
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Transcription factor ZBP-89 in homeostasis and disease 

ABSTRACT 
Zinc-finger Binding Protein-89 (ZBP-89) is a 
Krüppel-type zinc-finger transcription factor 
encoded by the human ZNF148 locus on 3q21 or 
Zfp148 locus on mouse 16B3. It is a ubiquitous 
protein that typically binds to GC-rich DNA 
elements, also known to bind Sp1 family members. 
ZBP-89 functions as both a transcriptional activator 
and a transcriptional repressor depending on the 
cell context and gene targets. For example, its 
binding to the promoters of cyclin-dependent genes 
such as p21waf1 activates gene expression, while 
binding to p16INKa suppresses gene expression. In 
addition, ZBP-89 can exert its effect through 
protein-protein interactions with p53 or ataxia 
telangiectasia mutated (ATM). The short-chain 
fatty acid butyrate induces ZBP-89 expression, 
suggesting the possibility of direct regulation by 
normal colonic flora. ZBP-89 induces apoptosis 
through its ability to repress anti-apoptotic genes 
Bcl-xL and Mcl-1 while inducing the pro-apoptotic 
gene Bak. A consequence of its pleomorphic effects 
is its over-expression in a variety of cancers 
including those in the liver, stomach, breast, skin, 
pancreas, and lungs. In addition to its role in cell 
growth and transformation, ZBP-89 regulates a 
number of genes involved in inflammation and 
cooperates with NFκB. ZBP-89 regulates CD11b 
and in vivo studies demonstrate its essential role 
in myeloid cell activation. Moreover, ZBP-89 
regulates myeloid cell progenitors. In the colon, 
conditional deletion of the Zfp148 locus in mice 
has been shown to be essential in maintaining
 

homeostatic levels of tryptophan hydroxylase 1 
(Tph1) and anti-microbial peptides required for 
mucosal defense during infection by Salmonella. 
In summary, ZBP-89 plays a number of essential 
roles in various tissues during embryogenesis, 
homeostasis, inflammation and cancer. 
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1. Introduction 
The Zinc-finger Binding Protein-89 (ZBP-89) is 
a ubiquitous transcription factor that can both 
activate and repress genes involved in both cell 
growth arrest and cell death [1-3]. The ZBP 
transcription factor family consists of four zinc-
fingers in its N-terminal domain, which is in 
contrast to the Sp1 family, whose zinc-finger 
domain resides at the extreme C-terminus of the 
protein [4, 5]. However, ZBP-89 binds to the 
same GC-rich consensus DNA element as Sp1 
and Sp3. Therefore, the sequence context and 
cellular background likely play significant roles in 
the overall regulation exerted by these zinc finger 
proteins. In addition to direct binding to the 
p21Waf1 promoter [6, 7], ZBP-89 forms protein 
complexes with known tumor suppressor factors, 
such as p53 [1], p300 and ataxia telangiectasia 
mutated (ATM) [2, 8]. Based on these reports, 
there are increased efforts directed towards 
uncovering the role of ZBP-89 in homeostasis, 
mucosal repair and tumorigenesis. This review 
will summarize the recent developments of how 
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ZBP-89 contributes to the mechanisms underlying 
these varied cellular processes.  

1.1. Structure of ZBP-89 
ZBP-89 (also known as Zfp148, ZNF148, BFCOL1 
and BERF-1) belongs to the Krüppel-type zinc-
finger family of transcription factors that was 
originally cloned by screening an expression library 
using a GC-rich epidermal growth factor (EGF) 
response element (gERE) from the human gastrin 
gene (GAST) [4]. The chromosomal location 
designated ZNF148 in humans and Zfp148 in mice 
maps to human chromosome 3q21.2 and mouse 
chromosome 16, respectively. The full-length 
ZBP-89 protein consists of 794 residues (Figure 1) 
organized into 9 exons that form 5 distinct functional 
domains—an N-terminal acidic, a DNA binding, 
three basic and a C-terminal PEST (proline, glutamic 
acid, serine and threonine)-containing domains 
[9]. The four Krüppel-type zinc-fingers (Cys2-
His2-type) reside within the N-terminus of the
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protein, which is in contrast to the Sp1 transcription 
factor family, whose zinc-finger DNA binding 
domain resides at the extreme C-terminus of the 
protein [10]. The two transcription factors typically 
bind to the same GC-rich element [4, 11] such 
that the configuration of their DNA binding 
domains could occupy the same DNA element. In 
addition to the zinc-finger domain, the N-terminal 
domain is quite acidic consisting of several 
glutamic-acid residues from amino acids 54-99. 
The three basic domains at amino acid residues 
129-153, 313-335, and 470-485 flank the zinc-
fingers while the serine-rich and PEST domains 
(at amino acids 569-596) are contained entirely 
within exon 9. This C-terminal domain contains a 
repressor since its deletion generates a functional 
protein from amino acids 1 to 450 that mediates 
transcriptional induction compared to the full 
length-protein [12, 13].  
Another member of the ZBP family was cloned 
and designated ZBP-99 (also known as Zfp281, 
 
 

Figure 1. Schematic representation of structure and interactions of ZBP-89 with 
gene promoters, cell cycle regulators and mediators of apoptosis. 
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named hTβ [26]. In retrospect, hTβ is likely an 
alternative splice product of the full-length ZNF148 
locus that lacks exon 9. Since exon 9 contains the 
repressor domain and a PEST sequence, we 
presume that this truncated form functions as a 
transcriptional activator. pTα is typically expressed 
in pre-T cells in the thymus and extra-thymic 
T cell maturation sites but not in mature thymocytes, 
peripheral T cells, or other cell types, thereby 
serving as a marker for the T-cell progenitor. 
Reizes and Leder showed that ZNF148 mRNA is 
expressed in the thymus at significantly higher 
levels than in any other organ tested, including the 
spleen, suggestive of a possible role in promoting 
T-lymphopoiesis [24].   
Two other immune-related ZBP-89 gene targets 
include CD11b and the lymphocyte-specific protein-
tyrosine kinase (lck) [25]. The integrin CD11b is 
a differentiation marker for the myelomonocytic 
lineage and is an important mediator of inflammation. 
The integrin plays a strong role in adhesion-
dependent functions, which include migration, 
phagocytosis, degranulation, antibody-dependent 
cytotoxicity and release of proteolytic enzymes in 
response to inflammation. Using yeast one-hybrid 
screens, Park et al. showed that ZBP-89 binds 
to the CD11b promoter, acts as a transcriptional 
repressor and plays a role in the late stages of 
monocyte differentiation [27]. 
The lymphocyte-specific protein-tyrosine kinase 
(lck), p56lck, is a member of the src kinase family, 
which plays a crucial role in signaling mediated 
through the T cell receptor (TCR) and pre-TCR 
complexes [28]. Transcription of the lck gene is 
regulated by two independent promoter elements: 
the proximal and distal promoters. The lck proximal 
promoter is positioned immediately adjacent to 
the first coding exon, and is active in the thymus, 
but is essentially silent in peripheral T cells, 
demonstrating that it is active only at an early 
developmental stage of T-lymphopoiesis [29]. 
The distal promoter is located far 5′-upstream of 
the proximal promoter and is active during all 
developmental stages of T-cell development [30, 
31]. The transcriptional regulators of the proximal 
promoter play a critical role in the developmental 
program of hematopoietic cells within the T-
lymphocyte lineage. ZBP-89 (also known as 
murine mtβ) is required for trans-activating the 
 
 

ZNF281) on the basis of homology to the zinc-
finger domain, but has a molecular weight of 
99 kDa [14] and resides on chromosome 1q32.1 
[14, 15]. Murine ZBP-99 (Zfp281) is a key 
component of embryonic stem cells and is 
required for their pluripotency through direct 
transcriptional regulation of Nanog and physical 
interaction with Oct4, Sox2 and Nanog [16]. 
Although Zfp281 is dispensable in the establishment 
and maintenance of embryonic stem cells, it is 
required for their ability to differentiate in vitro by 
functioning as a repressor of Nanog as well as a 
lineage specific gene Gata6 [17]. Specifically, 
Zfp148 recruits the NuRD repressor complex to 
the Nanog locus [18]. More recently, Hermeking 
and coworkers demonstrated that ZNF281 induces 
the intestinal stem cell markers LGR5 and CD133 
[19]. In addition, the transcription factor was 
implicated in stem cell maintenance and epithelial 
to mesenchymal transition where it forms a complex 
with the transcription factor SNAIL [19, 20]. 
Sox4, another regulator of the stem cell niche, 
through its interaction with β-catenin/TCF [21] 
directly induces ZNF281 [22] and like ZBP-89, 
ZNF281 protein is phosphorylated by ATM and 
ataxia telangiectasia and Rad3-related (ATR) [23]. 
These studies raise the possibility that ZBP-89 
(ZNF148) might also regulate stem cell function 
since its DNA binding domains are ~90% 
conserved. Nevertheless, their distinct N-terminal 
domains suggest different protein interacting 
partners. Lastly, in silico analysis has identified 
a third member of this zinc-finger family called 
ZNF740 located on 12q13.13. However, roles and 
functions of ZNF740 have not been determined 
yet.  

1.2. ZBP-89 in immune cells 
Although ZBP-89 is a ubiquitously expressed 
protein, T-cells exhibit some of the highest levels 
of this transcription factor [24, 25], suggesting its 
strong role in cellular immunity. The initial report 
of the ZNF148 locus in T-cells described a 
version of the ZBP-89 protein that was ultimately 
found to be truncated, since it consisted of only 
the first 459 amino acids instead of the full-length 
794 residues. Since it was cloned from a T cell 
library and was found to regulate expression of 
the T cell α- and β-receptors, the novel clone was
  
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

protein (ZBP-89FL), induces growth delay, reduced 
survival and increased susceptibility to dextran 
sodium sulfate (DSS) [47], suggesting that loss of 
the acidic trans-activating domain alone is sufficient 
to reduce normal mucosal repair. 
p53 induces the expression of p21WAF1, an 
inhibitor of the G1 to S-phase cyclin-dependent 
kinases (CDKs) 2, 3, 4 and 6 [48]. p21WAF1 binds 
to cyclin/CDK complexes and controls cell cycle 
progression through both p53-dependent and 
independent mechanisms [49]. Moreover ZBP-89 
directly and indirectly regulates p21WAF1 gene 
expression through GC-rich elements and protein-
protein interactions, respectively [50, 51]. Regulation 
of the p21WAF1 promoter is mediated through 
proximal GC-rich elements that bind Sp1 and other 
zinc-finger factors like ZBP-89 [51]. Specifically, 
ZBP-89 binds to the proximal p21WAF1 DNA 
elements at -245 to -215 upstream from the cap 
site where it recruits the co-activator p300 [52]. 
By contrast, ZBP-89 indirectly activates p21WAF1 
by blocking p53 translocation to the cytoplasm 
[1], where it normally would be degraded, 
effectively prolonging its half-life. Taken together, 
ZBP-89 induces p21Waf1 gene expression by two 
mechanisms: direct ZBP-89 binding to the p21Waf1 

promoter in response to extracellular signals, e.g., 
Histone deacetylase (HDAC) inhibition by butyrate 
and trichostatinA (TSA), or by stabilizing p53 and 
its binding to the p21WAF1 promoter. 
Histone deacetylase inhibitors (HDACi) induce 
growth arrest, differentiation and apoptosis of 
colonic epithelial cells [53]. Butyrate, the naturally 
occurring HDAC inhibitor [54], is produced in the 
human colon by intestinal bacteria during the 
fermentation of dietary fiber. Butyrate maintains 
the healthy differentiated state of normal colonic 
epithelial cells and promotes differentiation of 
neoplastic cells [53]. Moreover, butyrate induces 
apoptosis in a number of cancer cell lines [55-57] 
including colon cancer lines by a mechanism 
involving p21WAF1 activation [58]. ZBP-89 over-
expression in HT-29 colon cell lines potentiates 
butyrate-mediated induction of endogenous p21WAF1 

[6]. HDACi treatment of colonic cells promotes 
the formation of an ATM/ZBP-89/p300 multi-
molecular complex at the p21WAF1 proximal 
promoter [50]. Reduction of ZBP-89 or ATM 
with small interfering RNAs blocked HDACi-
induced p21WAF1 expression. Moreover, ZBP-89 is 
 
 

proximal lck promoter [25]. This was supported 
by mutagenesis experiments demonstrating that 
ZBP-89 contributes to full activation of the lck 
proximal promoter. Mutating the ZBP-89 binding 
element or reducing ZBP-89 protein level 
significantly impaired the lck promoter activity 
[25].  
Other gene targets include genes related to 
mesenchymal cell types such as type 1 collagen 
[12], stromelysin [32], and vimentin [33, 34]. 
Other tissue-specific genes regulated by ZBP-89 
include intestinal alkaline phosphatase [13], and 
growth hormone receptor (GHR) [35]. Genes 
involved in cell growth include gastrin [4, 9, 11], 
ornithine decarboxylase (ODC) [14, 36], and the 
cell cycle-dependent kinase inhibitors p16 [37] 
and p21Waf1 [6-8]. The Hox-related genes SOX18 
[38] and Pax7 [39] have also been reported to be 
ZBP-89 gene targets. ZBP-89 has also been 
shown to promote differentiation in bone marrow 
[40, 41] and skeletal muscle [39, 42] as well as 
the germ cells [43]. As such, ZBP-89-mediated 
differentiation plays an important role in 
myogenesis, hematopoiesis, erythrogenesis and 
megakaryogenesis. 

1.3. Interactions of ZBP-89 with genes 
Like other Krüppel-type zinc-finger-containing 
transcription factors, ZBP-89 modulates genes 
involved in cell proliferation and differentiation. 
Several studies demonstrate that ZBP-89 arrests 
cell proliferation through its interactions with p53 
[1, 44] and p21waf1 proteins [6], (Figure 1). The 
tumor suppressor gene p53 can function as an 
activator or inhibitor of multiple genes. ZBP-89 
interacts with p53 and prevents its ability to 
translocate from the nucleus to the cytoplasm 
where it is degraded by the proteasome [1]. The 
nuclear retention of p53 by ZBP-89 requires the 
amino terminal zinc-finger DNA binding domain 
and the DNA-binding and carboxy-terminal domains 
of p53 [1]. Over-expression of ZBP-89 results in 
p53 protein accumulation and growth arrest in 
human gastric adenocarcinoma (AGS) cells, 
effects that are abolished in p53-null cells [44-46], 
suggesting that the growth arrest function 
mediated by ZBP-89 is p53-dependent. A ZBP-89 
splice variant called ZBP-89ΔN, lacking the amino 
terminal amino acids from 1-127 of the full-length
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likely that ZBP-89 plays a role in the DNA 
damage pathway. Double-stranded breaks (DSBs) 
in DNA recruit the DNA repair complex that 
includes ATM. Activated ATM phosphorylates 
protein targets including p53Ser15. Moreover, 
reduced Zfp148 levels in an ex vivo model 
prevents p53 phosphorylation at Ser15 [1]. 
Primordial germ cell proliferation is controlled by 
phosphorylation of p53Ser15 that promotes its 
translocation to the nucleus. Previously, it was 
reported that Zfp148+/− embryonic stem cells from 
chimeric Zfp148+/− embryos showed impaired 
phosphorylation of p53 at Ser15 [43]. In addition, 
Zfp148+/− embryonic stem cells were resistant to 
cell death after serum starvation. Taken together, 
these studies suggest that reduced ZBP-89 protein 
levels can render some cells more susceptible to 
p53-mediated apoptosis, e.g., embryonic stem 
cells are more susceptible to unregulated growth if 
p53Ser15 phosphorylation is blocked. 
ZBP-89 can also induce apoptosis independently 
of p53. ZBP-89-mediated apoptosis was observed 
in human AGS and HCT-116 gastrointestinal 
cancer cells to function through Jun kinase 
activation [2]. Ectopic expression of ZBP-89 in 
this study was accompanied by activation of all 
three Mitogen Activated Protein kinase subfamilies, 
including JNK1/2, ERK1/2 and p38 MAP kinase, 
although only JNK kinase was required for ZBP-
89-mediated apoptosis. Other studies reported that 
ectopic expression of ZBP-89 suppresses anti-
apoptotic proteins Mcl-1 and Bcl-xL, although no 
effects on the pro-apoptotic Bcl-2 family was 
observed. Suppression of apoptosis by inducing 
anti-apoptotic proteins Mcl-1 and Bcl-xL is p53-
independent [63-66]. In addition, pro-inflammatory 
cytokines induce molecular mechanisms that can 
trigger p53-independent apoptosis. For example, 
the pro-inflammatory cytokine interferon-gamma 
(IFNγ) induces phosphorylation of the Signal 
Transducers and Activators of Transcription (STAT) 
family of transcription factors, specifically STAT1. 
STAT1 triggers apoptosis by interacting with 
molecules involved in DNA repair and replication 
such as the tumor suppressor BRCA1 (Breast 
Cancer type 1 susceptibility protein) and MCM5 
(Minichromosome maintenance complex component 
5) [67, 68]. Effects of STAT1 are mediated by the 
C-terminal transactivation domain of STAT-1
 
 

phosphorylated by ATM kinase at Ser202 and 
disruption of the ATM phosphorylation site 
abrogated the ability of ZBP-89 to potentiate 
butyrate-mediated induction of p21Waf1 gene 
expression [8]. In addition, silencing of ZBP-89 
expression blocked HDACi-induced phosphorylation 
of ATM at Ser1981 and p53 at Ser15 [50]. Thus, 
phosphorylated forms of both proteins seem to be 
required for p21WAF1 expression. The activated 
form of ATM (pATMSer1981) was reduced in the 
colons of DSS-treated mice expressing the N-
terminally truncated form of ZBP-89, demonstrating 
again that the amino-terminal domain is an essential 
protein-protein interacting region and apparently 
plays a crucial role in mucosal homeostasis [47, 50].  

1.4. Role of ZBP-89 in apoptotic pathways 
The process of apoptosis or programmed cell 
death is critical for the regulation of normal cell 
numbers and function by elimination of damaged 
and de-differentiated cells [59]. During neoplastic 
or malignant transformation, apoptosis becomes 
repressed, resulting in unopposed proliferation 
and the net accumulation of cells [60]. Double-
strand DNA breakage from ionizing radiation 
causes ATM activation in p53-mediated apoptosis 
after phosphorylation at Ser15 if the DNA is not 
repaired [61]. If DNA is repaired during p21Waf1-
mediated cell cycle arrest, then the cell does not 
undergo apoptosis [61]. Like ionizing radiation, 
HDAC inhibitors (TSA and butyrate) activate 
ATM and induce p53Ser15 [62]. However, unlike 
gamma irradiation, ATM-mediated p53Ser15 
phosphorylation induced by butyrate requires 
ZBP-89 and induces p21Waf1 [50]. Since colonic 
butyrate levels contribute to colonocyte homeostasis, 
we speculate that the butyrate-dependent activation 
of ZBP-89 and ATM contributes to maintaining 
DNA fidelity in these rapidly cycling cells bathed 
in butyrate from bacterial fermentation. The 
functional consequences of the ZBP-89/p53 
interaction appear to inhibit the p53-mediated 
apoptotic pathway since Zfp148 deficiency sensitizes 
epithelial cells to the anti-proliferative effects of 
p53 [50]. If the ZBP-89/p53 interaction is viewed 
in the context of DNA damage, one might 
speculate that loss of Zfp148 would exacerbate 
mucosal damage by favoring p53-mediated apoptosis 
in the gastrointestinal epithelium. Therefore it is 
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expression was observed in gastric cancer by 
immunohistochemistry [71]. Given its elevated 
levels in pre-malignant states of gastric cancers 
it was then examined whether ZBP-89 played a 
role in the early stages of cancer development. 
Remington et al. reported that over-expression of 
ZBP-89 resulted in DNA inhibition and decreased 
proliferation of GH4 and AGS cells through 
repression of the ornithine decarboxylase (ODC) 
promoter activity [72]. The ODC promoter 
contains multiple GC-rich DNA elements that 
bind Sp1 to activate transcription [36, 73, 74]. 
ODC gene expression closely correlates with cell 
proliferation. Thus, it is possible that over-
expression of ZBP-89 successfully competes with 
Sp1 for binding to the ODC promoter eventually 
leading to its repression. By contrast, the BMRF1 
gene of Epstein–Barr virus (EBV), which causes 
about 10% of gastric cancer [75], increases ZBP-
89 binding to the gastrin promoter in AGS cells 
and subsequently promoter activation [76]. This 
was attributable to the fact that BMRF1 enhances 
the transcriptional activity of both ZBP-89 and 
Sp1. Induction of Sp1 through BMRF1 in AGS 
cells was at least two-fold higher than that of 
ZBP-89, resulting in net activation of the gastrin 
promoter. Nevertheless, the finding that viral 
genes increase ZBP-89 binding to the gastrin 
promoter where it inhibits transcription and 
downstream expression has potential therapeutic 
value especially in gastric cancer. However 
further studies directed towards understanding its 
role in EBV-initiated cancers are warranted.  

2.2. ZBP-89 and colorectal cancer 
Colorectal cancer (CRC) is one of the leading 
causes of cancer death worldwide [77]. Accumulating 
evidence suggests that ZBP-89 might be protective 
against colorectal cancer. In HCT-116 human 
colon adenocarcinoma cell line, ZBP-89 was 
found to potentiate p53-mediated cell death by 
chemotherapy [78]. Etoposide- and staurosporine-
mediated cell arrest in the G1 phase of the cell 
cycle was significantly enhanced in the presence 
of ZBP-89 both in HCT116 wild-type (WT) and 
p53-null cells but not in HT29 cells, which 
contain the p53 mutant R273H. Similar results 
were obtained when five other p53 missense 
mutations (Y236C, G266R, V143A, R175A, and 
R249S) occurring in 21 sporadic colon cancer 
patients were tested. These results suggest that 
 
 

induced via phosphorylation on either tyrosine-
701 or serine-727. In addition, a G-rich element 
from +171 to +179 within the first intron of the 
STAT1 gene is critical for optimal STAT1 
promoter activity. ZBP-89 binds directly to this 
STAT1 G-rich element along with Sp1 and Sp3 
[69]. Reduction of ZBP-89 gene expression with 
siRNA attenuates both basal and IFNγ-induced 
STAT1 expression and subsequently diminishes 
expression of apoptotic markers, caspase-3 and 
poly ADP-ribose polymerase (PARP), which 
demonstrates that ZBP-89 is required for 
constitutive STAT1 expression [69].  
Consistent with the interaction between ZBP-89 
and p53, Lindahl and coworkers used a Zfp148-
deficient mouse generated by gene trapping to 
demonstrate that mouse ZBP-89 contributes to 
macrophage proliferation [70]. The investigators 
found that a mouse haploinsufficient for Zfp148 
on an apolipoprotein E null background does not 
develop atherosclerosis. Using bone marrow 
transplantation of the Zfp148 mutant cells, they 
discovered that mitigation of the atherosclerotic 
lesions was due to a hematopoietic cell. Moreover, 
loss of the Zfp148 allele increased phosphorylation 
of p53 at Ser18 (analogous to Ser15 in human 
p53). Thus they concluded that loss of Zfp148 
increases p53 phosphorylation that subsequently 
reduces macrophage proliferation in atherosclerotic 
plaques. Correlating these results with prior studies 
performed in human epithelial cells, one might 
speculate that ZBP-89 modulates p53 activity 
either through its protein-protein interaction or 
through its ability to modulate ATM, the PI3 
kinase that phosphorylates p53 at Ser15 (or Ser18 
in the mouse) [1, 50]. The latter scenario would 
imply that ZBP-89 inhibits ATM activation. 
 
2. ZBP-89 and cancer 
Evidence that ZBP-89 modulates cell growth and 
cell death prompted us to consider its role in 
cancer. The following section reviews the role of 
ZBP-89 in both gastrointestinal and other extra-GI 
cancers, including breast, and lung adenocarcinomas. 

2.1. ZBP-89 and gastric cancer 
In contrast to its ability to inhibit gastrin gene 
expression, ZBP-89 was over-expressed in AGS, 
MKN-45 and Kato III gastric cancer cell lines 
[71]. Consistent with this observation, ZBP-89 
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no ATM-activated cells in areas where inflammation 
was present [50].  

2.3. ZBP-89 and other cancers 
Several lines of evidence demonstrate a role for 
ZBP-89 in other cancer types including breast 
cancer [84], melanoma [66], hepatocellular carcinoma 
(HCC) [44], pancreatic adenocarcinomas [85], 
and human lung cancer [37]. The Neuregulin-1 
(Nrg1) gene encodes a group of multiple growth 
factors that play critical roles in breast development, 
and stimulation of the Nrg-1 pathway has been 
implicated in breast cancer [86, 87]. Over-
expression of ZBP-89 using pcDNA3-Flag-ZBP-
89 expression vector in Neuro-2A cells led to a 
30% decrease in Nrg-1 promoter control, an effect 
probably explained by competition with Sp1 for 
binding to GC-rich sites on the promoter [88].  In 
contrast, ZBP-89 was found to be elevated in 3 
human breast cancer cell lines including MCF7, 
SKBR3, and ZR-75-1 [84]. Thus, while ZBP-89 
expression has been observed in multiple cancer 
tissue types and cell lines, its overall effect on 
cancer growth has only been evaluated in the 
intestine. The general conclusion is that the wild-
type protein promotes proliferation and tumor 
progression. The repressor effects on individual 
promoters might suggest repression of differentiation 
factors. 
ZBP-89 protein can stabilize p53 through direct 
interaction, leading to its retention in the nucleus 
[1]. In a subset of 33 HCC patients with recurrent 
intra and extrahepatic tumors, ZBP-89 co-
localized with p53 to the nucleus in about 63% 
(12 of 19) of cases, suggesting that ZBP-89 may 
play a role in the nuclear accumulation of p53 
protein in a subset of recurrent HCC [44]. The 
function of p53 protein depends on whether it 
translocates to the nucleus. ZBP-89 is able to bind 
wild-type p53 and p53 mutants with mutations in 
non-binding N-terminal domains that do not have 
nuclear localization signals (located within the 
carboxyl terminus). This is of clinical significance 
in certain patients with mutated p53. With 
accumulation of p53 protein in the nucleus, tumor 
cells retain their ability to undergo apoptosis and 
are thus more susceptible to radiotherapy and 
chemotherapy [89, 90]. Therefore, by co-localizing 
with p53 protein, the expression of ZBP-89 may 

p53 mutations (within the DNA binding domain) 
exert a dominant negative effect on ZBP-89; cells 
that accumulate WT p53 or are null for p53 are 
more susceptible to chemotherapy-mediated cell 
death and show elevated ZBP-89 levels [79, 80]. 
Several studies have indicated that ZBP-89 
mRNA and protein levels are elevated in early 
stage colon cancer, but decrease as the cancer 
becomes more advanced. However the number of 
cancers examined has been small. Therefore, to 
better assess the tumor suppressive effects of 
ZBP-89 in mice, Law et al. developed transgenic 
mice overexpressing ZBP-89 in the intestine using 
villin promoter [81]. Increased activation of 
apoptotic indicator procaspase-3 and retinoblastoma 
protein cleavage were observed in Zfp148TgVZ 

mice, confirming prior observations that ZBP-89 
over-expression induces apoptosis and cell cycle 
arrest in vitro [1, 6]. To evaluate the biological 
significance of ZBP-89 over-expression, Zfp148TgVZ 

mice were crossed to the tumor prone ApcMin/+ 
mice, which develop multiple intestinal neoplasia 
due to a nonsense mutation in the murine homolog 
of adenomatous polyposis coli (APC) gene. A 
significant 50% reduction in the number of 
adenomas was observed in the small intestine of 
ApcMin/+ mice when compared to ApcMin/+ 
littermates expressing wild-type Zfp148. Although 
no significant difference was observed in the 
number and size of colon tumors, there was a 
trend toward a decrease in tumor size. This may 
be attributable to the fact that the villin promoter 
is less active in the colon than in the small 
intestine [82]. 
It is known that in addition to epigenetic 
mutations, inflammation per se as observed in 
patients with inflammatory bowel disease (IBD) 
increases the risk of developing colon cancer [83]. 
As discussed earlier in this review, butyrate 
produced upon fermentation of dietary fiber by 
colonic bacteria acts as an HDACi and promotes 
colonic epithelial homeostasis by a mechanism 
involving p21Waf1 activation. Specifically, ZBP-
89-dependent assembly of an ATM and p300 
multimolecular complex at the p21Waf1 promoter 
contributes to p21Waf1 induction [6]. Mice homozygous 
for an isoform of ZBP-89 (ZBP-89ΔN/ΔN), which 
expresses truncated ZBP-89 without the N-
terminal p300-interaction domain (PID), showed 
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define a subgroup of recurrent HCCs that may 
benefit more from radiotherapy and chemotherapy. 
 
3. ZBP-89 in tumor growth and metastasis  
In addition to transcriptional regulation of genes 
in tumor development, ZBP-89 has been reported 
to regulate the expression of various molecules 
that are involved in tumor growth, invasion and 
metastasis. ZBP-89 inhibits the expression of 
ornithine decarboxylase (ODC) [14, 91] and 
vimentin [34]. ODC and vimentin expression 
correlates with tumor development, invasion and 
metastasis [92-95]. Inhibition of ODC in targeting 
non-melanoma skin cancer has been reported [96], 
while vimentin suppression has been reported to 
prevent prostate cancer migration and invasion 
[97]. Mechanisms responsible for the inhibition of 
vimentin by ZBP-89 include HDAC1 recruitment 
to the vimentin promoter [33], and competition 
with Sp1 that also binds vimentin to enhance 
transcription [34]. In contrast to restricting tumor 
progression, a positive role for ZBP-89 in 
metastasis has also been reported. ZBP-89 induces 
matrix metallopeptidase 3 (MMP-3) promoter. 
MMP-3 is involved in tumor angiogenesis, 
invasion and metastasis, and activation by ZBP-89 
suggests that it might play a role in tumor 
progression [98, 99]. 
 
4. Summary 
Accumulating data demonstrates that ZBP-89 
exerts protective effects against development and 
progression of a variety of cancers via its ability 
to affect multiple processes related to cell growth 
independent of the tumor suppressor gene p53. 
Cooperation between ZBP-89 and p53 appears 
to be especially important for the regulation of 
the cell cycle downstream of the DNA damage 
pathway and chromatin remodeling mediated by 
HDACs. 
 
CONFLICT OF INTEREST STATEMENT 
The authors declare no conflict of interest. 
 
REFERENCES 
1. Bai, L. and Merchant, J. L. 2001, Mol. Cell 

Biol., 21, 4670-4683. 
2. Bai, L., Yoon, S. O., King, P. D. and 

Merchant, J. L. 2004, Cell Death Differ., 11, 
663-673. 

 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ZBP-89 in homeostasis and disease                                                                                                             95 

35. Xu, Q., Springer, L., Merchant, J. L. and 
Jiang, H. 2006, Mol. Cell Endocrinol., 251, 
88-95. 

36. Moshier, J. A., Osborne, D. L., Skunca, M., 
Dosescu, J., Gilbert, J. D., Fitzgerald, M. C., 
Polidori, G., Wagner, R. L., Friezner Degen, 
S. J., Luk, G. D. and Flanagan, M. A. 1992, 
Nucleic Acids Res., 20, 2581-2590. 

37. Feng, Y., Wang, X., Xu, L., Pan, H., Zhu, 
S., Liang, Q., Huang, B. and Lu, J. 2009, 
FEBS J., 276, 4197-4206. 

38. Petrovic, I., Kovacevic-Grujicic, N. and 
Stevanovic, M. 2009, Mol. Biol. Rep., 36, 
993-1000. 

39. Salmon, M., Owens, G. K. and Zehner, Z. E. 
2009, Biochim. Biophys. Acta, 1793, 1144-
1155. 

40. Li, X., Romain, R. D., Park, D., Scadden, D. 
T., Merchant, J. L. and Arnaout, M. A. 
2014, Stem Cells, 32, 791-801. 

41. Li, X., Xiong, J. W., Shelley, C. S., Park, H. 
and Arnaout, M. A. 2006, Development, 
133, 3641-3650. 

42. Salmon, M. and Zehner, Z. E. 2009, 
Differentiation, 77, 492-504. 

43. Takeuchi, A., Mishina, Y., Miyaishi, O., 
Kojima, E., Hasegawa, T. and Isobe, K. 
2003, Nat. Genet., 33, 172-176. 

44. Chen, G. G., Merchant, J. L., Lai, P. B., Ho, 
R. L., Hu, X., Okada, M., Huang, S. F., 
Chui, A. K., Law, D. J., Li, Y. G., Lau, W. 
Y. and Li, A. K. 2003, Am. J. Pathol., 162, 
1823-1829. 

45. Chen, G. G., Chan, U. P., Bai, L. C., Fung, 
K. Y., Tessier, A., To, A. K., Merchant, J. L. 
and Lai, P. B. 2009, Cancer Lett., 283, 52-
58. 

46. Schwartz, G. K. and Shah, M. A. 2005, 
J. Clin. Oncol., 23, 9408-9421. 

47. Law, D. J., Labut, E. M., Adams, R. D. and 
Merchant, J. L. 2006, Nucleic Acids Res., 
34, 1342-1350. 

48. Shaw, P. H. 1996, Pathol. Res. Pract., 192, 
669-675. 

49. Gartel, A. L. and Tyner, A. L. 1999, Exp. 
Cell Res., 246, 280-289. 

50. Bai, L., Kao, J. Y., Law, D. J. and Merchant, 
J. L. 2006, Gastroenterology, 131, 841-852. 

51. Merchant, J. L., Bai, L. and Okada, M. 
2003, J. Nutr., 133, 2456S-2460S. 

20. Hahn, S. and Hermeking, H. 2014, Journal 
of Molecular Medicine, 92, 571-581. 

21. Sinner, D., Kordich, J. J., Spence, J. R., 
Opoka, R., Rankin, S., Lin, S. C., Jonatan, 
D., Zorn, A. M. and Wells, J. M. 2007, Mol. 
Cell Biol., 27, 7802-7815. 

22. Scharer, C. D., McCabe, C. D., Ali-Seyed, 
M., Berger, M. F., Bulyk, M. L. and 
Moreno, C. S. 2009, Cancer Res., 69, 709-
717. 

23. Matsuoka, S., Ballif, B. A., Smogorzewska, 
A., McDonald, E. R. 3rd, Hurov, K. E., Luo, 
J., Bakalarski, C. E., Zhao, Z., Solimini, N., 
Lerenthal, Y., Shiloh, Y., Gygi, S. P. and 
Elledge, S. J. 2007, Science, 316, 1160-
1166. 

24. Reizis, B. and Leder, P. 1999, J. Exp. Med., 
189, 1669-1678. 

25. Yamada, A., Takaki, S., Hayashi, F., 
Georgopoulos, K., Perlmutter, R. M. and 
Takatsu, K. 2001, J. Biol. Chem., 276, 
18082-18089. 

26. Wang, Y., Kobori, J. A. and Hood, L. 1993, 
Mol. Cell Biol., 13, 5691-5701. 

27. Park, H., Shelley, C. S. and Arnaout, M. A. 
2003, Blood, 101, 894-902. 

28. Henning, S. W. and Cantrell, D. A. 1998, 
J. Exp. Med., 188, 931-939. 

29. Shimizu, C., Kawamoto, H., Yamashita, M., 
Kimura, M., Kondou, E., Kaneko, Y., 
Okada, S., Tokuhisa, T., Yokoyama, M., 
Taniguchi, M., Katsura, Y. and Nakayama, 
T. 2001, International Immunology, 13, 105-
117. 

30. Reynolds, P. J., Lesley, J., Trotter, J., 
Schulte, R., Hyman, R. and Sefton, B. M. 
1990, Mol. Cell Biol., 10, 4266-4270. 

31. Wildin, R. S., Garvin, A. M., Pawar, S., 
Lewis, D. B., Abraham, K. M., Forbush, K. 
A., Ziegler, S. F., Allen, J. M. and 
Perlmutter, R. M. 1991, J. Exp. Med., 173, 
383-393. 

32. Moran, A., Iniesta, P., de Juan, C., Garcia-
Aranda, C., Diaz-Lopez, A. and Benito, M. 
2005, Cancer Res., 65, 3811-3814. 

33. Wieczorek, E., Lin, Z., Perkins, E. B., Law, 
D. J., Merchant, J. L. and Zehner, Z. E. 
2000, J. Biol. Chem., 275, 12879-12888. 

34. Zhang, X., Diab, I. H. and Zehner, Z. E. 
2003, Nucleic Acids Res., 31, 2900-2914. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

96 Sinju Sundaresan et al.

70. Sayin, V. I., Khan, O. M., Pehlivanoglu, L. 
E., Staffas, A., Ibrahim, M. X., Asplund, A., 
Agren, P., Nilton, A., Bergstrom, G., Bergo, 
M. O., Boren, J. and Lindahl, P. 2014, 
Circulation Research, 115, 781-789. 

71. Taniuchi, T., Mortensen, E. R., Ferguson, 
A., Greenson, J. and Merchant, J. L. 1997, 
Biochem. Biophys. Res. Commun., 233, 
154-160. 

72. Remington, M. C., Tarle, S. A., Simon, B. 
and Merchant, J. L. 1997, Biochem. Biophys. 
Res. Commun., 237, 230-234. 

73. Li, R. S., Abrahamsen, M. S., Johnson, R. R. 
and Morris, D. R. 1994, J. Biol. Chem., 269, 
7941-7949. 

74. Moshier, J. A., Gilbert, J. D., Skunca, M., 
Dosescu, J., Almodovar, K. M. and Luk, G. 
D. 1990, J. Biol. Chem., 265, 4884-4892. 

75. Fukayama, M., Hino, R. and Uozaki, H. 
2008, Cancer Sci., 99, 1726-1733. 

76. Holley-Guthrie, E. A., Seaman, W. T., 
Bhende, P., Merchant, J. L. and Kenney, S. 
C. 2005, J. Virol., 79, 745-755. 

77. Parker, S. L., Davis, K. J., Wingo, P. A., 
Ries, L. A. and Heath, C. W. Jr. 1998, CA 
Cancer J. Clin., 48, 31-48. 

78. Okada, M., Tessier, A., Bai, L. and 
Merchant, J. L. 2006, Anticancer Res., 26, 
2023-2028. 

79. Bandres, E., Malumbres, R., Cubedo, E., 
Honorato, B., Zarate, R., Labarga, A., 
Gabisu, U., Sola, J. J. and Garcia-Foncillas, 
J. 2007, Oncol. Rep., 17, 1089-1094. 

80. Becker, H. 1995, Praxis (Bern 1994), 84, 
1371-1372. 

81. Law, D. J., Labut, E. M. and Merchant, J. L. 
2006, Mamm. Genome, 17, 999-1004. 

82. Madison, B. B., Dunbar, L., Qiao, X. T., 
Braunstein, K., Braunstein, E. and Gumucio, 
D. L. 2002, J. Biol. Chem., 277, 33275-
33283. 

83. Itzkowitz, S. H. 2006, Gastroenterol Clin. 
North Am., 35, 553-571. 

84. Serova, M., Calvo, F., Lokiec, F., Koeppel, 
F., Poindessous, V., Larsen, A. K., Laar, E. 
S., Waters, S. J., Cvitkovic, E. and 
Raymond, E. 2006, Cancer Chemother. 
Pharmacol., 57, 491-499. 

85. Bai, L., Logsdon, C. and Merchant, J. L. 
2002, Int. J. Gastrointest. Cancer, 31, 79-88. 

52. Zhao, Y., Lu, S., Wu, L., Chai, G., Wang, H., 
Chen, Y., Sun, J., Yu, Y., Zhou, W., Zheng, 
Q., Wu, M., Otterson, G. A. and Zhu, W. G. 
2006, Mol. Cell Biol., 26, 2782-2790. 

53. Zhou, W. and Zhu, W. G. 2009, Curr. 
Cancer Drug Targets, 9, 91-100. 

54. Davie, J. R. 2003, J. Nutr., 133, 2485S-
2493S. 

55. Bernhard, D., Ausserlechner, M. J., Tonko, 
M., Loffler, M., Hartmann, B. L., Csordas, 
A. and Kofler, R. 1999, FASEB J., 13, 
1991-2001. 

56. Giuliano, M., Lauricella, M., Calvaruso, G., 
Carabillo, M., Emanuele, S., Vento, R. and 
Tesoriere, G. 1999, Cancer Res., 59, 5586-
5595. 

57. Mandal, M. and Kumar, R. 1996, Cell 
Growth Differ., 7, 311-318. 

58. Archer, S. Y., Meng, S., Shei, A. and Hodin, 
R. A. 1998, Proc. Natl. Acad. Sci. USA, 95, 
6791-6796. 

59. Elmore, S. 2007, Toxicologic Pathology, 35, 
495-516. 

60. Wong, R. S. 2011, Journal of Experimental 
& Clinical Cancer Research : CR, 30, 87. 

61. Iliakis, G., Wang, Y., Guan, J. and Wang, H. 
2003, Oncogene, 22, 5834-5847. 

62. Blagosklonny, M. V. 2002, Int. J. Cancer, 
98, 161-166. 

63. Croxton, R., Ma, Y., Song, L., Haura, E. B. 
and Cress, W. D. 2002, Oncogene, 21, 1359-
1369. 

64. Komatsu, K., Miyashita, T., Hang, H., 
Hopkins, K. M., Zheng, W., Cuddeback, S., 
Yamada, M., Lieberman, H. B. and Wang, 
H. G. 2000, Nat. Cell Biol., 2, 1-6. 

65. Lin, M. T., Juan, C. Y., Chang, K. J., Chen, 
W. J. and Kuo, M. L. 2001, Carcinogenesis, 
22, 1947-1953. 

66. Strasberg Rieber, M., Zangemeister-Wittke, 
U. and Rieber, M. 2001, Clin. Cancer Res., 
7, 1446-1451. 

67. DaFonseca, C. J., Shu, F. and Zhang, J. J. 
2001, Proc. Natl. Acad. Sci. USA, 98, 3034-
3039. 

68. Ouchi, T., Lee, S. W., Ouchi, M., Aaronson, 
S. A. and Horvath, C. M. 2000, Proc. Natl. 
Acad. Sci. USA, 97, 5208-5213. 

69. Bai, L. and Merchant, J. L. 2003, Nucleic 
Acids Res., 31, 7264-7270. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

93. Manni, A., Washington, S., Mauger, D., 
Hackett, D. A. and Verderame, M. F. 2004, 
Clin. Exp. Metastasis, 21, 461-467. 

94. Ngan, C. Y., Yamamoto, H., Seshimo, I., 
Tsujino, T., Man-i, M., Ikeda, J. I., Konishi, 
K., Takemasa, I., Ikeda, M., Sekimoto, M., 
Matsuura, N. and Monden, M. 2007, Br. J. 
Cancer, 96, 986-992. 

95. Wei, J., Xu, G., Wu, M., Zhang, Y., Li, Q., 
Liu, P., Zhu, T., Song, A., Zhao, L., Han, Z., 
Chen, G., Wang, S., Meng, L., Zhou, J., Lu, 
Y., Wang, S. and Ma, D. 2008, Anticancer 
Res., 28, 327-334. 

96. Elmets, C. A. and Athar, M. 2010, Cancer 
Prev. Res. (Phila), 3, 8-11. 

97. Wu, K. J., Zeng, J., Zhu, G. D., Zhang, L. 
L., Zhang, D., Li, L., Fan, J. H., Wang, X. 
Y. and He, D. L. 2009, Acta Pharmacol. 
Sin., 30, 1162-1168. 

98. Juncker-Jensen, A., Romer, J., Pennington, 
C. J., Lund, L. R. and Almholt, K. 2009, 
Mol. Carcinog., 48, 618-625. 

99. Tang, C. H., Yamamoto, A., Lin, Y. T., 
Fong, Y. C. and Tan, T. W. 2010, Biochem. 
Pharmacol., 79, 209-217. 

 
 
 
 
 
 
 

86. Stove, C. and Bracke, M. 2004, Clin. Exp. 
Metastasis, 21, 665-684. 

87. Yang, Y., Spitzer, E., Meyer, D., Sachs, M., 
Niemann, C., Hartmann, G., Weidner, K. 
M., Birchmeier, C. and Birchmeier, W. 
1995, J. Cell Biol., 131, 215-226. 

88. Frensing, T., Kaltschmidt, C. and Schmitt-
John, T. 2008, Biochim. Biophys. Acta, 
1779, 139-144. 

89. Lowe, S. W., Bodis, S., McClatchey, A., 
Remington, L., Ruley, H. E., Fisher, D. E., 
Housman, D. E. and Jacks, T. 1994, Science, 
266, 807-810. 

90. McIlwrath, A. J., Vasey, P. A., Ross, G. M. 
and Brown, R. 1994, Cancer Res., 54, 3718-
3722. 

91. Dawson, M. I., Park, J. H., Chen, G., Chao, 
W., Dousman, L., Waleh, N., Hobbs, P. D., 
Jong, L., Toll, L., Zhang, X., Gu, J., Agadir, A., 
Merchant, J. L., Bai, L., Verma, A. K., Thacher, 
S. M., Chandraratna, R. A., Shroot, B. and 
Hill, D. L. 2001, Int. J. Cancer, 91, 8-21. 

92. Ehrnstrom, R. A., Bjursten, L. M., 
Ljungberg, O., Veress, B., Haglund, M. E., 
Lindstrom, C. G. and Andersson, T. 2008, 
Int. J. Cancer, 122, 727-733. 

ZBP-89 in homeostasis and disease                                                                                                             97 


