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Abstract

Key signaling pathways (such as phosphoinositide 3-kinase, Myc, and RAS) act as sensors of
energy, stress, and nutrient availability and integrate these inputs to directly control
ribosomeproduction and gene expression at the translational level. This activity is normally
directly coupled to cell growth, division, and survival. However, it remains poorly understood the
extent to which changes in ribosome number and nucleolar integrity downstream of these key
signaling pathways contribute to their oncogenic activity. Emerging studies provide interesting
insight into how deregulations in RNA polymerase | activity may lead to tumorigenesis and
suggest that new drugs targeting ribosomal DNA transcription may hold great promise for the
treatment of cancer.

Imagine being a scientist in the 1800s. Although cancer was already recognized as a
malignant disease, how would you distinguish a cancer cell from a normal one without
modern-day molecular biology? Remarkably, the Italian pathologist Giuseppe Pianese
described 200 years ago the first distinguishing features of cancer cells using only a simple
light microscope (Fig. 1A). The earliest hall-marks of cancer cells that he observed were
enlarged nucleoli, the cellular domain of ribosome production (1). Indeed, increases in the
number and size of nucleoli have continued to be a useful prognostic marker for tumor
development up to the present day.

These early studies speak to an important relation between the cell cycle, ribosome
production, and nucleoli morphology. Ribosome biogenesis and global protein synthesis are
tightly and dynamically regulated to accommodate the demands triggered by growth
(increases in cell size) of a cell, a prerequisite for accurate cell division (2). Indeed,
increased ribosome production manifests in increased nucleolar number and size, such that
highly proliferative cells have more and larger nucleoli compared with quiescent cells (3, 4).
However, several key questions related to these observations remain to be addressed: Does
an increase in ribosome biogenesis play a causal role in cellular transformation? If so, what
are the underlying mechanisms? Is nucleolar integrity an important determinant of cellular
transformation? Recent studies have shed light on some aspects of these unresolved
questions and provided an unprecedented understanding of the balance between nucleolar
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activity and cancer development while unraveling a novel therapeutic window to target
ribosomal RNA (rRNA) synthesis (5-7).

Ribosome biogenesis is a highly regulated process that requires the coordinated activity of
all three RNA polymerases (Pol I, 11, and I11) along with a vast cohort of small nucleolar
RNAs, transcription factors, and nonribosomal proteins that promote the transcription,
processing, and modification of rRNA. Mature rRNA is assembled with 79 ribosomal
proteins into the 40Sand 60Sribosomal subunits that compose the functional ribosome (8).
There has been a growing realization that the expression and activity of many of the
components involved in ribosome production and translational control are directed by signal
transduction pathways, which are often deregulated in cancer (9). Two of the best-studied
examples, the proto-oncogene Myc and the PI3K (phosphoinositide 3-kinase)-AKT-mTOR
(mammalian target of rapamycin) signaling pathway, are exquisite regulators of the
translation machinery (10). Both Myc and PI3K-AKT-mTOR augment the protein synthetic
capacity of cancer cells, which is a major determinant of their oncogenic activity (11, 12).
Myc and PI3K-AKT-mTOR also directly regulate ribosome biogenesis (Fig. 1B). For
instance, Myc promotes Pol Il and Pol Il1l-mediated transcription of ribosomal proteins and
5SrRNA in the nucleoplasm (13, 14). Myc also increases transcription of rDNA in the
nucleolus by directing the assembly of the Pol | preinitiation complex or by enhancing the
expression of rDNA transcription factors such as UBF (upstream binding factor), SL1
(selectivity factor 1), TIF-1A (transcription initiation factor 1A), and POLR1B (polymerase
| polypeptide B) (15-17). The kinase mTOR modulates the activity of the transcription
initiation factor TIF-1A, which associates with Pol | to mediate rRNA synthesis (18).
Although Myc and PI3K-AKT-mTOR regulate many aspects of ribosome biogenesis,
whether and how this directly translates to tumorigenesis is still poorly understood.

Employing a unique pharmacologic approach, Chan et al. uncovered that the protein kinase
AKT, in addition to its well-documented role in controlling translation initiation, also
modulates ribosome biogenesis at multiple steps, specifically by promoting Pol I loading
during rDNA transcription initiation, rDNA transcription elongation, and rRNA processing
(Fig. 1B) (6). In striking contrast to the majority of research centered on AKT’s ability to
modulate translational control by activating its downstream target the mTOR kinase
complex 1 (mMTORC1), Chan et al. found that the PI3BK-AKT-mTOR pathway controls
ribosome biogenesis at least in part through an mTORC1-independent mechanism. They
showed that acute and short-term inhibition of AKT in cell lines results in decreased rDNA
transcription rates with minimal effect on mTORCL activity at these early time points. One
feature required for an oncogene to induce cellular transformation is its intrinsic ability to
promote cell growth or division (or both) independent from mitogenic signals such as
growth factors (19, 20). In this context, Chan et al. showed that over-expression of AKT
results in increased ribosome biogenesis, ribosome number, and cell growth, even in growth
factor—deprived cells. This suggests that AKT-mediated rRNA synthesis is a direct effect
and active participant in the AKT-mediated oncogenic program.

New findings from Chan et al. now also show that PI3K-AKT-mTOR and Myc co-operate
to promote ribosome biogenesis. Unraveling the mechanisms that underlie this important
synergistic activity will have far-reaching implications. Indeed, concomitant hyperactivation
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of these two oncogenic pathways is associated with increased disease severity and resistance
to therapy (21, 22). It remains unknown whether there may be a graded biological response
to increases in rRNA production toward cell growth, proliferation, or translation. It would be
of great importance to assess whether the synergistic effects between Myc and the PI3K-
AKT-mTOR pathway on ribosome biogenesis might explain at least in part the observed
severity and resistance to therapy in tumors with both oncogenic lesions.

Do increases in Pol I-mediated rDNA transcription underlie Myc oncogenic potential, and,
if so, could Pol | itself be a druggable target? Oncogenic Myc has historically been
considered undruggable, and therapeutically targeting Pol | activity to induce synthetic
lethality in the context of increased activation of Myc might be a huge leap forward in the
design of effective cancer treatments. Bywater et al. employ complementary genetic and
pharmacologic approaches to address this outstanding question (5). Specifically, the authors
utilize the Ep-Myc mouse model in which Myc is overexpressed in the B cell compartment.
Eu-Myc mice develop lymphoma and recapitulate many aspects of human Burkitt’s
lymphoma, a disease characterized by translocation of Myc in 100% of cases. In agreement
with previous findings, Ep-Myc B cells display increased expression of Pol | components,
including the key activator of Pol I, UBF; the Pol | initiation factor RRN3 (also known as
TIF-1A); and POLR1B, one of the largest subunits of Pol I. The increased abundance of
these activators of Pol I is already evident in premalignant cells, which suggests that
increased rates of rDNA transcription are not merely a consequence of cellular
transformation, but rather are directly regulated by Myc and, therefore, may contribute to
tumor initiation. Hannan’s group showed that restoring Pol | activity to that found in normal
cells by an RNA interference technique triggers cell death of Eu-Myc lymphoma cells.
Importantly, they also demonstrated the therapeutic efficacy of CX-5461, the first selective
small-molecule inhibitor of Pol I (created by Cylene Pharmaceuticals), in B cell lymphoma
(Fig. 1C). In allograft experiments, the authors determined that, remarkably, CX-5461
selectively induces cell death in Ep-Myc malignant cells while allowing normal B cells to
grow and proliferate. CX-5461 also significantly prolonged the survival of tumor-bearing
mice. Altogether, these findings strongly suggest that CX-5461, which is scheduled to enter
phase I clinical trials soon, holds great promise as a small-molecule therapy.

Can CX-5461 be employed as a novel treatment for possibly many human cancers that
display augmented ribosome numbers? This might reflect a means to target a universally
important feature of cancer cells: a rewiring of the translational machinery to meet the
increased translational demands necessary to promote and sustain their growth and division.
In essence, compared with normal cells, cancer cells may be “addicted” to increases in
ribosome biogenesis and number. Bywater et al. showed that a surprising prerequisite for
therapeutic efficacy of CX-5461 is not only increased Pol | activity but also the presence of
the tumor suppressor p53. Unexpectedly, CX-5461 treatment leads to a rapid increase in p53
abundance and activity, which presumably mitigates the cytotoxicity of this drug. The effect
of CX-5461 on p53 abundance may be attributed to the activation of a putative nucleolar
surveillance pathway in which perturbations of nucleolar integrity result in increased
amounts of cellular p53. Several mechanisms by which p53 may be trigged by nucleolar
“stress” have been proposed (23), one of which has been in part tested by Bywater et al. The
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authors showed that in Ep-Myc lymphoma cells treated with CX-5461, ribosomal proteins
L5 and L11 exert an “extra-ribosomal” function by binding to MDM2, the ubiquitin ligase
for p53; this leads to p53 accumulation. These are interesting findings; however, much
remains to be further understood, including the extent of CX-5461 therapeutic efficacy in
human cancers, as well as whether additional p53-independent mechanisms may underlie
the striking cytotoxic response in cancer cells.

Besides the “usual suspects” such as Myc and the PI3K-AKT-mTOR oncogenic path-way,
regulators of ribosome biogenesis are also emerging as putative contributors to cellular
transformation (7, 24, 25). For example, Delloye-Bourgeois et al. made the surprising
discovery that a specific isoform of netrin-1 (AN-netrin-1), a protein essential for proper
axon guidance during neuronal development, is localized in the nucleolus only in human
tumor cells and not in normal tissues (Fig. 1B) (7). Netrin-1 has been previously implicated
in tumorigenesis (26). Delloye-Bourgeois et al. showed that in cancer cells, AN-netrin-1 is
produced from an alternative promoter and has a nucleolar localization signal at the C
terminus responsible for its recruitment to the nucleolus. They also demonstrated that this
isoform of netrin-1 is a member of the rRNA transcription complex in the nucleolus, which
directly interacts with the rRNA promoter to increase 45SrRNA synthesis; this leads to the
production of more ribosomes. Delloye-Bourgeois et al. showed that the nucleolar
localization of AN-netrin-1 is required to promote cell proliferation in vitro, as well as
oncogenic potential in vivo in xenograft experiments in chick embryos.

Together, these emerging studies not only shed new light on a critical role for Pol I,
ribosome biogenesis, and cancer development (Fig. 1), but they also contribute to our
understanding of how ribosome production is controlled by specific oncogenic signals.
These studies also raise new questions regarding the mechanisms by which ribosome
numbers impinge on cancer etiology. A critical unresolved question is whether translation of
the cancer genome is directly influenced by increases in Pol | activity and ribosome
numbers. For example, a qualitative change in ribosome production may alter the dynamics
and specificity in translational control of classes of mMRNAs with unique regulatory elements
—for example, in their 5’ untranslated regions—which are sensitive to changes in ribosome
numbers. Posttranscriptional control of the cancer genome may play an unexpectedly
important role in the etiology of cancer and reflects a new frontier in cancer research. The
surprising selectivity of agents that target ribosome production, which kill cancer cells but
not normal cells, reveals new avenues for cancer therapeutics and further illuminates how
ribosome synthesis might be controlled in the first place. Historically, the mechanisms
controlling ribosome abundance in normal cells during development, differentiation, and
cell cycle progression have remained poorly understood. However, extensive buffering of
ribosome numbers may allow for greater tolerance of their reduction in normal cells. In
contrast, a greater demand for ribosome production in cancer cells may herald a new
therapeutic window. Ongoing research is coming full circle from identifying the nucleolus
as the earliest noted marker of cancer cells hundreds of years ago to using this unique
identifier as a meaningful distinguishing feature to selectively eradicate cancer cells. “Viva
la differenzal”—as Giuseppe Pianese would say!
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Fig. 1.

Tr?e role of Pol I and the nucleolus in tumor formation and therapeutic intervention. (A) A
reproduction of a drawing from (1). Pianese described prominent nuclear structures (blue
circles) in a mammary gland carcinoma which he termed “Kernkorperchen” (literal
translation: “nuclear corpuscles™) (1), which we now know are nucleoli. He raised several
questions regarding the abundance of these corpuscles as well as their altered size in only
specific cells within the tumor (presumably advanced cancer cells), concluding with “What
is the fate of Kernkdrperchen?” (B) Upstream oncogenic signaling pathways such as Myc
and PI3K-AKT-mTOR—as well as AN-netrin-1, which is present only in cancer cells—
regulate rDNA transcription by modulating the abundance or the activity of Pol |
transcription machinery (or both). (C) The novel small-molecule CX-5461 targets the Pol |
transcription complex and may represent a new treatment for cancer. CX-5461, which
induces apoptosis in cancer cells with no cytotoxic effects in normal cells, has illuminated in
part how tumors can be “addicted” to the increased numbers of ribosomes required to
sustain cancer cell growth and division.
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