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The search for strategic molecular targets
among a myriad of cell signaling pathways
has long been a cornerstone for both molec-
ular cancer research and gene therapy
research, leading to the development of novel
cancer therapies that act at the level of the
genome (DNA), the transcriptome (RNA),
and/or the proteome (protein). In this article,
we focus on a pivotal and therapeutically
accessible locus of executive cell cycle check-
point control—focusing specifically on the
cyclin G1 protein (CCNG1 proto-oncogene
product) and the associated oncogenic
drivers arrayed along the aberrant biochem-
ical pathways that promote and ensure un-
controlled cell proliferation, resulting in
oncogenesis, increasingly aggressive metas-
tasis, and chemotherapeutic refractoriness.

Molecular Drivers of the Cell Division

Cycle: Overriding Normal Cell Cycle

Checkpoint Control

Basic research into the primal executive
mechanisms governing the cell division
cycle have identified site-specific (primary
sequence specific) protein phosphorylation
to be a major regulatory theme that governs
the transition phases of the cell cycle—that
is, the orderly “activation” of quiescent
stem cells at the G0 to G1 boundary to
become “capable” of cell proliferation
(competence promoting factor), followed by
the initiation of DNA synthesis (S-phase pro-
moting factor), and followed by genomic
proofreading and the physical partitioning
into daughter cells via the elegant biome-
chanics of mitosis (M-phase promoting fac-
tor). Conceptually, this family of executive
cell cycle control enzymes are site-specific
protein kinases (phosphotransferases; aka
cyclin-dependent kinases or CDKs), which
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recognize specific structural features or
target sequences, characterized by Gordon
et al.,1 arrayed along major cell-cycle and
gene-regulatory proteins. Thus, a canonical
“cyclin” is thought of as an oscillating, posi-
tive-acting “regulatory subunit” of an identi-
fied CDK, which both “activates” the
catalytic subunit and physically “targets”
the otherwise inactive and otherwise undis-
cerning (blind) kinase to the cognate phos-
phorylation site(s) of the targeted cell cycle
regulatory proteins.

Named alphabetically in order of discovery-
molecular characterization, the so-called
canonical “cyclins” are positive-acting regu-
latory targeting subunits of the CDK holoen-
zymes that are periodically expressed,
assembled, activated, and catabolized in
strict accordance with the discrete phases of
the cell division cycle. Working backward
in cell time, from the massive global kinase
activity associated with mitosis (M-phase
promoting factor = cyclin B+CDC2), to the
decisive executor-tumor suppressor functions
associated with S-phase entry (S-phase pro-
moting factor = cyclin A+CDK2, or
CDC2), to the heightened metabolic path-
ways associated with sustained G1 or growth
phase (cyclins D1, D2, D3, E + respective ki-
nase partners), the identification of cyclin G1
(CCNG1 proto-oncogene), an early riser, and
the assessment of its constitutive expression,
as well as its essential function, in human
cancer cells, represented somewhat of a
conundrum at the time. It looked very
much like a canonical “cyclin” protein, in
terms of primary structure of its telltale “cy-
clin box” (see Figure 1), while it lacked (1) an
identifiable kinase partner, (2) an identifiable
phospho-acceptor “target protein,” and (3)
cember 2018 ª 2018 The Author(s).
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the cyclical behavior of the so-called “canon-
ical cyclins” that agreeably and accordingly
marked the major phase transitions of the
mammalian cell division cycle.

Fortunately, what was hidden from the wise
in terms of rigid canonical considerations
was revealed to the experimentalists and
physician-scientists who looked beyond the
meager definitions to explore the actual
structure and function relations of the cyclin
G1 protein (by genetic engineering of
CCNG1) in the context of cancer gene ther-
apy, long before cyclin G1 was determined
to be the prime molecular driver of the
elusive cell competence factor, the pivotal ex-
ecutive component of the Cyclin G1/p53/
Mdm2 Axis governing cell cycle checkpoint
control and, perhaps, a most strategic target
for new precision molecular and genetic can-
cer therapies as well as chemo-sensitization.1

Biochemically, cyclin G1 (CCNG1 gene
product) was a “non-canonical” yet demon-
strably essential and potentially oncogenic
“cyclin-like” protein whose first appearance
(expression) and executive action is on the
earliest cell cycle events that drive the quies-
cent stem cell from G0 to enter G1 phase.
Mechanistically, cyclin G1 physically binds
to a major cellular ser/thr protein phospha-
tase subunit designated 2A (PP2A), thereby
“targeting” the otherwise undiscerning phos-
phatase activity to a cyclin G1-targeted pro-
tein, which happens to be Mdm2 (oncogene
product). The Mdm2 protein, in turn,
targets, inhibits, and degrades the p53
tumor suppressor, an often-lost, yet vitally
important, substrate (guardian of DNA
fidelity with executioner functions) in the
normal regulation of the cell division cycle.
This oncogenic pathway (i.e., the Cyclin
G1/Mdm2/p53 axis) is distinguishable from
the set of canonical oncogenic G1 cyclins
licenses/by-nc-nd/4.0/).
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Figure 1. Structure and Function Analysis of the Executive Cyclin G1 Gene Product

Left: cyclin G1 functional domains. Cyclin G1 physically binds to the ser/thr protein phosphatase subunit designated 2A (PP2A) to activate a key regulatory oncoprotein,

Mdm2. TheMdm2 oncoprotein forms a physical complex with the p53 tumor suppressor, thus inactivating its tumor suppressor function while additionally acting as a specific

E3 ubiquitin ligase that is responsible for the ubiquitination and degradation of the p53 tumor suppressor protein.4 This dephosphorylation event is cyclin G1-dependent.

Cyclin G1 also activates CDK5 andCDK2 to target and activate the c-Myc onco-protein. Right: dnG1 dominant-negative G1 (Killer Gene). The experimentally optimized cyclin

G1 inhibitor, a cytocidal dominant-negative mutant construct of cyclin G1, is devoid of the “ubiquitinated” N terminus (proteolytic processing) as well as the first two helical

segments (a1 and a 2) of the definitiveCyclin Box: characteristically arrayed in cyclins as a tandem set of helical segments, including two highly-conserved residues (asterisks)

essential for cyclin-dependent kinase (Cdk) binding. The cytocidal dnG1 protein—which induces apoptosis in proliferative cells—retains the presumptive CDK contact points

(helix a 3*, a 5*) and the structural domains attributed to PP2A, b’, and Mdm2 binding. Remarkably, small synthetic peptides (e.g., ELAS1 and 5 helix peptides) derived from

structures or homologous interfaces contained within the cytocidal dnG1 protein have been reported to induce cell cycle blockade and apoptosis, respectively.
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(D1, D2, D3, cyclin E, cyclin A) that target
CDK complexes cyclically and precisely to
pRB (and Rb-related) tumor suppressor
proteins, whose inhibition releases E2F tran-
scription factors that drive cells to irrevers-
ibly enter the S-phase of the division cycle
(G1 to S) (Cyclin/CDK/Rb/E2F axis).1

The biochemical “activation” of the Mdm2
oncoprotein by the oncogenic cyclin G1 is
a crucial link in the emerging cyclin G1/
Mdm2/p53 axis. The Mdm2 gene itself is
amplified and/or overexpressed in numerous
human cancers, including soft tissue sar-
coma, osteosarcoma, and esophageal carci-
noma.2,3 The Mdm2 oncoprotein is known
to form a physical complex with the p53
tumor suppressor, thus inhibiting its tran-
scriptional “tumor suppressor” function. In
addition, Mdm2 acts as a specific E3 ubiqui-
tin ligase, responsible for the ubiquitination
and ultimate degradation of the p53 tumor
suppressor protein.4 Thus, the oncogenic
potential of Mdm2 to override the decisive-
protective tumor-suppressive functions of
wild-type p53 is uniquely, if not entirely, cy-
clin G1-dependent. Additional support for
the executive role of cyclin G1—in relation
to the pivotal Cyclin G1/Mdm2/p53 axis—
came from high-throughput screening for
regulatory microRNA species that are
commonly lost with the development of hu-
man cancers. Apparently, the major species
(�70% of the total population) of regulatory
microRNAs that are commonly lost in the
pathogenesis and stage-wise progression of
hepatocellular carcinoma is miR-122, which
physically “targets” the CCNG1 (cyclin G1)
gene for suppression and thus appears to
be a natural growth suppressive-microRNA
focused on limiting the expression of cyclin
G1 in the quiescent stem cells of this
potentially proliferative, highly regenerative
organ.5 Turning to virology, a renewed
appreciation of the oncogenic potential of
dysregulated CCNG1 gene expression—in
terms of both persistent stem cell activation
(cell competence) and overriding p53-medi-
ated checkpoint control (thus driving cell
survival over DNA fidelity)—came to light
when it was discovered that the carcinogenic
hepatitis B virus (HBV) produces a protein,
the HBx-protein, that specifically, directly,
perhaps strategically, downregulates the
normal expression of miR-122,6 which re-
sults in increased CCNG1 gene expression;
Molecular Therap
raising cyclin G1 to sufficient levels that cy-
clin-G/PP2A complexes activate Mdm2 and
ultimately override the executor-suppressor
functions of wild-type p53, thereby abolish-
ing the well-known p53-mediated inhibition
of HBV replication as well.6

Finally, the curiously non-canonical cyclin
G1 was formally ushered (at least experi-
mentally) into the ballroom, with the prize
of the fair as its cellular target—that is, the
illustrious c-Myc oncogene, long consid-
ered to be the most “desirable” molecular
locus for clinical intervention in all of can-
cer therapy, and yet it was, until now,
considered to be among the “least drug-
gable” of all the cancer targets.1,7 The
recent discovery that the once-non-canoni-
cal cyclin G1 partners with CDK2 (and
CDK5, on occasion) to physically target
and site-specifically phosphorylate (acti-
vate) the c-Myc oncoprotein which, in
turn, provides the transcriptional drive for
selective protein synthesis at the very
threshold of the G0 to G1 transition, is
both informative and important. In that
this newfound cyclin G1/CDk2/c-Myc
axis of stem cell activation represents the
y: Oncolytics Vol. 11 December 2018 123
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necessary biochemical linkage to the theo-
retical competence promoting factor, which
appears whenever quiescent stem cells re-
gain cell competence—competence to pro-
liferate as needed for normal tissue repair,
and when it comes to cancer, competence
to proliferate continuously—it is in this
remarkable association with c-Myc that
the biochemical contingencies for canon-
ization of cyclin G1 are finally met: (1) cy-
clin G1 gains two attractive CDK partners;
(2) cyclin G1 gains a critical substrate
target protein, the elusive c-Myc
oncoprotein, and (3) the absence of cyclical
oscillations in the levels of cyclin G1 pro-
tein expressed in cancer cells, in cadence
with the discrete phases cell division cycle,
is readily explainable by the provocative
notion that cancer cells are constitutively
competent in terms of this first-and-rate-
limiting oncogenic cyclin driver, CCNG1.
The clinical upside of this provocative
notion is that the strategic blockade of
cyclin G1 function, by experimental sup-
pression of CCNG1 gene expression or
the molecular blockade of cyclin G1-
dependent pathways (Figure 1), is invari-
ably fatal to the cancer cell, thus clinically
effective, in a number of human cancers.1

Mechanistically, c-Myc is a critical platelet-
derived growth factor (PDGF)-inducible
“competence gene” that activates diverse
cellular processes associated with entry into
and progression through the cell cycle,
including the synthesis of cellular components
in preparation for growth, DNA synthesis,
and cell division. It is in this manner, by acti-
vating and selectively targeting Cdk5 kinase
activity to activate and stabilize the c-Myc on-
coprotein, that the overexpression of CCNG1
enables cancer cells to overcome radiation-
induced (i.e., DNA-damage-induced) cell
cycle arrest.1,7 Although the transcriptional
targets of c-Myc include a number of DNA
repair genes, thereby coupling DNA replica-
tion to the pathways and processes that pre-
serve the integrity of the genome,8 the net
effect of CCNG1 function in association with
Cdk5 (or Cdk2) is to abrogate DNA-fidelity
checkpoint controls to promote cell survival,
cell competence, and cell cycle progression at
the ‘peril’ of increasing error-prone DNA syn-
thesis, as is often found in cancers.
124 Molecular Therapy: Oncolytics Vol. 11 De
Cyclin G1 Pathway Inhibitor Therapy:

Genetic Engineering of a Killer Gene

Product

The first tumor-targeted gene therapy
product that is based on the strategic
blockade of cyclin G1-dependent pathways
is DeltaRex-G (former names: Rexin-G and
Mx-dnG1), which encodes a dominant nega-
tive mutant construct of the CCNG1 gene
(designated dnG1 protein) that is devoid of
the ubiquitinated N terminus (proteolytic
processing) as well as the first two helical seg-
ments (a1 and a2) of the definitive cyclin
box, characteristically arrayed in “cyclins”
as a tandem set of helical segments, including
two highly-conserved residues essential for
CDK binding.1 The cytocidal dnG1 protein,
which induces apoptosis in proliferative
cells, retains the presumptive CDK contact
points (helix a3*, a5*) and the complete
structural domains attributed to PP2A, b’,
and Mdm2 binding. Recently, new therapeu-
tic synthetic peptides (e.g., ELAS1 and a5 he-
lix peptides, see Gordon et al.1) derived from
structures and/or homologous interfaces
contained within the dnG1 protein are them-
selves reported to induce cell cycle blockade
and apoptosis, respectively (Figure 1). Sup-
pressing CCNG1 expression with miR-122,
as well as CCNG1 silencing, increases the
sensitivity of hepatocellular carcinoma
(HCC) cells to doxorubicin,9 thereby estab-
lishing the rational basis for combined
gene- chemo- and miRNA-based therapies
for HCC, based on the suppression or
blockade of cyclin G1-dependent pathways.

Meanwhile, there is increasing clinical evi-
dence that innovative tumor-targeted can-
cer therapies—based on the progress made
in discovering, characterizing, and elabo-
rating the structure and function relation-
ships of cyclin G1—may indeed be uniquely
effective in managing aggressive metastatic
cancers, such that repeated infusions of
DeltaRex-G, a tumor-targeted dnG1 expres-
sion construct, were determined to be
potentially curative, even when standard
chemotherapies had previously failed.1

In addition to statistically significant
gains in patient overall survival, a consider-
able number of advanced-stage, chemo-
therapy-resistant cancer patients treated
with repeated infusions of DeltaRex-G as
cember 2018
monotherapy (i.e., single-agent efficacy),
including metastatic pancreatic cancer, os-
teosarcoma, and soft tissue sarcoma pa-
tients, remain cancer-free or without active
disease progression 10 years after the initia-
tion of DeltaRex-G treatment.10 Table 1 lists
and summarizes the results of 5 U.S.-based
phase 1/2 clinical trials and one phase 2
study with long-term survivors that have
resulted in orphan drug designations of
DeltaRex-G for pancreatic cancer, soft tis-
sue sarcoma, and osteosarcoma and fast
track designation of DeltaRex-G for pancre-
atic cancer (S.P.C., H. Bruckner, M.A.
Morse, N. Assudani, F.L.H., E.M. Gordon,
unpublished data).11–16 Hence, the develop-
ment of DeltaRex-G, which, by itself,
induces apoptosis in cancer cells and tu-
mor-associated vasculature (in the presence
or absence of a functional p53 gatekeeper),
may be a powerful new clinical application
in terms of applied cell cycle checkpoint
control, which merits conscientious clinical
development. Our ongoing studies have
confirmed that CCNG1 expression is pre-
dictably elevated in many types of cancers,17

which suggests that monitoring CCNG1
expression in tumors, as well as its associ-
ated oncogenic effectors, may identify
patients who will benefit from CCNG1 in-
hibitor therapy.

Perspectives on New Combinatorial

Approaches to Cancer Management

Targeted cancer therapies are likely to be
more effective and less toxic to normal cells
than standard chemotherapeutic agents and
radiation therapy.18 These therapies are
commonly used alone, in combination with
other targeted therapies, and in combination
with other cancer treatments, such as chemo-
therapy. Targeted cancer therapies approved
for clinical use include drugs that block cell
growth signaling (e.g., tyrosine kinase and
serine-threonine kinase inhibitors), drugs
that disrupt tumor blood vessel development
(e.g., bevacizumab), evoke apoptosis or pro-
gramed death of specific cancer cells (e.g., tra-
bectedin), activate the immune system to
recognize tumor neoantigens and destroy
specific cancer cells (e.g., cancer vaccines
and immune checkpoint inhibitors), and/or
deliver cytotoxic toxic drugs (e.g., nab-pacli-
taxel) to cancer cells. Based on observations
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Table 1. Clinical Trial NCT Number, Site, Principal Investigator(s), Phase of Trial, Cancer Type and Treatment Outcome Using DeltaRex-G as Monotherapy

for Chemoresistant Solid Malignancies

Clinical Trial NCT No. Clinical Site
Principal
Investigator(s) Phase Cancer Type

No. of
Patients Treatment Outcome

NCT00121745
Dose level: minus 3–minus 111

Rochester, MN E. Galanis phase 1

pancreatic
adenocarcinoma,
gemcitabine
resistant

12
RECIST v1.0: 1 SD, 11 PD
0% 1-year OS

NCT00504998a

Dose level 1–3 (S.P.C., H. Bruckner,
M.A. Morse, N. Assudani, F.L.H.,
E.M. Gordon, unpublished data)12–14

Santa Monica, CA S.P. Chawla

phase 1/2

pancreatic
adenocarcinoma,
gemcitabine
resistant

20

RECIST v1.0: 1CR, 2 PR,
12 SD
28.6% 1-year OS
21.4% 1.5-year OS
1 alive in sustained remission, 10 years
N.B.: gained orphan drug and fast track
designation for pancreatic adenocarcinoma
from the FDA

Manhattan, NY H.W. Bruckner

Durham, NC M.A. Morse

NCT00505713a

Dose level 1–410,15,16
Santa Monica, CA S.P. Chawla phase 1/2

bone and soft
tissue sarcoma,
chemotherapy resistant

36

38.5% 1-year OS;
31% 2-year OS
2 alive, with no active disease, 10 years;
NB: gained orphan drug designation for
soft tissue sarcoma from the FDA

NCT00505271a

Dose level 1–4 (unpublished data)

Santa Monica, CA S.P. Chawla
phase 1/2

breast cancer,
chemotherapy
resistant

20
60% 1-year OS
1 alive, 10 yearsManhattan, NY H.W. Bruckner

NCT00572130a

Dose level 1–215
Santa Monica, CA S.P. Chawla phase 2

osteosarcoma,
chemotherapy
resistant

22

27.3% 1-year OS
22.7% 2-year OS
1 alive in sustained remission, 10 years;
N.B.: gained orphan drug designation for
osteosarcoma from the
FDA

cfu, colony forming units; OS, overall survival; CR, complete remission; PR, partial response; SD, stable disease.
aDose level 1, 1� 10e11 cfu 2–3 times per week; dose level 2, 2� 10e11 cfu 3 times per week; dose level 3, 3� 10e11 cfu 3 times per week; dose level 4, 4� 10e11 cfu 3 times per week.
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and reports of chemo-sensitization, we theo-
rize that combinatorial therapies using Del-
taRex-G, a cyclin G1 inhibitor, and other
molecular targets along the CCNG1 pathway,
including Mdm2, PP2A, p53, Rb, and c-Myc,
may exert additive, complementary, and/or
synergistic effects in the treatment of
advanced metastatic cancers. Drugs that are
already US Food and Drug Administration
(FDA) approved or are currently in clinical
trials include the following: the Mdm2 inhib-
itor (e.g., AMG232 and Nutlin 3a),19 the
CDK4/CDK6/Rb inhibitor Palbociclib
(PD0332991, Ibrance),20 and the mutated
p53 inhibitor SAHA (Vorinostat).21 While
c-Myc is overexpressed inmany kinds of can-
cer, strategies to effectively modulate c-Myc
activity (outside of modulating its targeting
and activation by cyclin G1) do not yet exist;
however, the small molecule anticancer agent
APTO-253 appears to inhibit c-Myc expres-
sion to some degree, while inducing cell cycle
arrest and apoptosis in certain hematologic
malignancies.22
It is possible that repeated cyclin G1 inhibi-
tion alone, such as by DeltaRex-G—by sup-
pressive genetic strategies and/or selective
biochemical blockades—will turn out to be
a necessary and sufficient treatment regimen
in terms of cancer gene therapy. However, at
this reflective point in time, it would also
be prudent to monitor the associated
pharmacological effects on the other major
oncogenic drivers within these newly charac-
terized cyclin-G1 dependent pathways. Eval-
uating the safety and efficacy of DeltaRex-G
combination regimens, that being cyclin
G1 inhibitor therapy combined with modu-
lating one or more of the executor proteins
(CDK2/5, PP2A, p53, c-Myc) in the
CCNG1 pathway, represents a new opportu-
nity for advancement of cell cycle checkpoint
inhibitors in the field of cancer medicine. On
the other hand, DeltaRex-G is cytocidal to
cancer cells, tumor-associated vasculature,
and malignant stromal fibroblasts and may
well prime the recruitment and/or entry of
cytokines, immune modulators,23–25 and,
Molecular Therap
potentially, chemotherapeutic, anti-angio-
genic, and targeted therapies into the tumor
microenvironment. For instance, in a phase
1/2 study using DeltaRex-G + Reximmune-
C, a tumor-targeted gene vector encoding a
human granulocyte-macrophage colony-
stimulating factor (GM-CSF) gene, the re-
ported 1-year overall survival was 86% in
chemoresistant solid tumors and B cell
lymphoma.24,25 Hence, combinatorial thera-
pies external to the CCNG1 inhibitor
pathway may include DeltaRex-G plus (1)
immune-modulatory monoclonal anti-
bodies, including FDA-approved immune
checkpoint inhibitors; (2) cytotoxic chemo-
therapies, such as doxorubicin and tra-
bectedin; (3) anti-angiogenesis agents, such
as bevacizumab; (4) selective tyrosine kinase
inhibitors; and/or (5) monoclonal antibodies
directed against specific features of the
evolving metastatic cancer cells (e.g., panitu-
mumab, cetuximab). Viewed from a
biochemical perspective, which teaches that
“the-first-and-rate-limiting-step” of a given
y: Oncolytics Vol. 11 December 2018 125
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biochemical pathway is often the most
important as it is often leveraged in terms
of regulatory cause-and-effect, the strategic
blockade of cyclin G1 function—its compe-
tence-promoting function and its pro-sur-
vival function in the face of increasing
genetic instability—sets the stage for the
new clinical applications and optimization
of combinatorial therapies with renewed
assurance that cyclin G1 itself is a strategic
therapeutic locus indeed.
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