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Targeting RNA polymerase |
transcription and the nucleolus
for cancer therapy

Ross D Hannan', Denis Drygin & Richard B Pearson
“The University of Melbourne, Sir Peter MacCallum Department of Oncology,
Oncogenic Signaling and Growth Control Program, Parkville, Australia

The nucleoli are the site of the production of ribosomes, the protein synthetic
apparatus of the cell. The presence of enlarged nucleoli, reflecting increased
ribosomal gene transcription, has long been used by pathologists as an indica-
tor of aggressive tumors. However, over the last 10 years a growing body of
evidence has revealed that the nucleolus contains a dynamic cohort of over
4500 proteins, the majority of which have no function in ribosome produc-
tion. The activity of some of these proteins is modulated by their regulated
sequestration and release from the nucleolus. In particular, the nucleolus
plays a central role in sensing cellular stress to. modulate the abundance of
the critical tumor suppressor protein p53. The finding that p53 activity is dys-
regulated in up to 50% of all human cancers highlights the importance of the
nucleolar stress response in limiting malignant transformation. The develop-
ment of drugs to selectively inhibit transcription of the ribosomal RNA genes
in the nucleolus has paved the way for a new therapeutic approach to hijack
nucleolar stress to selectively and non-genotoxically activate p53 in tumor
cells. Here, we describe the potential application of this exciting new class
of drugs for the treatment of human cancer.

Keywords: 5-FU, actinomycin D, CX-5461, MDM2, nucleolar stress, nucleolar surveillance,
p53, ribosomal RNA, RNA polymerase I transcription
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1. Introduction

Transcription of the ribosomal RNA genes (rDNA) gives rise to the 28S, 5.8S and
18S ribosomal RNAs (rRNAs), the catalytic backbone of the ribosomes, which
translate all cellular proteins (1. As such, -DNA transcription is a critical determi-
nant of the proliferative growth rate of cells. rRNA synthesis takes place in special-
ized subnuclear domains termed nucleoli that are formed around actively
transcribed rDNA. Perhaps not surprisingly, elevated rDNA transcription by the
dedicated RNA polymerase I (Pol I) enzyme is consistently elevated in tumor
cells (11; while enlarged and often multiple nucleoli, a consequence of elevated
rDNA transcription and ribosome biogenesis, have been used by pathologist for
over 100 years as a marker of cellular transformation [2].

Remarkably, recent spatiotemporal proteomic studies have demonstrated that in
excess of 4500 proteins are associated with nucleoli, of which only 30% have func-
tions relating to ribosome biogenesis [3]. The activity of many of these non-ribo-
some-associated nucleolar proteins is controlled by their regulated sequestration or
release from the nucleolus, giving rise to the concept that the nucleolus controls
many cellular functions in addition to ribosome biogenesis [4-6]. Perhaps, the best-
described extra ribosomal function associated with the nucleolus is the control of
the critical tumor suppressor protein TP53 (p53). Specifically, it has been shown
that perturbations that acutely disrupt ribosome biogenesis and/or nucleolar
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integrity lead to the induction of a nucleolar stress response
in which ribosomal proteins that are no longer involved in
ribosome biogenesis bind to the ubiquitin ligase MDM2
(HDM2 in humans) and prevent it from ubiquitinating
p53 (4-6). This leads to the accumulation of p53 and down-
stream effects such as senescence, cell cycle arrest, autophagy
and apoptosis depending on the cell type (Figure 1).

2. Selective inhibitors of Pol I transcription
as cancer therapeutics

The above observations raise the possibility that small mole-
cule inhibitors that selectively block rDNA transcription
might be used to reactivate the nucleolar stress response in
tumor cells as a non-genotoxic mechanism to induce
p53 and its tumor suppressor functions [7]. Indeed, there
have been numerous clinically approved cytotoxic drugs
whose therapeutic affect is associated with disruption of ribo-
some biogenesis including actinomycin D (dactinomycin),
cisplatin, ironotican/topotican, mitomycin C, 5-fluorouracil
and derivatives of rapamycin (Table 1) [8-10]. However, none
of these drugs are selective enough for Pol I transcription to
allow definitive conclusions as to how much of their therapeu-
tic effect is mediated via Pol I [9,10].

An important advance in this area has been the development
of the first small molecule inhibitors, which preferendally target
Pol I transcription; for example, CX-5461 (Cylene Pharma-
ceuticals), which specifically prevents the Pol I transcription
initiation factor, SL-1, binding to the rDNA promoter [10,11].
Building on these data, further studies using CX-5461 and
genetic approaches have provided unequivocal evidence that
accelerated rDNA transcription and nucleolar integrity are nec-
essary for oncogenic activity in hematologic tumors driven by
the c-MYC oncogene [12]. Furthermore, it was demonstrated
that Pol I transcription could be targeted 77 vivo to selectively
activate p53-dependent apoptosis in cancer cells, effectively
treating tumors in both genetically engineered and xenograft
models of lymphoma and leukemia [12). Intriguingly, the
induction of p53-mediated apoptotic death of the tumor cells
was rapid, occurring within hours of treatment as a result of
nucleolar stress and was independent of changes in total ribo-
some levels or protein translation [12]. This later observation is
critical as it demonstrates that Pol I transcription and nucleolar
integrity are acutely required for the survival of certain tumor
cells, independent of protein synthesis and cell proliferation.
Based on these results and favorably toxicity profile, CX-5461
is currently undergoing a Phase I/II clinical trial in patients
with hematologic malignancies at the Peter MacCallum Cancer
Centre, Australia.

3. Expert opinion

Perhaps, the major challenge for this new class of cancer ther-
apeutics lies in defining how and when Pol I transcription
therapy’ will be used in the clinic. The fact that many existing

cytotoxic drugs also indirectly target Pol I transcription and/
or ribosome biogenesis suggests that drugs designed to inter-
fere with this process might be most effectively used as
broad-spectrum chemo-therapeutics that reactivate p53 in
actively proliferating cells (9). If this is the case, it is reasonable
to ask what advantages would such a drug have over many
currently used chemotherapeutics or y-irradiation?

We believe the most striking advantage Pol I transcription
therapies may have over these standard treatments is that
they will be far less genotoxic (DNA damaging) to the non-
tumor cell population. For example, iz vivo concentrations
of CX-5461 that activate p53 and induce apoptosis in malig-
nant B cells do not activate p53 in normal B cells, or other
cells of the hematopoietic system examined, and do not elicit
any evidence of DNA damage in any of these cell types [12].
This is despite the drug being equally potent in inhibiting
Pol I transcription in normal and tumor cells. Thus it appears
normal cells have a much higher threshold for activation of
nucleolar stress and stabilization of p53 in response to Pol I
transcription inhibition, than tumor cells. In contrast, cyto-
toxic drugs or y-irradiation generally induce DNA damage
and p53 in both the tumor cell population and the surround-
ing normal cells. Consequently, we expect CX-5461 and
other inhibitors of Pol I transcription to exhibit far better
therapeutic windows and be associated with a significantly
reduced incidence of secondary cancers compared to standard
DNA damaging agents.

The concept of non-genotoxically activating p53 to treat
cancer is not new. Considerable effort has gone into develop-
ing these compounds in the past, however moderate potency
and limited therapeutic window has dogged their transition
into the clinic. Perhaps the most clinically advanced is
RG7112 (Hoffman-La Roche), a small-molecule inhibitor
that functions by inhibiting the interaction between MDM2
and p53 leading to p53 stabilization and accumulation [13].
We believe that reactivation of p53 through nucleolar stress
will have distinct advantages over stabilization of p53
through MDM2 antagonists that target MDM2 in both
normal and tumor cells. This stabilization of p53 in non-
tumor cells most likely accounts for the often dose-limiting
myelosuppressive effects (including thrombocytopenia, ane-
mia, and neutropenia) of RG7112 [14]. In contrast, rDNA
transcription inhibitors activate p53 via a nucleolar stress
response, which is suppressed in normal cells and highly
sensitized in tumor cells. Thus we predict that drugs like
CX-5461 will have a significantly greater therapeutic window
than MDM2 antagonists.

Importantly, the analysis of a large panel of diverse solid
and hematologic cancer cell types revealed that p53 wild-
type hematologic tumors are the most sensitive to inhibition
of Pol I transcription, suggesting that response to Pol I tran-
scription therapy may be more selective than previously
thought [11]. Why hematologic tumors should be more sensi-
tive than solid tumors is not clear, although it is generally rec-
ognized that they undergo apoptosis in response to
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reactivation of p53 more readily than wild-type p53 solid
tumors. However, we believe that the oncogene MYC may
also play a critical role in determining the sensitivity of hema-
tologic tumor cells, and potentially some solid tumors to Pol I
inhibition. MYC is the most potent modulator of rRNA syn-
thesis and ribosome biogenesis described to date, transcrip-
tionally regulating a cohort of factors required for Pol I
transcription and also directly activating the rDNA genes [1].
MYC is also frequently upregulated in hematologic tumors
even when it is not the driving oncogene.

In the Ep-MYC model of lymphoma, pre-malignant
Ep-MYC lymphoma cells demonstrated the same high sensi-
tivity to Pol I inhibition and apoptotic response as did the fully
malignant Ep-MYC lymphoma cells, despite exhibiting few
genetic lesions in addition to elevated MYC expression [12].
Thus, MYC overexpression alone, independent of transfor-
mation, can be sufficient to sensitize cells to RNA Pol I
inhibition. Consistent with these data, we have found that
overexpression of MYC but not other oncogenes such as
RAS is sufficient to increase sensitivity to Pol I inhibition in
human fibroblasts (Hannan and Pearson unpublished data).
Moreover, pharmacogenomic analysis of a large panel of ovar-
ian cancer cell lines demonstrated that MYC overexpression
correlated significantly with high sensitivity to Pol I inhibition
(Hannan and Pearson, unpublished data). The enhanced
response of tumor cells with elevated MYC following inhibi-
tion of Pol I transcription may be a function of the robust
upregulation of ribosome biogenesis that occurs in response
to MYC - sensitizing cells to the induction of the nucleolar
stress pathway. The MYC-induced upregulation of rRNA syn-
thesis also requires a stoichiometric elevation in the levels of
ribosomal proteins in the nucleolus. Selective inhibition of
rRNA synthesis in these cells would result in excessive accumu-
lation of free ribosomal proteins and subsequent activation of
the nucleolar stress pathway and p53.

One potential limitation of Pol I transcription inhibitors is
that their sensitivity may be restricted to the subset of tumor
cells with elevated ribosome biogenesis and high proliferative
capacity. However, the current data showing that cells
respond acutely to Pol I inhibition independent of down-
stream affects on ribosome biogenesis and proliferative cell
growth indicate that cells can sense changes in Pol I transcrip-
tion directly [12]. Thus the sensitivity of cancer cells to Pol 1
transcription therapy may not be linked directly to their pro-
liferative capacity and thus may also provide a novel therapeu-
tic option for more indolent malignancies such as certain
multiple myelomas and mantle cell lymphomas.

In summary, the non-genotoxic reactivation of p53
through nuclear stress promises to be a new avenue for treat-
ment of certain cancers affording considerable less toxicity
than current approaches. Optimization of treatment protocols
and the identification of rational combination therapies with
this new class of drugs is a largely untapped field and has
the potential to improve the efficacy and range of these drugs
even further. The outcomes of the current ongoing Phase 1/11
trial of CX-5461 at the Peter MacCallum Cancer Centre,
Australia are eagerly awaited.
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