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Abstract

Purpose—A hallmark of neoplasia is increased ribosome biogenesis, and targeting this process

with RNA polymerase I (Pol 1) inhibitors has shown some efficacy. We examined the contribution
and potential targeting of ribosomal machinery in chemotherapy resistant and sensitive models of
ovarian cancer.

Experimental Design—~Pol | machinery expression was examined, and subsequently targeted
with the Pol | inhibitor CX-5461, in ovarian cancer cell lines, an immortalized surface epithelial
line, and patient derived xenograft (PDX) models with and without chemotherapy. Effects on
viability, Pol I occupancy of rDNA, ribosomal content, and chemosensitivity were examined.

Results—In PDX models, ribosomal machinery components were increased in chemotherapy-
treated tumors compared to controls. 13 cell lines were sensitive to CX-5461, with IC50s 25nM —
2uM. Interestingly two chemoresistant lines were 10.5- and 5.5-fold more sensitive than parental
lines. CX-5461 induced DNA damage checkpoint activation and G2/M arrest with increased
YH2AX staining. Chemoresistant cells had 2-4-fold increased rDNA Pol I occupancy and
increased rRNA synthesis, despite having slower proliferation rates, while ribosome abundance
and translational efficiency were not impaired. In five PDX models treated with CX-5461, one
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showed a complete response, one a 55% reduction in tumor volume, and one maintained stable
disease for 45 days.

Conclusions—Pol | inhibition with CX-5461 shows high activity in ovarian cancer cell lines
and PDX models, with an enhanced effect on chemoresistant cells. Effects occur independent of
proliferation rates or dormancy. This represents a novel therapeutic approach that may have
preferential activity in chemoresistant populations.
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INTRODUCTION

Although ovarian cancer patients usually present with advanced disease, most will have a
positive response to initial therapy consisting of surgical debulking and combined platinum/
taxane chemotherapy 1. Nonetheless, as many as 80% of patients will ultimately develop
recurrence with chemoresistant disease, suggesting that a small chemoresistant population
must be identified and targeted in order to achieve durable cures 2. Although in recent years
evaluation of multiple chemotherapeutic and targeted agents, alone or in combination, has
yielded a modest improvement in survival, drug resistance remains the major cause of death
of ovarian cancer patients 3-°.

An increase in size and number of nucleoli was one of the earliest hallmarks of cancer
identified and is still a useful prognostic indicator today 6. The nucleolus is the primary site
of ribosomal biogenesis and enlarged nucleoli correlate with accelerated ribosomal RNA
(rRNA) synthesis by RNA polymerases %7. Synthesis of ribosomes is one of the most
complex and energy demanding processes in cells. RNA polymerase | (Pol 1) transcribes the
ribosomal DNA (rDNA) to produce the pre-rRNA precursor that is processed into 18S, 5.8S
and 28S rRNAs through a number of nucleolytic steps &. RNA polymerase 111 (Pol 111)
synthesizes the 5S rRNA, which is also a structural component of the ribosome. Together
Pol I and Pol 111 account for ~80 % of total nuclear transcription 8. An increase in ribosomal
RNA synthesis in the nucleolus by Pol I has been correlated with an adverse prognosis in
cancer 9.

A number of clinically approved chemotherapeutic drugs act, at least in part, through
inhibition of ribosomal RNA synthesis 19, However, none of these drugs directly target Pol

| 10-12 Recently, small molecule inhibitors have been developed, such as CX-5461 and
CX-3543, which have apparent specificity for RNA Pol | 13-16, CX-5461 does not inhibit
MRNA synthesis by RNA polymerase I1, does not inhibit DNA replication or protein
synthesis, and has preferential activity for cancer cells over non-transformed cells 13,
Bywater et al. showed that CX-5461 exhibits inhibition of rRNA transcription dependent on
TP53 mutational status and induces TP53-dependent apoptotic cell death of hematologic
malignancies, while maintaining normal cells 7.
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Our interest in CX-5461 came from the discovery that in heterogeneous PDX models of
ovarian cancer treated with chemotherapy, high-throughput analysis suggested that
ribosomal machinery was upregulated in the surviving population. Other investigators have
suggested that ribosomal biogenesis is increased in gynecologic cancers and 18 might be a
key component in the efficacy of some targeted therapies, such as RUNX factors 19 and c-
MYC’s role in both cancer and global gene expression. However, an association of this
process with chemoresistance and a mechanism to directly target ribosomal biogenesis in
ovarian cancer has not been examined. In this study, we further investigate the activity of
RNA Pol-I in treated tumors and the effects and mechanisms of CX-5461 on the viability of
both chemosensitive and chemoresistant ovarian cancer, in cell lines and PDX models. We
show that CX-5461 has activity alone on ovarian cancer cells and demonstrates increased
efficacy in taxane-resistant ovarian cancer cells, independent of TP53 mutational status.
Chemo-responsive ovarian PDX tumors show an increase in Pol | activity after
chemotherapy, and have a variable response to Pol | inhibition, achieving a complete
response in one model. These findings suggest that targeting Pol | is an exciting opportunity
as a therapeutic strategy in treating ovarian cancer, particularly in targeting the
chemoresistant population.

MATERIALS AND METHODS

Reagents and Cell Culture

CX-5461 was purchased from ChemScene and dissolved in 50 mmol/L NaH2PO4 (pH 4.5)
to make 10mmol/L stock solution. The chemosensitive and chemoresistant ovarian cancer
cell line matched pairs A2780ip2, A2780cp20, HeyA8, HeyAB8MDR, SKOV3ip1l, and
SKOV3TRIip2 as well as PEO1, PEO4, ES2, OVCAR3, CaOV3, OV90, OAW42, OVSAHO
and H10-180 20-25 were maintained in RPMI-1640 medium supplemented with 10% FBS
(Hyclone). A2780cp20 (platinum resistant), HeyABMDR (paclitaxel resistant), and
SKOV3TRIp2 (paclitaxel resistant, a kind gift of Dr. Michael Seiden) 26 were previously
generated by sequential exposure to increasing concentrations of chemotherapy. All ovarian
cancer cell lines were routinely screened for Mycoplasma species (GenProbe Detection Kit;
Fisher) with experiments carried out at 70% to 80% confluent cultures. Purity of stock cell
lines was confirmed with short tandem repeat genomic analysis, and all cell lines were used
within 20 passages from stocks.

Ovarian Cancer Patient Derived Xenograft Model

Multiple ovarian cancer PDX models were developed and previously characterized by our
group 27, Briefly, freshly-collected untreated patient tumors collected at the time of primary
debulking were implanted subcutaneously into SCID mice and allowed to propagate. For 6
models, mice with established PDX tumors (approximately 1cm in greatest diameter) were
treated with weekly doses of carboplatin (90 mg/kg) and paclitaxel (20 mg/kg),
intraperitoneally, for 4 weeks. All tumors had greater than 50% reduction in size, and were
collected in multiple formats. RNA-Seq was performed on treated and untreated tumors, and
expression profiles in matched pairs were compared using IPA software.
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To evaluate changes in nucleoli after chemotherapy staff pathologists took four random
images of cancer cell rich areas of H&E stained PDX tissue samples before and after
combined carboplatin/paclitaxel therapy. Cells were counted both manually and
automatically with CellProfiler, quantitating nucleolar area changes and determining
statistical significance using GraphPad Prism (La Jolla, CA).

For examination of the efficacy of CX-5461 in PDX models, previously-collected PDX
tumors either 2 or 3 generations from original collection, from 5 separate patients, were
reimplanted into 5 mice per model, with 2 tumors per mouse. After tumors reached 1cm in
at least 1 dimension, treatment with single-agent CX-5461 (50 mg/kg g3d) was initiated and
response was followed using caliper measurements. Tumor volume was calculated using the
formula (Length x Width?)/2. Tumors response was averaged among all tumors and
presented as change in volume compared to volume at initiation of treatment.

Assessment of cell viability and cell cycle analysis

2,000 cells/well were plated on 96-well plates and treated the next day with increasing
concentrations of CX-5461, alone or in combination with carboplatin or paclitaxel, in
triplicate. Viability was assessed by 2-hour incubation with 0.15% MTT (Sigma) and
spectrophotometric analysis at OD570 (optical density at 570 nm). IC50 calculation was
performed in GraphPad Prism® (version 6.0, La Jolla, CA) using variable slope, four-
parameter logistic curve where the model is: Y=Bottom + (Top-Bottom)/(1+107((LoglC50-
X)*HillSlope)). Drug concentration data (log transformed) and the percent inhibition data
compared to vehicle control were fitted to the four-parameter model.

For cell-cycle analysis, cells were treated with vehicle alone or CX-5461 at the 1C50 and
IC90 dose for 48 hours, trypsinized, and fixed in 100% ethanol overnight. Cells were then
centrifuged, washed in PBS, and suspended in PBS containing 0.1% Triton X-100 (v/v) 200
pg/ml DNase-free RNase A, and 20 pg/mL Propidium iodide (PI). PI fluorescence was
assessed by flow cytometry and the percentage of cells in sub-Gg, Go-G1, S-, and Go-M
phases was calculated by the cell-cycle analysis module for Flow Cytometry Analysis
Software (FlowJo v7.6.1, Ashland, OR).

Immunoblotting and Immunofluorescence

For immunoblotting: 15 pg of cell lysate was run on 10% Bis-Tris NuPage gels
(ThermoFisher), transferred to 0.45 pM PVDF using a semi-dry Midi transfer system
(ThermoFisher), blocked in 5% (w/v) non-fat dry milk and incubated overnight with primary
antibodies at 4 degrees C. After detection with the appropriate HRP-conjugated secondary
antibody, blots were developed using SuperSignal™ West Pico Chemiluminescent Substrate
(ThermoFisher) and imaged using X-ray film. Antibodies used were incubated at
manufacturer’s recommended dilutions: pCHK1(ser317)(1:1000), pCHK2(T68)(1:1000),
pCDC2(Tyrl5)(1:1000), yH2AX(ser139)(1:2000), Cyclin-B(1:500), a-tubulin(1:5000), and
p21(1:1000) from Cell Signaling (Danvers, MA).

For immunofluorescence, cells were plated in 8-well chamber slides (Nunc Lab-Tek 1l CC2,
Thermo Scientific) at densities of 10,000 cells per well. Cells were fixed with 4%
paraformaldehyde and blocked with 2% BSA for one hour. After primary antibody
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incubation, wells were detected with anti-rabbit/mouse Alexa-Flour 568 (Cell Signaling,
Danvers, MA) at 1:500 dilution for one hour at room temperature and counterstained/
mounted with DAPI in Prolong Gold Antifade (Invitrogen). A random selection of multiple
images was captured using a Photometrix CoolSnapHQ CCD camera with a 20x objective
and analyzed both manually and with the image analysis software CellProfiler (Broad
Institute, Cambridge, MA).

RNA Extraction and Reverse Transcription

Total RNA was extracted from the ovarian cancer cell lines and ovarian cancer PDX tumors
using the RNeasy Mini kit per the manufacturer’s instructions (Qiagen, Frederick, MD). The
concentrations of all RNA samples were quantified using spectrophotometric absorbance at
260/280 nm. cDNA was prepared using the High Capacity Reverse Transcription Kit
(Applied Biosystems, Foster City, CA).

Quantitative PCR

Primer and probe sets for UBTF (Hs01115792_g1), 185 (Hs99999901_s1), RNAZ8S
(Hs03654441_s1), B-Actin (Hs01060665_g1, Housekeeping Gene), POLR1B
(Hs00219263_m1), and RRN3 (Hs01592557_m1) were obtained from Applied Biosystems
and used according to manufacturer’s instructions. /751, pre-rRNA, was custom ordered
from Applied Biosystems (Forward Primer: CCGCGCTCTACCTTACCTACCT, 3’-Primer:
GCATGGCTTAATCTTTGAGACAAG, Probe: TTGATCCTGCCAGTAGC). PCR
amplification was performed on an ABI Prism 7900HT and gene expression was calculated
using the comparative C7method as previously described 28,

Polysome fraction assay

For an assessment of ribosomal subunit populations and efficiency of translation, sucrose
gradient fractionation was performed. Cells were grown to ~70% confluence in RPMI (10%
FBS), treated with cycloheximide (100 pug/ml), washed in PBS, and cytoplasmic extracts
were layered onto 10% to 50% linear sucrose gradients and centrifuged at 30,000 rpm in a
Beckman SW41 ultracentrifuge rotor for 5 hours. To visualize ribosome populations, 60%
sucrose was pumped into the bottom of each column and absorbance at 254 nm was
monitored during elution from the top. Three different biological replicates were performed
for each cell line, and representative traces are shown.

Chromatin immunoprecipitation

SKOV3ipl and SKOV3TRip2 cells were grown to ~80% confluence and treated with
formaldehyde (1% final concentration) for 10 minutes and then incubated in 0.125M glycine
for an additional 5 minutes. Cells were washed in cold 1x PBS, and then processed for ChIP
as described previously 2°. Immunoprecipitation was performed with an anti-RPA194
antibody (Santa Cruz Biotechnology; SC-48385).

Isotopic labeling of cellular RNA

Cells were grown to ~80% confluence as described above in six well dishes. At time
zero, 32P-orthophosphate was added to each well (20 uCi/ml) and incubated for the indicated
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times. Medium was removed and Triazole was added directly to the cells for harvest. RNA
was purified and run on a 1% formaldehyde:agarose denaturing gel. RNA was transferred
from the gel onto Zeta-Probe blotting membrane (BioRad, Hercules, CA), dried and
analyzed by phosphoimaging.

Increase in expression of ribosomal machinery by chemotherapy

As previously reported 27, six PDX models were established immediately after resection
from advanced high-grade serous ovarian cancer patients, with 10 mice per model. When
tumors were 0.75cm in at least one dimension, mice were treated with either vehicle or
combined carboplatin/paclitaxel, weekly for 4 weeks. 7 days after the final dose (to allow
acute effects of chemotherapy to dissipate), tumors were collected and preserved in multiple
formats. RNA was extracted and subjected to RNA-Seq analysis. IPA pathway analysis
comparing matched treated and untreated PDX, described more thoroughly in our previous
report, found that ribosomal synthesis machinery was significantly different in all pairs, and
was the most commonly upregulated pathway after treatment in 4 of the 6 pairs. Our first
priority after this preliminary global analysis was to confirm whether findings related to
increases in ribosomal machinery with treatment could be verified. To confirm these high-
throughput data, qPCR was conducted on the matched treated-untreated ovarian cancer PDX
for UBTF, POLRI1B, and RRN3. These genes encode transcription factors for rRNA
synthesis (UBTFand RRN3) as well as the second largest subunit of Pol | (POLR1B), and
can influence the rate of rRNA synthesis when differentially expressed 1530, In all 6 pairs,
either UBTF, POLR1B, or both were significantly upregulated in the post-therapy samples
compared to their untreated tumor, with #RN3 upregulated in two (Figure 1A, B, C). The
degree of increase was, however, highly variable in the 6 models. Additionally, the amount
of 18S rRNA and 28S rRNA was determined, as a measure of overall ribosomal content.
There was a surprising increase in the relative expression of ribosomes after chemotherapy
treatment. 18S levels increased 6.59-fold (p=0.010) and 28S levels increased 5.53-fold
(0=0.019) (Figure 1D). This was especially surprising, given our previous finding that
immunohistochemical staining of these same samples for Ki-67 showed that proliferation
was significantly reduced, on average from 67% in untreated and 12% in treated samples.
Dogma would suggest that ribosomal production should correlate with proliferation rates,
but clearly does not in the setting of chemotherapy. The significant upregulation of
ribosomal activity and total ribosomes in surviving cells led us to hypothesize that inhibiting
ribosomal synthesis may be a method for targeting ovarian cancer, and specifically the cell
populations surviving primary chemotherapy. We previously presented a principle
component analysis of 6 pairs of untreated/treated PDX tumors, showing that although
tumors had a different baseline expression profile, as would be expected from 6 different
patients, the changes when comparing matched treated and untreated tumors were similar.
This relationship suggests that although tumors are different initially, globally they are
having very similar responses to chemotherapy.

The increase in ribosomal synthesis activity led us to pathologically examine nucleoli of
untreated and treated tumors. We found that nucleoli were much more prominent in PDX
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tumors after treatment (Figure 1F). The examining pathologist noted that this was a common
finding seen in patient samples collected after neoadjuvant chemotherapy, and has been
previously published in breast and ovarian cancer 31, In a blinded manner, the pathologist
scored the percentage of malignant cells that would be considered to have prominent
“macronucleoli”. In 3 of the 4 paired sections in which enough tumor was available to
examine, there were significantly more macronucleoli after chemotherapy treatment (Figure
1G).

RNA Pol-I inhibition diminishes cell viability in ovarian cancer cell lines

CX-5461 has recently been reported as a selective inhibitor of Pol 1 with the ability to
inhibit solid tumor growth 15, although in some settings it has been reported to be more
effective in cells with wild-type 7P53. In high-grade serous ovarian cancer, 7P53 mutations
have been identified in 96% of tumors 32. Nonetheless, based on the RNA-seq and follow up
gPCR data, we examined the response of multiple ovarian cancer cell lines, and in 3
instances had matched chemoresistant lines: A2780ip/A2780cp20, SKOV3ipl/SKOV3TR,
and HeyA8/HeyABMDR. Viability as measured by the MTT assay demonstrated an IC50
range of 32 nM-5.5 UM (Table 1). Interestingly, in the matched chemosensitive/
chemoresistant pairs, the two taxane-resistant lines SKOV3TRip2 and HeyA8MDR were
more sensitive to CX-5461 than their matched chemosensitive SKOV3ipl and HeyA8 lines,
by 5.5 and 10.5-fold, respectively (Figure 2A, 2B). This difference was independent of TP53
status, as both SKOV3 lines have a missense mutation with no detectable expression at the
protein level; and both HeyA8 lines are TP53 wildtype 28 and 33. These genotypes were
confirmed in our cell lines (data not shown). Interestingly, A2780ip2 was more sensitive to
CX-5461 than the platinum-resistant A2780cp20, with an 1C50 of 32 nM compared to 146
nM (Figure 2C). TP53 status was examined in these lines, and it was discovered that
A2780cp20 at some point in its evolution acquired a TP53 mutation (missense previously
published 3* and confirmed in our cells). This mutation in TP53 likely explains the
difference in CX-5461 sensitivity. Together, these differential effects demonstrate that
although TP53 mutations can affect CX-5461 sensitivity, TP53-mutated cells in many cases
have excellent sensitivity. These data also suggest that the mechanism of action of CX-5461
goes beyond that mediated by TP53. Additionally, the increased sensitivity in taxane
resistant cells suggests that this might be an outstanding therapy in the setting of resistant
disease, consistent with the /n vivo observation that treated tumors had increased ribosomal
synthesis.

CX-5461 causes cell cycle arrest in G2/M

In order to examine the biologic effects of CX-5461, we first examined cell cycle
composition with treatment, employing PI incorporation and flow cytometric analysis. The
six chemosensitive/chemoresistant paired cell lines were treated with either vehicle control,
the 1C50 of CX-5461, or the IC90 of CX-5461 for 48 hours. Interestingly, there was
pronounced G2/M arrest in both SKOV3 cell lines with the 1C90 dose, from 24.48% to
37.89% in SKOV3ip1l, and 36.45% to 56.16% in SKOV3TRip2 (Figure 2E). This was also
observed with the 1C90 dose in A2780cp20 (38.86% to 69.61%), HeyASBMDR (31.75% to
51.49%) and the IC50 dose in A2780ip2 (26.31% to 42.71%) (Figure 2D,F). An arrest in
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G2/M is consistent with prior observations that Pol | activity is the highest in the G2/M
phase 35

To confirm arrest at G2/M, cyclin B was measured by immunofluorescence. The G2/M
transition is tightly regulated by the interplay of cyclin B and CDC2, with the
dephosphorylation of CDC2 being required for movement into mitosis by the phosphatase
CDC25. G2-arrested cells should show a buildup of cyclin B and pCDC2 (tyrl5) in arrested
cells. Immunofluorescence after treatment with CX-5461 showed intense staining of cyclin
B appearing perinuclear after treatment (Figure 2G). Furthermore, immunoblotting indicated
an increase in pCDC2 (tyr15) and cyclin B after treatment in all cell lines (Figure 2H),
verifying significant arrest in late G2.

Transcription of rDNA is increased in chemoresistant cell lines despite lower overall

growth rate

Since protein synthesis rate is directly proportional to cell growth rate, ribosomal production
is traditionally thought to mirror proliferation rates. However this paradigm is not consistent
with our /n vivo observation that treated tumors had upregulation of Pol | machinery despite
low proliferation rates, and the SKOV3TRip2 and HeyA8MDR cell lines were more
sensitive to CX-5461 despite their lower doubling times. To identify the potential
mechanism by which chemoresistant tumor cells are more sensitive to inhibition of rRNA
synthesis, we characterized rRNA synthesis in SKOV3ipl and SKOV3TRip2 cells. Based on
isotopic labeling (Figure 3A) we observed a dramatic increase in rRNA synthesis in the
chemoresistant line compared to the control cells. To confirm our isotopic labelling results,
we measured pre-rRNA abundance using RT-gPCR, probing for the 5’-external transcribed
sequence (5"-ETS; Figure 3B). Since this RNA species is short-lived, its abundance is used
as a measure of rRNA synthesis rate. We observed a significant increase in HeyASMDR
compared to parental HeyA8; in SKOV3TRip2 compared to SKOV3ip1; but a nonsignificant
decrease in A2780cp20 compared to A2780ip2. Therefore relative sensitivity to CX-5461
does follow with rRNA synthesis rate, at least when comparing the pairs. It does not follow
with sensitivity when comparing different cell lines, and therefore cannot be used as an
absolute marker of response alone. However, it does confirm that rRNA production does not
follow precisely with proliferation rate, and is increased in the taxane-resistant lines when
compared to parental controls. Increased total rRNA can be achieved by increasing the rate
of transcription by Pol I, by inhibition of rRNA decay, or by a combination of these
mechanisms. To test whether transcription by Pol | was induced, we measured polymerase
occupancy on the rDNA repeat using chromatin immunoprecipitation (ChlIP). We observed a
two- to three-fold increase in polymerase occupancy of the gene in the SKOV3TRip2 cells
compared to the parental line (Figure 3C). Together, these data suggest that synthesis of
rRNA by Pol | is increased in the taxane-resistant line, despite its slower growth rate.

Enhanced production of rRNA could suggest that more ribosomes are present and functional
in the taxane-resistant cells, or may represent an overproduction in response to faulty
ribosomal functionality. In order to semi-quantitatively examine engagement of ribosomes
onto mRNA, we performed sucrose gradient fractionation of cytoplasmic fractions from
cycloheximide-treated cells. As shown in figure 3D, ribosomes profiles from equal cell
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numbers reveal competent ability of ribosomes to bind to mRNA in both cell lines. Each
peak following the 40S, 60S, and 80S peaks represents an mRNA strand with at least 2
ribosomes attached. The first peak is composed of an mRNA with 2 ribosomes attached, the
next with 3 ribosomes, and so on. There is a suggestion that there are actually more actively-
translating ribosomes/mRNA units, though this method is semi-quantitative and that
conclusion is not definitive. However the prominent polysome peaks do confirm that there is
not a decrease in the number of translating ribosome/mRNA units in the SKOV3TRip2 line,
and therefore increased production of ribosomes is not due to defective ribosomal
functionality. It does suggest that the increased ribosome production leads to increased
translation. Therefore chemoresistant cells appear to be using increasing translation as a
mechanism of chemoresistance.

Together, all of these data suggest that rRNA synthesis by Pol | is dramatically increased in
the taxane resistant cells without a complementary increase in ribosome concentration, or a
deficiency in ribosomal functionality, despite its slower growth rate. This is contrary to the
dogma that proliferation and ribosomal production/activity are universally directly
correlated.

Treatment with CX-5461 increases DNA damage markers in ovarian cancer cell lines

G2/M checkpoint arrest is a frequent consequence of genotoxic insult and is used to prevent
entry into mitosis after DNA damage has occurred by a variety of mechanisms 36. Early
sensing of DNA damage is done by the kinases ATM and ATR and further activation of the
checkpoint is mediated through a variety of signals, both TP53 dependent and

independent 37-39. An indicator of multiple forms of DNA damage is marked via
phosphorylation of the histone yH2AX at Ser139 by the kinases ATM and ATR 40, After
treatment with CX-5461, ovarian cancer cell lines showed a significant increase in
YH2AX(Ser139) foci in the nucleus (Figure 4A). After DNA damage is detected, the
ATM/ATR kinases also activate their downstream effectors CHK1 and CHK2, beginning a
broad range of signaling, from inactivation of CDC25 leading to G2 arrest to TP53-mediated
apoptosis. Immunoblotting after CX-5461 treatment showed an increase in the
phosphorylated forms of CHK1(Ser317) and CHK2(Tyr68) as well as a dramatic increase in
the TP53-mediated tumor suppressor p21 in the TP53 wild type cell line A2780ip2 (Figure
4B).

CX-5461 induces mitotic catastrophe

In performing immunofluorescent stains, it was noted that there was a significant increase in
the size and presence of multinucleated cells with CX-5461 treatment. During the final
stages of functional mitosis, a cleavage furrow is formed and a contractile ring pinches off
the nascent daughter cells. Thus cells were stained with F-actin to identify cell membranes,
and multinucleated cells were quantified (Figure 4C). Surprisingly, these images are
collected at equal power, which can be appreciated if one focuses on the size of the nuclei,
which are not significantly different, whereas the total body size is increased dramatically.
Characterization and quantitation of binuclei, using both manual and image analysis based
methods (Supplemental Figure 1), showed a dramatic increase in cell volume after treatment
with CX-5461, as well as an increase in the number of multinucleated cells. We also
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performed immunofluorescent staining for Aurora-B kinase, as correct localization of this
protein is required for cytokinesis. Normally Aurora-B is localized at the condensing
contractile ring in between the two daughter cells. In CX-5461-treated cells, however,
Aurora-B kinase showed mislocalization during cytokinesis, lateralized relative to the
nucleus, suggesting mitotic catastrophe (Figure 4D).

Ovarian Cancer PDXs have variable response to Pol | inhibition

Based on the activity of CX-5461 /n vitro even in the presence of 7P53 mutations, five
different ovarian cancer PDX models (from 5 advanced-stage papillary serous ovarian
cancer patients) were treated with single-agent CX-5461 at 50mg/kg every three days for 45
days. Treatment was initiated when tumors were approximately 1.0 cm in at least one
dimension, and responses are reported as maximal change after initiation of treatment.
Response was varied among the 5 models, with PDX 208 and 182 growing on treatment,
PDX 127 having stable disease, and PDX 153 and 225 showing response, with PDX 225
having a complete regression of tumor (Figure 5A). As a measure of health of the mice
during treatment, weight was collected with each treatment, and behaviors carefully
monitored. There were no behavioral changes, or functional abnormalities such as diarrhea.
There was an appropriate weight gain throughout the treatment course (Figure 5B), as has
been demonstrated at this dose level in prior studies 17. Tissue sections of liver, kidney,
heart, and lung were examined pathologically and there was no gross toxicity to these major
organs.

In order to determine if baseline expression of Pol I-associated genes correlated with the
response to treatment, in an effort to identify a potential biomarker for response, previously-
collected untreated tumors from each PDX model were analyzed using qPCR for POLR1B,
RRNS3, and UBTF (Figure 5C). There was no significant association between expression of
these factors and response to treatment.

Next, to determine the effects of CX-5461 on expression of these genes, qPCR was
performed on the treated PDXs 208, 182, 127, and 153 for POLR1B, RRN3, and UBTF;
additionally, /751 was examined as a quantification of pre-rRNA. Since PDX 225 had a
complete response to CX-5461, there was no tumor to analyze and compare to the untreated
sample. Of these genes, the only correlative marker for model 153, which had a positive
response, was a decrease in POLR1B, which was not noted in the other 3 models (data not
shown). Interestingly, /751 decreased with treatment of the 208 and 182 models. These data
suggests that while CX-5461 may be targeting and inhibiting ribosome synthesis, the lack of
effect in some models may be due to other unknown mechanisms. Additional models and
more thorough interrogation of the full expression profiles of these tumors will be required
to fully understand the variability in response and potentially identify biomarkers predictive
of response.

DISCUSSION

Ovarian cancer unfortunately has limited chemotherapeutic options after patients develop
resistance to the standard regiment of platinum- and taxane-based therapy. Therefore, it is
imperative to identify novel targets that could be used in conjunction with standard therapy
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to hopefully improve patient outcomes. Previously, our group has developed and
characterized an ovarian cancer PDX model that recapitulates the complexity of a patient’s
tumor in terms of heterogeneity and biological activity 27. When we conducted RNA-seq
analysis comparing matched chemotherapy treated and untreated PDXs, we found that genes
related to ribosomal synthesis were significantly up-regulated in the tumor cells surviving a
platinum and taxane based therapy. In this study, we confirm that ribosomal machinery,
particularly basal ribosomal RNA transcription components, are increased in surviving
tumors, and that targeting Pol | is effective in cell lines and PDX models /n vivo. We show
that efficacy is not entirely dependent on TP53 status or proliferation rates, and is more
effective in taxane-resistant cell lines. The mechanism of its toxicity is in part through
induction of arrest in G2/M of the cell cycle with frequent mitotic catastrophe, and
significant DNA damage.

Transcription of rRNA genes by Pol | and subsequent processing of the rRNA are
fundamental control steps in the synthesis of functional ribosomes 6.7:11, Chemotherapeutic
agents have been known for years to cause an increase in nucleolar size and reorganization
of nucleolar morphology 1. Although it is generally thought that increases in nucleolar size
are associated with increased ribosomal biogenesis, it is a matter of debate as to what the
increase means after chemotherapy. He et a/. have presented evidence suggesting a
ribosomal autophagy (ribophagy) pathway can be activated in cancer cells after
chemotherapy as part of the survival process 42. This pathway is distinct from the general
autophagy pathway, and it is thought that this can be both a mechanism the cell can use to
lower energy demands in times of nutrient deprivation, and also a way to globally shut down
translation rapidly by consuming mature 60s and 40s ribosomal subunits. If the latter is
active then the generation of nascent ribosomes to replace the degraded mature subunits
could account for the overall increase in nucleolar size 3°. This could account for the overall
increased sensitivity of the chemoresistant population to CX-5461 treatment. If rRNA
transcription in the nucleolus is inhibited, cells undergo cell cycle arrest associated with
apoptosis, senescence or autophagy “3. Aberrant regulation of rRNA synthesis by Pol | and
ribosome biogenesis (the complex and highly coordinated cellular process leading to the
production of ribosomes) is associated with the etiology of a broad range of human diseases
and is especially pervasive in cancer 94445,

Admittedly our discovered association between ribosomal biogenesis and survival after
chemotherapy treatment does not delineate whether we are seeing changes that are induced
by exposure to chemotherapy, or if treatment with chemotherapy selects cells with inherently
different ribosomal biogenesis processes ongoing that allow for their survival, and thus are
revealed by our selection method. Furthermore our analysis does not distinguish between
different types of ribosomes destined to mediate transcription of particular genes. It has been
shown that there are specialized subpopulations of ribosomes 4. Further studies are needed
to distinguish between these possibilities, and discover how cells respond to chemotherapy
that may allow survival.

There have been numerous chemotherapeutic drugs developed that have an impact on
ribosomal biogenesis, even if the effects are nonspecific, including cisplatin, actinomycin D,
camptothecin (irinotecan/topotecan), mitomycin C, 5-fluorouracil, and doxorubicin 10-12,
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However, none of these chemotherapeutic drugs selectively targets Pol | to allow definitive
conclusions on what degree their therapeutic effect is mediated through ribosome
biogenesis 4°. CX-5461 was recently developed by Cylene Pharmaceuticals and is an orally
available small molecule that targets transcription by Pol I selectively 1315, CX-5461 is
thought to impair initiation of Pol I transcription by disrupting the binding of the Pol |
transcription initiation factor SL-1 to the ribosomal DNA promoter 1315, The marking of
double strand breaks by yH2AX is a well characterized phenomenon 36-3847.48 Double
strand breaks do induce yH2AX but this phosphorylation is not limited only to DNA strand
breakage 4°. The consistent, late (48-72hr) marking of yH2AX after CX-5461 treatment in
ovarian cancer cells could indicate a senescent state after an overwhelming amount of
nucleolar stress. Hannan et a/. have found a similar non-canonical ATM/ATR response
phenotype, and our results agree with theirs °0. Panov et a/. put forth evidence that the
stabilization of g-quadruplex formation may play a role in CX-5461’s mechanism of action
at the rDNA promoter, and our results show DNA damage response machinery as the most
probable route of efficacy, with TP53 activation being a later event that is dependent on
DNA damage response machinery as opposed to nucleolar stress 52,

Bywater et al. demonstrated that human hematologic cancer cells (leukemia and lymphoma)
with TP53 wild type are more sensitive to CX-5461 than TP53 mutant cells /n vitroand in
vivo. As a result, they suggested that CX-5461 has therapeutic effect for hematologic
malignancies by TP53 mutational status-dependent apoptosis 17. But, in solid tumor cell
lines, CX-5461 induces both senescence and autophagy by a TP53-independent

process 1252, These differential responses between the nucleolar stress and cell death
according to different types of cancer may mean that hematological malignancies have
unique nucleolar biology susceptible to activation of TP53-dependent apoptosis following
acute perturbations of ribosome biogenesis. We have seen that CX-5461 is more potent
against A2780ip2 cells with 7P53wild type than against A2780cp20 with a 7253 mutation.
However, we found that the taxane-resistant lines SKOV3TRip2 and HeyA8MDR were
more sensitive to Pol | inhibition than their parental lines, even though SKOV3 has a
mutation in 7P53in both lines, while HeyA8 is wild-type for 7P53in both lines. These data
demonstrate that there are also important TP53-independent mechanisms induced by
CX-5461 which still need to be elucidated. Interestingly, another inhibitor of RNA Pol I has
been developed, BMH-21. This molecule binds preferentially to rRNA-encoding DNA, and
reportedly behaves in a TP53-independent manner1®. Further studies are required to
determine if this molecule also has preferential activity against chemoresistant populations.

Based on our RNAseq data and the /n vitro cell line data, we moved forward with treating 5
PDX lines with CX-5461 in a single agent setting. If up-regulation of ribosomal synthesis is
a hallmark of aggressive cancer and is required for cellular proliferation, inhibition may lead
to a novel treatment approach. In a single agent setting, we found a 60% clinically
significant benefit rate (complete or partial response, or stable disease). An appropriate
concern is whether inhibition of such an important process will be tolerable in patients. We
and others have not seen gross organ damage at the pathologic level, and no weight loss in
treatment mice. It may be that, similar to cytotoxic agents, cancer cells have higher
susceptibility with inhibition of ribosomal biogenesis, and a therapeutic window can be
found which is safe in patients. Many more extensive studies are required in this arena, and
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phase I trials with this medication are underway in Canada (https://clinicaltrials.gov/ct2/
show/NCT02719977). Regarding a predictive biomarker, in our investigation, the only
unifying feature is that higher basal levels of Pol | initiation factors RRN3and POLR1B
correlated with a greater response to therapy. More data will be required in a larger cohort to
confirm where these are effective biomarkers for response. However, overall these data
demonstrate the potential of CX-5461, and potentially other inhibitors of ribosomal
synthesis, as a new approach to ovarian cancer, both in chemosensitive and chemoresistant
tumors.
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Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Ovarian cancer remains a devastating diagnosis, with serous epithelial ovarian cancer
(EOC) patients succumbing to recurrent chemoresistant disease in 80% of cases. There is
a great need for novel therapeutics that specifically target the chemoresistant populations.
Our results indicate that in patient-derived xenograft model’s cancer cell populations
surviving chemotherapy, the basal ribosomal machinery is upregulated. This evidence led
us to ask whether attacking ribosomal biogenesis could be a viable therapeutic target in
EOC. We show that the Pol I inhibitor CX-5461 displays efficacy in EOC both /n vitro
and /n vivo, induces significant G2 arrest through mitotic catastrophe, and may have
preferential activity in the chemoresistant population. Cancer cells are especially
sensitive to CX-5461, which was well-tolerated in mice. Inhibiting ribosomal synthesis
with Pol I inhibitors may be a promising strategy in targeting the deadly chemoresistant
population in ovarian cancer.
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Figure 1. Expression of RNA Polymerase| initiation factorsin ovarian cancer PDX models.
Comparison of 6 pairs of untreated/treated (Carbo/taxol) PDX tumors showed similar changes
in expression profiles. One common pathway was ribosomal synthesis

(A,B,C) gPCR was conducted on 6 pairs of ovarian cancer PDX treated with carboplatin and
paclitaxel or control for UBTF, POLR1B, and RRN3and gene expression was compared to
the untreated matched PDX. The tumor cell population surviving initial chemotherapy
generally had a greater expression of UBTF POLR1B, and RRN3. (* = p< 0.05) (D) Total
level of ribosomal subunits 18S and 28S was determined. Treated ovarian cancer PDXs had
a 37.9-fold increase of 18S (p=0.010) and a 39.0-fold increase of 28S (p=0.019). (E)
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Comparison of H&E sections with and without treatment, demonstrating marked
macronucleoli by (F) Quantification of macronucleoli before and after chemotherapy
treatment in PDX models.
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Figure 2. Response of ovarian cancer cell linesto CX-5461
Cell viability and cell cycle analysis was conducted on 3 pairs of chemosensitive and

chemoresistant ovarian cancer cell lines. (A-C) Dose response curves from MTT assay of
each pair. Results show both SKOV3TRip2 and HeyA8MDR resistant lines being more
sensitive to CX-5461 treatment than their chemosensitive parental line. (D-F) Cell cycle
analysis of SKOV3ipl, SKOV3TRip2, HeyA8, HeyABMDR, A2780ip2, and A2780cp20
using Propidium lodide after 48 hr treatment with the control, 1C50, or IC90 dose of
CX-5461. In general, treatment with CX-5461 resulted in an increase in sub-Gq fraction and
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a portion of cells in the S/G2 phase. (G) Immunofluorescence assay example verifying
G2/M phase cell cycle arrest in A2780cp20 treated cells with 1uM CX-5461 versus vehicle
control. Results show an increase in Cyclin-B perinuclear staining in arrested cells compared
to untreated control. (H) Western blot analysis verifying G2/M phase arrest in 6 cell lines.
Treatment with 1C50 dosages of CX-5461 showed an increase in expression of
pCDC2(tyr15) and Cyclin-B versus untreated controls at 72 hours.
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Figure 3. rRNA synthesis and polymerase occupancy isincreased in SKOV3TRip2 cells
compared to SKOV3ipl cells

(A) Cells were pulse labeled with 32P-orthophosphate as a function of time. Total RNA was
purified by Trizol, run on a formaldehyde denaturing agarose gel, dried, and visualized by
autoradiography. The rate of 32P incorporation into rRNA in SKOV3TRip2 cells was 2.1
fold (+/- 0.3) higher than in SKOV3ip1 cells. (B) rDNA transcription was analyzed by RT-
gPCR by targeting short-lived 5'ETS, and the rRNA signal was normalized to the control
GAPDH mMRNA. (C) CHIP analysis of RPA194 association with rDNA. Pol | molecules
were immunoprecipitated by anti-A194 monoclonal antibody. The mean and SD are shown.
(D) Polysome profiles were performed by sucrose gradient centrifugation.
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Figure 4. CX-5461 induces DNA damage response via ATM/ATR in ovarian cancer cell lines

(A) Immunofluorescent detection of the pH2AX in control SKOV3ip1 cells

(red) and cells

exposed to 500nM of CX-5461. The punctate nuclear staining illustrated an accumulation of
DNA damage foci. Pairs of chemosensitive/chemoresistant ovarian cancer cell lines were
treated with their respective 1C50 dosages of CX-5461. (B) Western blot analysis shows
activation of the pCHK1(ser317) and pCHK2(T68), downstream substrates of ATM and
ATR kinases. TP53 wild type cell lines showed a subsequent activation of p21 but drug

response was independent of TP53 status. (C) DAPI (blue) labeling showed
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cytokinesis and an accumulation of multinucleated cells after CX-5461 treatment, with F-
actin (red) indicating shared cytoplasm. (D) Aurora-B kinase (red) detection showing normal
localization to the cleavage furrow during cytokinesis in control SKOV3ipl cells. After
treatment with CX-5461 Aurora-B mislocalization was apparent in an accumulation of
multinucleated cells.
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Figure 5. Response of ribosomal trandation factors after CX-5461 treatment
(A) Waterfall plot displaying percent change of tumor volume in PDXs 208, 182, 127, 153,

and 225 after 45 days of treatment with 50mg/kg CX-5461 g3D. (B) Weight of mice through
duration of treatment with CX-5461. (C) qPCR of Pol I initiation factors RRN3, POLR1B,
and UBTF. ACt was calculated. There was not an association between baseline expression
of these genes and response to CX-5461.
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IC50’s of CX-5461 in ovarian cell lines

Table 1

Trandational Relevance

Trandational Relevance

Trandlational Relevance

A2780ip2 WT 0.032
A2780cp20 MT 0.146
SKOV3ipl MT 0.595
SKOV3TRip2 MT 0.109
HeyA8 WT 2.05
HeyA8MDR WT 0.191
Other Cancer Cell lines

PEO1 MT 0.525
PEO4 MT 1.20
OVv90 MT 1.06
OVCARS3 MT 2.00
OAW42 WT 0.300
OVSAHO MT 0.636
CAOV3 MT 0.955
COV362 MT 0.645
ES2 MT 0.294

Normal immortalized cells
HIO-180 WT 5.49
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