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Abstract

Growth factor receptor bound protein 7 (Grb7) is a signal transducing adaptor protein that 

mediates specific protein-protein interactions in multiple signaling pathways. Grb7, with Grb10 

and Grb14, are members of the Grb7 protein family. The topology of the Grb7 family members 

contains several protein-binding domains that facilitate the formation of protein complexes and 

high signal transduction efficiency. Grb7 has been found overexpressed in several types of cancers 

and cancer cell lines, and is presumed involved in cancer progression through promotion of cell 

proliferation and migration via interactions with the ErbB2 (HER2) receptor, FAK (focal adhesion 

kinase), Ras-GTPases, and other signaling partners. We previously reported Grb7 binds to Hax1 

(HS1 associated protein X1) isoform 1, an anti-apoptotic protein also involved in cell proliferation 

and calcium homeostasis. In this study, we confirm the in vitro Grb7/Hax1 interaction is exclusive 

to these two proteins and their interaction does not depend on Grb7 dimerization state. In addition, 

we report Grb7 and Hax1 isoform 1 may colocalize partially to mitochondria in EGF treated 

SKBR3 cells and growth conditions can affect this colocalization. Moreover, Grb7 can affect 

Caspase3 cleavage of the Hax1 isoform 1 in vitro, and Grb7 expression may slow the Caspase3 

cleavage of Hax1 isoform 1 in apoptotic HeLa cells. Finally, Grb7 is shown to increase cell 

viability in apoptotic HeLa cells in a time dependent manner. Taken together, these discoveries 

provide clues for the role of a Grb7/Hax1 protein interaction in apoptosis pathways involving 

Hax1.
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Introduction

Growth factor receptor bound protein 7 (Grb7) is a member of the Grb7 signaling adaptor 

protein family, whose members are Grb7, Grb10 and Grb14 (Daly et al. 1996; Frantz et al. 
1997; Margolis et al. 1992; Ooi et al. 1995). The Grb7 protein family shares a highly 

conserved domain topology composed of an N-terminal Proline rich region, an RA (Ras 

Associating) domain, a central PH (Pleckstrin Homology) domain, a BPS (Between PH and 

SH2 domains) motif, and a C-terminal SH2 (Src Homology 2) domain (Daly 1998; Han et 
al. 2001; Holt and Siddle 2005; Morrione 2000; Shen and Guan 2004) (Figure 1-A top). The 

RA-PH domains and BPS motif together are also known as the GM region (Grb and Mig 

homology region) because this region shares homology with the corresponding region in the 

C. elegans neuronal cell migration protein Mig10 (Manser et al. 1997; Ooi et al. 1995; Stein 

et al. 1994).

The multiple domain structure of the Grb7 protein permits it to take part in a variety of 

signal transduction pathways (Han et al. 2001; Holt and Siddle 2005; Shen and Guan 2004). 

Grb7 binds to the ErbB receptor family, PDGF (platelet-derived growth factor) receptor, 

FAK (focal adhesion kinase) and insulin receptor through its SH2 domain (Chu et al. 2009; 

Fiddes et al. 1998; Han and Guan 1999; Kasus-Jacobi et al. 2000; Margolis et al. 1992; Stein 

et al. 1994; Yokote et al. 1996). To some degree Grb7 binds to Ras-GTPases through its RA 

domain (Chu et al. 2010). Finally, Grb7 binds to PIP3 (Phosphatidyl Inositol-3-Phosphate) 

phospholipid through its PH domain (Shen et al. 2002). Our own laboratory has reported 

Grb7 interactions with FHL2 (Four and a Half LIM domains isoform 2), Filamin-α and 

Hax1 through its central Grb7-RAPH domain region (Paudyal et al. 2013; Siamakpour-

Reihani et al. 2011; Siamakpour-Reihani et al. 2009).

Hax1 (HS1 associated protein X1) was originally shown to interact with HS1, a Src kinase 

substrate (Suzuki et al. 1997). Hax1 is a multifunctional protein involved in cell 

proliferation, calcium homeostasis, and regulation of apoptosis; an often deregulated process 

in carcinogenesis (Cavnar et al. 2011; Cilenti et al. 2004; Han et al. 2006; Kang et al. 2010; 

Lee et al. 2008; Radhika et al. 2004; Ramsay et al. 2007; Vafiadaki et al. 2007; Vafiadaki et 
al. 2009; Yap et al. 2010). The protein displays two disputed Bcl-2 Homology domains 

termed BH1 and BH2, a PEST motif for targeting of the protein for proteasomic 

degradation, and a disputed C-terminal transmembrane domain (Chao et al. 2008; Jeyaraju et 
al. 2009; Li et al. 2012; Sharp et al. 2002; Suzuki et al. 1997) (Figure 1-A bottom). The 

human Hax1 protein has different isoforms and Hax1 isoform 1 is the major observed form 

(Grzybowska et al. 2013). The rat Hax1 isoform 1 (the human Hax1 isoform 1 homologue) 

forms a strong homodimer with a dissociation constant (Kd) of approximately 3.8nM 

(Koontz and Kontrogianni-Konstantopoulos 2014).

A series of experiments have confirmed the anti-apoptotic effects and cell-protective 

properties of Hax1 isoform 1 (Chao et al. 2008; Han et al. 2006; Sharp et al. 2002). As well, 

overexpression of Hax1 has been observed in several cancers, including breast, lung, and 

melanoma (Trebinska et al. 2010). Although Hax1 does not have a recognized protein 

interaction domain structure like Grb7, it has large numbers of binding partners, of which 

some are active in apoptosis signaling (Cilenti et al. 2004; Han et al. 2006; Kang et al. 2010; 
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Lee et al. 2008; Matsuda et al. 2003; Ruzzene et al. 2002; Vafiadaki et al. 2007; Vafiadaki et 
al. 2009). Hax1 can bind to Caspase9 and inhibit Caspase9 activities (Han et al. 2006), and 

can also be cleaved by Caspase3 upon apoptosis (Lee et al. 2008). Hax1 binds to XIAP (X-

linked inhibitor of apoptosis) and prevents XIAP from polyubiquitination (Kang et al. 2010). 

Hax1 also interacts with the calcium pump sarco(endo)plasmic reticulum calcium transport 

ATPase2 (SERCA2) and its inhibitor phospholamban (PLN). In these roles Hax1 can 

mediate calcium homeostasis and apoptosis regulation (Vafiadaki et al. 2007; Vafiadaki et al. 
2009).

In contrast to Hax1, previous studies linking Grb7 to apoptosis signaling have been sparse 

(Giricz et al. 2012; Han et al. 2001). Grb7 depletion or inhibition in TNBC (Triple-Negative 

Breast Cancer) cell lines may promote cell death by apoptosis in 3D extracellular matrix 

cultures, but the mechanism is still not fully understood (Giricz et al. 2012). We previously 

reported Grb7 interacts with Hax1, which suggests the interaction could alter each protein’s 

signaling function. The current studies herein seek to confirm direct and exclusive binding 

between Grb7 and Hax1, and provide a first exploration of the possible role of this 

interaction in apoptosis pathways.

Materials and Methods

Materials

The anti-SUMO (mouse) monoclonal antibody (product number 200-301-428) was 

purchased from Rockland Immunochemicals (Limerick, PA). The anti-Hax1 (mouse) 

monoclonal antibody (product number 610825) and Ac-DEVD-AMC (product number 

556449) were purchased from BD Biosciences (San Jose, CA). The anti-Grb7 (rabbit) 

polyclonal antibody (H-70) (product number sc-13954), anti-Caspase3 p17 (mouse) 

monoclonal antibody (B-4) (product number sc-271028), anti-Actin (mouse) monoclonal 

antibody (C-2) (product number sc-8432), goat anti-mouse IgG-HRP (product number 

sc-2005) and goat anti-rabbit IgG-HRP (product number sc-2004) were purchased from 

Santa Cruz Biotechnology (Dallas, TX). The Pierce Co-Immunoprecipitation Kit (product 

number 26149) and Pierce Antibody Clean-up Kit (product number 44600) were obtained 

from Thermo Fisher Scientific (Waltham, MA). Lipofectamine 3000 (product number 

L3000-001), Lipofectamine LTX Reagent with PLUS Reagent (product number A12621), 

MitoTracker Deep Red FM dye (product number M22426), Lectin GS-II Alexa Fluor 647 

Conjugate (product number L32451), F(ab’)2-Goat anti-Rabbit IgG (H+L) Secondary 

Antibody Alexa Fluor 488 conjugate (product number A11070), Goat anti-Mouse IgG (H

+L) Secondary Antibody Alexa Fluor 546 conjugate (product number A11030) and Hoechst 

33342 (product number H3570) were obtained from Life Technologies (Grand Island, NY). 

CellTiter-Glo Luminescent Cell Viability Assay (product number G7570) was from Promega 

Corporation (Madison, WI). Staurosporine (product number ab120056) was from Abcam 

(Cambridge, MA). Etoposide (product number E1383) was from Sigma-Aldrich (St Louis, 

MO).
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Methods

DNA Constructs and Plasmids—The pDNR-LIB-Hax1 plasmid (Siamakpour-Reihani 

et al. 2011) was used as a template for amplification of the full length human Hax1 gene 

(NCBI Reference Sequence: NM_006118.3 transcript variant 1; UniProt: O00165 isoform 1) 

by PCR (Forward primer: 5’ ct gga tcc ATG AGC CTC TTT GAT CTC TTC C, Reverse 

primer: 5’ tat gaa ttc CTA CCG GGA CCG GAA CCA AC). The resulting PCR fragment 

was digested by the endonucleases BamHI and EcoRI, followed by ligation into the 

pGEX-2T vector to generate the protein expression plasmid pGEX-2T-Hax1.

Using the pGEX-2T-Hax1 plasmid as a template, the coding sequence for full length human 

Hax1 was amplified by PCR (Forward primer: 5’ ga cag tcg cat ATG AGC CTC TTT GAT 

CTC TTC CG, Reverse primer: 5’gt ata tct aag ctt TAA CCG GGA CCG GAA CCA ACG). 

The PCR fragment was digested by the endonucleases NdeI and Hind III (HF), followed by 

ligation into the pET22b(+) vector (product number 69744-3) from EMD Millipore 

(Billerica, MA) to generate the protein expression plasmid pET22b(+)-Hax1.

The pET303-RAPH plasmid (Siamakpour-Reihani et al. 2009) was used as a template for 

amplification of the human Grb7-RAPH domains (NCBI Reference Sequence: 

NM_005310.3 transcript variant 1; Uniprot: Q14451 isoform 1 residues 100 to 338) by PCR 

(Forward primer: 5’ at cgt ctc t a ggt CGC CCC CAT GTA GTA AAG, Reverse primer: 5’ 

cg tct aga tca GTA CTT GAA GAG GCG GAA GG). The resulting PCR fragment was 

digested by the endonucleases BsmBI and XbaI, followed by ligation into the pE-SUMOpro 

vector (product number 1001A) from LifeSensors Inc. (Malvern, PA) to generate the protein 

expression plasmid pE-SUMOpro-RAPH.

The pCMV-Myc-Grb7 plasmid (Siamakpour-Reihani et al. 2009) was used as a template for 

amplification of the full length human Grb7 gene by PCR (Forward primer: 5’ g aga tct aga 

ATG GAG CTG GAT CTG TCT CCA CCT CAT CTT, Reverse primer: 5’ g aga ctc gag 

GAG GGC CAC CCG CGT GC). The resulting PCR fragment was digested by the 

endonucleases XbaI and XhoI, followed by ligation into the pET303 vector to produce the 

protein expression plasmid pET303-Grb7.

The pET303-Grb7 plasmid was used as a template to produce the single-site mutant 

pET303-Grb7 (F511R) expression plasmid using the QuikChange II site-directed 

mutagenesis kit (product number 200523) from Agilent Technologies (Santa Clara, CA) 

according to the manufacturer’s protocol. Primers were designed using the online tool at 

http://www.genomics.agilent.com/primerDesignProgram.jsp.

The plasmid pcDNA3.1(+)/Luc2=tdT was received as a gift from the Christopher Contag 

Lab (Addgene plasmid product number 32904) (Patel et al. 2010). The plasmid was digested 

using the endonuclease EcoRI (HF) to remove the luc2=tdT (Firefly Luciferase-tandem 

Tomato Red Fluorescent Protein) gene insert. The digested pcDNA3.1(+) vector was self-

ligated by T4 DNA Ligase to generate an intact pcDNA3.1(+) plasmid.

The pET22b(+)-Hax1 plasmid was used as a template for amplification of the full length 

human Hax1 gene by PCR (Forward primer: 5’ tca gga tcc ACC ATG AGC CTC TTT GAT 
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CTC TTC CG; Reverse primer: 5’ ata cat ctc gaa ttc CTA CCG GGA CCG GAA CCA AC). 

The resulting PCR fragment was digested by endonucleases BamHI (HF) and EcoRI (HF), 

followed by ligation into pcDNA3.1(+) to generate the plasmid pcDNA3.1(+)-Hax1.

The pET303-Grb7 plasmid was used as a template for amplification of the full length human 

Grb7 gene by PCR (Forward primer: 5’ ctc gaa ttc ACC ATG GAG CTG GAT CTG TCT 

CCA, Reverse primer: 5’ gta tca cta tct aga TTA GAG GGC CAC CCG CGT). The resulting 

PCR fragment was digested by endonucleases EcoRI (HF) and XbaI followed by ligation 

into pcDNA3.1(+) to generate the plasmid pcDNA3.1(+)-Grb7.

The pET23b(+)-ProCaspase3 plasmid was received as a gift from the Guy Salvesen Lab 

(Addgene plasmid product number 11821) (Zhou et al. 1997). The plasmid was used as a 

template for amplification of the full length human ProCaspase3 gene (NCBI Reference 

Sequence: NM_004346.3 transcript variant alpha; Uniprot P42574) by PCR (Forward 

primer: 5’ a tat ata gga tcc ACC ATG GAG AAC ACT GAA, Reverse primer: 5’ ctg cac gaa 

ttc TTA GTG ATA AAA ATA GAG TTC T). The resulting PCR fragment was digested by 

endonucleases BamHI (HF) and EcoRI (HF) followed by ligation into pcDNA3.1(+) to 

generate the plasmid pcDNA3.1(+)-ProCaspase3.

Protein Expression and Purification

Protein Expression—For all protein expression plasmids were transformed into E. coli 

Rosetta 2(DE3) competent cells (product number 71400-4) from EMD Millipore (Billerica, 

MA).

The expression of the Hax1-6xHis, Grb7-RAPH-6xHis, 6xHis-SUMO, 6xHis-SUMO-Grb7-

RAPH, full-length-Grb7-6xHis (FL-Grb7-6xHis), FL-Grb7 (F511R)-6xHis, GST and GST-

Hax1 proteins follow a general similar procedure. Transformed bacterial cells were grown in 

LB medium with appropriate antibiotics (100µg/mL Ampicillin, 35µg/mL Chloramphenicol) 

at 37°C with shaking at 225rpm until cell growth reached an approximate optical density 

(OD600) of 0.6. Protein expression was then induced with 0.5mM IPTG at 16°C and 

shaking at 200rpm overnight. Bacterial cells were harvested by centrifugation at 9715 × g 

and 4°C for 15 minutes, and the resulting cell pellets were stored at −20°C until further use.

The expression of Caspase3-6xHis was described previously (Denault and Salvesen 2003; 

Zorn et al. 2012). Transformed bacterial cells were grown in 2xYT medium (100µg/mL 

Ampicillin, 35µg/mL Chloramphenicol) at 37°C with shaking at 225rpm until an OD600 of 

0.7 was achieved. Protein expression was then induced with 0.2mM IPTG at 30°C and 

200rpm shaking for 6 hours. Bacterial cells were harvested by centrifugation at 9715 × g and 

4°C for 15 minutes, and the resulting cell pellets were stored at −20°C until further use.

Protein Purification—The purification of the Hax1-6xHis, Grb7-RAPH-6xHis, 6xHis-

SUMO, 6xHis-SUMO-Grb7-RAPH, FL-Grb7-6xHis, FL-Grb7 (F511R)-6xHis and 

Caspase3-6xHis proteins follow a general similar procedure. Bacterial cell pellets were 

resuspended in lysis buffer (25mM Tris-HCl, 500mM NaCl, 5% w/v Glycerol, 20mM 

Imidazole, 0.5µg/mL Leupeptin, 0.5µg/mL Pepstatin A, 0.05mM PMSF, 20mM β-ME, 

pH8.0), and sonicated on ice for 5 × 12 seconds (60% amplitude). Tween-20 was added to 
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the sonicated cell lysate to 1% w/v, and the mixture was gently rocked at 4°C for 30 

minutes. After centrifugation at 5465 × g at 4°C for 15 minutes, the cleared cell lysate was 

collected and combined with Ni-NTA resins. The lysate/Ni-NTA mixture was gently rocked 

at 4°C for 2 hours, followed by transfer to a gravity flow column. The settled Ni-NTA resins 

were washed with wash buffer (25mM Tris-HCl, 600mM NaCl, 5% w/v Glycerol, 20mM to 

100mM Imidazole, 1% w/v Tween-20, pH 8.0) for multiple times. Proteins were eluted from 

the Ni-NTA resin with elution buffer (25mM Tris-HCl, 300mM NaCl, 5% w/v Glycerol, 

200mM Imidazole, 1% w/v Tween-20, pH 8.0).

For the Grb7-6xHis and Grb7 (F511R)-6xHis proteins, the Ni-NTA resin elutions were 

precipitated by PEG 6000 and Ammonium Sulfate for further purification. Specifically, 50% 

w/v PEG 6000 aqueous solution was added to the eluted protein solution to 5% w/v. The 

mixture was then gently rocked or stirred at 4°C for 30 minutes. After centrifugation at 9000 

× g at 4°C for 15 minutes, the pellet of protein was immediately resuspended in 

resuspension buffer (25mM Tris-HCl, 300mM NaCl, 5% w/v Glycerol, 0.1% w/v Tween-20, 

pH 8.0). To promote solvation, the resuspended protein solution was gently rocked or stirred 

at 4°C overnight. After centrifugation at 9000 × g at 4°C for 15 minutes, the supernatant 

with dissolved protein was collected for the following Ammonium Sulfate precipitation: 3M 

Ammonium Sulfate/resuspension buffer solution was immediately added to the solution with 

dissolved protein to 1M. The mixture was then gently rocked or stirred at 4°C for 30 

minutes. After centrifugation at 9000 × g at 4°C for 15 minutes, the pellet of protein was 

immediately resuspended and readily dissolved in the resuspension buffer. For following 

assays, the purified Grb7-6xHis and Grb7 (F511R)-6xHis proteins were dialyzed into 20mM 

HEPES, 100mM NaCl, 5% w/v Glycerol, 0.1% w/v Tween-20, pH 7.5.

For further purification, the Hax1-6xHis protein Ni-NTA resin elutions were precipitated 

using Ammonium Sulfate. Ammonium Sulfate precipitation procedures were as described 

previously, with the Ammonium Sulfate solution concentration modified to 0.4M. For the 

following assays, purified Hax1-6xHis protein was dialyzed into 20mM HEPES, 100mM 

NaCl, 5% w/v Glycerol, 0.1% w/v Tween-20, pH 7.5.

For the Grb7-RAPH-6xHis protein purification, Ni-NTA resin elutions were immediately 

dialyzed into 20mM HEPES, 100mM NaCl, 5% w/v Glycerol, 1% w/v Tween-20, pH 7.5.

The purifications of the GST and GST-Hax1 proteins followed a similar procedure. Bacterial 

cell pellets were resuspended in lysis/wash buffer (1xPBS, 0.5µg/mL Leupeptin, 0.5µg/mL 

Pepstatin A, 0.05mM PMSF, 10mM DTT, pH 7.4), and then sonicated on ice for 5 × 12 

seconds. Tween-20 was added to the cell lysate to 1% w/v, and the mixture was gently 

rocked at 4°C for 30 minutes. After centrifugation at 5465 × g at 4°C for 15 minutes, the 

cleared cell lysate was collected and combined with Glutathione Sepharose 4B (GluSeph) 

agarose beads, followed by gentle rocking at 4°C for 2 hours. The above mixture was 

transferred to a gravity flow column and the settled GluSeph beads were washed with lysis/

wash buffer (1xPBS, 0.5µg/mL Leupeptin, 0.5µg/mL Pepstatin A, 0.05mM PMSF, 10mM 

DTT, pH 7.4) for multiple times. Proteins were eluted from the GluSeph beads with elution 

buffer (50mM Tris-HCl, 20mM reduced Glutathione, pH 8.0).
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Antibody Immobilization—The anti-SUMO (mouse) monoclonal antibody in 1xPBS and 

anti-Grb7 (rabbit) polyclonal antibody (H-70) in 1xPBS were used for immobilization. Prior 

to immobilization, a Pierce Antibody Clean-up Kit was used to remove gelatin from the anti-

Grb7 (rabbit) polyclonal antibody (H-70). The antibodies were covalently immobilized to 

AminoLink Plus Coupling Resins using the Pierce Co-Immunoprecipitation method 

according to the manufacturer’s protocol (Thermo Fisher Scientific).

in vitro Binding Assay—Equimolar amounts of 6xHis-SUMO (2.48µg, 0.5µM) and 

6xHis-SUMO-Grb7-RAPH (7.92µg, 0.5µM) proteins were separately incubated with 

Hax1-6xHis (3.30µg, 0.25µM) and anti-SUMO (mouse) monoclonal antibodies (20µg) 

bound to AminoLink Plus Coupling Resins (25µL bed volume) in IP lysis/wash buffer 

(25mM Tris-HCl, 150mM NaCl, 1mM EDTA, 1% w/v NP-40, 5% w/v glycerol, pH 7.4) 

(plus 1mM DTT, 0.02% w/v NaN3) (total volume: 400µL) with gentle rocking at 4°C 

overnight. After overnight incubation, the resins were washed and the protein complexes 

were eluted from resins following the Pierce Co-Immunoprecipitation method according to 

the manufacturer’s protocol (Thermo Fisher Scientific). The washed and eluted samples 

were analyzed by SDS-PAGE followed by Western Blot.

Equimolar amounts of Grb7-6xHis (10.90 µg, 0.45µM) and Grb7 (F511R)-6xHis (10.90 µg, 

0.45µM) proteins were separately incubated with Hax1-6xHis (3.30µg, 0.25µM) and anti-

Grb7 (rabbit) polyclonal antibody (15µg) bound to AminoLink Plus Coupling Resin (25µL 

bed volume) in IP lysis/wash buffer (25mM Tris-HCl, 150mM NaCl, 1mM EDTA, 1% w/v 

NP-40, 5% w/v glycerol, pH 7.4) (plus 1mM DTT, 0.02% w/v NaN3) (total volume 400µL) 

with gentle rocking at 4°C overnight. After overnight incubation, the resins were washed and 

the protein complexes were eluted from resins. The washed and eluted samples were 

analyzed by SDS-PAGE followed by Western Blot.

Cell Culture and Transfections—SKBR3 and HeLa cells (gifts from the Dr. Aaron 

Rowland Lab) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% v/v Fetal Bovine Serum (FBS) and grown in an incubator at 37°C 

with 5% CO2. Transient transfections were performed using Lipofectamine LTX or 

Lipofectamine 3000 transfection agent according to the manufacturer’s protocol (Life 

Technologies).

EGF stimulation studies were performed as follows. Cells were serum starved overnight, 

incubated with 10ng/mL EGF at 37°C and 5% CO2 for 15 to 30 minutes, followed by cell 

fixation and permeabilization for immunofluorescence analyses.

To prepare mammalian cell lysates for Western Blot, cells were washed first with 1xPBS, 

and then lysed with ice-cold IP lysis/wash buffer (25mM Tris-HCl, 150mM NaCl, 1mM 

EDTA, 1% w/v NP-40, 5% w/v glycerol, 1µg/mL Leupeptin, 1µg/mL Pepstatin A, 0.1mM 

PMSF, pH 7.4).

Immunofluorescence Analysis—SKBR3 cells were grown on glass bottom dishes from 

MatTek Corporation (Ashland, MA) and transfected with plasmid pcDNA3.1(+)-Hax1. Two 

days post-transfection cells were fixed with 3.7% v/v formaldehyde/1xPBS (15 minutes), 
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permeabilized with 0.1% v/v Triton X-100/1xPBS (15 minutes), and blocked with 3% w/v 

BSA/0.05% w/v Tween-20/1xPBS (1 hour). Cells were then incubated with the diluted 

primary antibodies in 1% w/v BSA/0.05% w/v Tween-20/1xPBS (1:600-1:1000 dilution for 

anti-Grb7 (rabbit) polyclonal antibody (H-70), 1:1000 dilution for anti-Hax1 (mouse) 

monoclonal antibody) at 4°C overnight. Next, cells were washed with 1xPBS and incubated 

with diluted secondary antibodies and Hoechst 33342 (2µg/mL) in 1% w/v BSA/0.05% w/v 

Tween-20/1xPBS (1:400-1:500 dilution for F(ab’)2-Goat anti-Rabbit IgG (H+L) secondary 

antibody Alexa Fluor 488 conjugate, 1:500 for Goat anti-Mouse IgG (H+L) secondary 

antibody Alexa Fluor 546 conjugate) (1 hour). Finally, cells were washed with 1xPBS, 

immersed in glycerol, and stored at 4°C until further use. Images were acquired using a 

63×1.4-0.6 oil objective lens equipped Leica TCS SP5 Confocal Laser Scanning 

Microscope.

Cellular mitochondria were visualized using the following protocol. Transfected cells were 

incubated with 200nM MitoTracker Deep Red FM dye at 37°C and 5% CO2 for 15 minutes. 

After staining, cells were washed with 1xPBS and fixed and permeabilized as described 

above.

Cellular golgi bodies were stained according to the subsequent protocol. Post-incubation 

with primary antibodies, cells were incubated with 5µg/mL Lectin GS-IIAlexa Fluor 647 

Conjugate together with diluted secondary antibodies and Hoechst 33342 (1 hour) as 

described above.

in vitro Caspase3 Cleavage of Hax1 Assay—Equimolar amounts of Grb7-6xHis 

(6.08µg, 1µM), Grb7-RAPH-6xHis (2.84µg, 1µM) proteins and GST (2.70µg, 1µM) protein 

were separately incubated with Hax1-6xHis (0.33µg, 0.1µM) and Caspase3-6xHis (0.57µg, 

0.1µM) in Caspase assay buffer (50mM HEPES, 100mM NaCl, 0.1% w/v CHAPS, 10mM 

DTT, 1mM EDTA, 10% w/v Glycerol, pH 7.4; final volume: 100µL) at 37°C for 1.5 hours. 

For each reaction, 15µL samples were collected every 30 minutes and analyzed by SDS-

PAGE followed by Western Blot.

Caspase3 Activity Assay—Equimolar amounts of Grb7-6xHis (0.30 µg, 0.05µM), Grb7-

RAPH-6xHis (0.14 µg, 0.05µM) and Hax1-6xHis (0.16 µg, 0.05µM) proteins were 

separately incubated with Caspase3-6xHis (0.03µg, 0.005µM) and Ac-DEVD-AMC (0.50µg, 

7.4µM) in Caspase assay buffer (50mM HEPES, 100mM NaCl, 0.1% w/v CHAPS, 10mM 

DTT, 1mM EDTA, 10% w/v Glycerol, pH 7.4; total volume: 100µL) in one well of 96-well 

plate. Each reaction was repeated in triplicate using 3 wells of a 96-well plate. The plate was 

then immediately placed into a Bio-Tek FL600 fluorescence/absorbance plate reader and the 

fluorescence (Ex360nm/Em460nm) from liberated AMC was recorded every 1 to 2 minutes 

for 40 minutes using Bio-Tek KC4 v3.4 software.

Apoptosis Assay—HeLa cells were seeded into 12 wells of two 6-well plates (0.53×106 

cells per well) at 37°C in 5% CO2 and grown overnight to 80% confluence. Cells in each 

well were transfected with the described plasmids using Lipofectamine LTX transfection 

agent. Cells in wells 1–2 of the 1st plate were each transfected with 1580ng of plasmid 

pcDNA3.1(+)-Grb7, while cells in wells 3–6 of the 1st plate were each transfected with 
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1194ng of empty vector plasmid pcDNA3.1(+). Cells in the 2nd plate were transfected 

identically to the cells in the 1st plate. Two days post-transfection cells were serum starved at 

37°C in 5% CO2 overnight. Next, cells in wells 1–4 of the 1st plate were treated with 1µM of 

Staurosporine for 2.5 hrs, while cells in wells 1–4 of the 2nd plate were treated with 85µM 

Etoposide for 26 hrs. Cell lysates were prepared (100µL lysis buffer per well) at the 

indicated times and the endogenous Hax1 from normalized HeLa cell lysates in each well of 

two plates was detected and analyzed by Western Blot.

CellTiter-Glo Luminescent Cell Viability Assay—HeLa cells were seeded in 6 wells 

of a 6-well plate (0.53×106 cells per well) at 37°C and 5% CO2, and grown overnight to 

80% confluence. Cells in each well were transfected with the described plasmids using 

Lipofectamine LTX transfection agent. Cells in well 1 were transfected with 2388ng of the 

plasmid pcDNA3.1(+) vector; Cells in well 2 were transfected with 1194ng pcDNA3.1(+) 

vector and 1580ng pcDNA3.1(+)-Grb7. Cells in well 3 were transfected with 1791ng 

pcDNA3.1(+) vector and 695ng pcDNA3.1(+)-Hax1. Cells in well 4 were transfected with 

1580ng pcDNA3.1(+)-Grb7, 597ng pcDNA3.1(+) vector and 695ng pcDNA3.1(+)-Hax1. 

Cells in well 5 were transfected with 683ng pcDNA3.1(+)-ProCaspase3, 1194ng 

pcDNA3.1(+) vector and 695ng pcDNA3.1(+)-Hax1. Cells in well 6 were transfected with 

683ng pcDNA3.1(+)-ProCaspase3, 1580ng pcDNA3.1(+)-Grb7 and 695ng pcDNA3.1(+)-

Hax1. (The molar ratios of pcDNA3.1(+)-Grb7, pcDNA3.1(+)-Hax1, and pcDNA3.1(+)-

ProCaspase3 were 2:1:1 respectively). Two days post-transfection cells from each well were 

detached by TrypLE Express according to the manufacturer’s protocol (Life Technologies), 

resuspended in DMEM medium lacking FBS, and subcultured in two white opaque-walled 

96-well plates (6 wells per plate and 5000 cells per well) at 37°C and 5% CO2 and grown 

overnight. Any remaining cells were preserved at −80 °C for future Western Blot analyses. 

Next, for each plate at 37 °C and 5% CO2, cells in 3 wells were treated with 1 µM 

Staurosporine, while 3 wells were treated with DMSO as a negative control (Each 

transfection condition was shared by cells in 6 wells of each plate). After 1–2 hours 

incubation, cell viability assays was sequentially performed on cells from two 96-well plates 

according to the manufacturer’s protocol (Promega). Finally, luminescence was recorded 

using a TECAN GENios Multifunction fluorescence, absorbance and luminescence 

microplate reader with TECAN Magellan3 software (integration time: 1000 ms; gain setting: 

150).

Results

in vitro binding assays indicate the purified Grb7-RAPH domains directly interact with the 
purified Hax1 isoform 1

In our previous research, the Grb7-RAPH domains were shown to interact with Hax1 by 

Yeast 2 Hybrid screening, and full length Grb7 was shown to interact with Hax1 by co-

immunoprecipitation from HeLa mammalian cells (Siamakpour-Reihani et al. 2011). Still to 

be determined is whether this interaction is direct and exclusive, since it is conceivable 

binding could require assistance from other proteins as part of a complex. In order to 

confirm our previous assumption, purified recombinant protein domains and proteins were 

prepared and the relevant in vitro binding assays were performed as follows.
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The interaction between the 6xHis-SUMO-Grb7-RAPH and Hax1-6xHis proteins was 

verified using immobilized SUMO antibody to capture the protein complex. Specifically, 

SUMO antibody conjugated resin was used to probe a mixture containing purified 6xHis-

SUMO-Grb7-RAPH and Hax1-6xHis proteins. As seen in the Western Blot results in Figure 

1-B, 6xHis-SUMO-Grb7-RAPH binds to Hax1-6xHis. Hax1 antibody detected Hax1-6xHis 

in elution buffers in the presence of 6xHis-SUMO-Grb7-RAPH (lanes 4–6), while no 

detectable Hax-6xHis can be found in elution buffers of the negative control (lanes 7–9). For 

the negative control, 6xHis-SUMO was incubated with Hax-6xHis and immobilized SUMO 

antibody. This result demonstrates the Grb7-RAPH domain construct alone is sufficient for 

binding to Hax1, and the interaction does not require the presence of intermediary proteins.

The combination of GST-RAPH and Hax1-6xHis, or GST-Hax1 and RAPH-6xHis proteins 

was not used here to verify the interaction between Grb7-RAPH domains and Hax1, since 

the GST protein was found to bind nonspecifically to the Grb7-RAPH domains (unpublished 

results).

in vitro assays indicate the dimerization state of Grb7 does not affect its ability to bind 
Hax1 isoform 1

The Grb7 protein exists primarily as a homodimer at micromolar concentrations (Porter et 
al. 2005). Dimerization is principally mediated through the Grb7 C-terminal SH2 domain, 

although a weak homodimerization reaction has also been suggested for the Grb7-RAPH 

domains (Depetris et al. 2009). A phenylalanine to arginine mutation (F511R) in the C-

terminal helix of the Grb7-SH2 domain has been shown to largely block dimerization in 

both the Grb7-SH2 domain alone and the intact protein (Chu et al. 2010; Porter et al. 2005). 

Purified samples of this Grb7 mutant protein were used to monitor the effect of Grb7 

dimerization state on its ability to bind with the Hax1 protein.

Equimolar amounts of purified Grb7-6xHis and Grb7 (F511R)-6xHis were separately 

incubated with purified Hax-6xHis protein and immobilized Grb7 antibody, and tested for 

protein-protein interactions by the previously described in vitro binding assay. Grb7 

antibody (H-70) recognizes an epitope within the first N-terminal 70 residues of Grb7; 

therefore it is unlikely the F511R mutation will affect antibody binding. It is also expected 

the F511R mutation is sufficiently removed from the Grb7-RAPH domains to decrease any 

possible binding effects caused by altered Grb7 protein tertiary structure.

As can be seen from the Western Blot results in Figure 1-C (lanes 4, 5, 7, 8), both 

Grb7-6xHis and Grb7 (F511R)-6xHis bind to Hax-6xHis. Hax1 antibody detected 

Hax-6xHis in elution buffers under both conditions, while no detectable Hax-6xHis is 

observed in the elution fractions of the negative control (Hax1-6xHis protein incubated with 

immobilized Grb7 antibody). This result indicates the dimerization state of Grb7 does not 

affect its ability to bind to Hax1, by in vitro assay using purified proteins.

Grb7 and Hax1 isoform 1 may colocalize partially to mitochondria in SKBR3 cells upon 
growth factor stimulation

In previous studies, Grb7 has been observed at the cell membrane, in focal contacts, the 

cytosol, and nucleus (Chu et al. 2010; Han et al. 2000; Shen et al. 2002; Tsai et al. 2010); 
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Hax1 has been located at the cytosolic membrane faces of mitochondria and the 

endoplasmic reticulum (ER), in P-bodies, the cytosol, and the nucleus (Grzybowska et al. 
2013; Jeyaraju et al. 2009; Simmen 2011; Trebinska et al. 2010).

The SKBR3 human breast cancer cell line overexpresses the Grb7 protein (Pero et al. 2007; 

Pradip et al. 2013), but it does not express detectable Hax1 protein isoforms (by Western 

Blot analysis). pcDNA3.1(+)-Hax1 plasmids were transiently transfected into SKBR3 cells 

for expression of untagged Hax1 isoform 1, and protein localization was observed by 

immunofluorescence analysis.

One of the previously observed Hax1 cellular locations is the mitochondrion. Therefore the 

mitochondrial marker MitoTracker Deep Red FM dye was first used to investigate potential 

localization of Hax1 to these organelles.

In Figure 2-A, Grb7 and Hax1 show apparent colocalization in SKBR3 cells grown in 

DMEM medium with 10% v/v FBS. Grb7 is visualized in Panels A, C, D; Hax1 is 

visualized in Panels B, C, D, E, G; mitochondria are visualized in Panels F and G; and the 

cell nucleus is visualized in Panel D. Areas of Grb7 and Hax1 overlap in Panels C and D 

visualize as yellow, with examples indicated by arrows. Although Grb7 and Hax1 obviously 

appear colocalized, their concurrence at mitochondrial locations is not readily apparent, as 

seen in panels E-G.

Additionally, transfected SKBR3 cells were serum starved overnight and then treated with 

epidermal growth factor (EGF) to study the effect of growth factor stimulation on 

colocalization of Grb7 and Hax1. In Figure 2-B, Grb7 and Hax1 are again shown to 

colocalize in EGF treated SKBR3 cells, with several overlapping areas indicated by arrows 

in Panels C and D. Furthermore, by comparing the areas indicated by arrows in Panels E, F 

and G, there appear some areas of Hax1 localization with the mitochondria, with these areas 

overlapping the colocalization sites of Grb7 and Hax1 seen in Panels C and D. These results 

suggest EGF stimulation may induce the partial transfer of Grb7 and Hax1 to mitochondrial 

location. Alternatively, it is possible the Grb7 and Hax1 proteins could be localizing to an 

organelle or site not conclusively identified through these studies.

These results indicate Grb7 and Hax1 isoform 1 colocalize in SKBR3 cells, but their 

colocalization sites may reside on different organelles depending on cellular growth 

conditions. Specifically, Grb7 and Hax1 isoform 1 may colocalize partially to mithchondria 

induced by EGF stimulation.

To explore the possibility of Grb7/Hax1 colocalization in regions other than mitochondria, 

the intermediate- and trans- golgi marker Lectin GS-II Alexa Fluor 647 Conjugate was used 

(Supplemental Figures S1-A-C). SKBR3 cells were grown as untreated control, serum 

starved, and EGF stimulated to study protein colocalization. Again, Grb7 and Hax1 

colocalize under all three growth conditions. It is possible there is some weak colocalization 

with the golgi marker in the serum starved cells, however, this evidence is tentative at best.

It is worth noting the specific identity of the cellular organelles or regions, to which Grb7 

and Hax1 primarily colocalize remain unclear in SKBR3 cells. They appear to be larger than 
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lysosomes, peroxisomes or P-bodies. It is possible they are endosomes, lysozyme polymers, 

or even golgi bodies, since the golgi probes used in these studies may not be sufficiently 

specific for this determination. Future studies in other cancer cell lines are required to better 

identify the exact identity of Grb7/Hax1 colocalization.

The Grb7 and Hax1 interaction can affect Caspase3 cleavage of Hax1 in vitro

Multiple previous studies have demonstrated Hax1 isoform 1 can inhibit apoptosis by 

interacting with different apoptosis-related proteins (Han et al. 2006; Lee et al. 2008; 

Vafiadaki et al. 2007; Vafiadaki et al. 2009). Additionally, at least one study has indicated 

Grb7 may suppress apoptosis but through an unclear mechanism (Giricz et al. 2012). Since 

Hax1 and Grb7 are both implicated in apoptosis, we wished to explore the possibility that 

Grb7 may indirectly regulate apoptosis via its interaction with Hax1. There is precedence for 

another member of the Grb7 family playing a role in apoptosis, specifically Grb10. Grb10 

indirectly regulates apoptosis in HTC-IR cells (rat hepatoma cells overexpressing the insulin 

receptor) by binding to anti-apoptotic mitochondrial Raf1 kinase and MEK1 kinase (Han et 
al. 2001; Nantel et al. 1998; Nantel et al. 1999; Wang et al. 1996).

Caspase3, as well as Caspase9, is distributed in the mitochondria, cytosol, and nucleus 

(Chandra and Tang 2003; Kamada et al. 2005; Krajewski et al. 1999; Mancini et al. 1998; 

Ritter et al. 2000; Susin et al. 1999). Caspase9 is an initiator caspase involved in the 

activation cascade of caspases. Caspase3 is an effector caspase responsible for apoptosis 

execution (McIlwain et al. 2013) and is regarded as the primary caspase for degrading 

crucial regulatory and structural proteins (McIlwain et al. 2013; Slee et al. 2001). Hax1 is 

cleaved by Caspase3, while Caspase9 activation is inhibited by Hax1 (Han et al. 2006; Lee 

et al. 2008).

Taken together, we estimate Grb7 may indirectly affect apoptosis through its association 

with Hax1. Specifically, a Grb7/Hax1 association could interfere with subsequent Hax1 

interactions with Caspases3 and 9, thus ultimately affecting the cell viability.

We focused on how Grb7 might affect the action of Caspase3 on Hax1 and propose a model 

for representing this process (Figure 3-A). In Figure 3-A top, a kinetic scheme for reversible 

enzyme inhibitors is presented. In our model (Figure 3-A top and bottom) the inhibitor 

(Grb7) combines with the free substrate (Hax1), and this combination may compete with 

binding between the enzyme and substrate. Based on this mechanism, Caspase3 as an 

enzyme cleaves free substrate Hax1, while Grb7 functions as an inhibitor through the 

formation of an SI complex that is resistant to Caspase3 cleavage. In Figure 3-B, the 

Caspase3 cleavage site in the Hax1 protein is indicated by a scissor emblem between 

residues Asp127 and Ser128 (Lee et al. 2008).

To investigate the role of Grb7 in the proposed model, an in vitro Caspase3 cleavage of 

Hax1 assay was performed. Purified recombinant Caspase3-6xHis, Grb7-6xHis and 

Hax1-6xHis proteins were incubated together in a molar ratio of 1:10:1 (respectively) at 

37°C. Samples were collected every 30 minutes to a final time period of 1.5 hours. The 

samples were then probed with anti-Hax1 antibody, analyzed by Western Blot and the results 

represented in Figure 4-A. An equivalent amount of GST was used to replace Grb7-6xHis 
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(i.e. reagent molar ratios again at 1:10:1) to rule out the possibility that Grb7 affects the 

cleavage of Hax1 through nonspecific protein crowding. In Figure 4-A (Coomassie Blue gel 

results) Grb7-6xHis can be seen in lanes 4, 8, 12, and 15, while GST appears in lanes 3, 7, 

11, and 14. Intact Hax-6xHis (lanes 2–4, 6–8, 10–12, 14–15) and Caspase3 subunits p17 

(17kDa) and p12 (12kDa) (lanes 2–4, 6–8, 10–12) appear at weaker intensity, presumably 

due to their lower relative concentrations. In Figure 4-A (Western Blot results), Hax1 

cleavage product Hax1’ (19kDa) is seen in both Caspase3 and Hax1 (CH), and Caspase3, 

GST and Hax1 (CgH) cases at three time points: 0.5 hr, 1 hr and 1.5 hrs. However, in the 

Caspase3, Grb7 and Hax1 case (CGH), the cleavage products are observed with weaker 

intensity than in the CH and CgH cases. This is especially apparent at the 1 hr time point. 

This assay was repeated three times. The densitometric analysis of the Hax1’ cleavage 

product signal for the CGH case at the 1 hr time point indicates the presence of significantly 

less cleavage product than in the CgH and CH cases. However, this effect is not as obvious 

at the 0.5 hr and 1 hr time points. The abnormally weak Hax1’ signal in lane 10 of the 3rd 

experiment could be caused by an error in protein migration during electrophoresis. Taken 

together, these results indicate Grb7 is capable of inhibiting Caspase3 cleavage of Hax1, 

possibly in a time dependent manner.

Next, we investigated whether the Grb7-RAPH domains alone could affect Caspase3 

cleavage of Hax1. The molar ratio of Caspase3-6xHis, Grb7-6xHis (or Grb7-RAPH-6xHis) 

and Hax1-6xHis to each other was 1:10:1, as previously, and samples were collected every 

30 minutes for a final time of 1.5 hours. In Figure 4-B (Coomassie Blue gel results), 

Grb7-6xHis can be seen in lanes 3, 7, 11, and 14, while Grb7-RAPH-6xHis appears in lanes 

4, 8, 12, and 15. Intact Hax1-6xHis (lanes 2–4, 6–8, 10–12, 14–15) and Caspase3 subunits 

p17 (17kDa) and p12 (12kDa) (lanes 2–4, 6–8, 10–12) appear at weaker intensity 

presumably due to their lower relative concentrations. In Figure 4-B (Western Blot results), 

Hax1 cleavage products Hax1’ (19kDa) is seen in the Caspase3 and Hax1 (CH) case at all 

three time points: 0.5 hr, 1 hr and 1.5 hrs. However, for both the Caspase3, Grb7 and Hax1 

(CGH), and the Caspase3, Grb7-RAPH and Hax1 (CRH) cases, the Hax1 cleavage products 

are observed with weaker intensity than in the CH case. This is especially apparent at the 1 

hr time point. This assay was also repeated three times. The densitometric analysis results 

indicate the Grb7-RAPH domains alone can inhibit Caspase3 cleavage of Hax1, similarly to 

full length Grb7. They also demonstrate inhibition could potentially be time dependent.

It is possible Grb7 or the Grb7-RAPH domains may interact directly with Caspase3 to alter 

its activity, rather than inhibiting the cleavage reaction between Caspase3 and Hax1. To rule 

out this possibility, a common substrate to measure Caspase3 activity (Ac-DEVD-AMC) 

was used to measure Caspase3 activity in the presence of Grb7 and the Grb7-RAPH 

domains. For this assay, Grb7-6xHis, Grb7-RAPH-6xHis, or Hax1-6xHis proteins were 

separately incubated with Caspase3-6xHis and Ac-DEVD-AMC (Figure 4-C) for 

quantifying Caspase3 activity. The molar ratio of Grb7-6xHis (or Grb7-RAPH-6xHis, or 

Hax1-6xHis) and Caspase3-6xHis to each other was 10:1.

In Figure 4-C, the release of fluorogenic AMC upon cleavage of Ac-DEVD-AMC provides 

a quantitative assessment of Caspase3 activity. It can be observed in all three cases: 

Caspase3 with Grb7, Caspase3 with Grb7-RAPH and Caspase3 with Hax1, the emitted 
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AMC fluorescence is indistinguishable from the fluorescence signal of the positive control 

over at least a 40 minute time period. This result suggests Caspase3 innate activity is not 

affected by the presence of Grb7, the Grb7-RAPH domains, or Hax1 in vitro.

It is noted the fluorescence signal from the Ac-DEVD-AMC cleaved peptide for the 

Caspase3/Hax1 combination is not noticeably decreased, nor displays a time lag, in 

comparison to the Grb7 and Grb7-RAPH cases. This is despite the fact we, and others (Lee 

et al. 2008), argue Hax1 is a substrate for Caspase3. One would expect to see an effect due 

to the presence of two potentially competing substrates, Ac-DEVD-AMC and Hax1. One 

possibility exists for the lack of any observable effect of Hax1 on Caspase3 cleavage of Ac-

DEVD-AMC. The Ac-DEVD-AMC peptide contains the optimal Caspase3 DEVD cleavage 

site, while the Caspase3 Hax1 cleavage site consists of TLRD. It could be Caspase3 is 

relatively unreactive towards Hax1 in the presence of a more optimal substrate.

In sum, our results support the theory that Grb7 can inhibit Caspase3 cleavage of Hax1 

isoform 1 in a potentially time dependent manner in vitro. This inhibition is achieved by the 

interaction between Hax1 and Grb7 through the Grb7-RAPH domains, and Grb7 does not 

interact directly with Caspase3 to affect its innate activity. Our studies support an inhibitory 

role of Grb7 on Caspase3 cleavage by interfering with the association of Caspase3 and 

Hax1.

Grb7 expression may slow Caspase3 cleavage of Hax1 isoform 1 in apoptotic HeLa cells

Apoptosis assays were performed to determine the role of Grb7 in Hax1 protein integrity 

during apoptosis. The HeLa cell line was chosen for these assays because it is a commonly 

used apoptosis model. HeLa cells mainly express endogenous Hax1 isoform 1 (Grzybowska 

et al. 2013; Jeyaraju et al. 2009), and they also express endogenous ProCaspase3 

(Laussmann et al. 2011). HeLa cells do not express detectable Grb7 isoform 1 (by Western 

Blot analysis), Grb7 isoform 1 is the most common isoform (at 532 aa) of the human Grb7 

protein (Tanaka et al. 1998).

The small molecule drugs Staurosporine (STS) and Etoposide (ETO) both cause cellular 

apoptosis: STS inhibits protein kinases while ETO interrupts DNA synthesis (Chae et al. 
2000; Day et al. 2009; Hande 1998; Karaman et al. 2008). Hence these two drugs were 

utilized to induce apoptosis in HeLa cells and to study the effect of Grb7 expression on 

Hax1 protein integrity during apoptosis.

For the assay, pcDNA3.1(+)-Grb7 plasmids were transfected into HeLa cells for expression 

of untagged Grb7 protein. Two days post-transfection cells were serum-starved overnight, 

followed by treatment with 1µM STS for 2.5 hours or 85µM ETO for 26 hours. Cell lysates 

were prepared at the indicated times and the endogenous Hax1 levels were detected by 

Western Blot (Figure 5).

In HeLa cells treated with STS (Figure 5 top lanes 3–4 in both gels), an appreciable decrease 

in Hax1 signal is noted relative to the Hax1 signal observed in non-drug treated cells (Figure 

5 top lanes 5–6 in both gels). This decrease is likely due to accumulated active Caspase3 

over time after STS treatment. We base this conclusion upon the observation that active 
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Caspase3 signals are stronger in lane 3–4 than lane 5–6, and Procaspase3 signals are weaker 

in lane 3–4 than lane 5–6 in both gels (Figure 5 top). In Grb7 transfected and STS treated 

cells (Figure 5 top lanes 1–2 in both gels) the Hax1 signals are clearly stronger relative to 

drug treated cells that are not Grb7 transfected (Figure 5 top lanes 3–4 in both gels). The 

abnormally weak Hax1 signal in lane 2 of the 2nd experiment is likely caused by an error in 

protein migration during electrophoresis.

In HeLa cells treated with ETO (Figure 5 bottom lanes 3–4), a decrease in the Hax1 signal is 

also noted relative to the Hax1 signal observed in non-drug treated cells (Figure 5 bottom 

lanes 5–6). This decrease could be achieved through proteasomic degradation or other 

unknown processes, since the active Caspase3 signals are weak in all lanes and Procaspase3 

signals are similar in all lanes (Figure 5 bottom). In Grb7 transfected and ETO treated cells 

(Figure 5 bottom lanes 1–2) the Hax1 signals are clearly stronger relative to drug treated 

cells that are not Grb7 transfected (Figure 5 bottom lanes 3–4).

The result indicates Grb7 can slow Hax1 isoform 1 cleavage and/or degradation in apoptotic 

HeLa cells. This effect may not be confined to Grb7-mediated resistance to Caspase3 

cleavage, but could also be due to proteasomic or other unknown degradation processes.

Grb7 expression may increase cell viability in apoptotic HeLa cells in a time dependent 
manner

Cell viability assays were performed to determine the role of Grb7 in cell viability during 

apoptosis. In these assays, co-transfection and triple-transfection were performed in order to 

discover how Grb7 and Hax1 expression could affect cell viability in the absence or 

presence of overexpressed Caspase3.

Two days post-transfection cells of each group were serum-starved overnight while 

remaining cells were harvested for Western Blot analysis. Following starvation, cells were 

treated with 1µM STS for 1.5 and 2.5 hours. CellTiter-Glo luminescent cell viability assays 

were sequentially performed on cells at the two time points.

In Figure 6 top, Grb7 expression is evident in Groups 2, 4, and 6. However, Hax1 (or 

ProCaspase3) overexpression is not apparent in Groups 3–6 (or Groups 5–6 for 

ProCaspase3). In these transfected cells, the Hax1 and ProCaspase3 signals are not 

appreciably stronger than the endogenous Hax1 and ProCaspase3 signals seen in the Hax1 

(or ProCaspase3) non-transfected Groups 1 (V) and 2 (VG). This lack of apparent Hax1 and 

ProCaspase3 transfection efficiency could be due to the molar ratios of the plasmids for 

transfection (The molar ratios of pcDNA3.1(+)-Grb7, pcDNA3.1(+)-Hax1, and 

pcDNA3.1(+)-ProCaspase3 were 2:1:1 respectively). In addition, from Figure 6 top, Grb7 

expression does not up-regulate the expression of endogenous Hax1 before drug treatment. 

This discovery implies Grb7 may affect Hax1 cleavage/degradation in apoptotic HeLa cells 

through its physical association with endogenous Hax1 rather than up-regulation of Hax1 

expression.

In Figure 6 bottom, the luminescence ratio of STS treated cells to untreated cells is used to 

evaluate cell viability (viability ratio). At the 1.5 hrs time point cells of every group have a 
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similar viability ratio of approximately 0.8. At the 2.5 hrs time point the viability ratio of all 

groups dropped by almost 50%. Furthermore, at this time point the viability ratio of Group 4 

(GVH) is significantly greater than Group 3 (VH), and the viability ratio of Group 6 (CGH) 

is significantly greater than Group 5 (CVH). The viability ratio of Group 2 (VG) is slightly 

greater than Group 1 (V), however, this difference is not statistically significant. These 

results suggest expression of Grb7 may increase cell viability in STS induced apoptotic 

HeLa cells in a time dependent manner. Further studies are needed to clarify this potential 

role of Grb7 expression in anti-apoptotic signaling pathways.

Discussion

Through these studies we have shown the signal transducing adaptor protein Grb7 can 

exclusively bind to the anti-apoptotic protein Hax1 isoform 1 in vitro through its RA and PH 

domains, and the interaction does not depend on Grb7 protein dimerization state. 

Additionally, via confocal immunofluorescence analysis, we report Grb7 and Hax1 isoform 

1 may colocalize partially to mitochondria in SKBR3 cells treated with EGF. We have 

demonstrated Grb7 can inhibit Caspase3 cleavage of Hax1 in a time dependent manner in 
vitro, and Grb7 expression may slow cleavage or degradation of endogenous Hax1 isoform 1 

in apoptotic HeLa cells induced by STS and ETO. Our results have also indicated Grb7 

protein expression may increase cell viability in STS induced apoptotic HeLa cells in a time 

dependent manner. In our prior study (Siamakpour-Reihani et al. 2011), Hax1 was found to 

interact with the Grb7-RAPH domains using Yeast 2 Hybrid screening methods. The Grb7-

RAPH domains were used alone as bait in screening since tandem RAPH domains are 

known to act as functional protein units in some cases (Depetris et al. 2009). As well, it is 

possible that non-mammalian expression of mammalian proteins may affect the accessibility 

of protein domains for subsequent signaling events due to differences in post-translational 

modifications. Our previous co-immunoprecipitation assays from HeLa cell lysates 

suggested mutation of tyrosine residues in the Grb7 protein could hinder its ability to bind to 

Hax1 (Siamakpour-Reihani et al. 2011). However, our current study has shown the Grb7-

RAPH domains alone are sufficient for interaction with Hax1 by in vitro binding assays. 

Since all recombinant proteins were expressed and purified from E.coli bacteria and 

presumably lack tyrosine phosphorylation or other modifications, our results suggest Grb7 is 

capable of binding to Hax1 in a non-mammalian environment. As well, our investigation 

demonstrated a known Grb7 mutation F511R that abrogates dimerization (Porter et al. 2005) 

does not affect the Grb7/Hax1 interaction. Therefore, according to these results, post-

translational protein modifications and/or dimerization state may not affect Grb7 signaling 

through Hax1. This result does not preclude the possibility that tyrosine phosphorylated 

Grb7 in human cancer cells may interact with Hax1 more strongly than Grb7 recombinant 

protein in in vitro assays.

It would be desirable to know the strength of in vitro binding between Hax1 and Grb7 in a 

quantitative sense. Future experiments will focus on achieving this, and may include ELISA-

based experiments, or immunoprecipitation experiments performed over a range of molar 

concentrations. Additionally, measurement of the binding kinetics of the Grb7:Hax1 

interaction (e.g. by SPR) could help to explain the relatively long time-dependence observed 

for the inhibition of caspase3 cleavage of Hax1 by Grb7.
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We have demonstrated, Grb7 and Hax1 isoform 1 colocalize strongly in SKBR3 cells, and 

Grb7/Hax1 colocalization may involve more than one type of organelle or cellular body. Our 

studies indicate partial Grb7/Hax1 colocalization to mitochondria in EGF treated SKBR3 

cells; or possibly some colocalization to golgi in serum starved SKBR3 cells (supplemental 

results), although Grb7/Hax1 golgi colocalization appears weak at best. The 

immunofluorescence confocal images in this study indicate many locations of Grb7/Hax1 

colocalization in SKBR3 cells remain inconclusively identified. Interestingly, Zayat et al. 
(2015) also noted the presence of unidentified granular bodies containing Hax1 that were not 

P-bodies (Zayat et al. 2015). In that study, HeLa cells treated with puromycin, and primary 

neuronal cells, both displayed two types of Hax1 cytoplasmic granules. These were Hax1 

and DCP1-containing P-bodies (DCP1 is a P-body marker protein), and granules containing 

HAX1 but not DCP1. Future work will involve the use of different and/or more specific 

organelle markers, or colloidal gold-labeled cells, to further investigate the identity of these 

areas of Grb7/Hax1 cellular colocalization. It is also possible the overexpression of 

recombinant Hax-1 protein in SKBR3 cells can affect its cellular localization in a non-

physiologically relevant manner. Therefore, it will be important in the future to investigate 

Grb7/Hax1 colocalization in cells that endogenously express both Hax1 and Grb7. Examples 

of cell lines that could perhaps be utilized for this purpose include A431, an epithelial 

carcinoma cell line, or HepG2, a liver carcinoma cell line.

We have shown Grb7 can alter Caspase3 cleavage of Hax1 in a time dependent manner in 
vitro, and its expression may also slow endogenous Hax1 isoform 1 cleavage or degradation 

in apoptotic HeLa cells. The in vitro assay and apoptosis assay on HeLa cells complement 

each other, with both implying possible functional consequences of the Grb7/Hax1 

interaction. In unpublished results, we also observe considerable Grb7 degradation in 

apoptotic HeLa cells. Even under this adverse condition, the remaining intact Grb7 proteins 

are still capable of slowing the Hax1 cleavage process (Figure 5).

In cell viability assays, expression of Grb7 results in a measurable increase in cell viability 

in STS induced HeLa cells at the 2.5 hrs exposure time point (Figure 6 bottom). A Grb7 

expression effect on cell viability is not readily apparent at the 1.5 hrs time point, and may 

simply reflect a lack of sufficient apoptosis progress. With multiple binding partners in 

several signaling pathways, the influence of Grb7 on apoptosis and viability may not be 

restricted to its signaling through Hax1, but could be augmented by other poorly defined (at 

present) pathways. The relative importance of Grb7 signaling via Hax1 in apoptosis 

processes remains to be fully defined.

Conclusions

Taken together, our studies have provided a direct link between the signal adapter protein 

Grb7, anti-apoptotic protein Hax1 isoform 1, and Caspase3 mediated apoptosis pathways. 

They suggest that as well as modulating cell migration signal transduction, Grb7 may also 

participate in Hax1 related apoptosis pathways mediated by Caspase3. We propose that 

Grb7’s demonstrated anti-apoptotic effect (Giricz et al. 2012; Sahlberg et al. 2013) may be 

achieved through its interaction with Hax1 isoform 1. Further, through our studies 

expression of Grb7 is shown to slow Hax1 cleavage/degradation and increase viability in 

Qian et al. Page 17

J Mol Recognit. Author manuscript; available in PMC 2017 January 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



apoptotic HeLa cells. We readily acknowledge further investigation is warranted to 

determine whether the Grb7/Hax1 interaction is a major route for apoptosis escape in Grb7 

overexpressing tumors, or simply a minor pathway of Grb7 signaling.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Dr. Jeongwon Jun for DNA sequencing support, Drs. Aaron Rowland and Kevin Houston for tissue 
culture support, and Drs. Erik Yukl and Brad Shuster for valuable discussions.

Abbreviations

AMC 7-Amino-4-Methyl Coumarin

Caspase3 Cysteine dependent aspartate directed protease 3

ErbB2 Erythroblastosis oncogene B 2

Grb7 Growth factor receptor bound protein 7

GST Glutathione S-Transferase

Hax1 HS1 associated protein X1 protein

HER2 Human Epidermal Growth Factor Receptor 2

IP Immunoprecipitation

PH Pleckstrin Homology

RA Ras Associating

SH2 Src Homology 2
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Figure 1. A) Top: Domain topology of the human Grb7 protein isoform 1
The approximate amino acid residue numbers defining each domain are indicated by 

numbers. Bottom: Domain topology of the human Hax1 protein isoform 1 The 

approximate amino acid residue numbers defining each domain or motif are indicated by 

numbers. B) Western Blot results for the in vitro binding assay of purified SUMO-Grb7-
RAPH domains and purified Hax1 Lane 1: Last wash sample from the negative control. 

Lane 2: Last wash sample from the in vitro binding assay of SUMO-RAPH and Hax1. Lane 

3: Blank. Lane 4–6: Elution samples (three elutions) from the in vitro binding assay of 
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SUMO-RAPH and Hax1. Lane 7–9: Elution samples (three elutions) from the negative 

control. C) Western Blot results for the in vitro binding assay of purified Grb7 or Grb7 
(F511R) and purified Hax1 Lane 1: Last wash sample from the in vitro binding assay of 

Grb7 and Hax1. Lane 2: Last wash sample from the in vitro binding assay of Grb7 (F511R) 

and Hax1. Lane 3: Last wash sample from the negative control. Lane 4–5: Elution samples 

(two elutions) from the in vitro binding assay of Grb7 and Hax1. Lane 6: Blank. Lane 7–8: 

Elution samples (two elutions) from the in vitro binding assay of Grb7 (F511R) and Hax1. 

Lane 9: Blank. Lane 10–11: Elution samples (two elutions) from the negative control.
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Figure 2. A) Grb7 and Hax1 isoform 1 colocalize in SKBR3 cells stained with mitochondria 
marker
Two days post-transfection cells were stained with mitochondria marker. Colocalization sites 

of Grb7 and Hax1 are indicated by arrows and the overlapping yellow color in Panels C and 

D. Scale bar = 10 µm. B) Grb7 and Hax1 isoform 1 colocalize in EGF treated SKBR3 
cells stained with mitochondria marker Two days post-transfection cells were serum 

starved, treated with EGF, and stained with mitochondria marker. Colocalization sites of 

Grb7 and Hax1 are indicated by arrows and the overlapping yellow color in Panels C and D. 
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Possible colocalization sites with mitochondria are shown by arrows in Panel G. Scale bar = 

10 µm.
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Figure 3. A) Top: Enzyme inhibition model for Caspase3 (enzyme), Hax1 (substrate) and Grb7 
(inhibitor)
In the proposed model Grb7 (indicated by the circled “I” letter) acts as a substrate inhibitor 

as described in the text. Bottom: Model of Grb7 inhibition in Caspase3 cleavage of Hax1 
Grb7 as an inhibitor binds to Hax1, affecting Caspase3 cleavage of Hax1. B) Caspase3 
cleavage site on Hax1 Caspase3 cleaves between D127 and S128 of Hax1, producing the 

14kDa and 19kDa cleavage products discussed in the text.
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Figure 4. A) Coomassie Blue staining, Western Blot, and densitometric analysis results for the in 
vitro Caspase3 cleavage assay I
Lane 1: Protein Marker. Lane 2: CH: Caspase3 and Hax1 at 0.5 hr. Lane 3: CgH: Caspase3, 

GST and Hax1 at 0.5 hr. Lane 4: CGH: Caspase3, Grb7 and Hax1 at 0.5 hr. Lane 5: Blank. 

Lane 6: CH at 1 hr. Lane 7: CgH at 1 hr. Lane 8: CGH at 1 hr. Lane 9: Blank. Lane 10: CH 

at 1.5 hrs. Lane 11: CgH at 1.5 hrs. Lane 12: CGH at 1.5 hrs. Lane 13: Blank. Lane 14: gH: 

GST and Hax1 at 1.5 hrs. Lane 15: GH: Grb7 and Hax1 at 1.5 hrs. The assay was repeated 

three times and the amounts of cleavage product Hax1’ (19kDa) were studied by Western 

Blot and densitometric analysis. Asterisks indicate statistically relevant results (P values < 

0.02) B) Coomassie Blue staining, Western Blot and densitometric analysis results for 
the in vitro Caspase3 cleavage assay II Lane 1: Protein Marker. Lane 2: CH: Caspase3 and 

Hax1 at 0.5 hr. Lane 3: CGH: Caspase3, Grb7 and Hax1 at 0.5 hr. Lane 4: CRH: Caspase3, 

RAPH and Hax1 at 0.5 hr. Lane 5: Blank. Lane 6: CH at 1 hr. Lane 7: CGH at 1 hr. Lane 8: 

CRH at 1 hr. Lane 9: Blank. Lane 10: CH at 1.5 hrs. Lane 11: CGH at 1.5 hrs. Lane 12: 

CRH at 1.5 hrs. Lane 13: Blank. Lane 14: GH: Grb7 and Hax1 at 1.5 hrs. Lane 15: RH: 

RAPH and Hax1 at 1.5 hrs. The assay was repeated three times and the cleavage product 

Hax1’ (19kDa) was analyzed by Western Blot and densitometric analysis. Asterisks indicate 

statistically relevant results (P values < 0.02). C) in vitro Caspase3 activity assay Five 

different cases are shown: Ac-DEVD-AMC only (negative control), Caspase3 with Ac-

DEVD-AMC (positive control), and Grb7-6xHis, RAPH-6xHis or Hax1-6xHis incubated 

with Caspase3 and Ac-DEVD-AMC. The fluorescence signal from released AMC was 

recorded every 1–2 minutes for a total of 40 minutes.
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Figure 5. Grb7 may slow cleavage or degradation of Hax1 isoform 1 in apoptotic HeLa cells. Top 
(Experiments 1 and 2): Western Blot results for two STS induced apoptosis trials in HeLa cells
Lane 1–2: cell lysates from apoptotic Grb7 transfected cells. Lane 3–4: cell lysates from 

apoptotic vector transfected cells. Lane 5–6: untreated vector transfected cell lysates. 

Bottom (Experiment 3): Western Blot results for a single ETO induced apoptosis trial 
in HeLa cells Lane 1–2: cell lysates from apoptotic Grb7 transfected cells. Lane 3–4: cell 

lysates from apoptotic vector transfected cells. Lane 5–6: untreated vector transfected cell 

lysates.
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Figure 6. Top: Western Blot results for transfected cells prior to STS induced apoptosis
Lane 1–6: Lysates from HeLa cells transfected with different sets of plasmids. V: 

pcDNA3.1(+) vector, G: pcDNA3.1(+)-Grb7, H: pcDNA3.1(+)-Hax1, C: pcDNA3.1(+)-

ProCaspase3. Bottom: CellTiter-Glo luminescent cell viability assay for transfected cells 
after STS induced apoptosis Viability ratios for all protein expression combinations 

(indicated in the figure legend) are graphically reported at the 1.5 hrs and 2.5 hrs time 

points. Asterisks indicate statistically relevant results (P values < 0.02).
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