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SUMMARY

ZEB1 transcription factor is important in both development and disease, including many TGFβ-

induced responses, and the epithelial-to-mesenchymal transition (EMT) by which many tumors 

undergo metastasis. ZEB1 is differentially phosphorylated in different cell types; however the role 

of phosphorylation in ZEB1 activity is unknown. Luciferase reporter studies and electrophoresis 

mobility shift assays (EMSA) show that a decrease in phosphorylation of ZEB1 increases both 

DNA-binding and transcriptional repression of ZEB1 target genes. Functional analysis of ZEB1 

phosphorylation site mutants near the second zinc finger domain (termed ZD2) show that 

increased phosphorylation (due to either PMA plus ionomycin, or IGF-1) can inhibit 

transcriptional repression by either a ZEB1-ZD2 domain clone, or full-length ZEB1. This 

approach identifies phosphosites that have a substantial effect regulating the transcriptional and 

DNA-binding activity of ZEB1. Immunoprecipitation with anti-ZEB1 antibodies followed by 

western analysis with a phospho-Threonine-Proline-specific antibody indicates that the ERK 

consensus site at Thr-867 is phosphorylated in ZEB1. In addition to disrupting in vitro DNA-

binding measured by EMSA, IGF-1-induced MEK/ERK phosphorylation is sufficient to disrupt 

nuclear localization of GFP-ZEB1 fusion clones. These data suggest that phosphorylation of ZEB1 
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integrates TGFβ signaling with other signaling pathways such as IGF-1. This article is protected 

by copyright. All rights reserved.
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INTRODUCTION

Zinc finger E-box-binding homeobox, ZEB1 (δEF1, Zfhx1a, Zfhep, TCF8) mediates a 

diverse array of processes including mesoderm-derived cell differentiation, eye development, 

neural development and lymphopoiesis, as well as cell proliferation and senescence (Broege 

et al., 2011; Gheldof et al., 2012). ZEB1 can act in the TGFβ pathway as a Smad-binding 

factor, and is strongly involved in the Epithelial-to-Mesenchymal Transition (EMT) during 

both normal development and disease (Sanchez-Tillo et al., 2012). EMT can be activated by 

diverse cytokine signals, including TGFβ, Notch, Wnt, and TKR (tyrosine kinase receptor) 

signaling, which regulate transcription factors such as ZEB1, ZEB2, Snail, Slug and Twist 

(Moustakas and Heldin, 2007; Polyak and Weinberg, 2009). At a molecular level, ZEB1 

regulates transcription of target genes, repressing many genes implicated in immune cell, 

myoblast and skeletal differentiation (α4 integrin, CD4 and interleukin-2 (IL-2), p73, 

αMHC, α-collagen I) and EMT (E-cadherin, PATJ, CRB3), and activating mesenchymal 

marker genes (Broege et al., 2011). ZEB1 binds a consensus DNA sequence that 

corresponds to the E2-box sequence CACCTG which is a subset of E-box sequences 

(CANNTG) (Ikeda and Kawakami, 1995). Two isoforms of ZEB1 are able to autoregulate 

the ZEB1 promoter by binding to the E2-box located in its own gene, and repressing 

transcription (Manavella et al., 2007). Repression by ZEB1 is mediated through recruitment 

of the corepressor C-terminal-binding protein (CtBP1/2) and histone deacetylase (HDAC1) 

(Wang et al., 2009), and through the NC2 (DR1/DRAP1) negative cofactor of TATA-binding 

protein (Gheldof et al., 2012). However, it is likely that multiple upstream pathways are 

involved in ZEB1 regulation of differentiation and developmental events.

ZEB1 is regulated post-transcriptionally by the miRNA-200 family and other microRNAs 

(Gregory et al., 2008; Park et al., 2008), and post-translationally by SUMOylation (Long et 

al., 2005). However, other posttranslational modifications have been little studied. We used a 

sensitive immunoblot to show that cells express hyperphosphorylated and 

hypophosphorylated forms of ZEB1 in a cell-specific manner (Costantino et al., 2002). In 

addition, LC-MS/MS (Liquid Chromatography - Tandem Mass Spectrometry) studies show 

differential phosphorylation of ZEB1 across the cell cycle (Dephoure et al., 2008). 

Therefore, it was of interest to characterize the significance of phosphorylation in the 

biological function of this transcription factor. The present study finds that interaction of 

native ZEB1 with target gene DNA-binding sites in vitro is inhibited by phosphorylation. 

Further, repression of transcription by ZEB1 is regulated through phosphorylation of key 

Ser/Thr sites by kinases of signaling pathways such as IGF-1. Changes in transcriptional 

regulation by ZEB1 may also be mediated in part by changes in nuclear localization. Thus, 
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the activation of ZEB1 is modulated by kinases allowing ZEB1 to serve as an integrating 

factor of external signals.

EXPERIMENTAL

Cell lines

CHO-K1 (Chinese Hamster Ovary), COS-7 (African green monkey kidney), and Jurkat 

(human lymphoblastic T-leukemia) were obtained from the American Type Culture 

Collection (ATCC, Rockville, MD, USA) and propagated as previously described 

(Costantino et al., 2002; Manavella et al., 2007).

Reporter and expression plasmids

ZEB1 is a large transcription factor (1124 amino acids) having an N-terminal cluster of zinc 

fingers (ZD1), a central homeodomain (HD), and a C-terminal zinc finger domain (ZD2) 

followed by an acidic domain (EE) (Fig. 4A). Full-length rat ZEB1 cDNA and ZEB-1b 

cDNA (similar to rat Ensembl ZEB1-202 transcript having an alternate exon #1) (Cabanillas 

and Darling, 1996) were subcloned into pcDNA4/HisMaxB (Invitrogen, Carlsbad, CA, 

USA). The human ZEB1 gene promoter was isolated as indicated (Manavella et al., 2007). 

All the sequences and orientation of the clones were verified by sequencing. The CD4 

promoter (CD4EPLuc) (Brabletz et al., 1999), and E-cadherin Luc promoter (Comijn et al., 

2001) are described elsewhere. Another ZEB1 target, the p73 gene, was also used in these 

studies through the construct named 370 prom p73 intr which includes an intronic fragment 

of p73 gene inserted downstream of 370-bp of the p73 promoter (Fontemaggi et al., 2001). 

The ZEB1 ZD2E clone expresses the C-terminal half of the ZEB1 protein encompassing the 

ZD2 zinc finger domain and the acidic domain, as shown in Figure 4 and described 

previously (Cabanillas et al., 2001). The pcDNA1/ZD2 clone was generated after SmaI 

digestion of pcDNA1/ZD2E. GFP-ZEB1 clones (GFP-ZD2, GFP-ZD2-NLS, and GFP-ZD2-

ZF) were made by subcloning portions of rat ZEB1 cDNA by standard methods into the 

vector eGFP-C3 (Clontech, Mountain View, CA, USA).

Dephosphorylation of protein in vitro

Jurkat, P19 and CHO-K1 nuclear extract proteins and rabbit reticulocyte lysates were 

dephosphorylated with highly purified Calf Intestinal Phosphatase (CIP, New England 

Biolabs) in 100 mM NaCl, 10 mM MgCl2, 50 mM Tris-HCl pH 7.9, 1 mM dithiothreitol, as 

described (Costantino et al., 2002), and used for EMSAs. Parallel control incubations with 

CIP plus 100 mM sodium phosphate (termed CIP+P) were used as a negative control since 

sodium phosphate buffer is a strong inhibitor of the phosphatase enzyme, but would be 

unlikely to inhibit any contaminating proteases or other activity in the CIP preparation.

Treatment of cells with kinase activators and inhibitors

Cells in culture were starved for 16 h in D-MEM/0.1% FBS and treated as follows: 10 or 40 

ng/ml PMA plus 1 μg/ml ionomycin (Iono) for 15-30 minutes; 50 nM of Calphostin C for 

30-60 min followed or not by PMA/Iono 30 min; 5 or 10 μM LY294002 for 1 h; 10, 25 or 50 

μM PD98059 for 1 h; 1 or 10 μM SB20358 for 30 min; 50 ng/ml KT5720 for 30 min; or 

DMSO (solvent); and 10 nM IGF-1 (Millipore Co. Billerica, MA, USA) (Luo et al., 2005) 
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or water (IGF-1 solvent) for 1 h. The amount of DMSO used was never higher than 0.1%. 

After treatment, cells were washed and used for isolation of nuclear extracts.

Electrophoretic mobility shift assay (EMSA)

EMSAs were performed as previously described (Manavella et al., 2007). For supershift 

analysis, polyclonal anti-ZEB1 antibody (anti-ZEB1-HD) against the homeodomain of 

ZEB1 (Smith and Darling, 2003), or two different commercial ZEB1 antibodies were used; 

ZEB1 R17, raised against a C-terminal region of ZEB1 and ZEB1 E20, raised against the N-

terminus of the full-length protein (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Immunoblots and immunoprecipitation

Nuclear extracts from COS-7 and CHO-K1 were used for immunoblots with polyclonal anti-

ZEB1-HD antibody. For immunoprecipitation, CHO-K1 cells were transfected with ΔZD1 

or ZD2E DNAs, or the empty vector pcDNA1. Cell lysates were immunoprecipitated with 

ZEB1 R17 or anti-ZEB1-HD antibodies. Eluted immune-complexes were run in 10% SDS-

PAGE gels. The blots were blocked and incubated with mouse monoclonal antibody to 

phospho-ThrPro MAPK/CDK substrate. Subsequently, blots were stripped, re-blocked, and 

incubated with ZEB1 R17 antibody.

Site-directed mutagenesis

Mutant constructs (e.g., mutant ZD2, termed mZD2; and mutant ZEB1, termed mZEB1) 

were created using the GeneTailor Site-Directed Mutagenesis System (Invitrogen) to modify 

the parent pcDNA1/ZD2 or full-length pcDNA1/ZEB1 clones following the manufacturer’s 

methods. Serine (Ser) or threonine (Thr) residues were changed to alanine or glutamic acid 

as indicated. The mutagenic primers (Integrated DNA Technologies, Coralville, IA, USA) 

are indicated in Supplementary Materials, Table 1. The identities of the mutated plasmids 

were confirmed by sequence analysis.

Luciferase reporter assays

CHO-K1 and COS-7 cells were transfected by lipofection with PEI (PolyEthylenImine, 

Polysciences Inc. Warrington, PA, USA) (Erbacher et al., 2004). CHO-K1 cells (5 × 104) 

were transfected with 0.8 μg of each DNA and 0.5 μg of CMVβ clone (β-galactosidase 

reporter vector, Clontech, Mountain View, CA, USA). For treatment with either activators or 

inhibitors of signaling pathways, thirty-two hours after adding the DNA, cells were cultured 

in starvation medium (D-MEM/0.1% FBS) and then treated as indicated above. Luciferase 

and β-galactosidase activities were evaluated as described (Cabanillas et al., 2001). Results 

were expressed as luciferase/β-galactosidase activity.

Confocal microscopy

5 × 104 CHO-K1 cells were grown on glass slides and transfected with 2.1 μg of each GFP-

ZEB1 ZD2 fusion clone, or full-length ZEB1, mutant, or control cDNAs. Cells were serum-

starved and then treated as follows: 10 μM PD98059 or 0.1% DMSO (solvent) for 1 h; 

and/or 10 nM IGF-1 or water (IGF-1 solvent) for 1 h, 40 ng/ml PMA plus 1 μg/ml Iono for 

15 min. Cells were handled as indicated (Lorenzatti et al., 2011). For cells transfected with 
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full-length ZEB1 constructs, the glass slides were incubated with polyclonal anti-ZEB1 

antibody (anti-ZEB1-HD). Alexa 488-labeled goat anti-rabbit IgG was used as a secondary 

antibody. Cells were counterstained with DAPI. Confocal images were taken with an 

Olympus FluoView FV1000 Laser Scanning confocal microscope.

Statistical analysis

Means were compared by one-way ANOVA and Student-Newman-Keuls (SNK) tests of the 

differences among means. Data represent means ± S.E.M. of 3 or more experiments unless 

specified. P<0.05 was considered significant.

In silico Analysis

Prediction of ZEB1 potential phosphorylation sites were performed using NetPhos 2.0 

(Blom et al., 2004), and kinase predictions were made by Kinase Phos (Huang et al., 2005) 

and PredPhospho (Kim et al., 2004). Putative nuclear localization signals (NLS) were 

identified through use of the program PSORT II (http://psort.nibb.ac.jp).

RESULTS

Dephosphorylation Increases DNA-binding by ZEB1

We previously found that ZEB1 is differentially phosphorylated in a cell-specific manner 

(Costantino et al., 2002). This is supported by several proteomic studies which identify 

ZEB1 phosphopeptides (Mayya et al., 2009) (Dephoure et al., 2008). To determine whether 

the phosphorylation state of ZEB1 influences its biological role as a transcription factor, we 

first tested potential changes in DNA-binding after dephosphorylation using previously 

characterized native response elements from the p73 gene (Fontemaggi et al., 2001), the α-4 

integrin gene (Sanchez-Tillo et al., 2012), or its own promoter, ZEB1 (Manavella et al., 

2007). Nuclear extracts (NE) from Jurkat and CHO-K1 cells were used for EMSA. The NE 

were treated with calf intestinal phosphatase (CIP) alone, or in the presence of phosphate 

buffer (as a negative control that blocks the activity of CIP enzyme). ZEB1 bound to each of 

the response elements, and in each case dephosphorylation with CIP greatly enhanced 

binding (Fig. 1A, lanes 2 and 4; Fig. 1B lane 2 and 8; Fig. 1C lane 2). This complex was 

sequence-specific as shown by competition with unlabeled oligonucleotide, and a lack of 

competition with either mutated p73E5 oligonucleotide or an excess of an unrelated 

oligonucleotide (actin) (Fig. 1C). This CIP-treated complex included ZEB1 as indicated by 

the ability of the anti-ZEB1 antibody to block complex formation (Fig. 1A and B). In 

addition, EMSAs with COS-7 cell NE also show increased specific binding of ZEB1 to both 

CD4 and α-4 integrin promoter sites after phosphatase treatment (Supplementary material 

S1). These data indicate that at least some ZEB1 protein is phosphorylated in vivo, and 

removing those phosphate groups increases binding to DNA.

Signaling pathways involved in ZEB1 phosphorylation

We investigated the signaling kinases involved in ZEB1 phosphorylation. We examined the 

effects of short term activation or inhibition of kinase in cells on the ability of endogenous 

ZEB1 to bind target genes by EMSAs. Both COS-7 and CHO-K1 cells were incubated with 

kinase inhibitors prior to isolating NE for these experiments. Pharmacological inhibition of 
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protein kinase C (PKC) (by Calphostin C), PI3K (by LY294002) or MEK/ERK (by 

PD98059) increased binding of ZEB1 to its target genes (Fig. 2). For both PD98059 and 

LY294002 there was a dose-dependent increase of ZEB1 binding, starting with the lowest 

doses. Importantly, inhibition of p38 MAPK (by SB20358) and PKA (KT5720) did not alter 

binding (Fig. 2B, lanes 3 and 5), demonstrating the specificity of the effect. Conversely, we 

find that activation of PKC decreases the ability of ZEB1 to bind DNA. Jurkat, CHO-K1 and 

COS-7 cells were treated with the PKC-activators PMA plus Ionomycin (PMA/Iono) for 30 

minutes. Nuclear extracts from these cells were used for either EMSA or immunoblots. 

Binding of ZEB1 to DNA was reduced using NE from PMA/Iono-treated Jurkat or COS-7 

cells (Fig. 1A; Fig. 2C; and Supplementary material S1C and S1D). Moreover, the 

sequential incubation of CHO-K1 or COS-7 cells with Calphostin C (Cal C) followed by 

PMA/Iono demonstrated the reversible nature of phosphorylation’s effect on binding to 

DNA (Fig. 2C lanes 2-4; and Supplementary material S1D). Immunoblots were used to 

evaluate the abundance of ZEB1 protein after the treatment of the cell lines. Fig. 2D shows 

that neither activators nor inhibitors changed levels of ZEB1 expression. Since the short pre-

treatment with PMA/Iono did not disrupt expression of ZEB1 protein, the dramatic decrease 

of ZEB1 binding to DNA is likely due to protein modification, not degradation. Separately, 

immunoblots were used to confirm the appropriate activities of the kinase activator or 

inhibitor treatments (Supplementary material S2). Taken together, these results support the 

conclusion that specific kinase activities regulate the ability of ZEB1 to bind DNA.

Phosphorylation changes transcriptional activity of ZEB1

In order to test whether the changes in kinase activity alters the transcriptional activity of 

ZEB1, we used luciferase reporter assays. We cotransfected ZEB1-responsive promoters 

(from the ZEB1, p73 or CD4 genes) with or without a ZEB1 expression vector into COS-7 

and CHO-K1 cells that were subsequently treated with PMA/Iono, and the resulting 

luciferase activity was assessed. Relative to a promoter-less vector, each of these promoter-

luciferase constructs was active, and showed no significant change of luciferase activity after 

a 15-minute PMA/Iono treatment (Fig. 3A). In the absence of PMA/Iono, cotransfection of 

ZEB1 repressed each of the promoters to 50-60% of the untreated control (Fig. 3B–D). 

Importantly, PMA/Iono treatment significantly inhibited the ability of cotransfected ZEB1 to 

repress these promoters (Fig. 3B–D). A similar pattern of results was obtained with a 

minimal CD4 promoter construct having only two copies of the ZEB1 binding site (not 

shown).

ZD2 domain of ZEB1 is sufficient for regulation by phosphorylation

ZEB1 contains two separate zinc finger domains (ZD1 and ZD2) widely flanking a central 

homeodomain-like sequence (HD), and an acidic domain (EE). We were interested in 

localizing the minimal region of ZEB1 that is responsive to phosphorylation. A set of ZEB1 

cDNAs deleting either the amino or the carboxyl terminus were constructed (Fig. 4A). 

cDNAs were transcribed and translated in vitro in rabbit reticulocyte lysates (RRL) 

(Cabanillas et al., 2001; Darling et al., 1998), and translated proteins treated with or without 

CIP, and used for EMSA as above. There was increased DNA binding when the ZEB1-b or 

ZD2E proteins were dephosphorylated by CIP (Supplementary material S3). 

Dephosphorylation of even the smallest domain of ZEB1 tested, ZD2, showed a dramatic 
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increase of binding to the α4-integrin-response element (Fig. 4B lanes 6 and 8). Addition of 

the anti-ZEB1 R17 antibody, but not the anti-actin antibody, disrupted formation of the 

complex, and the complex was competed by an excess of the same unlabelled 

oligonucleotide, demonstrating specificity (Fig. 4B). This demonstrates that the protein 

region around the second zinc finger domain is sufficient for responding to phosphorylation, 

at least with respect to DNA-binding activity. Accordingly, luciferase reporter assays were 

performed with vectors expressing full-length ZEB1 or the ZD2 region, each of which 

repressed expression of the CD4-luciferase reporter. The ZD2 clone was designed to include 

a nuclear localization signal and the binding site for the corepressor CtBP1 (Broege et al., 

2011), with the intent to retain the ability to regulate transcription. When transfected cells 

were incubated with PMA/Iono for 10, 20, or 30 minutes, repression by either ZEB1 or 

wtZD2 was partially or fully reversed (Fig. 4C). The effect of PMA/Iono was dependent on 

treatment time and in the case of ZD2 almost completely blocked repression. These results 

indicate that the ZD2 region of ZEB1 is sufficient for responding to PMA/Iono treatment, 

and emphasizes the effects of phosphorylation on both DNA-binding and transcriptional 

regulation. This prompted us to focus on ZD2 as a discrete region of ZEB1 that is 

functionally responsive to phosphorylation.

Identification of a functional phosphorylation site in ZD2

CLUSTALW alignment of human, rat and mouse sequences (Fig. 5A) shows that the ZD2 

region is highly conserved among species, including conservation of putative 

phosphorylation sites. Bioinformatic prediction of phosphorylation sites in the wtZD2 

sequence (rat ZEB1 amino acids 728 to 994) with NetPhos 2 (Blom et al., 2004), 

KinasePhos (Huang et al., 2005), and PredPhospho (Kim et al., 2004) gave similar sets of 

high-scoring phosphorylation sites, most of which were systematically mutated to alanine 

residues, which cannot be phosphorylated (Fig. 5B). Two sets of alanine mutations were 

made; set 1 (mutant ZD2-1; mZD2-1) has mutations in the flanking region (aa 851–873) and 

set 2 (mZD2-2) has mutations within the zinc fingers (aa 895 through 961). Each set has 

overlapping sub-groups of mutations, as shown in Fig. 5B. Transfection of these mutant ZD2 

clones, followed by immunoblots, showed similar levels of expression as compared to 

wtZD2 (Supplementary material S4). Luciferase reporter assays were performed to test the 

ability of the alanine mutants to repress ZEB1 target genes. Wild type ZD2 expression 

reduced luciferase activity to 55-60% of the control (Fig. 5C). None of the mutations in set 2 

significantly enhanced repression as compared to wtZD2, indicating that phosphorylation of 

these sites within the zinc fingers is not critical. However, both mZD2-1A and mZD2-1B 

repressed significantly more strongly than wtZD2, further decreasing the luciferase activity 

to about 35% of the control (Fig. 5C). This may be due to an inability of endogenous kinases 

to regulate these mutants by phosphorylation.

Importantly, activation of PKC also gave different responses with the different ZD2 

mutations. The E-cadherin-luciferase reporter plasmid showed the expected repression when 

cotransfected with the wild type ZD2. As above, both the mZD2-1A and -1B constructs 

caused greater repression than wtZD2 (Fig. 5D, white bars). Treatment of these cells with 

PMA/Iono relieved repression by either wtZD2 or mZD2-2C (Fig. 5D), as well as mZD2-2A 

and mZD2-2B clones (not shown). Conversely, PMA/Iono had no effect on repression by 
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mZD2-1A or mZD2-1B mutant clones, identifying critical phosphorylation sites. The 

inability of mZD2-1A to respond to PMA/Iono treatment suggests that PKC acts (directly or 

indirectly) through the mutated triplet, residues Thr-851, Ser-852, and/or Ser-853.

Signaling pathways involved in ZD2 phosphorylation

Recent reports (Chua et al., 2007; Lorenzatti et al., 2011) establish an association between 

IGF-1 activation and ZEB1 expression. We explored this relationship in the context of ZEB1 

protein phosphorylation. CHO-K1 cells were transfected with the E-cadherin-luciferase 

reporter, and either the wtZD2 region of ZEB1, or its mutants. The IGF-1 pathway was 

activated by incubation of the transfected cells with human recombinant IGF-1 at 

physiological doses (Luo et al., 2005). As described above, wtZD2 or its mutants repressed 

the E-cadherin promoter, with the mZD2-1A and -1B mutants showing greater repression. 

Repression by either wtZD2 or mZD2-2C was largely relieved by IGF-1, which significantly 

increased the luciferase activity from 40% to 70% of the control (Fig. 6A). Conversely, 

repression by the mutants mZD2-1A or -1B was not relieved by IGF-1. These results suggest 

that IGF-1 acts through Thr-851, Ser-852, or Ser-853 (which are mutated in both mZD2-1A 

and -1B), and thus inhibits ZD2 from repressing the promoter.

IGF-1 induces activation of two different pathways downstream of IRS-1; the PI3K and the 

MAP-kinase (MAPK) MEK/ERK pathways (Samani et al., 2007; Witsch et al., 2010). The 

participation of PI3K in regulation of the ZEB1 ZD2 domain was tested by assessing the 

effect of LY294002 on E-cadherin promoter activity. Incubation with this PI3K inhibitor had 

no significant effect on the repression of E-cadherin promoter by wtZD2 (Fig. 6B), 

indicating that the PI3K pathway is not involved. This is in agreement with the lack of a 

consensus phosphorylation site in ZD2 for Akt (RXXS/T). However, we note that full-length 

ZEB1 has several Akt consensus sites in the first zinc finger domain, which may mediate the 

observed effect of LY294002 on DNA-binding of full-length ZEB1 (Fig. 2A).

The involvement of MEK/ERK signaling in ZEB1 activity was also tested. Incubation of 

CHO-K1 cells with the specific MEK1 inhibitor PD98059 at different concentrations 

enhanced repression by wtZD2 (Fig. 6C). PD98059 significantly increased repression of the 

E-cadherin promoter by either wtZD2 or the mZD2-2C mutant. However, no effect of 

PD98059 was found with the mZD2-1A or -1B mutants, experimentally implicating ZEB1 

Thr-851, Ser-852, or Ser-853 sites as downstream of MEK/ERK. The activity of the ZD2 

region of ZEB1 was inversely regulated by IGF-1 compared to the MEK1 inhibitor, both 

being dependent on the same phosphorylation sites. This suggests that the IGF-1/MEK/ERK 

pathway is one mechanism for phosphorylation, and regulation of ZEB1. However, the 

cluster of Thr-851/Ser-852/Ser-853 does not have the typical recognizable motif of MAPK 

substrates (Thr-Pro) suggesting that phosphorylation of these sites is secondary to a different 

MAPK site. A perfect MAP kinase substrate recognition motif is present nearby at the 

Thr-867 site which is the only Thr-Pro site in the ZD2 sequence, and which is mutated in 

mZD2-1B (Fig. 5). To test whether this MAPK site is phosphorylated, an immunochemical 

approach was taken with a phosphorylation-specific monoclonal antibody that recognizes 

the phospho-Thr-Pro motif. CHO-K1 cells were transfected with vectors expressing regions 

of ZEB1 encompassing ZD2 (either ΔZD1 or ZD2E; Fig. 4A) and the cell lysates were 
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immunoprecipitated with one of two anti-ZEB1 antibodies. Immunoblots were probed with 

an anti-phospho-Thr-Pro MAPK antibody, or anti-ZEB1 as a control (Fig. 6D). ZD2E 

contains only one Thr-Pro sequence (at Thr-867), whereas ΔZD1 contains one additional 

Thr-Pro at position 348-349. Fig. 6D (upper panel) shows an anti-phospho-ThrPro reactive 

band of about 100 kDa in the lysates of cells transfected with ΔZD1, but not in control 

lysates. This phospho-Thr-Pro reactive protein is present after immunoprecipitation with 

either ZEB1 antibody. Similarly, the lysate from cells transfected with ZD2E reveals a 

positive band of 60 kDa with the phospho-Thr-Pro antibody (upper panel) that was 

consistent with the size of this C-terminal fragment of ZEB1. The 60 kDa phospho-Thr-Pro 

reactive protein is detected after immunoprecipitation with anti-ZEB1 R-17 antibody. No 

specific bands were immunoprecipitated with the IgG control. This indicates that transfected 

ZEB1 clones produce proteins which are immunoprecipitated with anti-ZEB1 antibodies, 

and also bound by the anti-phospho-Thr-Pro antibody, directly probing for phosphorylation 

of ZEB1.

To confirm the dependence of IGF-1 signaling on Thr-867, we mutated this site in the ZD2 

clone and tested it in luciferase reporter assays (Fig. 6E). As expected, the mutant mZD2-

T867A (ZD2 sequence mutated at Thr-867 to alanine) was not responsive to IGF-1, 

demonstrating that phosphorylation at this consensus site is required for regulation by 

IGF-1. Therefore, three lines of evidence; immunoreactivity with a specific phospho-Thr-Pro 

antibody, the loss of IGF-1 responsiveness by the T867A mutation, and the increased 

repression due to the MEK inhibitor PD98059, all support the idea that IGF-1 regulates the 

ZD2 domain of ZEB1 through ERK1/2.

In addition, we note that the ability of IGF-1 to reverse repression by ZD2 also depends on 

phosphorylation within Thr-851/Ser-852/Ser-853 (mutated in mZD2-1A; Fig. 6A). These are 

PKC consensus sequences, and mutation (in mZD2-1A) disrupts the effect of the PKC 

activators PMA/Iono (Fig. 5D). However, these mutations also disrupt the responses to IGF1 

or PD98059 despite the fact that the ERK1/2 site is not mutated (Figs. 6A and 6C). 

Apparently, phosphorylation of the ERK1/2 site at Thr-867 must be followed by PKC-

mediated phosphorylation at Thr-851/Ser-852/Ser-853, the latter of which is necessary to 

inhibit transcriptional repression by ZD2.

Thr-851/Ser-852/Ser-853/Thr-867 regulate the transcriptional role of full-length ZEB1

In order to confirm our observations in the context of full-length ZEB1 (FL ZEB1) we made 

new alanine mutant clones that target these sites. Thus, the clones used in transient 

transfection assays were: mZEB1-1A (FL ZEB1 mutated at Thr-851, Ser-852, and Ser-853), 

or mZEB1-1B (FL ZEB1 mutated at Thr-851/Ser-852/Ser-853 and Thr-867). As shown in 

Fig. 6F, full-length ZEB1 repressed the ZEB1 promoter and IGF-1 significantly relieved that 

repression. However, mutated FL ZEB1 (ZEB1-1A and mZEB1-1B) repressed luciferase 

activity significantly more, yet were not responsive to IGF-1. Importantly, a single mutation 

in FL ZEB1 (mZEB1-T867A) was repeatedly not responsive to IGF-1 treatment. These 

results are similar to our previous studies on the ZD2 region (Fig. 5). These data 

demonstrate that these phosphorylation sites influence the transcriptional activity of full 
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length ZEB1 transcription factor, emphasizing the role of T867 in the response to IGF-1, and 

of Thr-851/Ser-852/Ser-853 in the basal inhibition by ZEB1.

Phosphorylation of ZEB1 by ERK1/2 changes the nuclear localization of the protein

Phosphorylation can regulate nuclear localization of proteins. As the initial step to 

investigate the regulation of ZEB1 subcellular localization, we identified the nuclear 

localization signal (NLS) of ZEB1. Bioinformatic analysis of ZEB1 (using PSORT II) 

suggests the presence of one NLS prior to the first zinc finger domain (ZD1), and a second 

NLS (PKKKTRK) at amino acids 869-875 immediately after the key phosphorylation site at 

Thr-867 adjacent to the second zinc finger domain (Fig. 5B). To test for NLS activity 

throughout ZEB1, ten GFP-fusion clones were created containing fragments scanning the 

entire ZEB1 cDNA, especially focusing on the basic regions identified by PSORT II 

(Supplementary material S5). Surprisingly, the predicted NLS prior to ZD1 was not active; 

however, a cryptic NLS was identified within ZD1 (Supplementary material S5). This 

cryptic NLS was localized between amino acids 111-241, which contains a sequence similar 

to the bipartite NLS in the EGR1 protein and other proteins (Mingot et al., 2009). 

Importantly, fluorescence microscopy of transfected cells also confirmed the presence of an 

active NLS between amino acids 819 - 881 in the ZD2 region (Supplementary material S5), 

which encompasses the NLS consensus sequence at amino acids 869 - 875.

Since the Thr-867 phosphorylation site is located at the second NLS, we hypothesized that 

MEK/ERK may also regulate ZEB1 localization. Transfected cells were treated to activate or 

inhibit MAPK activity and assess the location of the GFP-ZEB1 fusion proteins. eGFP alone 

was used as the negative control, and showed cytosolic expression (Supplementary material 

S6A). In addition, a fusion protein with the NLS from GKLF (gut-enriched Kruppel-like 

Factor) was used as the positive control for nuclear localization (Shields and Yang, 1997). 

GFP-GKLF nuclear fluorescence was not modified by incubation with PD98059 or IGF-1 

(Fig. 7A). Two GFP-ZEB1 fusion clones were used (Fig. 4A); GFP-ZD2 contains the same 

sequence as the wtZD2 cDNA clone, and GFP-ZD2-NLS contains only the portion of ZD2 

prior to the zinc fingers, including Thr-867 and the NLS consensus sequence. Importantly, 

both GFP-ZD2 and GFP-ZD2-NLS are nuclear (Supplementary material S5), demonstrating 

that the basic residues within the zinc fingers are not necessary for nuclear localization as 

reported for Snail protein (Mingot et al., 2009). Also, the zinc fingers of ZD2 are not 

sufficient for nuclear targeting (Supplementary material S5, GFP-ZD2-ZF clone). The 

localization of GFP-ZD2 or GFP-ZD2-NLS was not altered when transfected cells were 

treated with PD98059, Cal C or LY294002 demonstrating that inhibition of certain kinases 

does not prevent nuclear localization (Fig. 7A). However, incubation with IGF-1 increased 

relative expression in the cytoplasm of both GFP-ZD2 and GFP-ZD2-NLS, indicating that 

the IGF-1 pathway can inhibit nuclear localization of ZD2. Preincubation with PD98059 to 

block MEK/ERK activity did block the IGF-1 response since both GFP-ZD2 and GFP-NLS 

remained nuclear (Fig. 7A). This indicates that IGF-1 acts through the signaling 

intermediates MEK/ERK to influence nuclear localization. The only MAPK substrate within 

ZD2 is Thr-867/Pro-868, so MEK/ERK phosphorylation of this site seems to shift the 

subcellular localization of ZEB1, which would reinforce the loss of its transcriptional 

activity. Indeed, when the mutant clone GFP-ZD2 T867A was transfected to CHO-K1 cells, 
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there was no response to incubation with IGF-1 and the clone remained in the nuclear 

compartment (Fig. 7B). Importantly, the full-length mZEB1-T867A mutant remained 

nuclear after IGF-1 treatment (Fig. 7B). A color reproduction with the counterstaining of 

DAPI is shown in Supplementary material S6B. These results indicate that the 

phosphorylation of Thr-867 by MEK/ERK is a necessary step in regulating the subcellular 

localization of ZEB1.

Overall, these data suggest a model whereby kinase signaling impacts several functions of 

ZEB1. Several kinases contribute to rapid disruption of native ZEB1 function by repressing 

in vitro DNA-binding. IGF-1/ERK1/2 signaling can inhibit nuclear localization of full-

length ZEB1. In addition, signaling through PKC or ERK1/2 inhibits transcriptional 

repression, apparently by sequential ERK1/2 phosphorylation of Thr-867 enabling 

subsequent PKC phosphorylation at Thr-851/Ser-852/Ser-853 (Fig. 8).

DISCUSSION

Post-translational regulation of ZEB1 by kinases has not been described. Nonetheless, rat 

ZEB1 has numerous predicted phosphorylation sites, and may be phosphorylated by various 

kinases at different sites within the protein. We took advantage of the observation that native 

ZEB1 is partially phosphorylated in vivo (Mayya et al., 2009) (Dephoure et al., 2008) 

(Costantino et al., 2002) to test the effect of removal of phosphates on in vitro DNA-binding. 

Surprisingly, this showed an increase of DNA-binding activity when native ZEB1 was de-

phosphorylated. This occurred using several previously characterized response elements, and 

hence is not DNA sequence-specific. To identify kinase pathways that may regulate ZEB1, 

cell cultures were treated briefly with various inhibitors prior to isolating nuclear extracts for 

EMSA. These experiments show that inhibitors of PKA or p38 MAPK had no effect, 

whereas inhibitors of PKC, PI3K, or MEK/ERK kinases each increased native ZEB1 

binding to DNA. This is consistent with other transcription factors which are phosphorylated 

by multiple kinases (Holmberg et al., 2002). For example, Snail participates in TGFβ 
signaling and EMT analogous to ZEB1, and is phosphorylated by GSK-3b, PDK1 and Pak1 

(Du et al., 2010; Yang et al., 2005; Zhou et al., 2004). The significance of ZEB1 

phosphorylation is suggested by our observation that treatment of cells with PMA/Iono for 

15 minutes to activate PKC, inhibited transcriptional repression by transfected full-length 

ZEB1. Taken together, these studies suggest that the activity of endogenous full-length 

ZEB1 is regulated through kinase pathways.

We focused on defining the molecular regulation of the region around the second zinc finger 

domain, ZD2, in part because this region has previously been reported to replicate the 

transcriptional repression caused by the full-length ZEB1 protein (Gheldof et al., 2012; 

Williams et al., 1991). We find that in both DNA-binding and transfection experiments the 

ZD2 region matches the response of the full-length ZEB1 to phosphorylation (Fig. 4). 

Therefore, we sought to identify specific signaling intermediates regulating activity through 

the ZD2 region. Surprisingly, alanine mutation of four kinase target sequences within or 

immediately after the zinc fingers (in mZD2-2C) did not disrupt the response to 

phosphorylation. In contrast, mutation of kinase target sites before the zinc fingers did block 

kinase signaling; neither mZD2-1A nor mZD2-1B responded to kinase activation by PMA/
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Iono or IGF-1 (Fig. 5D and 6A). Inhibition of MEK/ERK (which is part of the IGF-1 

pathway) enhanced repression by transfected wtZD2, but had no effect on the mZD2-1A or 

mZD2-1B mutants. Consistent with this, mZD2-1B includes a mutated Thr-867 that is 

within an ERK1/2 target sequence. Phosphorylation of Thr-867 was detected by 

immunoprecipitation of ZEB1 followed by western analysis with a phospho-Thr-Pro-

specific antibody (Fig. 6D). These data define a rapid pathway by which IGF-1 acts through 

MEK/ERK to phosphorylate Thr-867 for repression of ZEB1 activity. This suggests a 

mechanism by which IGF-1 can modulate TGFβ signaling. Similarly, FGF signaling through 

ERK has been suggested to influence the TGFβ pathway through phosphorylation of CtBP1 

(Shirakihara et al., 2011).

In addition to IGF-1/MEK/ERK regulation, brief PMA/Iono treatment also inhibits ZEB1 

(and wtZD2) activity. This indicates that the PKC pathway can repress ZEB1, apparently 

through phosphorylation of the Ser/Thr amino acids mutated in mZD2-1A (Thr-851, 

Ser-852, and Ser-853), which is unresponsive to PMA/Iono (Fig. 4D). PKC signaling is key 

for many cellular functions, including embryogenesis, proliferation, differentiation, and 

programmed cell death (Buchner, 2000). Interestingly, mutation of the Thr-851, Ser-852, and 

Ser-853 triplet (which are not ERK consensus sequences) also blocks the IGF1/MEK/ERK 

signal, suggesting that the PKC pathway and MEK/ERK may act sequentially within this 

small region of ZEB1 or the full-length ZEB1 itself. Mutation of the triplet is sufficient to 

block the response of ZD2 to either increased or decreased MEK/ERK signaling (Fig. 6A 

and 6C, respectively). Also, IGF1/MEK/ERK signaling is blocked by the single T867 

mutation of either ZD2 (Fig. 6E). That is, phosphorylation of Thr-867 by MEK/ERK 

appears to be necessary to allow phosphorylation of Thr-851/Ser-852/Ser-853 by the PKC 

pathway, which in turn inhibits ZEB1 activity. This sequential phosphorylation model is not 

an uncommon feature for integrating signaling pathways (Murbartian et al., 2005; Reuben et 

al., 2004; Zhao et al., 2005).

Separately, we note that the inhibitor LY294002 had no effect on the wtZD2 clone, but did 

activate DNA-binding and transcriptional repression by the native ZEB1. This suggests that 

PI3K may regulate ZEB1 through sites in the N-terminal half of the protein, outside of the 

wtZD2 construct.

There are several instances where repression of ZEB1 by phosphorylation could potentially 

contribute to known physiological responses. ZEB1 is an important repressor of the IL2 

gene in T lymphocytes, and activation of T cells by PMA/Iono rapidly increases IL2 gene 

expression (Dreikhausen et al., 2003; Wang et al., 2009), possibly in part by phosphorylation 

of ZEB1. Similarly, ZEB1 contributes to regulation of cell differentiation by repression of 

the p73 gene; hence, the rapid stimulation of p73 mRNA expression during PMA-induced 

differentiation of HL60 monocytes (Fontemaggi et al., 2001) may be due in part to 

phosphorylation of ZEB1.

Phosphorylation can regulate the nuclear localization of a protein (Dominguez et al., 2003; 

Gurel et al., 2008). Cytoplasmic localization of ZEB2/SIP1 has been reported in several 

cancers (Oztas et al., 2010), and similarly, we observe strong cytoplasmic localization of 

both ZEB1 and ZEB2 in poorly differentiated oral squamous cell carcinoma (manuscript in 
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preparation). In the current study, we have identified an active NLS immediately N-terminal 

to the zinc fingers in the wtZD2 construct (aa 869-875; Fig. 5). Treatment of transfected 

cells with IGF-1 caused cytoplasmic localization of both the GFP-ZD2 and GFP-ZD2-NLS 

fusion proteins as well as full-length ZEB1, in a MEK/ERK dependent fashion. The mutated 

ZEB1 and ZD2 at Thr-867 are accordingly not responsive to IGF-1 indicating the 

dependence on this site for nuclear localization. Hence, the IGF-1/MEK/ERK pathway not 

only inhibits DNA-binding of ZEB1 (and ZD2), but reinforces that by also inhibiting nuclear 

localization.

ZEB1 is important for development and differentiation of multiple different tissues, as well 

as EMT in normal development and during metastasis in cancer. Many of these roles are due 

to ZEB1 acting in the TGFβ signaling pathway (Moustakas and Heldin, 2007; Polyak and 

Weinberg, 2009). Repression of ZEB1 by MEK/ERK, PKC or PI3K pathways would 

balance activation by TGFβ signaling (Gheldof et al., 2012), allowing ZEB1 to integrate 

these pathways. We provide the first demonstration that ZEB1 activity is directly regulated 

by kinase signaling, and identify two relevant kinase pathways. We suggest that 

phosphorylation of ZEB1 can act to integrate TGFβ signals with other cytokines and growth 

factors in the local environment of the cell, such as IGF-1. The role of ZEB1 

phosphorylation is only beginning to be understood. More work is needed to understand the 

function of each phosphorylation site and their implications in the many cellular processes in 

which ZEB1 takes part.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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EMSA electrophoresis mobility shift assays

EMT epithelial-mesenchymal transition

ERK extracellular-signal-regulated kinase

IGF-1 insulin-like growth factor 1

MAPK mitogen-activated protein kinase

MEK MAPK/ERK kinase

NLS nuclear localization signal

PI3K phosphoinositide 3-kinase

PKA protein kinase A

PKC protein kinase C

PMA Phorbol-12-Myristate-13-Acetate

RTK receptor tyrosine kinase

TGFβ transforming growth factor beta

wt wild type

ZD1 first zinc finger domain

ZD2 second zinc finger domain

ZEB1 Zinc finger E-box-binding homeobox
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FIGURE 1. The phosphorylation state of ZEB1 changes its DNA-binding activity
EMSAs were performed with Jurkat and CHO-K1 nuclear extracts (NE) and DNA 

oligonucleotides [32P]ZEB1, [32P]α4-integrin or [32P]p73E5. NE were treated with calf 

intestinal phosphatase (CIP) or CIP plus phosphate (CIP + P) except in “NE Jurkat”, “NE 

CHO” and “PMA/IO” lanes. (A) Lane 1, untreated NE; Lane 2, CIP treated; Lane 3, 

PMA/IO: cells were preincubated for 30 minutes with PMA+Iono as in M&M; Lanes 4 + 5, 

CIP-treated without or with phosphate buffer; Lane 6, ZEB1 antibody (R17) was incubated 

with CIP-treated NE; Lane 7, [32P]ZEB1 probe was competed with a 50-fold (50X) molar 

excess of unlabeled ZEB1 oligonucleotide. (B) Untreated (lanes 1, 7) or CIP-treated NE was 

incubated with [32P]α4-integrin probe or [32P]p73E5 probe. Binding was competed by 20X, 

50X or 100X excess of cold oligonucleotides. N-terminus ZEB1 antibody (E20) was used to 
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block ZEB1-binding. (C) [32P]p73E5 was incubated with untreated (Lane 1) or CIP-treated 

CHO NE. Binding was completed by 20X excess of unrelated Actin oligonucleotide, 

20-50X excess of p73E5 oligonucleotide, or 20-50X excess of mutated p73E5 

oligonucleotide.
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FIGURE 2. Signaling pathways regulate of ZEB1 binding to target genes
(A) EMSAs were performed with COS-7 NE incubated with [32P]p73 E5 or [32P]CD4. Cells 

were pre-incubated with DMSO (solvent), 10-50 μM PD98059 (PD) or 5–10 μM LY294002 

(LY) prior to making NE as indicated in M&M. (B) EMSAs were performed with COS-7 

NE incubated with [32P]α4-integrin. Cells were incubated with DMSO, PD98059 (PD), 

SB203580 (SB), LY294002 (LY) or KT5720 (KT) prior to making NE. (C) EMSAs were 

performed with CHO-K1 NE incubated with [32P]CD4. Cells were incubated with DMSO 

(solvent) (lane 1), and consecutively with Calphostin C (CalC) (lane 2), followed by PMA
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+Iono (lane 3), followed by CalC-PMA+Iono (lane 4). (A–C) Graphs represent 

quantification of the results shown in the adjacent EMSA, which are representative of three 

independent experiments. (D) Expression of endogenous ZEB1 protein is not altered by 20% 

Fetal Bovine Serum (FBS), IGF-1, PMA/Iono, LY, PD, SB or CalC. Immunoblots of ZEB1 

in NE from cells incubated with indicated reagents as in M&M. Arrows indicate ZEB1 

positions.
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FIGURE 3. PMA/Iono treatment of cells inhibits ZEB1-mediated repression
COS-7 and CHO-K1 cells were co-transfected and treated with PMA/Iono for 30 minutes as 

indicated in M&M. (A) In the absence of cotransfected ZEB1, PMA/Iono has no effect. 

Results are expressed as mean ± S.E.M. of the fold luciferase activation normalized to the 

vector pGL3-basic. (B-D) The effect of kinase activation on ZEB1-mediated repression is 

tested with (B) the ZEB1 promoter, (C) the p73intr promoter, or (D) the CD4 promoter. 

Results are expressed as mean ± S.E.M. (n=4-6) of promoter activation. DMSO or PMA

+Iono treatment without transfected ZEB1 is set as 100%. *P<0.05; ** P<0.01; ***P<0.001.
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FIGURE 4. Phosphorylation within ZD2 inhibits binding to DNA and transcriptional activity
(A) Cartoons showing the ZEB1 structure representing its zinc finger domains (ZD1 and 

ZD2), the central homeodomain (HD) and an acidic domain (EE). The ZEB1 subclones used 

in different experiments are also illustrated. (B) EMSAs were performed with RRL 

programmed with ZD2 mRNA. ZD2-RRLs were incubated with [32P]α4-integrin (lane 1), 

and ZEB1 R17 antibody (lane 2), or an anti-actin antibody (lane 3), or were competed by 

20X excess of unlabelled α4-integrin oligonucleotide (lane 4). ZD2-programmed RRL was 

treated with buffer alone (lanes 5, 7) or CIP at 30°C (lane 6) or 37°C (lane 8). (C) Luciferase 
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reporter assay in CHO-K1 cells showing the CD4 promoter-luciferase activity co-transfected 

with the expression vectors for full-length ZEB1 or wtZD2 after PMA/Iono incubation for 

10 min. to 30 min. The results indicate mean ± S.E.M. (n=2).
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FIGURE 5. Mutagenesis of phosphorylation sites for transcriptional regulation of ZD2
(A) Alignment by CLUSTALW of three mammalian sequences (human, rat and mouse) for a 

carboxy-terminal fragment of ZEB1 (788-994 in rat) showing the conserved putative 

phosphorylation sites in text boxes. Amino acids were numbered according to UniProtKB/

Swiss-Prot Q62947 for rat ZEB1. (B) Schematic representation of the rat wtZD2 and mutant 

constructs. The wtZD2 clone is identical to ZEB1-ZD2 in Figure 4A. CtBP binding site is 

indicated. (C) Luciferase reporter assays in CHO-K1 cells testing the ZEB1 promoter-

luciferase activity co-transfected with mutant ZD2-1 and mZD2-2 constructs (mZD2-1A/B, 
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mZD2-2A/B/C). The activity of the promoter in the absence of ZD2 was set as 100%. The 

results represent mean ± S.E.M. of 3-4 experiments. (D) Effect of PMA/Iono treatment on 

the transcriptional role of mZD2-1 and mZD2-2 on the E-cadherin promoter. The results 

represent mean ± S.E.M. of 2 experiments. NS = not significant compared to DMSO or 

control. *P<0.05; ***P<0.001.
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FIGURE 6. The phosphorylation sites in mZD2-1 are relevant for ZEB1 transcriptional 
regulation by MAPKs
Luciferase reporter assays in CHO-K1 cells showing the effect of transfected wtZD2 or the 

mutants, mZD2-1A, -B and mZD2-C, on the ZEB1 target promoter E-cadherin (A, B and, 

C) were performed (n=2). Treatments: (A) IGF-1, (B) LY294002 or, (C) PD98059. (D) 
Whole-cell lysates of CHO-K1 cells transfected with ΔZD1 or ZD2E expression vectors 

were immunoprecipitated with two anti-ZEB1 antibodies: anti-ZEB1-HD and ZEB1 R-17 or 

an IgG control antibody. The blot was revealed with phospho-TP MAPK antibody and R-17 
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as control. (E) Luciferase reporter assays in CHO-K1 cells showing the effect of IGF-1 on 

the transcriptional activity induced by wtZD2, mZD2-T867A and mZD2-T867E clones. The 

percentage of increase of ZEB1 promoter activity by IGF-1 effect is shown. (F) Luciferase 

reporter assays in CHO-K1 cells incubated with or without IGF-1 showing the effect of 

FLZEB1 and the mutants, mZEB1-1A, mZEB1-1B and mZEB1-T867A on the ZEB1 target 

promoter. The activities of the promoter in the absence of ZEB1 (Control) were set as 100% 

*P<0.05; ** P<0.01.
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FIGURE 7. Phosphorylation of ZD2 alters nuclear localization
(A) Confocal microscopy of CHO-K1 cells transfected with the pEGFP-GKLF, GFP-ZD2 or 

GFP-ZD2-NLS expression vectors treated as indicated.

(B) Confocal microscopy of CHO-K1 cells transfected with Full-Length ZEB1, mZEB1-

T867A, mZEB1-1B, eGFP-ZD2 or eGFP-ZD2 T867A clones and treated with IGF-1 as 

indicated. The location of ZEB1 signal after IGF-1 incubation is indicated by Cyt 

(cytoplasmic) or Nuc (nuclear) inside the panels. A color reproduction with the 

counterstaining of DAPI is shown in Supplementary material S6B.
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FIGURE 8. Kinase activity inhibits ZEB1 function through the ZD2 region
Specific phosphosites are critical for regulation of ZEB1 activities. ERK1/2 phosphorylation 

of T867 allows PKC activity at adjacent sites, blocking ZEB1-mediated transcriptional 

repression.
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