
from conditional knockout mouse models reveal that 
KAP1-deficiency significantly impairs vital physiological 
processes, such as immune maturation, stress vulner-
ability, hepatic metabolism, gamete development and 
erythropoiesis. In this review, we summarize and evalu-
ate current literatures involving the biochemical and 
physiological functions of KAP1. In addition, increasing 
studies on the clinical relevance of KAP1 in cancer will 
also be discussed.
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Core tip: This review article primarily summarizes the 
current findings of KAP1/TRIM28/TIF1β, with focuses 
on its biochemical and physiological functions. Both the 
canonical transcriptional co-repressor function and the 
transcriptional-independent roles of KAP1 are discussed 
in detail. We highlight the post-translational modifica-
tions and the compartmentalized localization of KAP1 
and suggest that the function of KAP1 could be spatial 
and temporal regulated in multiple physiological circum-
stances. Finally, we summarize the clinical relevance of 
KAP1 in cancer and discuss the possibility to translate 
the mechanistic studies of KAP1 to human pathophysi-
ology in the future.
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INTRODUCTION
KRAB domain-associated protein 1 (KAP1), also known as 
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Abstract 
KAP1/TRIM28/TIF1β was identified nearly twenty years 
ago as a universal transcriptional co-repressor because 
it interacts with a large KRAB-containing zinc finger 
protein (KRAB-ZFP) transcription factor family. Many 
studies demonstrate that KAP1 affects gene expression 
by regulating the transcription of KRAB-ZFP-specific loci, 
trans-repressing as a transcriptional co-repressor or epi-
genetically modulating chromatin structure. Emerging 
evidence suggests that KAP1 also functions independent 
of gene regulation by serving as a SUMO/ubiquitin E3 
ligase or signaling scaffold protein to mediate signal 
transduction. KAP1 is subjected to multiple post-trans-
lational modifications (PTMs), including serine/tyrosine 
phosphorylation, SUMOylation, and acetylation, which 
coordinately regulate KAP1 function and its protein 
abundance. KAP1 is involved in multiple aspects of cel-
lular activities, including DNA damage response, virus 
replication, cytokine production and stem cell pluripo-
tency. Moreover, knockout of KAP1 results in embryonic 
lethality, indicating that KAP1 is crucial for embryonic 
development and possibly impacts a wide-range of 
(patho)physiological manifestations. Indeed, studies 
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tripartite motif-containing 28 (TRIM28) or transcriptional 
intermediary factor 1 beta (TIF1β) was identified as an 
interacting protein for Krüppel-associated box zinc finger 
proteins (KRAB-ZFPs) in 1996[1-4]. Since then, KAP1 has 
been reported in regulating multiple aspects of  physiology, 
for examples, cell differentiation, DNA damage response 
(DDR), virus replication, immune response and tumori-
genesis (Figure 1). As KAP1 binds to the conserved KRAB 
repression domain, which is present in many transcription 
factors, KAP1 is considered as a critical transcriptional co-
repressor[2-4]. For instance, many proteins involved in chro-
matin remodeling or histone modification, such as hetero-
chromatin-associated protein 1 (HP1), nuclear co-repressor 
(N-CoR), histone deacetylase (HDAC), chromodomain 
helicase DNA binding protein 3/nucleosome remodeling 
deacetylase (CHD3/NuRD), histone methyltransferases 
(HMTs), have been identified in KAP1-containing com-
plexes[5-9] (Table 1). Consequently, KAP1 epigenetically 
regulates gene expression through multiple transcriptional 
co-repressor complexes. In addition to regulating KRAB-
ZFPs, the activity of  transcription factors lacking KRAB 
domain, such as c-Myc and E2F1, can also be regulated by 
KAP1[10-14]. KAP1 is subjected to multiple post-translational 
modifications (PTMs), including phosphorylation and SU-
MOylation (Figure 2). We and others have demonstrated 
that these PTMs coordinately regulate the gene repressive 
function of  KAP1[15-18]. 

Deletion of  Kap1 in mouse embryo leads to embry-
onic lethality[19], suggesting that KAP1 is critical during 
embryonic development and should be involved in a 
wide-range of  biological/physiological processes. Al-
though most of  the KAP1 studies have been focusing 
on its transcriptional functions, emerging evidence sug-
gests that KAP1 also exerts transcription-independent 
function. Given that KAP1 functions as a scaffold 
protein to constitute KAP1-containing complexes that 
regulate chromatin structure, it also plays an important 
role in maintaining genome stability by facilitating DNA 
repair in response to DNA damage through chromatin 
remodeling[20-22]. Moreover, the RING and the plant ho-
meodomain (PHD) domains of  KAP1 possess intrinsic 
enzymatic activity to potentially catalyze SUMOylation 
and ubiquitylation[15,23-25]. Interestingly, KAP1 resides in 
distinct cellular compartments, including the pericentric 
and centromeric heterochromatin, euchromatin and cyto-
plasm[6,25,26], implicating its essential functions for differ-
ent cellular activities. Taken together, the diverse function 
and regulated subcellular localization suggest that KAP1 
impacts multiple aspects of  biological processes and it 
warrants more rigorous investigations of  this important 
protein in the future. In this review, we aim to discuss 
both the transcriptional and non-transcriptional func-
tions of  KAP1. The PTMs of  KAP1 involved in these 
processes will be highlighted. Lastly, the clinical relevance 
of  KAP1 in cancer will also be elaborated.  

PROTEIN STRUCTURE AND PTMS OF KAP1
Given that the overall structure of  KAP1 has been exten-

sively reviewed previously[27] (and references therein) we 
will mainly focus on the PTMs of  KAP1 and how these 
PTMs crosstalk to each other and affect the interaction 
between KAP1 and its partners. KAP1 is a member of  
TIF1 family, which includes four proteins, TIF1α, TIF1β, 
TIF1γ and TIF1δ. As the other members in the TIF1 
family, KAP1 has an N-terminal tripartite motif  (TRIM), 
RBCC domain, which is composed by a RING finger, 
2 B-box zinc fingers and a coiled-coil region. In addi-
tion, KAP1 also shares a central TIF1 signature sequence 
(TSS), an HP1 binding domain (HP1BD), a C-terminal 
combination of  PHD and bromodomain with the other 
TIF1 members. Different from the other TIF1 proteins, 
KAP1 does not have a nuclear receptor (NR) box[27] (Fig-
ure 2).

The RBCC domain of  KAP1 interacts with various 
KRAB-ZFPs and is considered as an important region 
for the KAP1 recruitment to KRAB-ZFP binding sites 
across the genome[28,29]. It has been demonstrated that 
RBCC domain forms a homotrimer with a single KRAB 
domain[30]. Interestingly, a recent study suggests that 
KAP1 can still bind to promoter regions without RBCC 
domain, suggesting additional mechanisms that might 
contribute to the KAP1 recruitment to transcription 
factors on the promoter regions[31]. The TSS domain is 
adjacent to the RBCC domain, and is required for the 
transcriptional repressive activity of  TIF1γ[32]. However, 
the function of  TSS in KAP1 has yet to been defined. 

The hydrophobic PxVxL pentapeptide is located at 
the central region of  KAP1, namely HP1BD. HP1BD 
interacts with the chromoshadow domain of  HP1 pro-
teins and this KAP1-HP1 interaction is critical for the 
KAP1-mediated gene silencing[5,6,33,34]. It is believed that 
KAP1-HP1 complex plays a critical role in heterochro-
matin maintenance and gene silencing. In fact, HP1BD 
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Figure 1  KRAB domain-associated protein 1 is involved in multiple aspects 
of cellular physiology. Neurology: Kap1 knockout in mouse forebrain induces 
higher level of anxiety-like behavior. Developmental Biology: Several conditional 
kap1 deletions impair normal cell development including embryonic stem cell (ESC) 
differentiation, spermatogenesis, erythropoiesis, and the development of T-cell and 
B-cell. Immunology: KAP1 is involved in immune responses by regulating T/B cell 
activity and immune tolerance. Virology: KAP1 is critical to suppress retroviral acti-
vation and prevent HIV integration. Cancer Biology: KAP1 is positively or negatively 
correlated with prognosis in different cancer types. The roles of KAP1 in maintaining 
genome stability, mediating DNA damage response and affecting cell proliferation in 
vitro imply its potential roles during tumorigenesis.



is required for nuclear retention of  KAP1 and disrupting 
KAP1-HP1 interaction reactivates the imprinted gene 
expression by perturbing histone and DNA methylation 
levels in vivo[31,35]. However, the detailed mechanism un-
derlying the KAP1 recruitment to HP1 on heterochro-
matin remains to be elucidated.

The C-terminal PHD and bromodomain of  KAP1 
(PB domain) recognize histone tail and are also required 

for the KAP1-mediated gene silencing by recruiting 
histone modifiers. Specifically, KAP1 interacts with 
CHD3/NuRD complex, and histone methyltransferase, 
SET domain, bifurcated 1 (SETDB1)[8,9]. These observa-
tions suggest a model for KAP1-dependent recruitment 
of  histone modifiers for histone methylation and hetero-
chromatin formation to achieve gene silencing[27].   

Notably, the carboxyl-terminus of  KAP1 is subjected 
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Figure 2  KAP1 structure, post-translational modifications and interacting proteins. KAP1 has multi-domains for protein-protein interaction and post-translational 
modification. RBCC: RING-B1-B2-coiled-coil; TSS: TIF signature sequence; HP1 BD: HP1 binding domain; PHD: Plant homeo domain. Numbers represent the se-
quence of amino acids; Blue: SUMOylation sites; Red: Serine phosphorylation sites targeted by the indicated kinases (shown in red) or antagonized by phosphatases 
(shown in green); Orange: Tyrosine phosphorylation sites targeted by the indicated kinase family; KLIYF: PP1 binding site; PxVxL: HP1 binding site; Dotted lines: 
Protein-protein interaction; SFKs: Src family kinases; HP1: Heterochromatin-associated protein 1; ATM: Ataxia-telangiectasia mutated; PP1: Protein phosphatase 1; 
CHD3/NuRD: Chromodomain helicase DNA binding protein 3/nucleosome remodeling deacetylase; HDAC: Histone deacetylase.

Table 1 Chromatin-associated factors/chromatin-remodeling enzymes interacting with KAP1

Chromatin-associated factors/
chromatin-remodeling enzymes

Consequences of binding with KAP1 Ref.

HP1 HP1-KAP1 interaction leads to transcriptional repression and has an essential role in development 
and cell differentiation. Phosphorylation at Ser-473 or Tyr-449, 458, 517 of KAP1 inhibits its 
interaction with HP1.

[5,6,33,43,46,53,94-
97,105]

SETDB1 KAP1 binds to SETDB1 through SUMO:SIM interaction to  methylate H3K9 at gene regulatory 
regions to achieve gene silencing.

[9,15,16,109]

N-CoR N-CoR represses basal transcription by the recruitment of HDACs to deacetylate histones. KAP1 is 
involved in N-CoR-1 complex to mediate transcriptional repression.

[7]

CHD3 (Mi-2α)/NuRD NuRD complex mediates chromatin remodelling and histone deacetylation via CHD3 (Mi-2α) and 
HDACs, respectively. KAP1 interacts with NuRD complex via PHD and bromodomain to alter the 
chromatin structure.

[8,21,37]

HDAC1 KAP1-HDAC1 complex interaction not only regulates histone modification but also non-histone 
protein deacetylation to exert a variety of different functions (also shown in Table 2).

[113]

SMARCAD1 SMARCAD1 mediates histone deacetylation and associates with KAP1-HDAC1 complex to 
regulate chromatin marks. 

[58]

DNMT KAP1 associates with DNMT to maintain DNA methylation at imprinting control region (also 
shown in Table 2).

[59,61]

HP1: Heterochromatin-associated protein 1; ATM: Ataxia-telangiectasia mutated; PP1: Protein phosphatase 1; CHD3/NuRD: Chromodomain helicase DNA 
binding protein 3/nucleosome remodeling deacetylase; HDAC: Histone deacetylase; N-CoR: Nuclear co-repressor; SETDB1: Bifurcated 1; DNMT: DNA 
methyltransferase.



to multiple types of  PTM. Several studies have revealed 
that KAP1 is SUMOylated and the SUMOylation of  
KAP1 is required for its repressive function[15,16,18]. Within 
or adjacent to the PB domain, six lysines of  554, 575, 676, 
750, 779 and 804 have been validated as SUMOylation 
sites, and the distinct SUMOylation combinations differ-
entially affect the interaction between the bromodomain 
with SETDB1 and CHD3[15,16,18,28]. KAP1 also undergoes 
auto-SUMOylation[15]. The magnitude of  KAP1 SU-
MOylation is balanced by deSUMOylases, sentrin specific 
peptidase 1 (SENP1), SENP7 and the phosphorylation 
status at serine-824 of  KAP1[15,17,36,37]. 

The serine-824 of  KAP1 is primarily phosphorylated 
by phosphoinositide 3 kinase-like protein kinases (PIK-
Ks), including ataxia-telangiectasia mutated (ATM), ataxia 
telangiectasia and Rad3 related (ATR), and DNA-depen-
dent Protein Kinase catalytic subunit (DNA-PKcs)[38]. 
This specific serine 824-phosphorylation is crucial for 
DDR in different aspects, for examples, the ATM-me-
diated KAP1 serine-824 phosphorylation is responsible 
for activating DNA damage checkpoints and chromatin 
relaxation[17,20], whereas ATR or DNA-PKcs presumably 
compensates for ATM-deficiency during DDR[39]. Our 
laboratory has demonstrated that protein phosphatase 1 
(PP1) interacts with KAP1 through the PP1-binding mo-
tif  in the coiled-coil region of  KAP1 to dephosphorylate 
KAP1 at serine-824[36]. In addition, protein phosphatase 
4 (PP4) also mediates the KAP1 dephosphorylation at 
serine-824 and another phosphorylation site at serine-473 
upon DNA damage[40,41].

Many DNA damage-inducing agents render both 
KAP1 serine-824 phosphorylation and serine-473 
phosphorylation through ATM-Chk2 or ATR-Chk1 
pathways[42]. KAP1 serine-473 phosphorylation is also 
involved in efficient DNA repair and cell survival upon 
DNA damage[42-44]. However, unlike the phosphorylation 
at serine-824, the KAP1 serine-473 phosphorylation is 
diffusely localized in the nucleus instead of  accumulating 
at damage sites and forming foci[44,45]. It remains to be es-
tablished whether different KAP1 phosphorylation sites 
play distinct roles in response to DNA damage. Interest-
ingly, the KAP1 serine-473 phosphorylation regulates 
cell cycle progression. A study demonstrated that PKCδ 
phosphorylates KAP1 at serine-473 during S phase of  
cell cycle. This event dampens the KAP1 and HP1γ in-
teraction and de-represses cyclin A2 to promote S phase 
progression[46]. Conceivably, KAP1 serine-473 phosphor-
ylation perturbs its association with HP1γ, thereby ren-
dering pan-nuclear distribution. This may be due to the 
structural alteration of  PxVxL domain, which is the HP1 
binding site of  KAP1. KAP1 mutant that loses its bind-
ing ability with HP1 indeed translocates to cytoplasm[31]. 
This implies that KAP1 serine-473 phosphorylation 
could function beyond gene regulation in cytoplasm. 
Results from several studies also suggest that KAP1 
serine-473 phosphorylation is associated with immune 
response. First, KAP1 is constitutively phosphorylated 
at serine-473 but not serine-824 upon T cell receptor 
activation in thymocytes[47,48]. Second, Kaposi’s Sarcoma-

Associated Herpesvirus (KSHV) infection induces phos-
phorylation at KAP1 serine-473 in endothelial cells[49]. 
Many KAP1’s partners, such as STAT1/3, NF-κB and 
IRF5/7[24,49-52], are involved in inflammation and immune 
response. Further exploring the role of  KAP1 serine-473 
phosphorylation in the immune responses induced by vi-
ral infection or other types of  stress could be rewarding. 
More recently, Kubota et al[53] reported that tyrosines-449, 
458 and 517 of  KAP1 are phosphorylated by Src family 
kinases (SFKs). The phosphorylation of  these tyrosine 
residues also interferes the interaction between KAP1 
and HP1. As SFKs are involved in regulating a wide-
range of  oncogenic processes, including cell growth and 
differentiation, this finding implies that KAP1 plays a 
role in SFK-mediated oncogenic transformation.

KAP1 is also demonstrated to be acetylated and 
the level of  KAP1 acetylation is downregulated by 
HDAC10[54]. Although HDAC10 regulates KAP1 tran-
scriptional co-repressor activity, there is no direct evi-
dence showing whether the acetylation affects KAP1-me-
diated transcriptional control. Studies on the regulation 
of  KAP1 acetylation and whether KAP1 acetylation 
crosstalks with other types of  KAP1 lysine-PTM are 
expected to provide additional insights into the roles of  
PTMs in governing KAP1 function.

TRANSCRIPTIONAL FUNCTIONS OF 
KAP1
KAP1 was originally identified to be associated with 
KRAB-ZFPs, suggesting a role of  KAP1 in transcrip-
tional control. In addition to the RBCC domain, there 
are also other domains allowing KAP1 to interact with a 
wide variety of  proteins such as histone acetylases (HATs), 
HDACs, HMTs and DNA methyltransferases (DNMTs). 
Thus, KAP1 has the flexibility to regulate transcription 
through multiple mechanisms, possibly depending on its 
PTMs, location and specific binding partners (Figure 2, 
Tables 1 and 2).

Histone modification and chromatin remodeling
RBCC domain is required for the recruitment of  KAP1 
to KRAB-ZFPs, and KAP1-binding sites are enriched 
in the promoter regions of  KRAB-ZFPs, suggesting 
an auto-regulation between KAP1 and KRAB-ZFPs[55]. 
However, a recent genome-wide study reports that KAP1 
does not regulate the expression of  those ZFPs and oth-
er genes that KAP1 is bound to their promoter regions. 
Instead, KAP1 regulates the expression of  genes with 
KAP1 binding sites distant from their transcription start 
sites. Furthermore, deletion of  the RBCC domain did not 
profoundly affect the binding of  KAP1 to correspond-
ing promoter regions[31]. Considering that KAP1 interacts 
with HP1 and other histone modifiers and is involved in 
long-range transcriptional repression[56], KAP1-mediated 
chromatin remodeling might contribute to the majority 
of  the KAP1-mediated transcriptional repression.

In addition to the basal transcription, KAP1-mediated 
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chromatin remodeling also participates in the activated 
transcription. We have shown that the DNA damage-
induced KAP1 serine-824 phosphorylation decreases 
SUMOylated KAP1 to reduce the H3K9 di- and tri-
methylation, a mark enriched at repressed genes, and to 
increase H3K14 acetylation, a mark enriched at the active 
genes, on the promoter regions of  KAP1-targeted genes, 
thereby relaxing the chromatin structure and activating 
the transcription of  pro-arrest and pro-apoptotic genes, 
including p21, Gadd45α, Bax, Noxa and Puma[16,17,36]. Like-
wise, the phosphorylation of  KAP1 serine-824 by the 
viral protein kinase induces chromatin remodeling to 
activate lytic genes to support KSHV lytic replication[57]. 
Notably, KAP1 mediates the chromatin remodeling 
within the promoter regions, but not the distal regions of  
its targeted genes upon DNA damage and viral reactiva-
tion[16,57]. It would be interesting to investigate how KAP1 
mediates chromatin remodeling at distinct gene regula-
tory regions during basal and activated transcription. 
Furthermore, a study showing that KAP1 interacts with 
a SWI/SNIF-like, ATP-dependent chromatin remodel-
ing protein, SMARCAD1, demonstrates that the KAP1-
SMARCAD1 complex regulates global H3K9 trimethyl-
ation and H3/H4 deacetylation to maintain the silenced 
loci during DNA replication[58]. Whether this complex is 
also responsible for KAP1-mediated transcriptional re-
pression during other circumstances remains unknown. 

DNA methylation
Emerging evidence suggests that KAP1-containing com-
plex is not only associated with histone modification, but 
also regulates DNA methylation. KAP1-mediated DNA 
methylation is important for genomic imprinting and 
epigenetic reprogramming during embryogenesis[59-63]. 
Studies have demonstrated that ZFP57, a KRAB-ZFP 
important for maintaining DNA methylation at the im-
printed loci, recruits KAP1 to imprinting control regions 

(ICRs) to interact with NP95, a protein responsible for 
recruiting DNMTs to hemimethylated DNA, resulting 
in the maintenance of  genomic imprinting at ICRs[59,61]. 
Although these results implicate that KAP1 might indi-
rectly recruit DNMT to specific loci, it remains elusive 
which domain of  KAP1 is responsible for the DNMT 
recruitment. Histone modification and DNA methylation 
are inter-dependent, and histone lysine methylation is 
involved in maintaining genomic imprinting at ICRs[64,65]. 
Whether KAP1 plays a role in the crosstalk between 
these two epigenetic regulation pathways warrants further 
investigation. 

Transcriptional co-regulator
Although it is known that KAP1 can regulate gene ex-
pression by chromatin remodeling and DNA methylation 
as discussed in the previous sections, the specificity of  
KAP1-regulated genes under certain conditions is still 
largely unknown. Here, we reviewed how KAP1 regulates 
transcription factors on specific gene loci for gene regula-
tion (Table 2). 

KAP1 has no DNA binding domain but is recruited 
by a variety of  different KRAB-ZFPs via its RBCC do-
main[29,66,67]. Therefore, KAP1 is believed to exert its tran-
scriptional repression by associating with KRAB-ZFPs 
to specific promoter region of  its regulating gene[29]. 
Although KRAB-ZFP is a large family containing over 
400 genes encoding more than 700 predicted proteins, 
only a few studies directly address the role of  KAP1 
in regulating the KRAB-ZFP-mediated transcriptional 
repression[68]. In 1996, KAP1 was for the first time dem-
onstrated to interact with KRAB domain of  a human 
ZFP KOX1/ZNF10 to exert transcriptional repression[4]. 
Later, ZBRK1 was identified as a sequence specific 
KRAB-ZFP to recruit KAP1 to suppress Gadd45α and 
p21 expression[16,17,69]. Our laboratory has demonstrated 
that KAP1 SUMOylation status dictates the ZBRK1-
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Table 2 Transcription factors involved in KAP1-regulated gene expression

Transcription factor                                                      KAP1 function    Ref.

Myc KAP1 is involved in MM-1 and HDAC1 complex to suppress c-Myc transcription activity [10,11]
ZNF160 KAP1 interacts with ZNF160 and recruits HDAC to downregulate TLR4 in intestinal epithelial cells [79]
Oct3/4 KAP1 is potentially involved in regulating pluripotency of embryonic stem cells [78]
E2F1 KAP1 suppresses E2F1 transcriptional activity and inhibits E2F1 acetylation in an HDAC1 dependent manner [13]
p53 KAP1 is associated with MDM2-p53-HDAC1 complex and inhibits p53 acetylation and promotes p53 degradation [75]
p53 MAGE proteins stabilize KAP1-p53 complex to decrease acetylation and promote degradation of p53 [80]
p53 KAP1 ubiquitinates p53 for proteasome degradation [23]
IRF7 KAP1 sumolyates IRF7 and suppresses IRF7 transcriptional activity in IFN production [24]
ZBRK1 KAP1 interacts with ZBRK1 to repress Gadd45α and p21 gene expression [16,17,69]
HIF-1α VHLaK potentially recruits KAP1 to HIF-1α complex to suppress HIF-1α downstream gene expression [72]
Nrf2 KAP1 interacts with Nrf2 and facilitates Nrf2 transactivation activity [76]
STAT3 KAP1 interacts with STAT3 to suppress STAT3 transcriptional activity [82]
STAT1 KAP1 interacts with STAT1 to suppress STAT1 transcriptional activity [50]
ZNF689 ZNF689 potentially recruits KAP1 to suppress autophagy-gene-targeting miRNAs [71]
FOXP3 KAP1 is recruited by FIK in FOXP3-FIK-KAP1 complex to suppress FOXP3-target genes [74]
NFκB KAP1 is associated with NFκB and negatively regulates it acetylation and transcriptional activity [51]
SRY KAP1 is recruited by KRAB-O to SRY binding sites for gene regulation [68,73]
ZFP57 ZFP57 and KAP1 are associated with NP95-DNMT complex for maintaining DNA methylation at imprinting control region [59,61,62]

VHLaK: VHL-associated KRAB-A domain-containing protein; HDAC: Histone deacetylase; DNMT: DNA methyltransferase.



KAP1-mediated gene repressive function by enhancing 
histone methylation without altering KAP1-ZBRK1 
interaction[16,17]. Another KRAB-ZFP, ZNF160 has been 
shown to suppress TLR4 through the binding with 
KAP1 in intestinal epithelial cells for immune tolerance 
to commensal bacteria in gut[70]. More recently, ZNF689 
is identified as a potential KRAB-ZFP for recruiting 
KAP1 to suppress autophagy-gene-targeting microRNAs 
(miRNAs). The KAP1-mediated repression of  these 
autophagy-gene-targeting miRNA promotes mitophagy, 
a specific type of  autophagy targeting mitochondria, dur-
ing erythrocyte maturation[71]. 

Interestingly, proteins with KRAB domain but not 
DNA binding domain are also reported to being capable 
of  serving as a bridge for KAP1-mediated gene repres-
sion[68,72-74]. The KRAB Only (KRAB-O) protein is one 
example to recruit KAP1 to the sex determination tran-
scription factor SRY for regulating SRY-targeted genes[68,73]. 
VHL-associated KRAB-A domain-containing protein 
(VHLaK) promotes the formation of  HIF-1α-VHLaK-
KAP1 complex and potentially suppresses HIF-1α sig-
naling[72]. FOXP3-interacting KRAB domain-containing 
protein (FIK) is another bridge protein to recruit KAP1 to 
the FOXP3 binding sites for suppressing FOXP3-target 
genes[74]. Other transcription factors without KRAB do-
main including Myc, Oct3/4, E2F1, p53, IRF5/7, Nrf2, 
STAT1/3 and NF-κB can also interact with KAP1 for gene 
regulation[10,13,24,49-52,75-78]. More investigation is required to 
understand whether the formation of  these KAP1-tran-
scription factor complexes relies on other bridge proteins. 

Several studies have reported that KAP1 is capable 
of  modulating the acetylation status of  histones or tran-
scription factors. In general, KAP1-mediated HDAC 
recruitment negatively regulates gene expression. While 
mainly serving for histone deacetylation and for hetero-
chromatin maintenance[79], the KAP1-HDAC complex 
is also postulated to negatively regulate the acetylation 
level of  the transcription factors. For example, KAP1 
stimulates E2F1-HDAC1 complex formation to deacety-
late E2F1, which suppresses E2F1-mediated apoptotic 
gene expression in response to DNA damage[13]. KAP1 
is also involved in MDM2-p53-HDAC1 complex and 
promotes deacetylation and MDM2-mediated degrada-
tion of  p53[75]. More recently, melanoma antigen (MAGE) 
family proteins, which are highly expressed in many 
tumors, have been shown to enhance the formation of  
KAP1-p53 complex and to reduce p53 acetylation[80]. 
Interestingly, another study shows that MAGE proteins 
enhance the ubiquitin E3 ligase activity of  KAP1 to 
ubiquitylate p53 for degradation[23]. These studies provide 
a rationale for developing compounds blocking KAP1-
MAGE interaction for anti-cancer purpose[81].

In addition to regulating the activity of  deacetylase 
complex, KAP1 is reported to disrupt the interaction of  
NF-κB and p300, an acetyltransferase. By this mecha-
nism, the acetylation level of  NF-κB is reduced and the 
transcriptional activity of  NF-κB is dampened[51]. Besides, 
the physical interaction between KAP1 and STAT family 
members has been identified, and KAP1 negatively regu-

lates STAT1 and STAT3 signaling[50,82]. However, the mo-
lecular mechanism underlying this event remains unclear. 
Whether KAP1 regulates the PTMs of  STAT family still 
needs to be examined. 

NON-TRANSCRIPTIONAL FUNCTIONS OF 
KAP1
While extensive efforts have been made in understanding 
how KAP1 regulates transcription, less is known about its 
non-transcriptional functions. In fact, KAP1 has a critical, 
transcription-independent role in DNA repair processes. 
Additionally, emerging evidence shows that KAP1 pos-
sesses enzymatic activity required for multiple cellular 
processes. In the following sections, we aim to discuss the 
role of  KAP1 as a signaling scaffold protein in DNA re-
pair and its novel roles as SUMO and ubiquitin E3 ligases. 

Signaling scaffold protein in DNA damage response
White and colleagues identified that the PIKK family 
members, in response to DNA damage, phosphorylate 
KAP1 at serine-824. The serine-824 phosphorylated 
KAP1 co-localizes with several DNA repair factors, in-
cluding γH2AX, 53BP1 and TopBP1, implicating a role 
for KAP1 in DNA repair processes[20,38]. It was further 
demonstrated that the KAP1 serine-824 phosphorylation 
is responsible for ATM-mediated chromatin relaxation, 
a crucial step for DNA double-strand break (DSB) re-
pair[20]. Several lines of  evidence suggest that the function 
of  KAP1 in DSB repair is likely to be associated with the 
chromatin complexity and cell cycle status. Approximately 
25% of  DSBs that are located within heterochromatin re-
quire ATM signaling for repair, and knockdown of  KAP1 
bypasses the repair defects caused by ATM inhibition, 
suggesting that KAP1 is a direct downstream effector in 
ATM-mediated heterochromatin repair[83]. Although it 
has not been directly demonstrated, the SUMOylation 
of  KAP1 seems to be important for heterochromatin 
maintenance because the interaction between KAP1 
and the nucleosome remodeler, CHD3 requires KAP1 
SUMOylation, and the chromatin retention of  CHD3 is 
critical for chromatin plasticity during DDR[15,21,37]. It has 
been shown that the ATM-mediated KAP1 serine- 824 
phosphorylation perturbs the SUMO-dependent interac-
tion of  KAP1 and CHD3 at the carboxyl-terminus of  
KAP1, thereby resulting in the de-condensation of  het-
erochromatin[21]. Another possibility would be the deSU-
MOylase, SENP7, negatively regulates the SUMOylation 
status of  KAP1 to release CHD3 and promote chromatin 
relaxation[37]. However, how SENP7 is recruited to deSU-
MOylate KAP1 at the damage sites remains to be defined. 
It is also suggested that following the KAP1 phosphory-
lation-dependent chromatin relaxation, the KAP1-depen-
dent heterochromatin reconstitution mediated by the re-
lease of  ATM is a prerequisite for error-free homologous 
recombination (HR) repair[84]. It would be interesting to 
further delineate how KAP1 is involved in the heterochro-
matin reconstitution and whether the re-SUMOylation of  
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KAP1 is required for the reconstitution. In addition to its 
role in HR repair within heterochromatin, KAP1 has been 
shown to promote non-homologous end joining (NHEJ) 
repair, presumably within euchromatin[41]. Whether the 
chromatin localization of  KAP1 determines its function 
in DSB repair is still unclear. Several studies have shown 
that HP1 is required for recruiting KAP1 to DNA dam-
age sites for the repair within heterochromatin[44,85]. The 
disruption of  HP1BD in KAP1 results in a defect in 
forming discrete serine-824 phosphorylated KAP1 foci, 
which have been considered as a critical signal for DSB 
repair[44]. How HP1 recruits KAP1 and whether KAP1 is 
responsible for HP1-mediated DSB repair warrant more 
detailed investigation. 

Depletion of  KAP1 is able to rescue the defects in 
NHEJ repair caused by ATM inhibition in G1 cells[83,86], 
whereas HR repair can be restored by knocking down 
KAP1 in ATM-inhibited G2 cells[87,88], indicating that the 
participation of  KAP1 in specific DSB repair pathways 
is cell cycle-dependent. It is suggested that KAP1 ser-
ine-824 phosphorylation is enhanced by 53BP1 within 
heterochromatic regions and the concentrated phos-
phorylated KAP1 signal enables NHEJ repair[86]. On the 
other hand, a recent report shows that 53BP1 is required 
for enhancing KAP1 serine-824 phosphorylation and 
HR repair during G2-phase[89]. Collectively, these studies 
all indicate an important role of  KAP1 in DSB repair. 
However, it is still unclear how cell cycle progression af-
fects the role of  KAP1 in selecting DSB repair pathway. 
Intriguingly, it has been observed that the retention of  
KAP1 on chromatin is largely reduced in G2-phase[87,90], 
suggesting that the association of  KAP1 with chromatin 
is possibly regulated in a cell cycle-dependent manner 
and the chromatin retention of  KAP1 may be a critical 
determinant that directs DSB pathway choice.

Taken together, chromatin remodeling could be one 
of  the major functions served by KAP1 in DSB repair. 
Because KAP1 has multiple domains for protein-protein 
interaction, we speculate that KAP1 has additional roles, 
independent of  chromatin remodeling, in DSB repair, 
such as the recruitment of  members of  DNA repair ma-
chinery. 

Enzymatic activity
Recently, KAP1 has been found to possess SUMO E3 
ligase activity via its PHD domain to recruit the SUMO-
conjugating enzyme UBC9. This was first identified by 
demonstrating that KAP1 auto-SUMOylated its bromo-
domain to generate a repressive form of  KAP1[15]. Later, 
another two proteins IRF7 and Vps34 have been identi-
fied as substrates of  KAP1-mediated SUMOylation[24,25]. 
IRF7 is a transcription factor and master regulator of  
type I interferon-dependent immune responses. The 
SUMOylation of  IRF7 by KAP1 RING finger domain 
reduces its transcription activity. Therefore, KAP1 could 
be a negative regulator of  IRF7 and suppress IFN-based 
antiviral responses[24]. IRF7 is so far the only transcription 
factor identified as KAP1 target for SUMOylation. Sev-
eral transcription factors are known to be SUMOylated 

and growing evidence suggests SUMOylation negatively 
regulates transcription[91]. Whether KAP1 mediates SU-
MOylation-dependent suppression of  other transcription 
factors deserves another look. 

More interestingly, KAP1 not only SUMOylates 
nuclear proteins but also targets a cytoplasmic protein, 
vacuolar protein-sorting(Vps) 34, which is crucial for 
autophagosome formation and plays a central role dur-
ing autophagy. The SUMOylation of  Vps34 enhances its 
binding to Beclin 1 and triggers autophagosome forma-
tion in the presence of  acetylated HSP70. This study also 
suggests that the accumulation of  KAP1 in the cytoplasm 
of  cells treated with a pan-HDAC inhibitor, panobinostat 
via an unknown mechanism[25]. 

In addition to SUMO E3 ligase, the RING finger 
domain of  KAP1 has ubiquitin E3 ligase activity. Stud-
ies have demonstrated that KAP1, in the presence of  
MAGE, ubiquitinates p53 and ZNF382 to facilitate their 
degradation[23,80,92]. This could be an additional mechanism 
for KAP1 to regulate gene expression. Taken together, 
recent progresses suggest a non-canonical function of  
KAP1, dependent on its SUMO and ubiquitin E3 ligase 
activity. These novel functions of  KAP1 are not exclu-
sively confined in the nucleus and might impact cellular 
physiology in response to various stresses by mechanisms 
beyond transcriptional regulation. 

IMPLICATIONS OF KAP1 IN CELLULAR 
PHYSIOLOGY
KAP1 is involved in many aspects of  cellular physiology 
(Figure 1). First, KAP1 exerts critical function during 
embryonic development because global Kap1-knockout 
causes embryonic lethality in mice due to the inability to 
undergo gastrulation[19] (Table 3). The function of  KAP1 
in maintaining pluripotency of  embryonic stem cells 
(ESCs) has been demonstrated[78,93]. In addition, KAP1 is 
also required for ESC differentiation[94-97]. Studies using 
conditional Kap1-knockout mice show that KAP1 plays 
pivotal roles in different cellular maturation processes 
such as spermatogenesis, erythropoiesis, and the develop-
ment of  T-cell and B-cell (Table 3)[71,94,98-101]. Beyond regu-
lating T-cell and B-cell differentiation, KAP1 also func-
tions in immune response by additional mechanisms. For 
example, KAP1 is present in FOXP3-containing complex 
and facilitates the suppressor activity of  regulatory T 
cells[74]. Moreover, KAP1 is involved in immunoglobulin 
class switch recombination[102]. Recent studies demon-
strate that KAP1 associates with STAT1 and STAT3, 
master regulators of  immune response, to negatively 
regulate their downstream signaling. These results suggest 
the involvement of  KAP1 in immune response[50,51,82]. 

Using a mouse model, Jakobsson et al[103] show that 
conditional deletion of  Kap1 in adult forebrain caused 
higher level of  anxiety-like activity, suggesting that Kap1 
is a regulator for behavioral stress response. Although 
the molecular mechanism remains elusive, this could be 
due to the function of  Kap1 in regulating gene expres-
sion in hippocampus. It is worth noting that among 
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these dysregulated genes in hippocampus, some are im-
printed genes[103]. We speculate that Kap1 is also required 
for the maintenance of  a set of  specific imprinted genes 
because many recent studies have demonstrated that 
KAP1 mediates DNA methylation by recruiting DNMTs 
to ICRs during early embryogenesis[59,61,62]. 

More than maintaining normal cellular physiologi-
cal functions, KAP1 also regulates several pathways in 
response to different stresses. As mentioned earlier, sev-
eral studies have focused on the role of  KAP1 in DDR. 
KAP1 is known to be phosphorylated at serine-824 by 
ATM upon DNA damage and to transduce downstream 
signaling[20,38]. For instance, ATM-mediated KAP1 phos-
phorylation leads to de-repression of  p21, Gadd45α, Bax, 
Puma, and Noxa, causing cell cycle arrest and apopto-
sis[16,17,36]. Additionally, KAP1 is an ATM downstream me-
diator during DSB-induced heterochromatin relaxation, 
which facilitates DNA repair[20,21,83]. KAP1 also cooper-
ates with MDM2 to suppress p53 signaling by promoting 
p53 degradation[75,104]. Thus, PTMs of  KAP1 might be 
important in regulating p53 activity as well. 

In contrast to its co-repressor function, KAP1 can 
also be a co-activator in specific circumstances. It has been 
reported that mouse Kap1 interacts with Nrf2 to enhance 
Nrf2-meidated-cytoprotective function in NIH3T3 cells in 
response to oxidative stress[76]. However, whether KAP1 ex-
erts similar co-activator activity in human cells is not clear. 

Some studies demonstrate that KAP1 mediates viral 
gene expression and plays a role during viral latency. Spe-
cifically, KAP1 is associated with KSHV lytic gene pro-
moter to suppress lytic gene expression and in turn main-
tains virus latency[57]. Similar observation has also been 
made in retroviruses such as Murine Leukemia Virus 
(MLV) and human T-cell lymphotropic virus-1 (HTLV-1), 
that KAP1 restricts pro-viral gene activation[105-108]. Inter-
estingly, recent studies show that retroelements derived 
from endogenous retroviruses (ERVs), which are exten-
sively present in mammalian genome, can also be silenced 
by KAP1 to protect genome integrity in embryonic stem 
cells[109-112]. In addition, KAP1-HDAC1 complex deacety-
lates and inhibits human immunodeficiency virus (HIV) 
integrase activity, thereby reducing HIV infectivity and its 
integration to host genome[113].

CLINICAL RELEVANCE FOCUSED ON 
CANCER BIOLOGY
The clinical relevance of  KAP1 in diseases remains 

elusive. Most reports were based on studies in cancers. 
Higher expression of  KAP1 has been linked to pro-
metastatic cervical cancer[114]. Moreover, the up-regulation 
of  KAP1 could be a potential marker in colorectal can-
cer patients and higher level of  KAP1 is correlated with 
poorer overall survival in patients with gastric cancer and 
thyroid carcinoma[115-119]. These clinical studies suggest 
that higher KAP1 level is linked to a poor prognosis in 
certain cancers. However, opposite conclusions were also 
reported. KAP1 overexpression is associated with better 
overall survival in early-stage lung cancer[14]. Furthermore, 
a mouse model showed that Kap1-depletion in liver in-
creases male-predominant hepatic adenoma[120] (Table 2). 

Based on the studies focusing on transcriptional regu-
lation, KAP1 suppresses p53 transcription activity and 
has been proposed to be a target for anti-cancer thera-
py[75,104]. Nonetheless, KAP1 also suppresses activity of  
oncogenic transcription factors HIF-1α and STAT3[72,82]. 
In vitro studies using cancer cell lines also show divergent 
results. KAP1 has been shown to restrain cell growth in 
breast and lung cancer cells whereas it promotes mela-
noma cell growth and enhanced KAP1 activity mediates 
cervical cancer invasion[14,80,114]. Taken together, it is still 
inconclusive how KAP1 regulates tumorigenesis. Because 
KAP1 is a multi-faceted protein, it might have tissue-
specific function. More study is definitely required to 
understand how KAP1 contributes to tumorigenesis in 
particular tissue and whether KAP1 could be a target for 
cancer therapy. 

CONCLUSION 
The functions of  KAP1 in diverse cellular physiology 
have been studied for 18 years. However, the mechanisms 
of  KAP1 in regulating these different cellular processes 
are still largely unclear. The best-characterized role of  
KAP1 is its co-repressor function in regulating KRAB-
ZFP-mediated or other transcription factor-associated 
gene silencing. In the future, the identification of  more 
KAP1-interacting transcription factors may help to elu-
cidate how KAP1 regulates gene expression under spe-
cific condition. Clearly, KAP1 is critical for maintaining 
genome integrity as KAP1 modulates the dynamics of  
hetero- and euchromatin maintenance. In addition, DNA 
damage induces a robust and transient KAP1 serine-824 
phosphorylation and KAP1 is involved in DNA repair 
pathway choice. However, the molecular mechanism for 
KAP1-mediated DNA repair requires more rigorous in-
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Table 3  Mouse models illustrating the physiological functions of Kap1

Animal model                Phenotype    Ref.

Kap1 knockout mice Embryonic lethal prior to gastulation [19]
Hemato-specific Kap1  knockout  mice Impaired erythropoiesis [71,100]
T-cell-specific Kap1 knockout mice Defective T-cell differentiation [48,98]
B-cell-specific Kap1 knockout mice Defective B-cell differentiation [99]
Tamoxifen-inducible-germ cell-lineage-specific Kap1 depletion mice Impaired spermatogenesis [101]
Liver-specific Kap1 knockout mice Male-predominant steatosis and hepatic adenoma [120]
Kap1 knockout in mice forebrain Anxiety-like-behavior and cognitive impairments [103]
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vestigation.
KAP1 is subjected to several types of  PTM. The 

phosphorylation at serine-824 and SUMOylation at sev-
eral lysine residues of  KAP1 have been linked to gene 
regulation. Whether these lysine residues are subjected to 
additional PTMs and if  yes, what is the associated func-
tional consequences need to be further elucidated. More-
over, it would be interesting to look at other PTM sites, 
such as the phosphorylation of  serine-473. Whether the 
serine-473 phosphorylation affects the transcriptional re-
pressor activity of  KAP1 is still under investigation. An-
other interesting question is how KAP1 shuttles among 
different cellular compartments by PTMs. The serine-824 
phosphorylation has distinct nuclear localization pattern 
from the serine-473 phosphorylation, thus suggesting 
that KAP1 phosphorylation may affect its subcellular 
localization. Intriguingly, KAP1 is not only present in 
nucleus, and has been observed to translocate from 
nucleus to cytoplasm[25]. How PTM affects its nucleus-
cytoplasmic shuttling and potential chromatin extrac-
tion of  KAP1 deserve additional investigation. Finally, 
considering that KAP1 possesses SUMO and ubiquitin 
E3 activities, it might regulate the function or fate of  its 
SUMO- and ubiquitin-targets. In the future, studying the 
non-transcriptional function of  KAP1 might help to fur-
ther decipher its unrecognized face.  
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