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Abstract

Pitx2 is a bicoid-related homeobox transcription factor implicated in regulating left-right 

patterning and organogenesis. However, only a limited number of Pitx2 downstream target genes 

have been identified and characterized. Here we demonstrate that Pitx2 is a transcriptional 

repressor of DEP domain containing 1B (DEPDC1B). The first intron of the human and mouse 

DEP domain containing 1B genes contains multiple consensus DNA-binding sites for Pitx2. 

Chromatin immunoprecipitation assays revealed that Pitx2, along with histone deacetylase 1, was 

recruited to the first intron of Depdc1b. In contrast, RNAi-mediated depletion of Pitx2 not only 

enhanced the acetylation of histone H4 in the first intron of Depdc1b, but also increased the 

protein level of Depdc1b. Luciferase reporter assays also showed that Pitx2 could repress the 

transcriptional activity mediated by the first intron of human DEPDC1B. The GAP domain of 

DEPDC1B interacted with nucleotide-bound forms of RAC1 in vitro. In addition, exogenous 

expression of DEPDC1B suppressed RAC1 activation and interfered with actin polymerization 

induced by the guanine nucleotide exchange factor TRIO. Moreover, DEPDC1B interacted with 

various signaling molecules such as U2af2, Erh, and Salm. We propose that Pitx2-mediated 

repression of Depdc1b expression contributes to the regulation of multiple molecular pathways, 

such as Rho GTPase signaling.
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Introduction

Pitx2 is a bicoid-related homeobox transcription factor. Mutations of the Pitx2 gene in 

humans lead to Rieger’s syndrome, an autosomal dominant genetic human disease 

characterized by ocular, craniofacial, and umbilical abnormalities as well as defects in 

cardiac, limb, and pituitary development [1, 2]. As one of the downstream targets for Sonic 

Hedgehog and Nodal, Pitx2 also plays a critical role in controlling left-right patterning 

during embryonic development [3, 4]. Accumulating evidence further demonstrates that 

hypermethylation of the Pitx2 gene serves as a prognostic marker for human cancer [5, 6]. 

However, it is still poorly understood how Pitx2 mediates such a wide-range of cellular and 

developmental processes.

As a transcription factor, Pitx2 is likely to control left-right patterning, organogenesis, and 

tumor development through regulation of its downstream target genes at the transcriptional 

level. Pitx2 is a bicoid-related protein that is characterized by a lysine residue at position 50 

in the third helix of the homeodomain. Like the bicoid protein in Drosophila, Pitx2 in 

various organisms also binds to the consensus TAATCC DNA-binding site in promoters and 

enhancers [7-10]. It has been demonstrated that Pitx2 can regulate the expression of a group 

of genes such as PLOD (procollagen lysyl hydroxylase), Dlx2, ANF (atrial natriuretic 

factor), cyclin D1/D2, p21, MYC, Amelogenin (Amel), and the T-box genes at the 

transcriptional level [9-16]. Through regulation of its downstream target genes, Pitx2 is 

implicated in controlling various biological processes such as cell migration and cell 

proliferation [12-14, 17]. In particular, fate-mapping studies in mice have shown that Pitx2 

is required for the regulation of cell migration during craniofacial and hypothalamus 

development [18, 19].

Rho GTPase signaling has been implicated in the regulation of cell migration during 

embryonic development [20-25]. As the major components of Rho GTPase signaling, Rho 

GTPase proteins such as RHOA, RAC1, and CDC42 are primarily activated by guanine 

nucleotide exchange factors (GEFs) and inactivated by GTPase-activating proteins (GAPs) 

[26]. There are at least three Pitx2 isoforms (Pitx2a, 2b, and 2c) that are generated by 

alternative splicing [27]. We have reported previously that inducible expression of Pitx2a in 

HeLa cells leads to the activation of RAC1 and RHOA [28]. In this study, we have 

demonstrated that Pitx2 can inhibit the expression of a GTPase-activating protein termed 

DEP domain containing 1B (DEPDC1B) at the transcriptional level. In addition, exogenous 

expression of DEPDC1B leads to the inhibition of RAC1 activation. Furthermore, 

DEPDC1B interacts with various signaling molecules ranging from splicing regulators to 

transmembrane proteins, pointing to a direction that Pitx2-mediated repression of 

DEPDC1B expression is implicated in the regulation of multiple biological processes.

Materials and Methods

Reverse transcription polymerase chain reaction (RT-PCR) and Plasmids

Total RNAs were isolated from Pitx2a inducible HeLa cells using the TRI reagent according 

to the manufacturer’s instructions (Sigma). The superscript first-strand synthesis system was 

used to synthesize the human DEPDC1B cDNA according to the manufacturer’s instructions 
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(Life technologies). The following primers were used to amplify the human DEPDC1B 

cDNA: 5′-ATGGAGCATCGCATCGTGGGG-3′ (forward primer) and 5′-

TTACATTCGAAAACTTCTAGT-3′ (reverse primer). The full-length cDNA of human 

DEPDC1B was cloned into the pEGFP-C3 vector, generating pEGFP-C3-DEPDC1B. The 

cDNAs corresponding to amino acid residues 1-151, 151-529, and 171-400 of human 

DEPDC1B were cloned into pEGFP-C3, pEGFP-C1, and pET-28a vectors, respectively. 

The full-length cDNA of human DEPDC1B was also cloned into the pGEX-6 vector. The 

full-length cDNAs of mouse U2af2 and Erh were cloned into pCS3+MT and pGEX-6 

vectors, respectively. The Salm1 plasmid was provided by Dr. Robert J. Wenthold (NIH). 

The TRIO plasmids were provided by Dr. Anne Blangy (Centre de Recherche de Biochimie 

Macromoléculaire, France).

Cell culture

Pitx2a inducible HeLa-Tet-On cell line was generated and maintained as described 

previously [28, 29]. U2OS, C2C12, and NIH3T3 cells were purchased from ATCC 

(American Type Culture Collection) and grown in DMEM supplemented with 10% fetal 

bovine serum. Lipofectamine was used for transfection with siRNA and plasmids according 

to the manufacturer’s instructions (Life Technologies). siRNA against mouse Pitx2 has been 

described previously [29].

Immunofluorescence analysis

Cells grown on coverslips were fixed with 4% paraformaldehyde for 12 min at 23°C. After 

blocking with 1% bovine serum albumin for 1 h at 23°C, the fixed cells were incubated with 

primary antibodies for 3 h at 23°C or overnight at 4°C. This was followed by an incubation 

with secondary antibodies for 40 min at 23°C. The primary antibody used for 

immunofluorescence analysis was mouse anti-MYC (1:1000; 9E10; catalogue number: 

sc-40; Santa Cruz). Alexa Fluor 594 goat anti-mouse IgG (1:500) and Alexa Fluor 350 goat 

anti-mouse IgG (1:250) were purchased from Life Technologies. Actin filaments were 

stained with Alexa Fluor 594 phalloidin (Life Technologies). The coverslips were mounted 

using a Prolong antifade kit (Life Technologies). Images were collected using the Nikon TiE 

Perfect Focus Digital Fluorescence Imaging System (Morrell Instrument Company, Inc.) 

with an Andor Zyla sCMOS 2560×2160 camera. The images were processed by 

deconvolution.

Quantification of actin filaments

To assess the effect of DEPDC1B on actin polymerization induced by TRIOGEFD1 (the 

RAC1-specific GEF domain of TRIO), the transfected HeLa cells were stained with Alexa 

Fluor 594 phalloidin and the fluorescence intensities in transfected cells were quantitated 

using the NIH ImageJ software [30, 31]. Briefly, the freehand selection tool was used to 

mark the cells of interest in the same field. Regions next to cells were also selected and 

served as background. The corrected total cell fluorescence (CTCF) was calculated based on 

the integrated density from transfected and surrounding untransfected cells as well as 

background readings: CTCF=integrated density – (area of selected cell × mean fluorescence 

of background readings). A greater than 2-fold increase in the CTCF of transfected cells as 
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compared with that of surrounding untransfected cells was used as the threshold to indicate 

an increase in actin filament formation.

Luciferase reporter assays

C2C12 cells were transfected with the reporter plasmid I2.2-LUC, along with the β-

galactosidase expression plasmid. 24 h after the transfection, the transfected cells were lysed 

in reporter lysis buffer (Promega), followed by centrifugation to remove cell debris. 

Luciferase activity was assessed using the Reporter™ Microplate Luminometer (Turner 

BioSystems). The light units were normalized to β-galactosidase activity.

Expression and purification of recombinant polypeptides

A bacterial expression system was used to express GST- and His-tagged recombinant 

polypeptides. BL21 bacterial cells expressing GST-tagged recombinant polypeptides were 

resuspended in PBS and homogenized by sonication. Triton X-100 was added to a final 

concentration of 1%. The bacterial lysates were then incubated with shaking at 23°C for 1 h. 

A glutathione-conjugated agarose (Sigma) column was used to purify GST-tagged 

recombinant polypeptides. The proteins were eluted with 100 mM Tris-HCl (pH 8.0), 10 

mM glutathione and dialyzed against 50mM Tris-HCl (pH 7.5), 50 mM NaCl. BL21 

bacterial cells expressing His-tagged recombinant polypeptides were resuspended in 50 mM 

sodium phosphate (pH 8.0), 300 mM NaCl and homogenized by sonication. A nickel-

nitrilotriacetic acid (Ni-NTA) agarose (QIAGEN) column was used to purify His-tagged 

recombinant polypeptides. The proteins were eluted with 50 mM sodium phosphate (pH 

8.0), 300 mM NaCl, 250 mM imidazole and dialyzed against 50mM Tris-HCl (pH 7.5), 50 

mM NaCl.

Chromatin immunoprecipitation (ChIP) assays

The ChIP assays were conducted using the EZ ChIP Chromatin Immunoprecipitation Kit 

according to the manufacturer’s instructions (Millipore). Briefly, C2C12 cells were 

transfected with control or Pitx2 siRNA. 48 h following transfection, the transfected cells 

were washed twice with PBS and cross-linked with 1% formaldehyde for 10 min at room 

temperature. The cells were then resuspended in SDS lysis buffer containing protease 

inhibitors, followed by sonication 5 times (10 sec for each) using a QSONICA sonicator. 

The cell lysates were centrifuged for 10 min to remove cell debris and the supernatants were 

subjected to immunoprecipitation with antibodies specific for Pitx2 (Santa Cruz), acetylated 

histone H 4 (Millipore), or histone deacetylase 1 (Millipore). A freshly prepared elution 

buffer containing 1% SDS and 0.1 M NaHCO3 was used to elute immunoprecipitates. 

Eluates were heated at 65°C for 6 h to reverse the formaldehyde cross-linking. DNA 

fragments were recovered from the eluates and subjected to PCR analysis with following 

three pairs of primers to amplify three intronic regions that cover five of the consensus 

TAATCC DNA-binding sites: 5′-AAACCCTTTGAGCAGAGACC-3′ (forward primer) and 

5′-TACTCCAACGAAGCCACAAC-3′ (reverse primers); 5′-TCAAGCTCAGCGTAGACT 

AATG-3′ (forward primer) and 5′-CTGGAAGTGGTGTTGAAAGAAAG-3′ (reverse 

primer); 5′-GTCTTGACATCTAGAGCCATCTG-3′ (forward primer) and 5′-

AGTGCATATTGTCTCACTCA CTC-3′ (reverse primer).
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Immunoblot analysis

Cell lysates or immunoprecipitates were separated on 10% or 4%-12% SDS-PAGE gels 

(Bio-Rad), transferred to an Immobilon-P transfer membrane (Millipore), blocked in 5% 

non-fat milk, and incubated with primary antibodies as indicated. The following primary 

antibodies were used: mouse anti-MYC (1:1000; 9E10; Santa Cruz), rabbit anti-β-tubulin 

(1:1,000; Santa Cruz), mouse anti-His (1:250; Bio-Rad), goat anti-Pitx2 (1:250; Santa Cruz); 

and rabbit anti-DEPDC1B (1:500). After three washes, the blots were incubated with 

horseradish peroxidase-conjugated secondary antibodies (1:5000; Santa Cruz) for 1 h at 

23°C and visualized by SuperSignal West Pico Luminol/Enhancer solution (Pierce). Some 

of the immunoblots were processed with a ScanLater kit and then scanned by a SpectraMax 

i3 according to the manufacturer’s instructions (Molecular Devices). The DEPDC1B 

polyclonal antibody used in this study was generated using the following peptide as antigen: 

TDAKLSNKEKKKKLKQFQ. The peptide corresponds to amino acid residues 461-478 of 

human DEPDC1B.

GST pull-down assays

GST pull-down assays were done as described previously [32, 33]. Briefly, the immobilized 

GST-tagged polypeptides were incubated with in vitro translated polypeptides or transfected 

cell lysates overnight at 4°C. After washing four times with binding buffer (50 mM Tris-

HCl, pH 7.4, 100 mM NaCl, 0.05% Triton-X-100, 10% glycerol, 0.2 mM EDTA, and 1 mM 

DTT), the beads were resuspended in SDS loading buffer to elute the bound proteins. The in 

vitro translated MYC-U2af2 was synthesized using the TNT SP6 quick-coupled 

transcription/translation system (Promega) according to the manufacturer’s instructions.

Yeast two-hybrid screening

The cDNAs corresponding to amino acid residues 1-151 and 151-529 of human DEPDC1B 

were cloned into the pAS2-1 vector to generate bait plasmids. The bait plasmids were co-

transformed into the yeast strain Y187 with a mouse 11-day embryo matchmaker cDNA 

library (Clontech). The positive yeast colonies that were able to grow in SD synthetic 

medium lacking leucine, tryptophan and histidine were further confirmed by a filter lift 

assay for β-galactosidase activity. The prey plasmids, which contain cDNAs corresponding 

to the potential DEPDC1B-interacting proteins, were then recovered from the positive yeast 

colonies and subjected to DNA sequencing.

Results

Regulation of DEPDC1B expression by Pitx2

We have reported previously that inducible expression of Pitx2a in HeLa cells promotes the 

activation of the Rho GTPase proteins RAC1 and RHOA, arrests cell cycle at G1 phase, and 

inhibits cell migration [28]. To understand how inducible expression of Pitx2a promotes 

RAC1 and RHOA activation, we conducted a DNA microarray analysis to identify the GEFs 

and GAPs that were regulated by Pitx2a in this HeLa cell line. Total mRNAs isolated from 

the inducible Pitx2a cell line were subjected to the DNA microarray analysis (Affymetrix). 

The microarray data showed that one of the GAPs termed DEPDC1B was down-regulated 
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by the inducible expression of Pitx2a. To confirm the microarray data, RT-PCR was 

conducted to determine the mRNA levels of DEPDC1B in Pitx2a cells. RT-PCR showed 

that the mRNA levels of DEPDC1B decreased in the presence of doxycycline (Figure 1B; 

compare lane 1 with lane 2 in the top panel). It is of note that HeLa-Tet-On cells used to 

establish the Pitx2-inducible cell line do not express endogenous Pitx2 [28]. In contrast, 

C2C12 cells endogenously express both Pitx2 [12] and Depdc1b (see below). Therefore, in 

this study we used C2C12 cells to examine the regulation of Depdc1b expression by Pitx2.

Pitx2 is a transcription factor that regulates transcriptional activity by binding to the 

consensus TAATCC DNA-binding site in the promoters and enhancers of its target genes. 

To determine whether Pitx2 can regulate DEPDC1B expression at the transcriptional level, a 

3-kb promoter region of human DEPDC1B was analyzed for the presence of consensus 

TAATCC DNA-binding sites. We did not identify any consensus TAATCC DNA-binding 

sites in the promoter region. In contrast, there are nine consensus TAATCC DNA-binding 

site in the first intron (11kb) of human DEPDC1B. As shown in Figure 1C, these consensus 

TAATCC DNA-binding sites (A1-A5 and B1-B4) are clustered in two regions of the first 

intron. A 2.2-kb intronic DNA fragment (I2.2) from the first intron of human DEPDC1B 

was cloned into a luciferase reporter vector to generate the reporter plasmid I2.2-LUC. To 

test whether Pitx2 inhibits the transcriptional activity mediated by the intronic DNA 

fragment, I2.2-LUC was co-transfected into C2C12 cells with a plasmid encoding Pitx2a. 24 

h after transfection, the transfected C2C12 cell lysate was subjected to luciferase reporter 

assays. As shown in Figure 1D, expression of GFP-Pitx2a significantly reduced luciferase 

activity from I2.2-LUC, suggesting that Pitx2 inhibits intron-mediated transcriptional 

regulation of DEPDC1B.

It is of note that the first intron (7.4 kb) of mouse Depdc1b also contains consensus 

TAATCC DNA-binding sites. Three and five consensus DNA-binding sites are clustered in 

a 1.6-kb and a 1.9-kb intronic region of mouse Depdc1b, respectively. Next, we used 

chromatin immunoprecipitation (ChIP) assays to examine whether Pitx2 binds to the first 

intron of mouse Depdc1b. As shown in Figure 2B, Pitx2 and histone deacetylase 1 (Hdac1), 

but not acetylated histone H4 (AcH4), were associated with the first intron of Depdc1b in 

C2C12 cells transfected with control siRNA (Figure 2B; compare lanes 3 and 4 with lane 5 

in the top panel). In contrast, acetylated histone H4, but not Pitx2 and Hdac1, was present in 

the first intron of Depdc1b in C2C12 cells transfected with an siRNA against Pitx2 (Figure 

2B; compare lane 5 with lanes 3 and 4 in the bottom panel). It has been well established that 

histone deacetylases and acetylated histones are associated with the inactive and active 

chromatin, respectively. Therefore, our findings suggest that Pitx2 can bind to the first 

intron of Depdc1b and inhibit the expression of Depdc1b at the transcriptional level.

To determine whether Depdc1b expression is regulated by the endogenous Pitx2, C2C12 

cells transfected with an siRNA specific for Pitx2 were subjected to immunoblot analysis 

with an antibody specific for DEPDC1B. As shown in Figure 3A, depletion of Pitx2 in 

C2C12 cells by RNAi increased the protein levels of Depdc1b (Figure 3A; compare lane 1 

with lane 2 in the top panel). As shown in Figure 3B, the DEPDC1B peptide antibody could 

recognize both GFP-tagged and endogenous DEPDC1B in HeLa cells. In addition, the 
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DEPDC1B peptide antibody also recognized endogenous Depdc1b that is expressed in 

C2C12, mouse embryonic fibroblast (MEF), and NIH3T3 cells (Figure 3C).

Binding of DEPDC1B to nucleotide-bound forms of RAC1

Data from the NCBI database show the GAP domain of DEPDC1B does not contain the 

critical arginine residue that is required for the GAP activity. In addition, recent study has 

demonstrated that the GAP domain of DEPDC1B does not have GAP activity toward 

RHOA [34]. Nonetheless, it has been shown that the conserved arginine residue in the GAP 

domain is not required for the binding of GAP domains to Rho GTPase proteins [35]. 

Furthermore, the GAP domain can act as a scaffold to bind to Rho GTPase proteins and 

serve as a downstream effector of Rho GTPase proteins, thus modulating Rho GTPase 

signaling [36-40]. Therefore, we asked whether the GAP domain of DEPDC1B could bind 

to Rho GTPase proteins. The GAP domain (residues 171-400) of DEPDC1B was expressed 

as a His-tagged polypeptide (His-GAP) using a bacterial expression system. The purified 

His-GAP was incubated with GST-RHOA, GST-RAC1 or GST-CDC42 in the absence of 

guanine nucleotides or in the presence of GDP or GTP. The mixtures were then subjected to 

GST pull-down assays. His-GAP co-precipitated with GST-RAC1 in the presence of either 

GDP or GTP, but did not co-precipitate with GST-RAC1 in the absence of guanine 

nucleotides (Figure 4A; compare lanes 4 and 5 with lane 6). In contrast, His-GAP did not 

co-precipitate with GST-RHOA or GST-CDC42 in the presence or absence of guanine 

nucleotides (Figure 4A; compare lanes 1-3 and 7-12 with lanes 4-6). These findings suggest 

that the GAP domain of DEPDC1B can bind to inactivated, GDP-bound and activated, GTP-

bound forms of RAC1, but not to nucleotide-free RAC1. Next, we asked whether 

DEPDC1B and RAC1 colocalized in transfected HeLa cells. As shown in Figure 4C, GFP-

DEPDC1B colocalized with a dominant active form of RAC1, V12RAC1, to the sites of 

cell–cell contacts (Figure 4C, a-c). GFP-DEPDC1B also colocalized with a dominant 

negative form of RAC1, N17RAC1, to the cell periphery (Figure 4C, d-f). In contrast, GFP-

DEPDC1B did not colocalize with dominant active (L63RHOA) or dominant negative 

(N19RHOA) forms of RHOA in transfected HeLa cells (Figure 4C, g-i).

Inhibition of RAC1 activation by DEPDC1B

Although the critical arginine residue in the GAP domain is required for the catalytic 

activity of numerous GAPs, it has also been demonstrated that GAPs without the critical 

arginine residue utilize an alternative mechanism to promote GTP hydrolysis [41, 42]. 

Therefore, we asked whether exogenous expression of DEPDC1B in transfected cells had an 

impact on the activation of Rho GTPase proteins. As shown in Figure 5A, DEPDC1B 

contains a DEP domain (residues 15-106) and a GAP domain (residues 177-400). Plasmids 

encoding GFP-tagged full-length DEPDC1B or truncated DEPDC1B fragments were co-

transfected into HeLa cells with plasmids encoding MYC-RAC1, MYC-RHOA, or MYC-

CDC42. The transfected cells were then subjected to RBD (Rhotekin Rho-binding domain) 

and PBD (PAK1/p21 binding domain) pull-down assays to assess the levels of the activated 

Rho GTPase proteins RHOA and RAC1/CDC42, respectively. As shown in Figure 5C, a 

and b, exogenous expression of GFP-DEPDC1B-FL (full-length) in HeLa cells inhibited 

RAC1 activation (Figure 5Ca; compare lane 2 with lane 1 in the top panel). To determine 

which regions of DEPDC1B are required for DEPDC1B-mediated suppression of RAC1 
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activation, a plasmid encoding MYC-RAC1 was co-transfected into HeLa cells with a 

plasmid encoding either GFP-DEPDC1B-1-151 (containing the DEP domain) or GFP-

DEPDC1B-151-529 (containing the GAP domain). The transfected cells were then subjected 

to PBD pull-down assays. As shown in Figure 5Ca, exogenous expression of either 

DEPDC1B-1-151 or DEPDC1B-151-529 also decreased RAC1 activation (Figure 5Ca; 

compare lanes 3 and 4 with lane 1 in the top panel). In contrast, exogenous expression of 

full-length or truncated DEPDC1B did not markedly affect the activation of RHOA or 

CDC42 (Figures 5D and 5E).

Disruption of TRIO-induced actin bundling by DEPDC1B

We have reported previously that inducible expression of Pitx2 not only activates RHOA 

and RAC1, but also stimulates the expression of the GEF TRIO, [28]. TRIO contains two 

functional GEF domains. One of the TRIO GEF domains (TRIOGEFD1) shows specific 

GEF activity toward RAC1, while another TRIO GEF domain (TRIOGEFD2) has specific 

GEF activity toward RHOA [43]. In the current study, our results showed that Pitx2 

repressed the expression of DEPDC1B (Figures 1 and 2) and that exogenous expression of 

DEPDC1B in HeLa cells suppressed RAC1 activation (Figure 5C). Therefore, we asked 

whether DEPDC1B could inhibit actin polymerization induced by TRIOGEFD1. Exogenous 

expression of TRIOGEFD1 induced actin bundling at the cell periphery as well as at the 

sites of cell-cell contacts (Figure 6, a-c). Figure 6, d-g, show that exogenous expression of 

full-length DEPDC1B decreased TRIOGEFD1-induced actin bundling, especially at the cell 

periphery (n = 23/47 cells), although actin bundling was largely retained at the sites of cell-

cell contacts (Figure 6; compare a with e). As shown in Figure 6, h-o, exogenous expression 

of truncated DEPDC1B fragments, either DEPDC1B-1-151 (n = 17/29 cells) or 

DEPDC1B-151-529 (n = 16/23 cells), also decreased TRIOGEFD1-induced actin 

polymerization. Therefore, our results indicate that DEPDC1B can antagonize TRIO-

mediated RAC1 activation. However, exogenous expression of DEPDC1B did not affect 

TRIOGEFD2-induced actin polymerization (data not shown). These findings are consistent 

with our observations that exogenous expression of DEPDC1B did not have an obvious 

impact on RHOA activation and that the GAP domain of DEPDC1B did not interact with 

RHOA (Figures 4 and 5).

Binding of DEPDC1B to both nuclear and transmembrane proteins

To better understand the biological functions of DEPDC1B, we used the yeast-hybrid 

screening to identify the proteins that interact with DEPDC1B. We used an amino-terminal 

fragment (residues 1-151; containing the DEP domain) and a carboxyl-terminal fragment 

(residues 151-529; containing the GAP domain) as baits to screen a 12-day-mouse embryo 

cDNA library. Although the screen with the 151-529 fragment as bait did not result in any 

positive clones, the screen with the 1-151 fragment as bait led to the identification of eight 

positive clones (Table 1): U2 small nuclear RNA auxiliary factor 2 (U2af2), enhancer of 

rudimentary homolog (Erh), synaptic adhesion-like molecule (Salm), Zc3h13 (zinc finger 

CCCH-type containing 13), sacsin molecular chaperone (Sacs; Spastic Ataxia Of 

Charlevoix-Saguenay), Gnai3 [guanine nucleotide binding protein (G protein), alpha 

inhibiting activity polypeptide 3], tubulin folding cofactor B (Tbcb), and RNA binding motif 

protein 39 (Rbm39).
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Next, we used in vitro pull-down assays to confirm the interactions of DEPDC1B with 

U2af2, Erh, and Salm. We selected these three proteins for further analysis because U2af2 

and Erh are nuclear proteins while Salm is a transmembrane protein, thus allowing us to 

confirm whether DEPDC1B can interact with both nuclear and transmembrane proteins. 

GST pull-down assays showed that GST-DEPDC1B co-precipitated with the in vitro 

translated MYC-U2af2 (Figure 7A). GST-Erh also co-precipitated with GFP-DEPDC1B 

from transfected HeLa cells (Figure 7B). In addition, Figure 7C shows that GST-DEPDC1B 

co-precipitated with MYC-Salm1 (a member of the Salm family proteins) from transfected 

HeLa cells. Therefore, our findings indicate that the DEP domain of DEPDC1B can bind to 

both nuclear (U2af2 and Erh) and transmembrane (Salm) proteins.

Discussion

In this study, we have demonstrated that Pitx2 can inhibit DEPDC1B expression at the 

transcriptional level. In addition, DEPDC1B can bind to nucleotide-bound forms of RAC1, 

suppress RAC1 activation in transfected cells, and interfere with actin polymerization 

induced by the RAC1-specific GEF domain of TRIO. Furthermore, DEPDC1B interacts 

with various signaling molecules ranging from splicing regulators to transmembrane 

proteins. Our findings indicate that Pitx2-mediated repression of DEPDC1B expression 

contributes to the regulation of multiple signaling processes, such as Rho GTPase signaling.

Regulation of RAC1 activation by DEPDC1B

It is generally thought that a critical arginine residue in the GAP domain of GAPs plays a 

pivotal role in promoting the intrinsic GTPase activity of Rho GTPase proteins [44]. The 

conserved arginine residue is present in the GAP domain of most GAPs. In the absence of 

GAPs, Rho GTPase proteins only show low intrinsic activity of GTP hydrolysis. In contrast, 

in the presence of GAPs, the conserved arginine residue from the GAP domain of GAPs is 

inserted into the active site of Rho GTPase proteins to stabilize a conformation required for 

GTP hydrolysis, thus increasing the intrinsic GTPase activity of Rho GTPase proteins 

[45-47]. Although the critical arginine residue is absent in the GAP domain of DEPDC1B, 

our results showed that exogenous expression of DEPDC1B led to the suppression of RAC1 

activation in transfected HeLa cells (Figure 5C). These findings raise the question of how 

DEPDC1B inhibits RAC1 activation. One possibility is that the GAP domain of DEPDC1B 

utilizes an alternative mechanism to promote the intrinsic GTPase activity without 

participation of an arginine residue. In support of this speculation, some GAPs lacking the 

critical arginine residue are also capable of enhancing GTP hydrolysis through alternative 

mechanisms [41, 42, 44, 48]. In particular, a GAP termed OCRL1 (the oculocerebrorenal 

syndrome of Lowe) does not contain the conserved arginine residue [38]. Yet, OCRL1 has 

GAP activity toward RAC1 in vitro [49]. In addition, when exogenously expressed in Swiss 

3T3 cells, OCRL1 suppresses RAC1-specific cell phenotypes such as membrane ruffling 

[49]. In the current study, our results showed that exogenous expression of DEPDC1B 

disrupted actin polymerization induced by the RAC1-specific GEF domain of TRIO. 

Furthermore, our results showed that the GAP domain of DEPDC1B could bind to GTP-

bound forms of RAC1 (Figure 4A). Therefore, our findings suggest that the GAP domain of 

DEPDC1B can bind to GTP-RAC1 and promote GTP hydrolysis. However, it should be 
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noted that the GAP domain of DEPDC1B also interacted with GDP-bound forms of RAC1 

(Figure 4A). Thus, binding of DEPDC1B to GDP-bound forms of RAC1 may also 

contribute to the inhibition of RAC1 activation in transfected HeLa cells. For instance, it is 

possible that the GAP domain of DEPDC1B binds to GDP-RAC1 and interferes with the 

conversion of GDP-RAC1 to GTP-RAC1, thus decreasing the overall levels of activated 

RAC1 in transfected cells. It is of note that some other GAPs such as OCRL1 and 

ArhGAP15 can also bind to both GDP- and GTP-bound forms of RAC1 [49]. In addition, 

mutation of the critical arginine to alanine does not interfere with the interaction between a 

CDC42-GAP and CDC42 [35], suggesting that the conserved arginine residue in the GAP 

domain is dispensable for the binding of GAP domains to Rho GTPase proteins.

The DEP domain is a conserved sequence element containing approximately 90 amino acid 

residues that was first identified in Dishevelled, EGL-10, and Pleckstrin [50]. DEP domains 

can act as a scaffold to recruit signaling molecules to various subcellular locations such as 

the plasma membrane [50]. DEPDC1B-1-151 contains a DEP domain that corresponds to 

amino acid residues 15-106. Our results showed that exogenous expression of 

DEPDC1B-1-151 inhibited RAC1 activation and decreased actin polymerization induced by 

the RAC1-specific GEF domain of TRIO (Figures 5 and 6). However, in vitro pull-down 

assays showed that the 1-151 region of DEPDC1B did not interact with RAC1 (data not 

shown). Therefore, the DEP domain of DEPDC1B is likely to suppress RAC1 activation 

through regulation of the upstream regulators of RAC1. In the current study, our results 

showed that the DEP domain of DEPDC1B could bind to transcriptional regulators such as 

Erh and Rbm39 (Table 1). Therefore, one possibility is that the DEP domain of DEPDC1B 

is implicated in the transcriptional regulation of unknown signaling molecules that, in turn, 

regulate RAC1 activation. Our yeast-two hybrid screening assays also revealed that the DEP 

domain of DEPDC1B could bind to Tbcb, an important regulator of microtubule assembly 

(Table 1). Thus, the DEPDC1B-Tbcb interaction is likely to play a role in regulating 

microtubule dynamics. Importantly, a line of evidence has demonstrated that microtubule 

growth promotes cell migration through activation of RAC1 at the cell leading edge [51, 

52]. Furthermore, microtubule assembly enhances the GEF activity of TRIO toward RAC1 

[53]. In the current study, our results showed that exogenous expression of 

DEPDC1B-1-151 interfered with actin polymerization induced by the RAC1-specific GEF 

domain of TRIO (Figure 6). Therefore, it is possible that the DEP domain of DEPDC1B 

binds Tbcb and interferes with microtubule assembly, thus inhibiting RAC1 activation.

DEPDC1B as a downstream target of Pitx2

We have reported previously that inducible expression of Pitx2a in HeLa cells leads to the 

activation of RAC1 and RHOA [28]. In addition, we have also shown that Pitx2 stimulates 

the expression of TRIO [28]. TRIO is a GEF that can activate both RAC1 and RHOA [43]. 

In the current study, we found that Pitx2 could suppress DEPDC1B expression at the 

transcriptional level (Figures 1 and 2). Furthermore, exogenous expression of DEPDC1B 

could inhibit RAC1 activation and suppress actin polymerization induced by the RAC1-

specific GEF domain of TRIO (Figures 5 and 6). Our findings suggest that DEPDC1B can 

antagonize RAC1 activation mediated by the Pitx2-TRIO axis. Therefore, we propose that 

Pitx2-mediated repression of DEPDC1B expression coordinates with Pitx2-mediated 

Wu et al. Page 10

Exp Cell Res. Author manuscript; available in PMC 2016 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



stimulation of TRIO expression to regulate the activation of RAC1 and RHOA (Figure 7F). 

A line of evidence has demonstrated that Rho GTPase proteins play a central role in the 

regulation of cell migration during embryonic development [54-56]. In addition, Pitx2 is 

required for the regulation of cell migration during organogenesis such as craniofacial and 

hypothalamus development [18, 19]. Therefore, our findings indicate that regulation of 

TRIO and DEPDC1B expression by Pitx2 leads to the activation of RAC1 and RHOA, thus 

contributing to the regulation of cell migration during embryonic development. Although a 

role for DEPDC1B in the regulation of cell migration during embryonic development 

remains to be elucidated, studies using cultured cells have demonstrated that DEPDC1B is 

implicated in the regulation of cell migration and cell proliferation [57-59].

DEPDC1B contains a GAP domain and a DEP domain. It is generally thought that the DEP 

domain acts as a scaffold to recruit signaling molecules to various subcellular locations such 

as the plasma membrane [50]. In the current study, a yeast two-hybrid screening with the 

1-151 region (containing the DEP domain) of DEPDC1B as bait led to the identification of 

eight putative DEPDC1B-interacting proteins, which are implicated in various biological 

processes such as transcriptional regulation, RNA splicing, cell migration, microtubule 

assembly, and synapse formation (Table 1). In addition, the interactions of DEPDC1B with 

U2af2, Erh, and Salm1 were confirmed by GST pull-down assays (Figure 7). It is of note 

that both U2af2 and Erh have been implicated in the regulation of RNA splicing [60, 61]. 

Furthermore, U2af2 interacts with Rbm39 in yeast-two hybrid assays [62]. In the current 

study, Rbm39 was also identified as a DEPDC1B-interacting protein. Therefore, interactions 

of DEPDC1B with U2af2, Erh, and Rbm39 are likely to play a role in the regulation of RNA 

splicing. Future research will focus on understanding how DEPDC1B and its interacting 

partners are implicated in the regulation of Pitx2-mediated developmental processes.
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Highlight

Pitx2 represses DEPDC1B expression at the transcriptional level.

DEPDC1B binds to RAC1 and inhibits RAC1 activation.

DEPDC1B interacts with various signaling molecules such as U2af2, Erh, and Salm.

Pitx2-mediated repression of DEPDC1B expression may impact multiple signaling 

pathways.
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Figure 1. Pitx2 inhibits DEPDC1B expression at the transcriptional level
(A) Immunoblot analysis showing that Pitx2a inducible HeLa cells express GFP-Pitx2a in 

the presence of doxycycline (Dox). (B) RT-PCR showing that inducible expression of GFP-

Pitx2a decreases the mRNA levels of DEPDC1B. (C) Schematic showing that there are nine 

consensus TAATCC DNA-binding sites (A1-A5 and B1-B4) in the first intron of human 

DEPDC1B. The number below the diagram indicates the nucleotide residues. “GGATTA” 

and “TAATCC”, the consensus TAATCC DNA-binding site. E1, the first exon; E2, the 

second exon. (D) Luciferase reporter assays showing that exogenous expression of Pitx2a 

represses the transcriptional activity mediated by an intronic fragment of human DEPDC1B 

(I2.2). Three independent experiments were conducted and luciferase activity was 

normalized to β-galactosidase activity. β-gal, β-galactosidase.
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Figure 2. Recruitment of Pitx2 to the first intron of mouse Depdc1b
(A) Schematic showing that there are eight consensus TAATCC DNA-binding sites in the 

first intron of mouse Depdc1b. The number below the diagram indicates the nucleotide 

residues. Three intronic regions that can be amplified by primer pairs #1, #2, and #3 are 

shown. “GGATTA” and “TAATCC”, the consensus TAATCC DNA-binding site. E1, the 

first exon; E2, the second exon. (B) ChIP assays showing the interaction of Pitx2 with the 

first intron of mouse Depdc1b. The results of a typical ChIP assay using primer pair #1 are 

shown. Similar results were obtained with primer pairs #2 and #3.
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Figure 3. RNAi-mediated depletion of Pitx2 increases the protein levels of Depdc1b
(A) C2C12 cells transfected with an siRNA against Pitx2 were subjected to immunoblot 

analysis with an antibody specific for Depdc1b. (B) Cell lysates from HeLa cells transfected 

with empty vector (lane 1) or a plasmid encoding GFP-DEPDC1B (lane 2) were subjected to 

immunoblot analysis with DEPDC1B antibody (top panels). (C) Cell lysates from 

untransfected C2C12 (lane 1), and MEF (lane 2), and NIH3T3 (lane 3) were subjected to 

immunoblot analysis with an antibody specific for DEPDC1B (top panels). The expected 

molecular mass for endogenous DEPDC1B is 61 kDa.
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Figure 4. The GAP domain of DEPDC1B binds to nucleotide-bound forms of RAC1
(A) Purified His-GAP (the GAP domain of DEPDC1B) were incubated with GST-CDC42 

(lanes 1-3), GST-RAC1 (lanes 4-6), GST-RHOA (lanes 7-9), or GST alone (lanes 10-12) in 

the absence of guanine nucleotide (lanes 3, 6, 9, and 12) or in the presence of GTP (lanes 1, 

4, 7, and 10) or GDP (lanes 2, 5, 8, and 11). The mixtures were then subjected to GST pull-

down assays, followed by immunoblot analysis with an antibody specific for His-tag. (B) 

Coomassie Blue staining image of GST-RHOA (lane 1), GST-RAC1 (lane 2), and GST-

CDC42 (lane 3) that were used in (A). (C) A plasmid encoding GFP-DEPDC1B (b, e, h, and 
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k) were co-transfected into HeLa cells with plasmids encoding MYC-tagged V12RAC1 (a), 

N17RAC1 (d), L63RHOA (g), or N19RHOA (j). The transfected cells were subjected to 

immunofluorescence analysis with an antibody specific for MYC (a, d, g, and j). Scale bar = 

20 μm.
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Figure 5. Exogenous expression of DEPDC1B suppresses RAC1 activation
(A) Schematic of DEPDC1B polypeptides that were used in (B), (C), (D), and (E). The 

number above the diagram indicates the amino acid residues. (B) Immunoblots showing that 

GFP-tagged DEPDC1B full-length (lane 1) and fragments (lanes 2 and 3) are expressed in 

transfected HeLa cells. (C-E) Plasmids encoding MYC-RAC1 (C), MYC-RHOA (D), or 

MYC-CDC42 (E) were co-transfected into HeLa cells with empty vector or plasmids 

encoding GFP-DEPDC1B-FL, GFP-DEPDC1B-1-151, or GFP-DEPDC1B-151-529. The 

transfected cells were subjected to PBD pull-down assays to assess the levels of activated 
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MYC-RAC1 (C) and MYC-CDC42 (E) or subjected to RBD pull-down assays to assess the 

levels of activated MYC-RHOA (D). Typical immunoblots for the activation assays of 

RAC1 (Ca), RHOA (Da), and CDC42 (Ea) were shown. Relative amount of activated MYC-

RAC1 (Cb), MYC-RHOA (Db), and MYC-CDC42 (Eb) in each group of transfected cells 

were quantitated based on three independent experiments. The error bars indicate standard 

deviation around the mean. In (Cb), (Db), and (Eb), FL, 1-151, and 151-529 represent GFP-

DEPDC1B-FL, GFP-DEPDC1B-1-151, and GFP-DEPDC1B-151-529, respectively. **, 

p<0.01; *, p<0.05.
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Figure 6. Exogenous expression of DEPDC1B suppresses TRIOGEFD1-induced actin 
polymerization
HeLa cells were transfected with the MYC-TRIOGEFD1 plasmid alone (a-c) or together 

with a plasmid encoding GFP-DEPDC1B-FL (d-g), GFP-DEPDC1B-151-529 (h-k), or GFP-

DEPDC1B-1-151 (l-o). The transfected cells were subjected to immunofluorescence 

staining for actin filaments (a, e, i, and m) and MYC-TRIOGEFD1 (b, f, j, and n). 

Arrowheads indicate the transfected cells. Arrows in a, c, d, e, and g indicate the sites of 

cell-cell contacts. Scale bar = 20 μm.
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Figure 7. The DEP domain of DEPDC1B interacts with both nuclear and transmembrane 
proteins
(A) GST pull-down assays showing that GST-DEPDC1B co-precipitates with the in vitro 

translated MYC-U2af2. (B) GST pull-down assays showing that GST-Erh co-precipitates 

with GFP-DEPDC1B from transfected HeLa cell lysates. (C) GST pull-down assays 

showing that GST-DEPDC1B co-precipitates with MYC-Salm1 from transfected HeLa cell 

lysates. (D) Coomassie Blue staining image of GST-DEPDC1B that was used in (A) and 

(C). (E) Coomassie Blue staining image of GST-Erh that was used in (B). (F) Schematic 

showing the coordinated regulation of RHOA and RAC1 activation by Pitx2, TRIO, and 
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DEPDC1B. Pitx2 up-regulates the expression of TRIO that, in turn, activates both RHOA 

and RAC1. Pitx2 also down-regulates the expression of DEPDC1B, thus relieving 

DEPDC1B-mediated suppression of RAC1 activation. The DEP domain of DEPDC1B 

interacts with proteins, such as U2af2, Erh, Salm, Zc3h13, Sacs, Gnai3, Tbcb, and Rbm39.
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Table 1
DEPDC1B-interacting proteins identified by yeast-two hybrid screening

DEPDC1B-
interacting proteins

Functions Subcellular
localization

References

U2af2 Splicing Nucleus [60]

Erh Splicing and
transcriptional
regulation

Nucleus [61, 63]

Salm Neurite outgrowth and
synapse formation

Membrane [64, 65]

Zc3h13 Unknown Unknown [66]

Sacs Mutations of the
human SACS gene
cause autosomal
recessive spastic
ataxia of Charlevoix-
Saguenay (ARSACS)

Unknown [67]

Gnai3 Cell migration,
asymmetric cell
division, and axial
skeleton development

Cytoplasm and cell
periphery

[68-70]

Tbcb Microtubule assembly Cytoplasm [71, 72]

Rbm39 Splicing and
transcriptional
regulation

Nucleus [73]
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