured in basal media devoid of growth factors. This effect is mediated by the action of 

insulin at the plasma membrane. The induction of cellular stress triggers an increase in 

secreted IGFBP-3 into the extracellular space. During the growth phase, IGFBP-3 mediates 

cell cycle arrest. During stress however, IGFBP-3 mediates translocation of IGF-1R to the 

insoluble nucleus and potentially increases DNA binding and transcriptional modulation. In 

contrast to other studies, IGF-1R is SUMOylated by SUMO2/3, which may function to drive 

the translocation of IGF-1R from the soluble to insoluble nuclear fraction. BP3: IGFBP-3.
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