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Abstract

Purpose: MYCN oncogene amplification is an independent predictor of poor prognosis in
neuroblastoma. CX-5461 is a small molecular inhibitor that prevents initiation of ribosomal RNA
(rRNA) synthesis by RNA Pol I, down-regulating MYCN/MY C proteins. We hypothesize that
neuroblastoma tumor growth can be suppressed by CX-5461.

Methods: MYCN-amplified (KELLY, IMR5) and non-amplified (SY5Y, SKNAS) neuroblastoma
cells were treated with CX-5461. MYCN/MY C expression after 24—-48 hours was determined by
Western blot. Orthotopic neuroblastoma tumors created in mice using KELLY cells were treated
with CX-5461-loaded silk films implanted locally. Tumor growth was monitored using ultrasound.
Histologic evaluation of tumors was performed.

Results: I1C5q for KELLY, IMR5, SY5Y, and SKNAS cells to CX-5461 was 0.75uM, 0.02uM,
0.8uM, and 1.7uM, respectively. CX-5461 down-regulated MYCN and MYC proteins at 0.25—
1.0uM on Western blot analysis. CX-5461-loaded silk film released 23.7+3ug of the drug in 24
hours and 48.2+3.91g at 120 hours. KELLY tumors treated with CX-5461-loaded film reached
800mm3 after 7.8+1.4 days, while those treated with control film reached the same size on 5.1+0.6
days (p=0.03). CX-5461-treated tumors showed collapse of nucleolar hypertrophy and MYCN
protein downregulation.

Conclusion: We demonstrated that local delivery of CX-5461 via sustained release platform can
suppress orthotopic neuroblastoma tumor growth, especially those with MYCN/MYC
overexpression.
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1. INTRODUCTION

Neuroblastoma is one of the most common pediatric solid tumors, accounting for nearly
10% of all pediatric malignancies and 15% of all pediatric oncology deaths.[1, 2] The
presentation and clinical course of neuroblastoma is incredibly heterogeneous and varies
greatly depending on tumor location and biology. Low- and intermediate-risk disease are
often successfully treated with surgical resection alone, with long-term survival rates greater
than 90%.[3] Patients with high-risk diseases, however, despite advances in surgical and
multimodal non-surgical treatments, have a five-year overall survival rate of 40-50%.[4]

Risk stratification and prognostication for neuroblastoma has been an ongoing area of
research. The most recent neuroblastoma classification system was developed by the
International Neuroblastoma Risk Group (INRG) and utilizes seven clinical and biological
variables.[5, 6] The presence of MYCN oncogene amplification is a key determinant within
the INRG system that designates neuroblastoma as high-risk. The MYC family proteins
function as transcriptional regulators and are pivotally involved with differentiation, cell
growth, and proliferation.[7] The deregulated MY C oncoproteins, however, are known to
robustly activate ribosomal RNA (rRNA) synthesis and global protein translation,
contributing to tumorigenesis.[8] MYCN amplification is present in 20-25% of
neuroblastoma tumors and has long been recognized for its association with advanced
disease and poor prognosis.[2, 9, 10] The MYCN oncoprotein is known to contribute to
metastatic behavior, evasion of immune surveillance, and blockade of differentiation
pathways.[11-15] There is also evidence that MYCN overexpression is associated with
angiogenesis and cell proliferation.[16] Separate from MY CN-amplified neuroblastomas,
approximately 10% of undifferentiated or poorly differentiated neuroblastomas express high
levels of MYC (c-Myc) and are also associated with a poor prognosis, with three-year event
free survival around 46%.[17]

Overexpression of MYC family protein (MYCN or MY C) leads to activation of rRNA
synthesis by RNA Polymerase | (Pol 1), a polyprotein complex that is also widely activated
in cancer.[18] CX-5461 is a small molecule inhibitor of Pol I transcription and has been
shown to have antitumor activity by inhibiting the initiation stage of rRNA synthesis.[19]
We hypothesize that inhibition of MY C family proteins such as MYCN through Pol |
inhibition via CX-5461 will lead to decreased neuroblastoma tumor growth. We aim to
demonstrate this effect using an orthotopic neuroblastoma xenograft model and sustained
release silk fibroin delivery platform. Silk-based delivery platforms offer numerous benefits
and have been studied in neuroblastoma tumor xenograft models [20, 21]: they can be
formulated to be injectible or implantable, augmented to tailor the drug release profile, are
biocompatible and used in surgery. By combining a targeted therapy against MYCN
overexpression and a local delivery system that minimizes systemic toxicity, we hope to
develop an effective treatment that is readily translatable to clinical care.
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2. METHODS

2.1 Silk fibroin extraction

Silk fibroin from Bombxy morisilkworm cocoons (Tajima Shoji Co., Yokohama, Japan),
kindly provided by Dr. David L. Kaplan at Tufts University, was extracted as previously
described.[22] Briefly, five grams of cocoons were cut into approximately one cm? pieces
and boiled in 0.02 M Na,COj3 for 30 minutes to extract the silk fibroin. The extracted silk
fibroin fibers were dried overnight, then dissolved in 9.3 M LiBr at 60°C for three hours.
The dissolved silk fibroin was dialyzed in 3,500 MWCO dialysis tubing (Fisher Scientific,
Hampton, NH) against deionized water for two days with a minimum of six water changes.
The aqueous silk fibroin solution was stored at 4°C for future use.

2.2 Silk film fabrication

Silk films were fabricated as previously described.[20, 23, 24] Briefly, 192 pL of 4% (w/v)
silk fibroin was pipetted onto 11 cm x 17 cm polydimethylsiloxane (Sylgard®184, Dow
Corning, Auburn, MI) and allowed to dry overnight. Seven-millimeter diameter disks were
punched from the dried silk films and autoclaved to induce the B-sheet transition, rendering
the materials insoluble.

2.3 CX-5461 loading and drug release studies

CX-5461-loaded silk films were formulated via an adsorption from solution method. Silk
films (1.12 + 0.21 mg) were loaded with CX-5461 via adsorption presumably through
electrostatic interaction between the positively charge CX-5461 (basic pKa = 9.03; Millipore
Sigma, Burlington, MA) and negatively charge silk fibroin (isoelectric points ranging from
4.0 - 5.2).[21] CX-5461 was dissolved in 12 mM glacial acetic acid at 10 mg/mL. Films
were submerged in one mL of 200 pg/mL CX-5461 solution (diluted in 20 mM phosphate
buffer pH 7.4) for three days. CX-5461 concentration was determined via UV/visible
spectroscopy at 344 nm using a standard curve ranging from 1.6 pg/mL to 200 pg/mL. The
CX-5461 loading was calculated as follows:

Hg

(Initial concentraction (ﬂ) — Final concentraction (%)) *1mL = Mass Loaded (ug)

For drug release studies, CX-5461-loaded silk films with 105 ug of the drug were placed
into one mL phosphate buffered saline (PBS, pH 7.4) at 37°C. The UV absorbance was read
at each time point and the solution replaced into the sample tube for study continuation.

2.4 Cell culture and determination of half maximal inhibitory concentration (ICsq)

MY CN-amplified human neuroblastoma cell lines (KELLY, IMR5) and hon-MY CN-
amplified cell lines (SY5Y, SKNAS) were used in this study. Of note, the non-MYCN-
amplified cell lines express high levels of MYC (c-Myc) protein. Both MYCN and MYC
proteins belong to the MY C family proteins. KELLY cells were purchased from Sigma-
Aldrich (St Louis, MO); IMR5 cells were a gift of Roger H. Kennett (University of
Pennsylvania, PA. USA); SY5Y and SKNAS cell lines were obtained from American Type
Culture Collection (ATCC, Manassas, VA). All cell lines were maintained in RPMI 1640
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(HyClone, Logan, UT) supplemented with 5% fetal bovine serum, 1% OPI, 1% a,I-
glutamine, and 250 pL gentamycin. All cells were maintained in a 5% CO» atmosphere at
37°C and passaged via trypsinization when they reached 80% confluence. In order to
determine the half maximal inhibitory concentration (ICsp) of CX-5461, all cell lines were
exposed to varying doses of CX-5461 for two days. The ICsg was defined as the amount of
drug required to kill 50% of the cells.

2.5 Western blot

Western blot analysis was performed after cell lines were treated with varying
concentrations of CX-5461, as previously described.[25, 26] Analysis was performed using
anti-pan-MYC antibody (NCMII 143) and the anti--actin antibody (Santa Cruz) to ascertain
equal protein loading.[27] Band intensities were quantified with ImageJ software (National
Institutes of Health, http://rsh.info.nih.gov/ij/), normalizing MYCN/MYC to R-actin.
Intensities of the treatment groups were compared to the control groups for each cell line
using Student’s t test, with p values <0.05 considered significant.

2.6 Mouse orthotopic neuroblastoma model and ultrasound monitoring

All animal procedures were performed in accordance with NIH protocols on Humane Care
and Use of Laboratory Animals and approved by the Institutional Animal Care and Use
Committee of University of Illinois at Chicago. Orthotopic neuroblastoma xenografts were
established in seven-week old female NCr nude mice (Harlan, Indianapolis, IN, USA), as
previously described.[20] In brief, an incision was made over the left flank and the left
adrenal gland was injected with 108 KELLY cells in two UL PBS. Closure was completed in
two layers. Tumor volume was serially measured with high frequency ultrasound using a
VisualSonics Vevo 2100 sonographic probe (Toronto, Ontario, Canada) as previously
described.[28]

2.7 Implantation of silk film into tumor

2.8

Once tumor size reached 100 mm3, the mice were briefly anesthetized as described above.
The previous incision was re-opened to gain direct access to the orthotopic tumor. A small
incision was made through the capsule of the tumor using electrocautery, and the CX-5461-
loaded silk film or the unloaded control film was implanted into the center of the tumor. The
mice were closed in a similar fashion and tumor volumes were followed with serial
ultrasound.

Immunohistochemistry

Animals were monitored until tumor volume exceeded 1000 mm3, at which point the
animals were sacrificed and tumors were harvested and preserved in 10% buffered formalin.
Tumor specimens were embedded in paraffin and sectioned for immunohistochemical
staining and hematoxylin and eosin (H&E). The anti-MYCN mouse monoclonal antibody
(NCM 11 100) was used for immunohistochemistry as previously described.[7, 27]
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2.9 Statistical analysis

Tumor sizes and post-operative days were entered into a scatter plot, and a best fit curve
with an associated equation was created for each animal. Tumor size (500 mms3, 600 mm3,
700 mm3, or 800 mm3) was calculated from these equations as previously described.[28] In
brief, we solved for the post-operative day using the “goal seek” function under the “what-if
analysis” (Microsoft Excel, 2011, version 14.7.4, Redmond, Washington). The post-
operative days obtained for each given tumor size were compared using Student’s t test, with
p values <0.05 considered statistically significant.

3. RESULTS
3.1 CX-5461 drug release

The loading and release of CX-5461 from silk fibroin films was evaluated /n vitro (Figure
1). Silk fibroin films were loaded with 105.1 + 15 pg of CX-5461. A burst release of 28.9
+ 7.5 g (27.5 + 8.5 %) was observed after the first 24 hours. A linear release was observed
from days six to 18 with an average release of 3.1 pg/day (3% per day) of CX-5461 and an
R2 value of 0.99. Full release of CX-5461 was achieved in 21 days.

3.2 ICgg determination and protein expression analysis

KELLY, IMRS5, SY5Y, and SKNAS cells exposed to varying concentrations of CX-5461 for
two days demonstrated a dose-dependent cell death (Figure 2A). ICsq for these cell lines was
0.75uM, 0.02uM, 0.8uM, and 1.7uM, respectively. The Western blot analysis demonstrated
down-regulation of MYCN protein in the CX-5461-treated IMRS5 cells starting at the 24-
hour time point compared to untreated cells, and decreased expression in the KELLY cells
after 48 hours relative to control (p = 0.005 and p = 0.006, respectively; Figure 2B). There
was also significant decrease in MYC expression in CX-5461-treated SY5Y and SKNAS
cell lines at both time points (24- and 48-hour) compared to untreated cells (p = 0.01 and p =
0.014, respectively).

3.3 Orthotopic tumor growth following CX-5461 compared to control

Neuroblastoma tumors implanted with CX-5461-loaded silk film demonstrated decreased
tumor growth compared to tumors treated with blank control film (p < 0.05). CX-5461
treated tumors reached 500 mm3 in 5.0 + 0.7 days vs 2.4 + 1.3 days for control (p = 0.02).
Similarly, CX-5461 treated tumors reached 600 mm3 in 6.0 + 0.9 days vs 3.3 + 1.1 days for
control (p = 0.02); reached 700 mm3 in 6.9 + 1.2 days vs 4.2 + 0.9 days for control (p =
0.02); and 800 mm? in 7.8 + 1.4 days vs 5.2 + 0.6 days for control (p = 0.03), respectively
(Figure 3).

3.4 Histology

H&E staining showed that the control tumors were composed of neuroblasts characterized
by nucleolar hypertrophy (presence of one to a few prominent nucleoli), indicative of
aumented rRNA synthesis (Figure 4). Neuroblasts in the CX-5461-treated tumors, however,
had conventional salt-and-pepper nuclei without nuclear hypertrophy. Immunohistochemical
examination further demonstrated high expression of MYCN protein in the nuclei of control
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tumors. In contrast, CX-5461-treated tumors demonstrated markedly reduced staining for
MYCN protein. These observations support that RNA Pol I inhibition by the drug resulted in
collapse of enlarged nucleoli (the location of rRNA synthesis) and subsequent
downregulation of MYCN protein expression.

4. DISCUSSION

We were able to demonstrate the growth inhibition effects of CX-5461, a small molecular
inhibitor of Pol I in both MY CN-amplified and non-amplified neuroblastoma tumor cells.
The effect is dose dependent and involves the down-regulation off MYCN and MYC
proteins. Using a MY CN-amplified cell line, we created an orthotopic neuroblastoma
murine model to preclinically study CX-5461 activity, combining this targeted therapy with
local drug delivery strategies. CX-5461 delivered locally in a sustained release fashion
significantly suppressed neuroblastoma tumor growth compared to control tumors.
Moreover, CX-5461 markedly reduced the size of nucleoli, the location of rRNA synthesis
and downregulated MYCN expression.

Targeting MYCN activity is emerging as a promising adjunctive therapy for high-risk
malignancies. Kang et al. was able to induce apoptosis and cell differentiation in MYCN-
amplified cells by using small interfering RNA (siRNA) as a directed treatment against
MY CN overexpression.[29] Niemas-Teshiba et al. has recently demonstrated the antitumor
effects of Halofuginone, an aminoacyl tRNA synthetase, which similarly down-regulates
MYCN/MY C protein synthesis.[7] Burkhart et al. examined the use of antisense
oligonucleotides to inhibit MYCN expression /in vitro and in murine model of
neuroblastoma.[30] However, these methods are not without various challenges.
Oligonucleotides, as an example, are rapidly degraded by nucleases, which may limit their
clinical utility.

Our model combines a precise anticancer therapy with a local drug delivery platform, which
could significantly reduce the side effect profile and improve local tumor control. CX-5461
has been shown to have a low oral bioavailability (24%) in mice and is difficult to maintain
in solution.[31] Intravenous CX-5461 needs to be solubilized in pH 3.5, which negatively
affects pharmacokinetics and biodistribution, leading Leung et al. to develop a conjugated
liposomal formation.[32] Our method, however, ensures complete bioavailability directly to
the tumor bed, which can significantly reduce systemic toxicity.[20]

Pre-clinical and Phase I clinical trials (ACTRN12613001061729) have shown that CX-5461
is well tolerated with minimal adverse events.[33, 34] Though previous trials of CX-5461
have been conducted in patients with advanced hematologic malignancies, there are ongoing
Phase I/11 clinical studies of CX-5461 infusions in patients with advanced staged BRCA-
deficient breast cancers (NCT02719977, https://clinicaltrials.gov/ct2/show/NCT02719977?
term=CX-5461&rank=1). To date, the trials have found that CX-5461 is well tolerated with
minimal side effects (reversible and preventable photosensitivity).[35] Future clinical trials
will have to explore the feasibility and efficacy of using locally distributed CX-5461 for
improved local control in patients with advanced staged neuroblastoma.
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The benefits of local anti-tumor therapy have been studied in neuroblastoma tumor models
and have several potential clinical uses.[36] Advanced staged neuroblastoma is often treated
with neoadjuvant therapy, which could provide an opportunity for local treatment with an
implantable delivery system loaded with CX-5461 or other anti-tumor therapy.[20]
Minimally invasive techniques such as image guided injections could be adapted to deliver
injectible anti-tumor therapy, providing additional benefits.[28] Alternatively, there is an
opportunity for local delivery of anti-tumor therapy in a sustained release platform at the
time of surgery to improve local control, particularly in the case of an incomplete resection.
Previous studies have shown improved local control when local anti-tumor therapy is used in
combination with a partial resection of neuroblastoma.[23]

While this work demonstrates that CX-5461 can inhibit neuroblastoma tumor growth, more
work is needed to fully understand the mechanism of inhibition. We hypothesize that
CX-5461 causes a global decrease in MYC family protein expression as a result of
decreased rRNA synthesis, though more studies are needed to confirm the therapeutic
benefit. The study is limited by the fact that only one MYCN-amplified cell line (KELLY)
was used to create a xenograft model. Future work using other MY CN-amplified or MYC-
overexpressed in vivo models might help to explain the mechanism of inhibition or
demonstrate a variable response to CX-5461.
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Figure 1.
Amount (ug) of CX-5461 released from silk films that were loaded with 105 pg CX-5461

and placed in PBS. Error bars indicate standard deviation in pg.
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Figure 2.
(A) IC5 of CX-5461 in KELLY, IMR5, SY5Y, and SKNAS cells, displayed as portion of

viable cells after 24 — 48 hrs. (B) Representative images of Western blot analysis of
MYCN/MY C expression in KELLY, IMR5, SY5Y and SKNAS cell lines after CX-5461
treatment.
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Figure 3.
Growth pattern for orthotopic neuroblastoma tumors treated with CX-5461-loaded silk film

compared to tumors treated with blank silk film. Time (days) for tumor to reach (A) 500
mm3, (B) 600 mm3, (C) 700 mm3, and (D) 800 mms3.
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Figure 4.
H&E staining and MYCN expression by immunohistochemistry of tumors treated with

CX-5461 or control silk film. The magnification for the main images and inserts was 400X
and 1000X, respectively.
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