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The Oncoprotein Gankyrin/PSMD10
as a Target of Cancer Therapy
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Abstract

Gankyrin (also called PSMDI10, p28, or
p28YANK) js a crucial oncoprotein that is upreg-
ulated in various cancers and assumed to play
pivotal roles in the initiation and progres-
sion of tumors. Although the in vitro function
of gankyrin is relatively well characterized,
its role in vivo remains to be elucidated. We
have investigated the function of gankyrin
in vivo by producing mice with liver paren-
chymal cell-specific gankyrin ablation (Alb-
Cre; gankyrin’) and gankyrin deletion both in
liver parenchymal and in non-parenchymal
cells (MxI-Cre;gankyrin”). Gankyrin defi-
ciency both in non-parenchymal cells and
parenchymal cells, but not in parenchymal
cells alone, reduced STAT3 activity, interleu-
kin-6 production, and cancer stem cell marker
expression, leading to attenuated tumori-
genic potential in the diethylnitrosamine
hepatocarcinogenesis model. Essentially simi-
lar results were obtained by analyzing mice
with intestinal epithelial cell-specific gankyrin
ablation (Villin-Cre; Gankyrin) and gankyrin

deletion both in myeloid and epithelial cells
(MxI-Cre;Gankyrin) in the colitis-associated
cancer model. Clinically, gankyrin expres-
sion in the tumor microenvironment was neg-
atively correlated with progression-free
survival in patients undergoing treatment with
Sorafenib for hepatocellular carcinomas.
These findings indicate important roles played
by gankyrin in non-parenchymal cells as well
as parenchymal cells in the pathogenesis of
liver cancers and colorectal cancers, and sug-
gest that by acting both on cancer cells and on
the tumor microenvironment, anti-gankyrin
agents would be promising as therapeutic and
preventive strategies against various cancers,
and that an in vitro cell culture models that
incorporate the effects of non-parenchymal
cells and gankyrin would be useful for the
study of human cell transformation.
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Liver cancer is the sixth most common cancer
overall (0.78 million cases, 5.6%) but ranks second
as cause of death (0.74 million, 9.1%) [1]. Around
80% of liver cancer in adults is hepatocellular
carcinoma (HCC), and HCC is often diagnosed at
advanced stages when most curative therapies are
of limited efficacy. Furthermore, HCC is resistant
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to conventional chemotherapy and rarely amenable
to radiotherapy, leaving HCC with a very poor
prognosis [2]. Although a causal relationship
between chronic damage, inflammation, and car-
cinogenesis has been widely recognized, the
exact molecular mechanism of hepatocarcino-
genesis remains to be elucidated. In 2000, we dis-
covered gankyrin as an oncoprotein overexpressed
in 100% of HCCs analyzed [3]. Further studies
have suggested that gankyrin is a promising
molecular target for diagnosis, treatment, and
prevention of almost all types of cancers besides
HCC (reviewed in references [4-9]).

Isolation of Gankyrin
from Hepatocellular Carcinoma

Gankyrin (Gann ankyrin-repeat protein; “Gann”
in Japanese means cancer) was originally iden-
tified as an oncogene product consistently over-
expressed in HCCs [3]. Independently, it was
purified as the p28 component [10] or a protein
bound to the S6b subunit of the 19S regulator of
the 26S proteasome [11]. Thus gankyrin is also
known as PSMDI10 (proteasome 26S subunit,
non-ATPase 10), although subsequent studies
have demonstrated that gankyrin transiently
binds to the 26S proteasome and works as a
chaperone for the assembly of the 19S regulator
[12]. Gankyrin is a small 25kD cytoplasm—
nucleus shuttling protein, and highly conserved
throughout evolution (~40% identity to yeast
Nas6p). Structurally, gankyrin consists of seven
ankyrin repeats [13]. Ankyrin repeat is a func-
tional domain involved in protein—protein
interactions.

Enhanced Degradation of RB
(Retinoblastoma-Associated
Protein) and p53 (Cellular Tumor
Antigen p53) by Gankyrin

Gankyrin plays a key role in regulating the cell
cycle [14]. Gankyrin contains the RB-recognition
motif LxCxE in the C-terminal domain, and binds
RB in vitro and in vivo [3]. Forced expression

of gankyrin in immortalized mouse fibroblasts
and human tumor cells confers growth in soft
agar and tumor formation in nude mouse.
Gankyrin deactivates the RB tumor suppressor
pathway at multiple levels (Fig. 1a) [3]. Gankyrin
binds to CDK4, competing with and displacing
pl6INK4A and p18INK4C, inhibitors of cyclin-
dependent kinases, which results in active CDK4,
hyperphosphorylation of RB, and release of the
E2F transcription factor to activate DNA synthe-
sis genes. Binding of gankyrin also increases the
rate of RB ubiquitylation and degradation by the
proteasome.

When overexpressed, gankyrin inhibits apop-
tosis of cells that have been exposed to DNA-
damaging agents [15]. This anti-apoptotic activity
is due, at least partly, to increased degradation of
p53. Gankyrin binds to the E3 ubiquitin ligase
MDM?2 in vitro and in vivo, increasing the ubig-
uitylation and subsequent proteasomal degrada-
tion of p53, resulting in the reduced transcription
of p53-dependent pro-apoptotic genes [15]. The
fact that gankyrin simultaneously binds the pro-
teasomal S6b ATPase and RB [16] suggests
that gankyrin could be a carrier of ubiquitylated
proteins to the 19S regulator of the 26S protea-
some to enhance their degradation.

Gankyrin as a Killer of Multiple
Tumor Suppressor Proteins

In addition to the two major tumor suppressors
RB and p53, gankyrin binds to other tumor sup-
pressor proteins such as C/EBPa [17], TSC2
[18], HNF4a [19], and CUGBPI1 [20], and
enhances their ubiquitylation and subsequent
degradation by the proteasome (Fig. 1b).
Gankyrin inhibits p16 [3], PTEN [21], and FIH-1
(factor inhibiting HIF-1) [22] as well.
NF-kB/RelA is a transcription factor that is
hyperactivated in many types of cancers and
leads to inhibition of apoptosis. Interestingly,
many studies have shown that inhibition of
NF-kB in hepatocytes enhances hepatocarcino-
genesis [23]. Gankyrin directly binds to NF-kB/
RelA and suppresses its activity by modulating
acetylation via SIRT1 [24], exporting RelA from
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Fig. 1 Interaction of gankyrin with many proteins. (a)
Activities of gankyrin on cell cycle control and apopto-
sis. In the presence of gankyrin, CDK4 is protected from
the inhibitory effect of INKs (p16 and p18). Thus, RB is
hyperphosphorylated and degraded, whereas E2F tran-
scription factors are released to trigger expression of
DNA synthesis genes. More p53 is ubiquitylated by

the nucleus [25], and associating with p300 to
inhibit its interaction with RelA [26].

Consisting of seven ankyrin repeats,
gankyrin binds many other proteins and affects
many signaling pathways, contributing to car-
cinogenesis. Examples include MAGE-A4
[27], IGFBP-5 [28], SHP-1 [29], ATG7 [30],
Keap1/Nrf2 [31], WWP2/Oct4 [32], PI3K/Akt
[33], Racl/JNK [34], p-catenin [35], Rho-A/
ROCK [21], IL-6/STAT3 [36], IL-8 [37], YAP1
[38], and hypoxia-inducible factor- 1o (HIF-1a)
[22, 33].

Animal Models Overexpressing
Gankyrin in the Liver

To assess the oncogenic activity in vivo, we pro-
duced transgenic mice that specifically overex-
press gankyrin in the hepatocytes by using the
hepatitis B virus X protein (HBX) promoter and
serum amyloid P component (SAP) promoter
[22]. Unexpectedly, both of these transgenic lines
developed hepatic vascular neoplasms (heman-
gioma/hemangiosarcomas), but no HCCs.
Further studies suggested that this was because
gankyrin binds and sequester FIH-1, which
results in decreased interaction between FIH-1
and HIF-la, resulting in increased activity of

CUGBP1
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gankyrin-bound MDM2 and degraded to suppress
p53-dependent apoptosis and cell cycle arrest. P phos-
phate, Ub ubiquitin. (b) Gankyrin is a tumor suppressor
killer. Gankyrin triggers degradation of at least six tumor
suppressors by ubiquitin-proteasome system (UPS), and
interacts with many important molecules, facilitating
carcinogenesis

HIF-1a and vascular endothelial growth factor
(VEGF) production. Using the albumin promoter,
Zhao et al. [34] observed HCC in the transgenic
mice, but only after diethylnitrosamine (DEN) plus
carbon tetrachloride (CCl,) treatment. Recently,
occurrence of spontaneous HCC was reported
in transgenic zebrafish using fabp10a promoter
with Tet-Off system [39].

Importance of Non-Parenchymal
Cells in Carcinogenesis

as Demonstrated by Gankyrin-
Knockout Mice

The effects of gankyrin in the tumor microenvi-
ronment were investigated by using mice with
liver parenchymal cell-specific gankyrin ablation
(Alb-Cre;gankyrin’) and gankyrin ablation both
in liver parenchymal and in non-parenchymal
cells (MxI-Cre;gankyrin’) in the DEN hepato-
carcinogenesis model (Fig. 2) [40]. Gankyrin
upregulated VEGF expression in tumor cells.
Gankyrin bound to Src homology 2 domain-
containing protein tyrosine phosphatase-1 (SHP-1)
which was mainly expressed in liver non-paren-
chymal cells, resulting in phosphorylation and
activation of STAT3. Gankyrin deficiency in non-
parenchymal cells, but not in parenchymal cells,
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Fig. 2 Important roles in hepatocarcinogenesis played by
gankyrin in non-parenchymal as well as parenchymal cells
(Modified from reference [40]). (a) Control gankyrin’
(GK™), Alb-Cre; GK”, and MxI-Cre;GK” mice were chal-
lenged with DEN and killed after 8 months. Liver sections
were examined with immunohistochemistry using
gankyrin-specific antibody. Non-T non-tumorous liver tis-
sues, 7" tumors. Scale bar, 50 pm. (b) Tumor number (upper)
and maximal tumor sizes (diameters, lower) in GK”

reduced STAT3 activity, IL-6 production, and
expression of cancer stem cell markers (Bmil
and EpCAM), leading to attenuated tumorigenic
potential. These results have suggested a model
as shown in Fig. 3a. Essentially similar results
were obtained by analyzing mice with intestinal

(n=14) and MxI-Cre;GK” (n = 18) mice. (¢) Tumor num-
ber (upper) and maximal tumor sizes (diameter, lower) in
GK” (n = 13) and Alb-Cre; GK” (n = 18) mice. (d, e¢) RNA
was extracted from tumors of Mx/-Cre;GK" (d) or Alb-
Cre;GK” (e) mice and GK” mice. Relative amounts of
mRNA were determined by quantitative RT-PCR (qRT-
PCR) and normalized to the amount of actin mRNA. The
amount of each mRNA in the untreated liver was given an
arbitrary value of 1.0. Data are means = SEM (n =5)

epithelial cell-specific gankyrin ablation (Villin-
Cre;Gankyrin”) and gankyrin ablation both in
myeloid and epithelial cells (Mx1-Cre; Gankyrin™)
in the colitis-associated cancer model [29].
Significant differences were observed in tumor
numbers and sizes between MxI-Cre;Gankyrin/
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Fig. 3 Inflammation and gankyrin (Modified from [40].
(a) A model of the role played by gankyrin in hepatocar-
cinogenesis. Chronic inflammation enhances gankyrin
expression in the liver. Gankyrin binding to SHP-1 leads
to enhanced IL-6 production in the tumor microenviron-
ment. The augmented inflammatory response activates
STAT3, and gankyrin upregulates the expression of VEGF
in tumor cells, which eventually promote the development
of HCC. (b) Liver specimens were collected using needle
biopsy in 13 patients clinically suspected of non-alcoholic

mice and control mice, but not between Villin-
Cre; Gankyrin’/ mice and control mice. Consistent
with the animal models, chronic inflammation
enhanced gankyrin mRNA expression in the
human liver (Fig. 3b), and protein expression in
non-parenchymal cells as well as hepatocytes
[40]. High gankyrin expression in non-parenchy-
mal cells was associated with enhanced IL-6
expression in HCC (Fig. 3c), and gankyrin
expression in the tumor microenvironment was
negatively correlated with progression-free sur-
vival in patients undergoing treatment with
Sorafenib for HCCs [40]. These findings indicate
important roles played by gankyrin in non-paren-
chymal cells as well as parenchymal cells in the
pathogenesis of liver cancers and colorectal
cancers.

Gankyrin as a Promising
Therapeutic Target

Gankyrin seems to be an excellent target of can-
cer therapy because of the following reasons:

1. Signaling interactions between cancer cells
and their supporting stroma have been sug-
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steatohepatitis. The expression of gankyrin mRNA in liv-
ers without inflammation or fibrosis (control, n = 5) and
those with inflammation and fibrosis (chronic hepatitis,
n = 8) was determined by qRT-PCR. (¢) Liver specimens
were collected using needle biopsy before sorafenib
treatment. The mRNA levels of IL-6 in HCC were deter-
mined by qRT-PCR and compared between patients
grouped according to the level of gankyrin expression in
hepatic non-parenchymal cells as assessed by
immunohistochemistry

gested to evolve during the course of multi-stage
tumor development [41], and gankyrin pro-
motes oncogenesis both in cancer cells and
their supporting stroma [29, 40].

2. Gankyrin promotes carcinogenesis both in
early (initiation, promotion) and late (progres-
sion, metastasis) stages. For example, in rat
HCC model, overexpression of gankyrin starts
at fibrosis stage [42], and in human liver tis-
sues, expression is progressively increased
from hepatitis, cirrhosis, adenoma to HCC
[43]. In many different types of cancers
including those of the liver [30], colorectum
[44], esophagus [45], and lung [46], high-
level expression is correlated with invasion,
metastasis, poor survival, and resistance to
therapy.

3. Gankyrin is overexpressed in most cases of
HCC [3] and other types of cancers, including
those of the esophagus [45], stomach [47],
prostate [48], and colorectum [18].

4. Ubiquitous low expression of gankyrin in nor-
mal tissues, and overexpression in almost all
types of cancers including those of the brain,
breast, lung, ovary, prostate, and stomach.

5. Gankyrin kills multiple major tumor suppres-
sors (Fig. 1b).
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6. Gankyrin can enable the hallmarks of cancer,
at least five out of six original hallmarks
and two out of two additional hallmarks [41].
By inhibiting gankyrin, therefore, we can
target most of the pathways supporting the
hallmarks therapeutically.

Experimental Anti-Gankyrin Agents

Since gankyrin is a versatile tumor suppressor
killer and its activities seem to result from the
binding to various partners, inhibition of the
interactions is a promising strategy for control-
ling cancer initiation and progression. Indeed,
overexpression of MAGE-A4, a gankyrin inter-
actor of unknown function, suppressed the
tumorigenic  activity of  gankyrin  [27].
Overexpression of C-terminal portion of S6b
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Fig. 4 Suppression of cell proliferation by gankyrin
inhibitors. (a, b) Effects of overexpression of gankyrin-
interacting S6b mutant. Human osteosarcoma U-2 OS
cells were cultured in 6-cm dishes and transfected with
plasmid DNAs (1 pg/dish) expressing mutant gankyrin
with deletion of the two ankyrin-repeat motifs (del-GK),
mutant S6b with N-terminus deletion (del-S6b), or control
vector together with neo-resistance gene. After 8 days of
culture in G418-containing medium, numbers of colonies

inhibited proliferation of malignant cells (Fig. 4a,
b). Although the structure of gankyrin has been
clarified, research studies focusing on structure-
based drug design of gankyrin are still limited. A
synthetic protein GBP7.19 [49] and a small
molecular drug cjoc42 [50] have recently been
reported, but direct and specific gankyrin inhibi-
tors should be investigated further.

Another promising strategy is an inhibition of
gankyrin expression. Down-regulation of gankyrin
expression by small interfering RNA (siRNA) or
shRNA promotes apoptosis of tumor cells in vitro
[15]. Growth of human cancer cells transplanted to
nude mice is suppressed by intra-tumoral injection
of siRNA [18] or adenovirus delivering shRNA
against gankyrin [51]. As expected, the anti-prolif-
erative activity of sShRNA against gankyrin was
enhanced by simultaneous expression of p53 in
p53-deficient cancer cells (Fig. 4¢).
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were counted (a), and representative colonies were photo-
graphed under microscope (b). (c¢) Effects of
shRNA. Human prostate cancer PC-3 cells with no wild-
type p53 gene were incubated with plasmid nanoparticles
expressing p53 (vlp-p53) or shRNA against gankyrin
(vlp-shRNA-GK) prepared by RNTein Biotech Lab,
CA. Volumes of added plasmids were adjusted with con-
trols expressing vector alone. Four days later, surviving
cell numbers were counted under microscope



The Oncoprotein Gankyrin/PSMD10 as a Target of Cancer Therapy 69

Conclusion

Gankyrin plays important roles in non-
parenchymal cells as well as parenchymal cells in
the pathogenesis of liver cancers, colorectal can-
cers, and probably other cancers. Thus, by acting
both on cancer cells and on the tumor microenvi-
ronment, anti-gankyrin agents are promising as
therapeutic and preventive strategies against vari-
ous cancers. As response rate of HCC to systemic
chemotherapy is only 0 to 25%, blocking expres-
sion and/or function of gankyrin might be espe-
cially valuable in human HCCs. For the
development of therapeutics, in vitro human cell
transformation systems that incorporate the
effects of non-parenchymal cells and gankyrin
would be useful.

Gankyrin, a small ankyrin-repeat protein, has
many activities with proteins controlling the cell
cycle, transcription, apoptosis, and then many
signaling pathways. How much of these activities
are dependent on chaperoning the assembly of,
and delivering the ubiquitylated substrates to the
26S proteasome, and how many are dependent on
gankyrin being present in much smaller com-
plexes with other proteins to control various cell
processes, e.g., cell growth signaling pathways?
The resolution of these questions must be
answered to move toward a fuller understanding
of gankyrin actions in the cell.
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