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Abstract

Introduction: GDI2 regulates the GDP/GTP exchange reaction of Rab proteins by inhibiting the 

dissociation of GDP and the subsequent binding of GTP, dysregulation of GDI2 has been reported 

in many different cancers. Recently, we found that GDI2 bound to the ITIM domain of Siglec-G 

under normal homeostasis, whereas Rab1a was recruited to the ITIM domain during bacterial 

infection. Therefore, GDI2 and Rab1a may regulate the immune response through interaction with 

the ITIM domain during bacterial infection. However, the regulation of the inflammatory response 

by GDI2 in vivo and its regulatory mechanism remain unknown.

Methods: We generated a Gdi2 null mutant mouse with a trapped Gdi2 gene and examined the 

expression by X-gal and immunohistochemistry staining. TUNEL staining was used to determine 

the apoptosis cells.

Results: Here we show that Gdi2 is essential for embryonic development. One functional Gdi2 
allele is sufficient for murine embryo development, but complete loss of Gdi2 leads to embryonic 

lethality. Developmental retardation of Gdi2−/− mice is apparent at E10.5 to E14.5, with no viable 

Gdi2−/− embryos detected after E14.5. Histological analysis revealed extensive cell death and cell 

loss in Gdi2−/− embryos. Apoptosis was confirmed by staining with cleaved easpase-3, suggesting 

that Gdi2 maintain homeostasis by regulating the apoptosis of the cells. There was no significant 

difference in cytokine production and survival between wild-type and Gdi2+/− mice after LPS 

challenge.

Discussion: These findings suggest that one Gdi2 allele is sufficient to maintain function. 

However, the detailed molecular mechanism underlying Gdi2 in regulating the embryonic 

development needs further identification.
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1. Introduction

GDP dissociation inhibitor (GDI) binds to Rab GTPase in the GDP-bound inactive form to 

retrieve it from the cell membrane and maintain a soluble pool of inactive protein [1]. To 

date, more than 70 mammalian Rab proteins have been identified [2]. Some Rab proteins 

are expressed in specific tissues or stages of development, while others are ubiquitously 

expressed [2]. Each Rab protein has a characteristic subcellular distribution [3].

The GDI family includes GDI1 and GDI2 proteins. GDI1 is expressed primarily in neural 

and sensory tissues, whereas GDI2 is ubiquitously expressed [4]. The function of GDI1 

has been extensively studied. Gdil-deficient mice are fertile but show impairment in tasks 

requiring formation of short-term temporal associations, in addition to less aggression and 

altered social behavior [5]. Dysregulation of GDI2 has been reported in many different 

cancers, including pancreatic carcinoma [6], ovarian cancer [7,8], gastric cancer [9], thyroid 

carcinoma [10], hematopoiesis and leukemogenesis [11] and esophageal squamous cell 

carcinoma [12]. GDI2 has also been identified as a suppressor of bladder cancer metastasis 

[13]. Reduced expression of GDI2 is associated with decreased survival of bladder cancer 

patients [14]; restoration of GDI2 expression suppressed metastasis without affecting 

primary tumor growth in animal models or growth in culture [13,15,16]. GDI2 appears 

to suppress metastasis by modulating GTPase signaling [17]. Loss of GDI2 in tumor cells 

alters tumor cell-TAM receptor crosstalk to enhance both local inflammation and tumor cell 

invasion and growth [15], leading to secretion of inflammatory cytokines by macrophages 

that promote metastatic growth of tumor cells.

Recently, we found that GDI2 bound to the ITIM domain of Siglec-G under normal 

homeostasis, whereas Rab1a was recruited to the ITIM domain during bacterial infection 

[18]. Therefore, GDI2 and Rab1a may regulate the immune response through interaction 

with the ITIM domain during bacterial infection. However, the regulation of the 

inflammatory response by GDI2 in vivo and its regulatory mechanism remain unknown. 

In this study, we examined the function of Gdi2 in vivo by generating a Gdi2 null mutant 

mouse with a trapped Gdi2 gene. Homozygous deletion of the Gdi2 gene resulted in 

early embryonic lethality, and GDI2 protein was expressed during early post-implantation 

development, suggesting a critical role for GDI2 in the transport of materials between 

organelles in eukaryotic cells.

2. Methods

2.1. Reagents

Anti-Gdi2 antibody, anti-cleaved caspase-3 antibody and LPS (from E. coli 055:B5) were 

purchased from Sigma-Aldrich (Burlington, MA). β-actin (catalog no. sc-1615) antibody 
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was purchased from Santa Cruz Biotechnology (Dallas, TX). X-gal was obtained from 

Thermo Fisher Scientific (Waltham, MA).

2.2. Generation of Gdi2 mutant mice

Gene disruption was caused by insertion of the retroviral gene trap vector ROSAFARY. The 

polyA trap module of the ROSAFARY17 gene trap vector (which forms a fusion transcript 

with exons 3’ to the insertion) is flanked by FRT sites and was removed during analysis by 

breeding onto ROSA26Flper mice. Genotyping was determined by PCR analysis of DNA 

from tail biopsies.

3. PCR

Aliquots of 0.1 μg (10 μl) of DNA were mixed with 10 μl of 2x GoTaq green master 

mix buffer (Promega, Madison, WI) and 10 pmol of each primer. PCR amplification was 

carried out at 96 °C for 2 min, with 35 cycles of 96 °C for 10 s, 55 °C for 30 s, and 72 

°C for 60 s. To screen for homologous recombination, the following primers were used: 

P1: 5′-GTAGCACTGACCTTCAGCGTG -3′ and P2: 5′-GCCATGTCACAGATCATC-3’. 

The wild-type allele produced no band, and the mutant allele produced a 760-bp band. The 

following primers were also used: P1: 5′- GTAGCACTGACCTTCAGCGTG -3′ and P3: 

5′- CATCTTCACCAACTGACCTTGAA -3’. The wild-type allele produced a 208-bp band; 

the mutant allele produced no band.

3.1. X-gal staining

X-gal staining of tissues was performed using standard procedures. Embryos were 

embedded in OCT compound and cryosectioned at 8 μm. Cryosections were fixed in 

X-gal fixation buffer (0.1 M phosphate buffer, pH 7.3, 5 mM EGTA, 2 mM MgCl2, 0.2% 

glutaraldehyde) for 15 min, washed 3 times with X-gal wash buffer (0.1 M phosphate buffer, 

pH 7.3, 2 mM MgCl2), and stained overnight at 37 °C in X-gal staining buffer (0.1 M 

phosphate buffer, pH 7.3, 2 mM MgCl2, 5 mM K4Fe(CN)6,3H2O, 5 mM K3Fe(CN)6, 1 

mg/ml X-gal). Stained sections were washed 3 times with X-gal wash buffer and mounted in 

Aquatex (Merck, Kenilworth, NJ). Images were acquired with an EVOS FL Auto Imaging 

System (Thermo Fisher Scientific).

3.2. TUNEL staining

TUNEL staining was performed using an ApopTag Peroxidase In Situ Apoptosis Detection 

Kit (S7100, Chemicon, Temecula, CA) according to the manufacturer’s instructions.

3.3. Experimental animal models

All mice used were 6–8 weeks of age. Age- and sex-matched wild-type littermates were 

used as controls for Gdi2+/− or Gdi2−/− mice. All animal procedures were approved by the 

Animal Care and Use Committee of University of Tennessee Health Science Center. Wild-

type C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME). Gdi2 
mutant mice were obtained from the Mutant Mouse Regional Resource Center (MMRRC) at 

UC Davis.
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3.4. Immunoblotting

Embryos lysates were prepared in lysis buffer (20 mM Tris-HCl, 150 mM NaCl, 1% Triton 

X-100, pH 7.6, including protease inhibitors, 1 μg ml−1 leupeptin, 1 μg ml−1 aprotinin and 

1 mM phenylmethylsulfonyl fluoride), sonicated, centrifuged at 13,000 rpm for 5 min and 

then applied for Western blot analysis. The concentration of running gel was 10%. After 

blocking, the blots were incubated with primary antibody (1:1000 dilution). After incubation 

with the second antibody (HRP-conjugated goat anti-rabbit IgG) (1:5000 dilution), the 

signal was detected with an ECL kit (Santa Cruz, CA).

3.5. Histology and immunohistochemistry

Wild-type and mutant mouse embryos were fixed in 4% paraformaldehyde, dehydrated, and 

embedded in paraffin according to the standard procedure. The embryos were sectioned 

at 5-μm thickness and stained with H&E or incubated with anti-Gdi2 antibody for 1 

h at room temperature. The sections were washed in PBS and subsequently incubated 

with horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibody for 30 min at 

room temperature. After the sections were washed with PBS, slides were developed with 

3,3′-diaminobenzidine and counterstained with hematoxylin. For the negative control, 

immunohistochemical staining was performed without the primary antibody. No significant 

staining was observed in the negative control (data not shown).

3.6. Measurement of inflammatory cytokines

Blood samples were obtained at indicated time points, and cytokines in the serum were 

determined using a mouse cytokine bead array designed for inflammatory cytokines (BD 

Biosciences, 552364, Franklin Lakes, NJ).

3.7. Statistical analysis

The differences in cytokine concentrations were analyzed by two-tailed t-tests in single 

pairwise comparisons calculated with Excel (Microsoft). Data are shown as the mean ± SD. 

n. s., not significant.

4. Results

4.1. Generation of the Gdi2 mutant mouse

To determine the function of Gdi2 in vivo, we generated Gdi2 mutant mice by blastocyst 

injection of a Gdi2-trapped embryonic stem cell clone (S1-11F1, Soriano). Gene disruption 

was caused by insertion of the retroviral gene trap vector, reverse orientation splice acceptor 

for array (ROSAFARY), containing a promoterless reporter gene encoding β-galactosidase. 

Selection for expression of the gene requires transcription from an endogenous cellular 

promoter. Staining for β-galactosidase activity reveals the mutation and activity of the 

target gene. A detailed description of the methods used for gene trap mutagenesis has been 

reported previously [19,20]. The gene trap vector ROSAFARY in the S1-11F1 ES cell line 

was inserted between exons 3 and 4 of the Gdi2 gene; the point of insertion was confirmed 

by PCR and DNA sequencing (Figs. 1 and 2 and Supplementary Figs. 1 and 2). Offspring 
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were genotyped by PCR analyses using primers 1 and 2 for the knockout and primers 1 and 

3 for the wild-type (Fig. 1).

Chimeric male offspring were then mated to wild-type C57Bl/6 mice to test for germline 

transmission of the disrupted Gdi2 allele. Heterozygous Gdi2+/− mice were viable and 

displayed no obvious abnormality in weight or fertility during a 12-month observation 

period. To remove contaminating background heterozygosity, we backcrossed Gdi2+/− mice 

more than 10 generations with C57BL/6.

4.2. Gdi2 expression in mouse embryos

Since the expression of β-galactosidase is controlled by the endogenous Gdi2 gene 

promoter, we used β-galactosidase expression in Gdi2+/− mice to document the expression 

pattern of Gdi2 in mouse embryos. X-gal staining of cryosections of Gdi2+/+ and Gdi2+/− 

E7 embryos showed that Gdi2 is ubiquitously expressed in whole embryos (Fig. 3), as 

previously reported [4]. Wild-type embryo sections were used as controls.

To investigate endogenous GDI2 protein expression, we collected, sectioned, and 

immunostained wild-type E7 embryos with anti-GDI2 antibodies. GDI2 was ubiquitously 

expressed in the whole embryo (Fig. 3). Corresponding sections were stained with 

secondary antibody as negative controls. E7 mouse embryo sections were also stained with 

hematoxylin and eosin (H&E) (Fig. 3).

The pattern of β-galactosidase staining in Gdi2+/+ mouse embryos was similar to the pattern 

of GDI2 antibody staining observed in wild-type embryos. Both staining methods indicated 

that Gdi2 is ubiquitously expressed in whole embryos. These results show that GDI2 protein 

expression was consistent with the detected Gdi2 β-galactosidase activity shown in Fig. 3.

4.3. Gdi2 deficiency leads to embryonic lethality

To generate Gdi2−/− mice, we intercrossed heterozygous Gdi2+/− mice. The offspring’s 

genotypes were identified two weeks after birth. None of the 429 offspring was homozygous 

mutants (Gdi2−/−) (total: 429; Gdi2+/+: 172; Gdi2+/−: 257), and no increased neonatal 

mortality was observed in the initial 2 weeks after birth. The ratio of wild-type to 

heterozygous mice was 0.67, in accordance with Mendel’s law. These results indicate Gdi2 
is essential for embryonic development. One functional Gdi2 allele is sufficient for murine 

embryonic development, but complete loss of Gdi2 leads to embryonic lethality.

To characterize the effect of Gdi2 mutation on embryonic development, we performed timed 

matings between Gdi2 heterozygous mice. Embryos at embryonic day (E) 10.5, 14.5, 15.5 

and 16.5 were collected from Gdi2+/− breeding mice and genotyped by PCR analysis using 

genomic DNA (Fig. 4). At E10.5, Gdi2+/+, Gdi2+/−, and Gdi2−/− embryos were recovered 

and viable. However, developmental retardation of Gdi2−/− embryos became apparent at 

E14.5, E15.5 and E16.5. No viable Gdi2−/− embryos were recovered after E14.5, suggesting 

that embryonic lethality occurs between E10.5 to E14.5.
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4.4. GDI2 protein deficiency in knockout mice

Wild-type and mutant alleles were assessed by PCR of DNA isolated from mice, and the 

disruption of GDI2 expression was confirmed by Western blot analysis, with β-actin used as 

a loading control (Fig. 5). E10.5 embryos were collected and genotyped by PCR. Gdi2+/+ 

and Gdi2−/− embryos were lysed and used for Western blot analysis with anti-Gdi2 antibody. 

GDI2 protein was absent in Gdi2−/− embryos, indicating functional loss of Gdi2.

4.5. Increased apoptosis in the liver of Gdi2 mutant mice

Histological analysis revealed extensive cell death and cell loss in Gdi2−/− embryos (Fig. 

6). To determine the cause of embryonic lethality in mutant embryos, we examined cell 

death in E12.5 liver. Terminal deoxynucleotidyl transfer-mediated dUTP-biotin end labeling 

(TUNEL) staining was used to detect apoptotic cells in wild-type and Gdi2−/− liver sections. 

Compared to wild-type, Gdi2−/− liver sections contained numerous TUNEL-positive cells, 

indicating significant apoptosis in Gdi2−/− liver.

Caspase-3, a cysteine protease, controls both cytoplasmic and nuclear events associated with 

Fas-mediated apoptosis by cleaving a variety of key cellular proteins; cleaved Caspase-3 is a 

marker for activated caspase-3 and apoptosis [21]. To confirm apoptosis occurred in Gdi2−/− 

embryos, we performed cleaved caspase-3 staining in wild-type and Gdi2−/− embryo liver 

sections (Fig. 7). Compared to wild-type, Gdi2−/− liver sections contained extensive cleaved 

caspase-3-positive cells, confirming the significant apoptosis in Gdi−/− liver identified by 

TUNEL staining.

4.6. One Gdi2 allele is sufficient for resistance to LPS challenge

To investigate whether GDI2 plays a role during bacterial infection, we challenged wild-type 

and Gdi2+/− mice with 10 mg/kg lipopolysaccharide (LPS) and then collected serum from 

the mice. As shown in Fig. 8, both Gdi2+/− and wild-type mice produced similar levels of 

cytokines following LPS stimulation. There was no significant difference in survival after 

LPS challenge (data not shown).

5. Discussion

The transfer of material between organelles in eukaryotic cells is predominantly mediated 

by vesicular transport. GTP binding proteins regulate vesicular traffic at many stages of the 

exocytic and endocytic transport pathways. Rab GTPases are small GTP-binding proteins in 

the Ras superfamily. After a vesicle fusion event, Rab is returned to its membrane of origin 

by GDI. GDI proteins regulate the GDP-GTP exchange reaction of Rab family members that 

are involved in vesicular trafficking of molecules between cellular organelles. GDIs slow the 

rate of dissociation of GDP from Rab proteins and release GDP from membrane-bound Rab 

[2,22].

To date, two forms of GDI, namely GDI1 and GDI2, have been identified. GDI2 comprises 

1340 nucleotides and encodes a protein GDI2 with a molecular weight of 49KD [4]. We 

have previously shown that GDI2 may regulate the immune response through interaction 

with the ITIM domain during bacterial infection in vitro [18]. To further investigate the 
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function of GDI2 in vivo, we generated mice with a trapped Gdi2 gene and uncovered 

a novel role for Gdi2 during early embryonic development. None of 429 genotyped pups 

from Gdi2 heterozygous mating pairs showed homozygous deletion of the Gdi2 allele. We 

also did not detect any viable Gdi2 null embryos between developmental days 14.5–16.5, 

indicating a severe early embryonic defect caused by the complete loss of Gdi2 function. 

However, one functional Gdi2 allele is sufficient for murine embryo development, indicated 

by the expected frequency of heterozygous offspring.

The lack of differences in cytokine production and survival between wild-type and Gdi2+/− 

mice after LPS challenge suggest that one Gdi2 allele is sufficient to maintain function. To 

further explore the function of Gdi2 in bacterial infection and embryonic development, we 

will need to use a conditional knockout strategy [23].

Apoptosis is a fundamental process for normal development of multicellular organism, 

and is important in the regulation of the immune system, normal morphogenesis and 

maintenance of homeostasis. For example, non-functional or autoreactive lymphocytes are 

eliminated through apoptosis. Fas, a member of the tumor necrosis factor receptor (TNFR) 

family, can trigger cell death and is essential for lymphocyte homeostasis. GDI2 is a target 

for caspase cleavage upon apoptotic induction by Fas [24,25]. GDI2 knockdown inhibitors 

the cell cycle and promotes apoptosis in prostate cells [26]. In this study, we found that 

extensive cell loss and apoptosis in Gdi2−/− embryos with TUNEL and cleaved caspase-3 

staining. These results suggested that Gdi2 maintain homeostasis by regulating the apoptosis 

of the cells and might via the p75NTR signaling pathway which was recently reported [26]. 

Further studies are required to show how GDI2 mediates the pathway of death and growth 

and the molecular relationship between them.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Localization of the gene trap vector interrupting the Gdi2 gene.
Genomic exon organization of Gdi2 gene. Exons (Ex). Numbers above exons correspond 

to Gdi2 cDNA. The second row shows a diagram of the mutated allele of the Gdi2 gene; 

a β-galactosidase gene was inserted between exons 3 and 4 of the Gdi2 gene. The three 

primers (P1, P2, and P3) used for genotyping are shown.
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Fig. 2. DNA sequence of Gdi2 insertion site.
The nucleotide sequence near the splice junction joining the Gdi2 exon 3 splice donor to the 

splice acceptor of the vector is indicated. The red arrow indicates the insertion site between 

the Gdi2 genomic DNA sequence and vector DNA sequence.
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Fig. 3. Expression of Gdi2 in embryos.
X-gal staining of cryosections of Gdi2−/− and wild-type (WT) embryos. Corresponding 

WT sections serve as negative controls for specific X-gal staining in knockout mice. 

Higher magnification images are also shown. Experiments in this figure were performed 

in duplicate, and representative images are shown. Hematoxylin and eosin (HE) staining 

of WT embryo cryosections was performed. WT embryo cryosections were also stained 

with anti-Gdi2 antibody and counterstained with hematoxylin. Bar: 200 μM. The red arrow 

indicates non-specific staining.
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Fig. 4. Gdi2 mutant resulted in embryonic lethality.
Representative images of E10.5, E14.5, E15.5 and E16.5 embryos of the indicated 

genotypes. PCR genotyping results for the E10.5 embryos are shown using the indicated 

allele-specific primers. WT, wild-type; KO, Knockout.
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Fig. 5. PCR and Western blot analyses of Gdi2.
Representative PCRs show mouse genotypes. Loss of Gdi2 in S1-11F1-derived mice is 

shown. Proteins were extracted from embryonic tissues, separated by SDS/PAGE, and 

subjected to western blotting. Western blot demonstrates lack of GDI2 protein in embryo 

lysates of Gdi2−/− mice compared to wild-type (WT) control mice. β-actin was used as a 

loading control. Representative data from two independent experiments are shown.
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Fig. 6. Liver histology and TUNEL staining.
Representative cryosections from wild-type (WT) and Gdi2−/− embryo liver stained with 

H&E (HE) are shown. TUNEL staining was performed on WT and Gdi2−/− embryo liver 

cryosections; representative images are shown. Experiments in this figure were performed in 

duplicate. Bar: 200 μM. The red arrow indicates positive staining.
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Fig. 7. Expression of cleaved caspase-3 in embryonic tissues.
Cryosections from wild-type (WT) and Gdi2−/− embryo liver were stained with H&E 

(HE). Cryosections from WT and Gdi2−/− embryo liver were stained with anti-cleaved 

caspase-3 antibody and counterstained with hematoxylin. Representative images are shown. 

Experiments in this figure were performed in duplicate. Bar: 200 μM. The red arrow 

indicates positive staining.
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Fig. 8. One Gdi2 allele is sufficient for resistance to LPS challenge.
Serum concentrations of TNF-α, IL-6, IL-12, IL-10, MCP-1 and IFN-γ at 16 h after LPS 

treatment (mean ± SD, n = 8). Experiments in this figure were performed in duplicate, n. s., 

not significant.
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