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Abstract

Expression of Melanoma AntiGen Encoding (MAGE) genes, particularly MAGE-A3, has been 

correlated with aggressive clinical course, the acquisition of resistance to chemotherapy and poor 

clinical outcomes of melanoma and other malignancies. MAGE proteins bind to KAP1, a gene 

repressor and ubiquitin E3 ligase which also binds KRAB domain containing zinc finger 

transcription factors (KZNFs), and MAGE expression may affect KZNF mediated gene regulation. 

To investigate mechanisms for these effects, we tested the hypothesis that differences in KRAB 

domain composition affect KZNF poly-ubiquitination and determine whether MAGE expression 

increases, decreases, or has no effect on KZNFs mediated gene repression. Using an integrated 

reporter gene responsive to repression by KRAB domain fusion proteins, we found that MAGE-

A3 relieved KZNF mediated repression and induced KZNF poly-ubiquitination and degradation in 

association with expression of the A+B box KRAB domain. In contrast, MAGE-A3 enhanced 

KAP1 mediated repression of KZNFs expressing A or A+b box KRAB domains but caused no 

increase in poly-ubiquitination or degradation. MAGE-A3 has no significant impact on KZNFs 

with KRAB domains containing the Scan box motif. These data support our hypothesis by 

showing that the effects of MAGE-A3 on gene repression depend on the type of KZNF KRAB 

domain involved.

Introduction

The MAGE antigens are proteins that were first discovered because they elicited cytotoxic T 

cell and humoral responses in patients with malignant melanoma (Knuth et al., 1989). The 

genes were called MAGE genes for the acronym “Melanoma AntiGen Encoding gene” 

(Basarab et al., 1999; van der Bruggen et al., 1991). The original MAGE antigens were 

found to be normally expressed only in male gametes and became the first proteins 
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identified in what is now a much larger group of antigens that are expressed in malignant 

tumors, placenta and testes, and that are known as Cancer Testes (CT) antigens (Simpson et 

al., 2005). The original MAGE genes included MAGE-A, B, and C, which are encoded on 

the X chromosome and have been called CT-X MAGE proteins. A number of autosomal 

gene families, named MAGE D through MAGE L, have more recently been found to be 

homologous with the CT-X MAGE genes but appear to be more widely expressed and 

include some genes which are expressed in all normal tissues (Chomez et al., 2001; Pold et 

al., 1999). The CT-X genes are now also known as Class I MAGE genes and the non-X 

encoded genes are called Class II MAGE genes. All MAGE genes are characterized by a 

MAGE homology domain (MHD) a region encoded by a single exon, showing as much as 

98% homology within MAGE families. In this report we will concentrate on Class I MAGE 

proteins which, because of their tendency for expression in many cancers and hematopoetic 

malignancies and their very limited expression in normal adult tissues, have been used as 

tumor specific targets for immunotherapy of melanoma and other malignancies (Brossart, 

2002; Coulie et al., 2002; Godelaine et al., 2003; Lonchay et al., 2004; Park et al., 1999; 

Park et al., 2002; Simpson et al., 2005; Sun et al., 2002; Zhang et al., 2003). The functions 

of most MAGE proteins remain unknown but several studies have shown correlations 

between Class I MAGE expression and tumor development, aggressive clinical course, or 

resistance to chemotherapeutic agents (Bertram et al., 1998; Duan et al., 2003; Gure et al., 

2005; Hoek et al., 2004; Park et al., 2002; Simpson et al., 2005). However, it has not yet 

been conclusively determined whether Class I MAGE gene expression is a functionally 

irrelevant by-product of cellular transformation or could actually contribute to the 

development of malignancies (Simpson et al., 2005).

The high degree of homology between Class I MAGE family proteins and the fact they are 

often co-expressed, suggests that many perform common or complementary functions 

(Chomez et al., 2001; Lucas et al., 1998; Simpson et al., 2005). For instance, MAGE-A3 and 

MAGE-A6 differ mainly in un-translated regions and show 98% identity at the nucleotide 

level in their coding regions. Similarly, the murine mMage-b family, composed of mMage-

b1, b2, and b3, are 98–99% homologous at the nucleotide levels and 97–100% identical at 

the amino acid level. Due to these factors and due to a lack of antibodies that can 

differentiate between nearly identical sub-family members, most studies of MAGE gene 

expression rely on detection of mRNA, usually by reverse transcription followed by the 

polymerase chain reaction (RT-PCR) (Chomez et al., 2001; Lucas et al., 1998; Simpson et 

al., 2005). Our experiments in this report involve MAGE-A3, which is the most common of 

the Class I MAGE genes expressed in malignancies and is in many ways characteristic of 

the Class I MAGE genes.

We and others have previously established that MAGE expression suppresses p53 and 

enhances the cellular response to DNA double strand breaks (Bhatia et al., 2013; Monte et 

al., 2006; Yang et al., 2007). We also discovered and others confirmed that a common 

function of the MHD is binding to KAP1, a universally expressed nuclear scaffolding 

protein and ubiquitin E3 ligase, also known as TRIM28, Tif1b, and Krip125 (Doyle et al., 

2010; Yang et al., 2007). KAP1 causes chromatin condensation in several contexts, 

including a generalized condensation in response to DNA double strand breaks and more 

localized chromatin compaction causing repression of specific genes mediated by Kruppel-
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associated box (KRAB) domain containing zinc finger transcription factors (KZNFs)

(Friedman et al., 1996) (please see Figure 1). KZNFs are the largest group of transcription 

factors in vertebrates and they direct KAP1 to specific chromatin sites recognized by their 

zinc finger motifs. KAP1 recruits SetDb1, histone de-acetylases, and heterochromatin 

protein 1 (HP1), inducing localized chromatin compaction and gene repression characterized 

by histone de-acetylation and histone-3-lysine-9- trimethylation (H3me3K9) an epigenetic 

signature also seen in senescence associated heterochromatin foci (SAHF)(Cammas et al., 

2000; Friedman et al., 1996; Groner et al., 2010). Functionally, MAGE-KAP1 co-binding 

may: i. increase repression of specific genes, ii. have no effect on gene repression, or iii. 
increase KAP1 mediated ubiquitination of KZNFs with decreased target gene binding and 

de-repression of specific genes(Xiao et al., 2011). These variable effects mean that MAGE 

proteins can act as master transcription factors affecting cascades of gene activity.

To determine the mechanism(s) for the variable effects of MAGE proteins on gene 

repression and to identify MAGE effects on KZNFs, we used a comprehensive series of 

fusion proteins containing different KRAB domains fused to the Gal4-DNA binding domain 

(DBD), with a cell line containing an integrated KRAB-DBD responsive reporter gene, to 

test the hypothesis that differences in the composition of KZNF KRAB domains determine 

whether expression of MAGE proteins increases, decreases, or has no effect on KZNF 

mediated gene repression. Our work shows that the structure of KRAB domains is the main 

determinant of the outcome of MAGE mediated biological effects on KZNFS.

Materials and Methods

Tissue culture and transfections

HEK293T were purchased from American Type Culture Collection and were cultured in 

DMEM with 10% fetal bovine serum and 1% antibiotics (penicillin, streptomycin). 

CHO-5xGAL4-UAS-TK-Luc-2p cells, the kind gift of Dr. Raul Urrutia, were cultured in 

F12 with 10% fetal bovine serum and 100ug/ml hygromycin antibiotic(Bhatia et al., 2011; 

Urrutia, 2003). For transfections with MAGE-A3 plasmid, we used calcium phosphate 

(Invitrogen) and Lipofectamine 2000 (Invitrogen), the latter according to the manufacturer’s 

recommendations.

Expression Vectors and Strategy

FLAG-tagged wild type MAGE-A3 was expressed using p3xFLAG-CMV-2 plasmid 

(Sigma). We used the pSG424 vector for the construction and expression of GAL4-DBD 

fusion proteins in mammalian cells. The plasmid contains the SV40 ori/early promoter 

region fused to the coding sequencing for GAL4-DBD (AA 1–147), followed immediately 

by a polylinker and translation stop codons. Different KZNF KRAB domains were amplified 

and linked with GAL4 (1–147) at the 3’ end, to generate fused GAL4-DBD-KRAB 

constructs. Detailed information is show in Tables 1 and 2.

Construction of Plasmids for GAL4-DBD-KRAB Fusion Protein Expression

Mammalian Gene Collection (MGC)-verified full length human KZNF cDNA clones were 

purchased from Thermo Fisher Scientific (Waltham, MA). PCR was performed to amplify 

Xiao et al. Page 3

Arch Biochem Biophys. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



ZNF cDNA using HotStar HiFidelity PCR kit (Qiagen, Valencia, CA). Primers were 

designed to amplify the region that includes KRAB and SCAN domains but not Zn finger 

motifs. Primers were also designed to include recognition sequences of the restriction 

enzymes as adaptors and three additional nucleotides to help binding of the restriction 

enzymes. The NCBI’s Primer-BLAST design tool was used to design primers and to 

calculate primer melting temperatures. After PCR, amplicons were digested with 

corresponding restriction enzymes to generate ligation-ready DNA fragments. For 

backbones, the pSG424 vector, which includes GAL4 DBD upstream of multiple cloning 

sites, was cut with the same restriction enzymes. Inserts were then ligated with the pSG424 

backbone using Quick Ligation kit (New England BioLabs, Ipswich, MA). For 

transformation, 2µl of ligation reaction and One Shot MAX Efficiency DH5α-T1 competent 

cells (Invitrogen, Carlsbad, CA) were used according to the manufacturer’s protocol. 

Colonies were analyzed by restriction analysis and positive clones were sequenced (UW-

Madison, Biotechnology Center) to verify correct incorporation and sequences of inserts.

Expression of the GAL4-DBD-KRAB Fusion Proteins Was Verified by Immunoblotting

Briefly, HEK293T cells in 6-well plate were transiently transfected with either X-Fect 

(Clonetech, Mountain View, CA) or Lipofectamine 2000 (Invitrogen) and 5µg of ZNF 

expression vectors. Transfected cells were cultured for 48hrs before harvest. Cells were 

lysed in RIPA buffer (25mM Tris-HCl, pH 7.6, 150mM NaCl, 1% NP-40, 1% sodium 

deoxycholate, 0.1% SDS) supplemented with protease and phosphatase inhibitors. After 

clarification of the lysate by centrifugation, protein concentration was measured with Bio-

Rad DC protein assay kit (Bio-Rad, Hercules, CA). The Mini-PROTEAN gel system (Bio-

Rad) was used for gel electrophoresis and Western blotting. Antibody against the GAL4-

DNA binding domain (US Biological, Swampscott, MA) was used as primary antibody to 

detect GAL4-ZNF fusion protein expression. Horseradish peroxidase (HRP)-linked anti-

rabbit IgG was used as secondary antibody (Cell Signaling (Danvers, MA). For the detection 

of HRP on immunoblots, SuperSignal West Pico Chemiluminescent Substrate (Thermo 

Fisher Scientific) was utilized (Figure 2).

Luciferase Reporter Assay

The transcriptional regulatory activity of KRAB domains was determined using the 

5xGAL4-UAS-TK-Luc-luciferase reporter system, as described previously(Gebelein et al., 

1998; Gebelein and Urrutia, 2001; Urrutia, 2003; Xiao et al., 2011). Briefly, CHO cells 

containing a stably integrated 5xGAL4-UAS-TK-Luc luciferase reporter gene were 

maintained under hygromycin selection and co-transfected with various 5xGAL4-DBD-

KRAB constructs and reporter plasmid using LipofectAMINE™ (Life Technologies, Inc.). 

As a control for basal transcriptional activity, the CHO cells were co-transfected with the 

pcDNA3.1/HisC vectors. At 24 h after transfection, luciferase assays were performed using 

a Turner 20/20 luminometer and the dual luciferase assay system according to 

manufacturer's suggestions (Promega). The Rous sarcoma virus-Renilla reporter was added 

to each transfection as an indicator of transfection efficiency. The relative luciferase activity 

was expressed as a ratio between the luciferase activity in 5xGAL4-DBD transfected cells 

vs. the luciferase activity in cells transfected with various 5xGAL4-DBD-KRAB constructs. 
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All studies were performed in triplicate in at least three independent experiments with 

similar results.

In Vivo Ubiquitination Assay

8 µg of wild-type or mutant MAGE-A3 expression plasmids, or empty vector control, were 

introduced into HEK293T cells at 70% confluency using the CaPO4 method (Clotech). 8 µg 

GAL4-KRAB-pSG424, 4 µg KAP1, 4 µg of pcDNA 3.1+ vector harboring HA tagged 

ubiquitin were co-transfected. After 20 h, the cells were treated with 25 µM of MG132 

(C2211, Sigma) for 5 h, lysed in RIPA buffer, and subjected to immunoprecipitation. A 500 

µg aliquot of total protein from the transfected HEK293T cells in 250 µl lysis solution was 

mixed with 10 µl of the anti-GAL4-DBD or anti-Flag affinity matrix (US Biological, Sigma-

Aldrich) pre-blocked with 2% bovine serum albumin (BSA), and incubated overnight with 

gentle rotation at 4°C. The affinity matrix was washed with HIPA buffer three times, 

collected by centrifugation, and the precipitated proteins were denatured in sample buffer 

containing 0.1M dithiothreitol (DTT), subjected to 7% SDS-PAGE and transferred to a 

PVDF membrane. The transferred proteins were then incubated with anti-GAL4-DBD 

(G1018, Polyclonal, US Biological) or Anti-Flag (M2 F1804, Monoclonal, Sigma-Aldrich), 

or anti-HA (monoclonal, Cell signaling) antibodies. Anti-rabbit or mouse IgG, HRP-linked 

secondary antibodies (Cell signaling) were used for the western blotting procedure.

Plotting and Statistics

Plotting and statistics were performed using Sigma Plot 12 (Systat Software, San Jose, CA). 

The Mann-Whitney Rank Sum test was used to test for differences in repression with 

P<0.05.

Results

MAGE-KAP1 Mediated Gene Regulation Depends on KRAB Domain Structure

To determine the effects of MAGE expression with different KZNF KRAB domains we 

used the CHO-5xGAL4-UAS-TK-Luc cell line, a Chinese hamster ovary cell line that 

contains an integrated fusion gene composed of an optimized binding site (UAS) for the 

GAL4-DNA binding domain (GAL4-DBD) upstream of a constitutively active luciferase 

reporter gene(Gebelein et al., 1998; Gebelein and Urrutia, 2001; Urrutia, 2003; Xiao et al., 

2011)(Figure 3). Plasmid based ectopic expression of the GAL4-DBD alone has no effect on 

luciferase production. However, ectopic expression of a fusion protein in which GAL4-DBD 

replaces the zinc finger motifs of a KZNF can recruit KAP1 to the promoter of the luciferase 

reporter gene, causing chromatin compaction and repression of luciferase expression. 

CHO-5xGAL4-UAS-TK-Luc-2p has limited expression of KAP1 so the degree of 

recruitment of KAP1 can be determined by measurement of luciferase activity. In our 

previous work we showed that the GAL4-DBD fused with the KRAB domain of ZNF382, a 

KZNF, recruits KAP1 to the CHO-5xGAL4-UAS-TK-Luc-2p fusion gene causing 

repression of the luciferase reporter gene. In addition, ectopic MAGE expression relieved 

that repression, causing increased expression of luciferase (Xiao et al., 2011). We also found 

that MAGE proteins have differential effects on different genes, decreasing expression of 

some and increasing expression of others.
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To test the hypothesis that the variable effects of MAGE on KZNF regulated gene 

expression are determined by the structure of the KRAB domain of the individual KZNF, we 

made of series of GAL4-DBD fusion genes with different KRAB domains (Tables 1 and 2) 

and tested their affects on repression of the the luciferase reporter gene (Fig 4).

ZNF382 is a KZNF with an A and B Box KRAB domain that has been shown to be a tumor 

suppressor (Cheng et al., 2010). As we have previously reported and now confirm, ectopic 

expression of ZNF382 KRAB-Gal4-DBD fusion protein recruits KAP1 to the reporter gene 

and suppresses luciferase expression (P<0.05). Co-expression of MAGE proteins rescues 

reporter gene activity from ZNF382 KRAB domain mediated repression (P<0.05).

ZNF136 is a KZNF containing a KRAB domain composed only of an A box. We now report 

that like the ZNF382 KRAB domain, the ZNF136 KRAB domain causes repression in the 

CHO-5xGAL4-UAS-TK-Luc system (P<0.05). However, unlike repression caused by the 

ZNF382 KRAB domain, repression by ZNF136-KRAB is not rescued by MAGE-A3 

expression.

ZNF45 is a KZNF containing a KRAB domain consisting of an A and b box. ZNF 45-

KRAB repressed luciferase activity (P<0.05) but repression was not rescued by MAGE 

expression. In fact, there was a trend towards increased repression in the presence of MAGE 

but the trend did not reach statistical significance at the p≤ 0.05 level.

We also tested the MZF1, ZNF274 and ZNF287, all of which are KZNFs with KRAB 

domains containing a Scan motif. All of these fusion proteins showed no effect on luciferase 

expression, whether or not MAGE was present. These KRAB domains contained A and/or B 

box motifs, like those that repressed luciferase in the ZNFs 382, 136, and 45, but the 

presence of a Scan motif appears dominant in preventing regulation of genes in this system.

MAGE-A3 Enhances Ubiquitination of ZNF382 but not Other KZNFS

We and others have shown that MAGE expression enhances KAP1 ubiquitin ligase activity 

and specifically increases ubiquitination and degradation of p53 (Bhatia et al., 2013; Monte 

et al., 2006; Xiao et al., 2011). We have also shown that MAGE-C2 increases KAP1 

mediated ubiquitination and degradation of ZNF382. To determine whether MAGE induced 

ubiquitination is a general phenomenon we investigated KZNF ubiquitination in the 

presence of MAGE-A3. As we expected from previous studies with MAGE-C2, we found 

that MAGE-A3 expression enhanced ZNF382 ubiquitination and degradation in an in vivo 

ubiquitination reaction (Figure 5). Because KZNF binding to KAP1 is necessary for 

repression of specific genes, these results show that MAGE-A3 may prevent significant 

repression of a KZNF target gene by increasing ubiquitination and degradation of KZNFs 

that direct KAP1 to specific chromatin sites. In contrast to KZNF ZNF382, ubiquitination 

was not seen in the presence or absence of MAGE with any of the other KZNFs we tested. 

For instance, no ubiquitination activity was detected with ZNF136 and ZNF45, KZNFs 

which increase repression of the luciferase reporter gene but are not de-repressed in the 

presence of MAGE-A3 (Figures 4 and 5). This finding is consistent with co-binding of 

MAGE-A3 to KAP1 with ZNF136 and ZNF45, perhaps with stabilization rather than 

degradation of the KAP1-KZNF complex by MAGE-A3. Likewise, no ubiquitination was 
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found with MZF1, ZNF287 and ZNF274, all of which have KRAB domains containing the 

Scan box motif. This finding correlates with the finding that these KZNFs have no effect on 

repression in the luciferase reporter gene assay.

KAP1 Mediated Ubiquitination of ZNF382 is Selective; MAGE-A3 is not Ubiquitinated in 
MAGE-KZNF-KAP1 complexes

Lastly, to test whether MAGE itself can be ubiquitinated by the KAP1 ubiquitin E3 ligase, 

we investigated ubiquitination of MAGE-A3 and found no appreciable ubiquitination in 

presence of any of the individual KRAB domains we studied. Thus, no self-ubiquitination of 

MAGE-A3 is mediated by KZNFs and the KAP1 ubiquitin ligase (Figure 6).

Discussion

Human Class I MAGE genes include the MAGE A, B, and C families. Class I MAGE genes 

are normally expressed mainly in developing germ cells and placenta. Class I MAGE genes 

differ from each other mainly in their un-translated regulatory regions, suggesting the 

proteins provide a common critical function that may be required at different times or sites 

during development of gametes and placenta. Promoter region hypomethylation, which may 

occur during epigenetic reprogramming in tumors, often results in the co-expression of 

multiple MAGE A and MAGE C proteins, especially MAGE-A3 and MAGE-C2, in a broad 

range of tumors including actinic keratoses, squamous cell carcinomas of skin, head, and 

neck, most breast carcinomas, some nevi and most advanced melanomas(Hoek et al., 2004; 

Jungbluth et al., 2005; Simpson et al., 2005). MAGE proteins have been increasingly 

recognized as tumor specific targets and MAGE expression has been correlated with 

aggressive clinical course, the acquisition of resistance to chemotherapy and poor clinical 

outcome, yet the dominant paradigm has been to view MAGE proteins as passive targets for 

immunotherapy and the functional contributions of MAGE to oncogenesis and the 

mechanisms involved have been relatively understudied.

Class I MAGE proteins are characterized by nearly identical MAGE homology domains 

(MHDs) containing two highly conserved leucines that we and others have shown are 

necessary for binding to KAP1 (Bhatia et al., 2013; Doyle et al., 2010). In particular, we 

have shown that they are necessary for the regulatory affects of MAGE-C2 on ZNF382 

function and ubiquitination. Our current studies extend these results by showing that 

MAGE-A3 has similar regulatory effects on ZNF382, and show that these regulatory effects 

are specific since they are not seen with other KZNFs besides ZNF-328. Since MAGE-A3 

and MAGE-C2 are members of different Class I MAGE sub families, these results show that 

diverse MAGE proteins can have identical effects, supporting the hypothesis that these 

proteins have common functions at the level of regulation of individual genes.

KZNFs are the largest group of transcription factors in vertebrates and function by directing 

the KAP1 complex to repress specific genes. KAP1 is a universally expressed 100kD 

nuclear scaffolding protein and ubiquitin E3 ligase also known as TF1B, RNF96, and 

TRIM28 (Friedman et al., 1996; Sherr and McCormick, 2002). KAP1 was first discovered 

as a transcriptional co-repressor required by all KZNFs. A current popular model predicts 

that zinc finger motifs of KZNFs bind to their target DNA sequences, recruiting KAP1, 
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Setdb1, heterochromatin 1 (HP1), and histone de-acetylases (HDACs), leading to gene 

repression by formation of localized facultative heterochromatin regions in target gene 

promoter regions (Please see figure 1). In this model, KZNF KRAB domains bind to the 

RBCC domain of KAP1. It is not known whether the components of the KRAB domain 

itself help determine how the co-repressor complexes are assembled or bind to specific 

chromatin sites. Furthermore, it is not known what other factors may influence the ubiquitin 

E3 ligase activity of KAP1.

The KZNF family has been divided into four subfamilies on the basis of the primary 

structure of the KRAB amino-terminal repressor domain: those that contain an A box alone 

(A box), those with an A box combined with a B box (A+B box), those combining the A 

box with a divergent B box (A+b Box), and those containing a Scan domain (Urrutia, 2003) 

(Fig 7).

Based upon our luciferase reporter gene analysis, all KZNFs without the Scan motif show 

significant reduction in luciferase activity, indicating the KAP1-KZNF complexes are 

efficiently assembled to form the co-repressor complexes necessary to induce and maintain 

transcriptional repression. However, effects are reversed by MAGE-A3 in ZNF382, which 

has a KRAB domain structure including the A+B boxes and shows a distinct pattern of 

repression without MAGE, and de-repression or rescue in the presence of MAGE-A3.

Similar to the effects of the ZNF382 KRAB A+B box motif, KZNFs with the A box alone 

(ZNF136) or the A+b box motifs (ZNF45) cause gene repression. However, in contrast to 

the ZNF382 A+B box motif, neither A+b nor A only types of KRAB domain show rescue 

with MAGE-A3. In fact, the ZNF45 A+b box motif KRAB domain shows a strong tendency 

to increase repression in the presence of MAGE-A3. This clearly shows MAGE-A3 can 

differentially modulate KZNFs depending on the KRAB domain involved. Ubiquitination 

only occurred with the ZNF382 A+B box motif, offering an attractive mechanism for 

MAGE mediated de-repression in which ubiquitination of the KZNF leads to degradation 

and loss of the KZNF necessary to anchor the KAP1 repressor complex at a particular site, 

with subsequent loss of heterochromatin and de-repression of specific genes.

Members of a defined subset of KRAB ZNFs contain a Scan domain, which has not been 

associated with transcriptional regulation but instead allows homo- and heter-dimerization 

with other Scan-containing KZNF proteins(Collins et al., 2001). Our luciferase data show 

that KZNFs containing a Scan motif, including those with Scan box only, Scan-A+B, or the 

A-Scan-A box motifs have no significant effect on luciferase activity, indicating the Scan 

motif is associated with weaker, if any, KAP1 mediated transcriptional repression in 

comparison with other KRAB domains. Additionally, MAGE-A3 has no significant 

influence on KZNFs containing Scan domains in terms of luciferase activity or 

ubiquitination. Since the ZNF274 and 287 KRAB domains contain A and B motifs, the Scan 

domain appears dominant and is associated with loss of repression by the A or B boxes.

In summary, we show here that: 1. Depending on the KRAB domain involved, MAGE 

expression has differential effects on KRAB-zinc finger transcription factor mediated KAP1 

binding. 2. These binding patterns affect gene repression, and 3. MAGE-A3 expression can 
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differentially affect ubiquitination of KZNF by KAP1 ubiquitin E3 ligase. Combined with 

our previous published work on MAGE-C2, these results allow generalization of our 

findings to most Class I MAGE proteins (Xiao et al., 2011). These results allow us to 

suggest a functional classification of KRAB domains (Fig7) to complement the structural 

classification previously proposed (Urrutia, 2003). The functional divisions would include 

those KRAB domains that repress transcription and are rescued from repression in the 

presence of MAGE, those KRAB domains that repress and are un-responsive to MAGE, and 

the scan domain KRAB regions that do not repress and are not responsive to MAGE.
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Figure 1. KAP1 MAGE cartoon
The KAP1 RING Finger-B Box-Coiled Coil (RBCC) domain binds to the KRAB domains 

of KZNFs, which target KAP1 to specific DNA sequences through their zinc finger DNA 

binding motifs. KAP1 mediates localized compaction of chromatin necessary for repression 

of gene transcription, and is associated with chromatin modifications including histone de-

acetylation, histone 3 trimethylation on K9, and HP1 binding to both DNA and histones. All 

Class I MAGE proteins contain two leucines (yellow semi-circles) which enable binding to 

the same KAP1 RBCC region as binds KZNFs. In some cases MAGE expression enhances 

KAP1 E3 ubiquitin ligase activity, resulting in KZNF ubiquitination and degradation, 

thereby de-repressing the genes targeted by that KZNF. In other cases MAGE expression 

increases KAP1 binding causing increased gene repression. Modified from (Xiao et al., 

2011).
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Figure 2. Expression of KRAB Fusion Proteins
The coding regions of all constructs were verified by forward and backward sequencing. 

The expression of diverse GAL4-KRAB fusion proteins (marked with asterisks) was 

verified by immunoblotting with anti-DBD antibody. Predicted sizes of the protein 

backbones are shown. Note that the ZNF287 runs at a higher than predicted molecular 

weight, perhaps due to glycosylation or other post translational modification. The membrane 

was stripped and re-probed with anti-actin antibody as a loading control.
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Figure 3. CHO-5xGAL4-UAS-TK-Luc-2p Gene Repression Assay
The CHO-5xGal4-UAS-TK-Luc-2p cell line has limited expression of KAP1 and contains 

an integrated fusion gene with an optimized recognition site (UAS) for the Gal4-DNA 

binding domain (Gal4-DBD). The UAS is upstream of a constitutively active promoter (TK) 

activating a luciferase (Luc) reporter gene. Ectopic expression of a KRAB domain-Gal4-

DBD fusion protein can recruit KAP1 to the TK promoter region and cause repression of the 

luciferase reporter gene. This model indicates how MAGE may influence binding between 

KZNFs and KAP1. For instance, MAGE could block binding between KAP1 and a KZNF-
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Gal4-DBD fusion protein either by steric hindrance or by increasing ubiquitination and 

degradation of the fusion protein. Alternatively, MAGE could stabilize KAP1 and ZNF 

interaction, leading to increased gene repression. DBD=Gal4 DNA binding Domain. 

UAS=Upstream Activation Sequence. TK= constitutively active promoter. Luc = luciferase 

reporter gene.
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Figure 4. MAGE Effects on KAP1 Mediated Gene Repression Depend on KRAB Domain 
Structure
CHO cells with a stably integrated 5xGAL4-UAS-TK-Luc reporter gene were maintained 

under hygromycin selection and co-transfected with various 5xGAL4-DBD- KRAB fusion 

constructs and reporter plasmid using LipofectAMINE™. The relative luciferase activity is 

expressed as a ratio between the activity of 5xGAL4-DBD with no KRAB domain vs. 

various 5xGAL4-DBD-KRAB fusion proteins. Results are shown normalized to reporter 

gene expression in the presence of 5xGAL4-DBD without KRAB domain. Luciferase 

activities were also measured in CHO-5xGAL4-UAS-TK-Luc-2p cells transfected with or 
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without vector expressing full length MAGE-A3. Maximum luciferase repression occurs 

with the fusion protein containing the ZNF382 KRAB domain, which consists of A+B boxes 

(* P<0.05). Addition of a MAGE-A3 expression plasmid relieves ZNF382-KRAB related 

repression and increases luciferase activity (* P<0.05). Like the ZNF382-KRAB fusion 

protein, ZNF136 (A box) and ZNF45 (A+b boxes) fusion proteins cause significant 

repression (* P<0.05). However, neither shows significant rescue by MAGE-A3. No 

significant change in luciferase activity was observed with MZF1 (Scan), ZNF287 (Scan A

+B boxes) and ZNF274 (A Scan A boxes) KRAB domain fusion proteins, with or without 

addition of MAGE-A3.
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Figure 5. MAGE–KAP1 Binding Induces Ubiquitination Only With the ZNF382 KRAB domain
HEK293T cells were transiently transfected with Flag tagged MAGE-A3 vector or empty 

vector, and KRAB domain GAL4-DBD fusion proteins, KAP1, and HA tagged ubiquitin. 

Proteasome activity was inhibited by incubation for 5 hours in the presence of 25 µM 

MG132. Top blots: GAL4-DBD tagged proteins were immunoprecipitated with anti-GAL4-

DBD and ubiquitination was detected with anti-HA. Lower blots: immunoprecipitation and 

immunoblotting confirmed expression of all GAL4-DBD fused KRAB domains. Protein 

ladder was labeled at the right side. High-molecular-weight ubiquitinated species were seen 

only in blots of cells transfected with both GAL4-DBD-ZNF382-KRAB domain fusion 

protein and MAGE-A3 (panel A). No ubiquitination was observed in blots of cells 

transfected with GAL4-DBD fused KRAB domains from other KZNFs, regardless of 

MAGE-A3 expression, panels B to F (B=ZNF136, C=ZNF45, D=MZF1, E=ZNF287 and 

F=ZNF274).
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Figure 6. MAGE-A3 Is Not Ubiquitinated During KRAB-KAP1 Interactions
HEK293T cells were transiently transfected with Flag tagged MAGE-A3 or empty vectors 

and KRAB domain GAL4-DBD constructs, KAP1, and HA tagged ubiquitin. Proteasome 

activity was inhibited by incubation for 5 hours in the presence of 25 µM MG132. Top 

panel, whole lysate immunoblot (IB) for KAP1; middle panel, Flag-MAGE-A3 tagged 

ubiquitinated proteins were immunoprecipitated with anti-Flag and detected with anti-HA; 

Lower panel: immunoprecipitation and immunoblotting confirmed expression of Flag-

MAGE-A3. No ubiquitinated MAGE-A3 species were seen in blots of cells transfected with 
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both KZNFs and MAGE-A3, panels A to F (A=ZNF382, B=ZNF136, C =ZNF45, D=MZF1, 

E=ZNF287 and F=ZNF274).
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Figure 7. Schematic Models For Primary Structures of Typical KRAB–Domains
KRAB domains can be divided into three groups depending on their interactions with 

MAGE and KAP1: Group 1 (KRAB A+B) is repressed by KRAB domains and de-repressed 

by MAGE; Group 2 (KRAB A, KRAB A+b) is repressed by KRAB domains but not 

rescued by MAGE; Group 3 (SCAN, SCAN+KRAB A+B, KRAB A+SCAN+KRAB A) is 

not repressed by KRAB domains and is not affected by MAGE.
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Table 1
Construction of GAL4-KRAB Fusion Constructs

The clone ID of each KZNF clone from Thermo Fisher Scientific is shown. The corresponding GenBank 

accession number is also displayed.

Group KRAB Type ZNF Clone ID GenBank
Accession Number

1 A+B ZNF382 40146697 BC132675

2
A ZNF136 4040430 BC006421

A+b ZNF45 5539981 BC037575

3

Scan MZF1 4301723 BC007777

Scan+A+B ZNF287 8322415 BC113363

A+Scan+A ZNF274 Lifeseq 3590156 NM133502
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Table 2
Schematic Structure of GAL4-KRAB Hybrid Fusion Constructs

The number of nucleotides in each region is shown in parentheses. The size of the multiple cloning site (MCS) 

in the resulting fusion construct is shown. The region and lengths of the KZNF cDNAs are also shown. UTR; 

untranslated region, KRAB; KRAB domain including A, B, b and SCAN domains. The italicized numbers in 

each region are base numbers that represent the location of the corresponding region and are adopted from the 

location numbering system of Genbank.
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