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ABSTRACT

High-risk neuroblastoma (NB) represents a major clinical challenge in pediatric oncology due to relapse of
metastatic, drug-resistant disease, and treatment-related toxicities. An analysis of 1235 primary NB patient
dataset revealed significant increase in AKT1 and AKT2 gene expression with cancer stage progression. Addi-
tionally, Both AKT1 and AKT2 expression inversely correlate with poor overall survival of NB patients. AKT1 and
AKT2 genes code for AKT that drive a major oncogenic cell signaling pathway known in many cancers, including
NB. To inhibit AKT pathway, we repurposed an antiviral inhibitor BX-795 that inhibits PDK1, an upstream
activator of AKT. BX-795 potently inhibits NB cell proliferation and colony growth in a dose-dependent manner.
BX-795 significantly enhances apoptosis and blocks cell cycle progression at mitosis phase in NB. Additionally,
BX-795 potently inhibits tumor formation and growth in a NB spheroid tumor model. We further tested dual
therapeutic approaches by combining BX-795 with either doxorubicin or crizotinib and found synergistic and
significant inhibition of NB growth, in contrast to either drug alone. Overall, our data demonstrate that BX-795
inhibits AKT pathway to inhibit NB growth, and combining BX-795 with current therapies is an effective and

clinically tractable therapeutic approach for NB.

Introduction

Neuroblastoma is the most common extra-cranial solid pediatric
tumor that develops during early embryonic stages, and accounts for
almost 15% of pediatric cancer-related deaths [1]. Despite major ad-
vancements in therapeutic regimens of dose-intensive chemotherapies,
the overall 5 year survival rate for high-risk neuroblastoma (NB) pa-
tients is still less than 50% [2]. Current therapies for managing NB are
highly toxic, have significant long-term side effects, and are associated
with an increased risk of developing secondary malignancies. Therefore,
developing targeted therapeutic approaches by identifying the genetic
factors and molecular pathways involved in driving NB pathogenesis is
critical.

The phosphoinositide-3 kinase (PI3K)/AKT pathway is a major
intracellular signaling pathway that is known to regulate cell growth,
proliferation, and metabolism [3]. PI3K acts as a signal transducer
which phosphorylates and activates phosphatidyl-inositol 4,5-biphos-
phate (PIP2), which in turn generates phosphatidyl-inositol

3-5-triphosphate (PIP3), a reaction that is negatively regulated by
PTEN [4]. PIP3 then translocate AKT and PDK1 (3-Phosphoinositide--
dependent kinase 1) from the cytoplasm to the plasma membrane,
where PDK1 phosphorylates AKT at T308 to activate it [5]. Further
activation of AKT is mediated by mTORC2, which phosphorylates S473
of AKT [6]. Genetic mutations or amplification of AKT have been re-
ported in multiple adult cancers such as lung, breast, endometrial,
pancreatic, and melanoma [7-10]. In NB, AKT mutations have not been
reported, however, abnormal AKT activation is shown to be correlated
with an overall poor NB prognosis [11]. Studies have shown that directly
inhibiting AKT in turn inhibits NB pathogenesis and progression [12,
13].

PDK1 is essential for the activation of AKT as well as other important
regulators, including p70 ribosomal S6-kinase (S6K), TSC2, and GSK3p
[14]. These regulators also control several well-studied cancer drivers,
such as FOX03a, BAD, MDM2, and MYCN [15,16]. Among these, MYCN
is a key genetic biomarker for NB risk stratification, and is a known
driver of NB oncogenesis and disease progression. This establishes PDK1
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as a central regulator of multiple signaling pathways which regulate
cancer growth, metabolism, apoptosis, and drug-resistance [17]. Aber-
rant levels of activated PDK1 leads to increased AKT levels, and is re-
ported in multiple cancer types, including melanoma, breast, lung,
gastric, prostate, hematological, and ovarian cancers [18-20]. There-
fore, directly targeting PDK1 activation to inhibit AKT and other onco-
genic pathways holds strong therapeutic rational for targeted cancer
therapy [21]. BX-795 is a potent ATP-competitive small molecule in-
hibitor of PDK1 and TANK-binding kinase 1 (TBK1) [22-24]. BX-795 has
been reported as an anti-viral drug for treating the herpes simplex virus
infection [25,26], reducing inflammation [27], and as an effective
therapeutic approach in multiple cancer types, such as oral squamous
cell carcinoma [28], bladder cancer [29,30], pancreatic ductal adeno-
carcinoma [31], breast cancer [32], and hepatocellular carcinoma [33].

Anaplastic lymphoma kinase (ALK) is a major clinical target, char-
acterized by chromosomal translocation in which the ALK kinase
domain is fused to a vast number of amino-terminal partners [34].
Around 5-8% of NB patients exhibit ALK mutations in one of three
hotspot residues in the tyrosine kinase domain amino acids, F1174,
F1245, and R1275. R1275 is the most common ALK mutation exhibited
in ~43% of ALK mutant tumors, followed by F1174 in 30% and F1242 in
12% of ALK mutant tumors [35]. R1275Q, F1174L, and F1245C domi-
nant mutations promotes NB cell proliferation, activation of down-
stream signaling pathways, and growth factor independence [36,37].
Crizotinib is a first generation multitarget tyrosine kinase inhibitor that
directly inhibits the kinase activity of ALK, and indirectly suppresses the
c-Met and ROS1 [38,39]. Crizotinib is FDA approved for the treatment of
ALK positive advanced non-small cell lung cancer [38], and is currently
under clinical trials for the treatment of lobular breast carcinoma,
gastric cancer, triple negative breast cancer, hematologic metastatic
cancers, and NB.

In the present study, we investigated the effects of BX-795 on NB
growth. Our study demonstrates that BX-795 specifically inhibits PDK1
activation, thereby inhibiting AKT phosphorylation and activation. BX-
795 was observed to significantly inhibits NB cell proliferation, inhibits
colony and 3D spheroid formation, induces apoptosis, blocks cell cycle
progression, and sensitizes NB to doxorubicin and crizotinib. Overall,
this study indicates; (1) the role of PDK1 as a therapeutic target in NB,
(2) BX-795 is a potent inhibitor of NB growth, and (3) combining BX-795
with current therapies is a novel, less toxic, and more effective thera-
peutic strategy for NB.

Materials and methods
Cell culture and reagents

Human neuroblastoma cell lines, both MYCN non-amplified (SH-
SY5Y, SK-N-AS, CHLA-255) and MYCN-amplified (NGP, LAN5, CHLA-
255-MYCN), were routinely cultured and maintained as described pre-
viously [40]. CHLA-255 and CHLA-255-MYCN cell lines were courtesy
provided by Dr. Leonid Metelitsa of Baylor College of Medicine, Houston
[41]. Control fibroblast cell lines WI-38, NIH-3T3, and COS-7 were ob-
tained from ATCC. Briefly, all NB cell lines were cultured in RPMI-1640,
NIH-3T3 and COS-7 cell lines were cultured in DMEM, and WI-38 cell
line was cultured in EMEM media, supplemented with 10% FBS, 1%
penicillin/streptomycin, and 1% t-glutamine. All cell lines were vali-
dated via short-tandem repeat analysis for genotyping within the past 6
months and routinely tested for Mycoplasma monthly. Primary anti-
bodies anti-PDK1(3062S), anti-pPDK1 (Ser241; 3438S), anti-AKT
(9272S), anti-pAKT (Thr308; 9275S), anti-p70 S6 kinase (S6K; 9202S),
anti-p-p70 S6 kinase (pS6K; Thr389; 9205S), anti-cyclophilin B
(436038S), and anti-rabbit IgG HRP-linked secondary antibody (7074S)
were purchased from Cell Signaling Technology. BX-795, crizotinib, and
doxorubicin were purchased from MedChemExpress, NJ.
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Clinical patient dataset

The patient datasets including a total of 1235 primary NB patients
were analyzed, including the Versteeg dataset (N = 88), Kocak dataset
(N = 649), and SEQC dataset (N = 498). These datasets contain
microarray profiles of unique primary tumors and is publicly available
in the R2: Genomic Analysis and Visualization Platform. This platform
also supports multi-parametric analysis of NB patient outcomes with
gene expression.

Cell viability and clonogenic assay

Cell viability assays were performed using the CellTiter 96 AQueous
One Solution Cell Proliferation Assay (G3582; Promega) according to
the manufacturer’s instructions and as described previously [41,42].
Briefly, 1 x 10* cells per well were added into 96-well plates and treated
with various concentrations of indicated drugs for 72 h. The drug treated
plates were then incubated and analyzed by spectrophotometric absor-
bance at 490 nm using a microplate reader (SpectraMax iD3, Molecular
Device). The data was analyzed and ICs values were calculated using
GraphPad Prism 8 software. Clonogenic assays were performed using
standard conditions as previously described [43]. Briefly, 1 x 10? NB
cells were seeded per well into 6-well plates, followed by treatment with
the indicated drug concentrations. After 48 h, fresh media was added,
and plates were incubated for 10-12 days. Colonies were stained by
adding a 0.2% crystal violet solution and visualized and counted using
ChemiDoc (BioRad; ChemiDoc XRS+). All assays were performed in
triplicate and repeated at least three times with appropriate controls.

Apoptosis and cell cycle assay

Apoptosis in NB cell lines was analyzed using the Muse Annexin V &
Dead Cell Kit (MCH100105; Luminex Corp) according to the manufac-
turer’s instructions. Briefly, NB cells were treated with the indicated
doses of BX-795 for 16 h, followed by washing with cold PBS and in-
cubation with 100 ul of the kit reagent for 20 min. Similarly, cell cycle
analysis in NB cells was performed using the Muse Cell Cycle Kit and
reagent (MCH100106; Luminex Corp) according to the manufacturer’s
instructions. The samples were analyzed using the Guava Muse cell
analyzer (Luminex Corp).

Spheroid assays

3D spheroid assays for NB were performed using round bottom 3D
spheroid 96-well plates (4515; Corning) according to the manufacturer’s
instructions. NB cells were seeded at 1 x 10° cells/well and incubated
for 3 days to develop spheroids of about 300 pm in size. Wells that have
at least 300 um size spheroids were selected and randomized for treat-
ment with the indicated drug doses. Treatment continued for 7-10 days
with regular replenishment of the drugs every three days. Spheroid
images were captured regularly using Leica DMil microscope, and
spheroid size and volume was determined using the LASX software suite
(Leica Microsystems). After terminal imaging, the viability of the
spheroid cells was measured using the Viability/Cytotoxicity Assay Kit
for Animal Live & Dead Cells (3002; Biotium Inc.) according to the
manufacturer’s instructions. The assay kit contains Calcein AM dye that
stains live cells and yields green fluorescence, as well as an Ethidium
homodimer III dye that stains dead cells and yields red fluorescence. The
stained spheroids were imaged and analyzed using the EVOS FL imaging
system (Thermo Scientific). Furthermore, the fluorescence was quanti-
fied using a microplate reader (SpectraMax iD3, Molecular Device) at
517 nm for the Calcein AM dye and at 625 nm for the EthD-III dye.
Additionally, the 3D spheroid viability was determined using the
CellTiter-Glo 3D Cell Viability Assay (G968; Promega) according to the
manufacturer’s instructions. Briefly, the spheroids were homogenized in
the presence of the dye reagent and incubated for 30 min followed by
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quantifying the luminescence using a multi-mode microplate reader
(SpectraMax iD3, Molecular Device).

RNA extraction and quantitative real time RT-PCR

Total RNA was extracted from NB cells by using a RNeasy plus mini
kit (74,134; Qiagen), according to the manufacturer’s instructions. RNA
was reverse transcribed into cDNA using the high-capacity cDNA reverse
transcription kit (4,368,814; Applied Biosciences) as per the manufac-
turer’s protocol. Prepared cDNA was used in RT-PCR reactions for in-
dividual genes (Supplementary Table 1) in triplicate using the SYBR
Green master mix (4,385,610; ThermoFisher Scientific) on a Quant-
Studio 3 Real Time PCR System (ThermoFisher Scientific). The relative
expression was normalized by using GAPDH as a housekeeping gene.
The p-values were calculated by Student’s t-test to determine the
expression-fold difference of individual genes.

Immunoblotting assays

Immunoblotting assays were performed as previously described
[44]. Briefly, total and phospho-proteins were extracted by lysing cells
in RIPA extraction and lysis buffer (89,900; ThermoFisher Scientific)
supplemented with protease inhibitor cocktail (Complete mini EDTA
free, Roche) and phosphatase inhibitor cocktail (PhosSTOP, Roche). Cell
lysates were collected after centrifuging for 15 min at 13,000 rpm fol-
lowed by protein quantification using the Bradford assay according to
the manufacturer’s instructions (5,000,205; Bio-Rad). Equal amounts of
protein samples were separated on 4-12% SDS-PAGE gels, transferred to
PVDF membrane (Bio-Rad), blocked with 5% BSA solution, and probed
with the indicated primary antibody overnight at 4 °C. The membrane
was then washed and incubated with either anti-mouse or anti-rabbit
IgG HRP-conjugated secondary antibody for 2 h at room temperature.
Blots were developed using the Clarity ECL Western substrate (Bio-Rad),
visualized, imaged, and documented using the ChemiDoc XRS Plus
system (Bio-Rad).

Drug synergy studies

Cells were seeded in 96-well plates and combination index (CI)
studies were performed by treating cells with either BX-795, doxoru-
bicin, crizotinib alone or BX-795 in combination with doxorubicin or
crizotinib in a specific ratio. Cytotoxicity assays were performed as
described above followed by calculation of the CI values and dose-
reduction indices (DRIs) by using the Chou-Talalay method for drug
interactions using CalcuSyn software for the different fractions affected
[45]. Equipotent molar ratios of 64:1 between BX-795 and doxorubicin
and 58:1 between BX-795 and crizotinib were used. CI < 1, =1, and >1
indicates synergism, additive effect, and antagonism, respectively. DRI
>1, and <1 indicates a favorable and an unfavorable dose-reduction,
respectively.

Statistical analysis

In the present study, assays were performed with at least three
technical replicates, experiments were repeated at least thrice, and
representative results are presented. All values are presented as mean +
standard deviation (SD). A two-tailed Student’s t-test were used to
determine the statistical significance among drug treatment groups. P <
0.05 was considered statistically significant. ICsy values were calculated
with GraphPad Prism 8 software. Patient survival analyses were per-
formed using the Kaplan-Meier method and two-sided log-rank tests.
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Results
AKT expression strongly correlates with poor NB prognosis

We investigated the correlation of AKT1 and AKT2 expression levels
with overall and eventfree NB patient outcome by analyzing primary NB
patient (N = 1235) clinical datasets. Kaplan-Meier survival analysis
revealed that expression of both AKT1 and AKT2 is inversely correlated
with overall and eventfree survival of NB patients (Fig. 1, Supplemen-
tary Fig. S1). Low expression of both AKT1 and AKT2 showed signifi-
cantly better prognosis and overall survival (Kocak N = 649, AKT1 p =
5.1e-07, AKT2 p = 2.1e-06; SEQC N = 498, AKT1 p = 4.8¢-09, AKT2 p =
3.4e-06; Versteeg N = 88, AKT1 p = 0.236, AKT2 p = 0.236; Fig. 1A-C,
Supplementary Fig. S1 A-C), and also eventfree survival (Kocak, AKT1 p
= 1.2e-05, AKT2 p=.8e-09; SEQC, AKT1 p = 0.069, AKT2 p = 8.7¢e-07;
Versteeg, AKT1 p = 0.304, AKT2 p = 0.012; Fig. 1D-F, Supplementary
Fig. S1 D-F) in all the patient datasets analyzed. Additionally, aggressive
and higher stage NB tumors showed significantly higher AKT1 and
AKT2 expression levels (Fig. 2), suggesting that AKT plays a significant
role in NB progression. Further, we observed higher expression of AKT1
and AKT2 in MYCN-amplified NB tumors, with a correlation to disease
relapse (data not shown). These findings suggest that AKT is a critical
prognostic factor for NB patients, and higher expression of AKT leads to
poor survival of NB patients.

BX-795 inhibits NB proliferation

To determine the effects of inhibiting AKT activation in NB, we uti-
lized an anti-viral small molecule inhibitor, BX-795. We performed
cytotoxicity assays using BX-795 in 6 different NB cell lines that include
MYCN amplified (MA) cell lines NGP, LAN-5, CHLA-255-MYCN and
MYCN non-amplified (MNA) cell lines SH-SY5Y, CHLA-255, SK-N-AS.
These cell lines were selected to represent different NB genetic back-
grounds including MYCN status and ALK mutations. Among these NB
cell lines SH-SY5Y have ALK F1174L mutation while LAN-5 have ALK
R1275Q mutation. To determine that BX-795 selectively inhibits cancer
cell growth, we also performed cytotoxicity assays on three control
fibroblast cell lines including WI-38, NIH-3T3, and COS-7 (Fig. 3A).
Results of the cytotoxicity assays clearly demonstrated the selectivity
and potency of BX-795 to inhibit NB cell proliferation in both MYCN-
amplified (Fig. 3B) and non-amplified cell lines (Fig. 3C) in a dose-
dependent manner and irrespective of ALK mutation status. The IC50
values among different cell lines range from 1.18 pM for NGP to 1.82 uM
for SK-N-AS (Fig. 3D). BX-795 showed no to minimal effect on all control
fibroblast cell lines tested (Fig. 3A, D). To further validate the anti-
proliferative effect of BX-795, we performed clonogenic assays using
SH-SY5Y cell line and found that BX-795 significantly reduced the
overall NB colony formation capacity in treatment groups in contrast to
the control group, in a dose-dependent manner (Fig. 3E, F). These data
indicate that BX-795 significantly inhibits NB proliferation and induces
cytotoxicity.

BX-795 induces apoptosis and blocks cell cycle progression in NB

To further investigate the mechanism by which BX-795 induces
cytotoxicity and inhibits NB proliferation, we performed apoptosis and
cell cycle assays in NB cells. Results of Annexin V apoptosis assays in
both NGP and SH-SY5Y cell lines clearly demonstrate the efficacy of BX-
795 in inducing apoptosis in a dose-dependent manner (Fig. 4A, B).
Specifically, 1 uM BX-795 treatment increased the percentage of early
apoptotic cells in NGP and SH-SY5Y by 1.5- and 3.5-folds, respectively,
in contrast to control tretamnets (Fig. 4A, B). Furthermore, we observed
that 1 pM BX-795 treatment significantly inhibits NB cell cycle pro-
gression by inhibiting the G2/M transition (Fig. 4C). In response BX-795
treatment, the percentage of cells in the G2/M phase increased by 4.8-
fold, while the percentage of cells in the GO/G1 phase decreased by
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Fig. 1. AKT expression correlates with poor overall and eventfree survival of NB patients. Kaplan-Meier analysis in response to AKT1 gene expression showing overall and

eventfree survival probability of NB patients. (A and D) Kocak dataset of 649 patients. (B and E) SEQC dataset of 498 patients. (C and F) Versteeg dataset of
88 patients.
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Fig. 2. AKT expression correlates with NB progression. Box-plot correlation analysis of NB stages as defined by International Neuroblastoma Staging System (INSS) in

response to AKT1 and AKT2 gene expression. (A and D) Kocak dataset of 649 patients. (B and E) SEQC dataset of 498 patients. (C and F) Versteeg dataset of
88 patients.

2.5-fold, in comparison controls (Fig. 4C). This data further indicates
the potency of BX-795 in inhibiting NB growth by arresting cell cycle

progress

ion and inducing apoptosis.

BX-795 inhibits NB spheroid tumor growth

The results from our 2D or monolayer cell viability studies demon-
strated the potency of BX-795 against NB. We then developed 3D-sphe-
roidal tumor models of NB that mimic the physiological growth patterns
of in vivo tumors. We used SH-SY5Y cell line to develop 3D-spheroid
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tumors. These 3D models generate a solid anchorage-independent
spheroid mass that closely mimics the in vivo growth of solid tumors.
As shown in Fig. 5, similar size spheroids were developed, randomized,
and subjected to increasing doses of BX-795. The size and growth of
each spheroid was measured and imaged on day 0, 3, 5, and 7 (Fig. 5A,
B). Results show a statistically significant and dose-dependent inhibition
of NB spheroidal growth by BX-795 in comparison to control treatment
(Fig. 5A, B). Additionally, fluorescence staining of day 7 terminal
spheroids demonstrates a significant and dose-dependent reduction of
live cells stained with calcein AM (green) and increase in dead cells
stained with EthD-III (red) (Fig. 5C; and supplementary Fig. S2). These
results were further confirmed by using a live cell ATP releasing assay
which demonstrated that BX-795 significantly, and in a dose-dependent
manner, induces tumor cell death inhibit NB spheroid growth (Fig. 5D).

BX-795 inhibits AKT pathway to suppress NB growth

BX-795 is known to directly inhibits PDK1 phosphorylation which in
turn inhibits the AKT pathway [46]. Therefore, we performed RT-qPCR
assays and Western blot assays to further elucidate the mechanism of
action of BX-795 in NB. RT-qPCR assay results showed that BX-795
significantly inhibits the mRNA expression of PDK1, TBK1, AKT1,
MTOR, and MYCN genes in a dose-dependent manner as compared to
the controls (Fig. 6A). Additionally, Western blot analysis showed that
BX-795 significantly inhibits total PDK1 levels as well as phosphoryla-
tion at its S241 catalytic site (Fig. 6B). As expected, we further observed
significant inhibition of pAKT (T308) and pS6K (T389) levels in
response to BX-795 treatments in a dose-dependent manner (Fig. 6B) in
comparison total AKT and S6K. Overall, our molecular assays showed
that BX-795 inhibits PDK1 at both the mRNA and protein levels, while

1 2 4 8
BX-795 (uM)

also inhibiting PDK1 phosphorylation mediated activation, leading the
overall inhibition of the oncogenic AKT pathway in NB.

BX-795 sensitizes NB to chemotherapy and crizotinib

We further planned to develop dual therapeutic approaches by
combining BX-795 with either doxorubicin or crizotinib. Doxorubicin is
a well-established chemotherapeutic drug and is regularly used in NB
induction therapy regimens [47], while crizotinib is a multi-target ALK
inhibitor currently in clinical trials for the treatment of NB [48].
Therefore, we combined BX-795 with doxorubicin and crizotinib to
observe whether BX-795 can sensitizes NB by synergizing with these
drugs. We utilized 4 NB cell lines, including 2 MYCN amplified NGP
(ALK WT), LAN-5 (ALK R1275Q), and 2 MYCN non-amplified SK-N-AS
(ALK WT), SH-SY5Y (ALK F1174L) for these experiments, and per-
formed cell proliferation assays by treating NB cells with drug alone or
in combination.

The Chou-Talalay method was used to determine the drug combi-
nation ratios and index [49]. BX-795 with doxorubicin and crizotinib
were combined in equipotent ratios based on the IC50 values of single
drugs. Results showed that both combinations, BX-795 + doxorubicin
and BX-795 + crizotinib, act synergistically to significantly inhibit NB
cell proliferation in comparison to any drug alone (Figs. 7A-D, 8A-D).
Combining BX-795 with doxorubicin synergistically reduces the IC50
values of doxorubicin by 3.0- to 6.8-fold in NGP and SK-N-AS cell lines,
respectively (Fig. 7A-D). Combining BX-795 with crizotinib only sen-
sitizes ALK mutated cell lines SH-SY5Y (F1174L) and LAN-5 (R1275Q)
but not the ALK wild type cell lines SK-N-AS and NGP (Fig. 8). BX-795
synergistically reduces the IC50 values of crizotinib by 15-fold in
SH-SY5Y and 22-fold in LAN-5 cell lines, respectively (Fig. 8).
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Fig. 4. BX-795 induces apoptosis and blocks cell cycle progression in NB. (A, B) Apoptosis assays in different NB cell lines in response to BX-795 treatments. (A) SH-
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percentage cell number displaying cell cycle analysis (C) data for respective cell line in response to BX-795 treatments. * p < 0.05; ** p < 0.01, *** p < 0.001.

Dose-reduction indices (DRIs) plots indicated a favorable dose reduction
with a DRI > 1 indicating favorable dose-reduction (Supplementary
Fig. S3). The combination indexes (CI) were determined at the median
effective doses 50 (ED50), ED75, ED90, and ED95 and found to be lower
than 1.0 (CI< 1), indicating a synergistic effect between BX-795 and
doxorubicin, and BX-795 and crizotinib in inhibiting NB growth (Figs. 7
and 8).

Furthermore, we evaluated the synergistic effects of BX-795 and
doxorubicin in our NB 3D spheroid tumor model developed using the
SH-SY5Y NB cell line. Similar sized spheroids were treated with either
drug alone or in combination (Fig. 9). The results showed that combi-
nation of BX-795 with doxorubicin significantly inhibits 3D tumor
spheroid growth in comparison to either drug alone (Fig. 9A, B). Addi-
tionally, combination cohorts showed significant inhibition of live
tumor cells as determined by an ATP assay and staining with Calcein AM
(Figs. 9C, D, and Supplementary S4). Similarly, and as expected, a sig-
nificant increase was observed in the number of dead cells in combi-
nation treated cohorts as determined by staining with EthD-III
(Supplementary Fig. S4C). Overall, our results showed that inhibiting
the AKT pathway by BX-795 and further combining it with chemo-
therapy drug is a novel therapeutic approach for NB.

Discussion

PI3K/AKT signaling pathway involves numerous stimuli and plays
an essential physiological role in maintaining cell homeostasis under
normal conditions [50]. Studies have reported that PDK1 plays an
essential role in various biological processes, including cell survival,
proliferation, differentiation, migration, and cellular metabolism [51,
52]. The upregulation of PDK1 is mainly due to the catalytic activity of
PIP3 driven by PI3K under normal physiological conditions [53].
Aberrant activation of the PI3K/AKT pathway is common in different
types of cancers [50]. Blockage of the PDK1 activation can hinder cancer
growth and metastasis by inhibiting the downstream AKT signaling
cascade [50].

In the present study, we demonstrated that aberrant activation of
AKT and related signaling pathway genes significantly alters the onco-
genic potential of NB. The gene expression analysis of NB patients
revealed that AKT1 and AKT2 strongly corelates with overall survival
and disease progression. Patient dataset expression analysis also
revealed that AKT1/2 strongly correlates with MYCN amplification and
disease progression. Similar observations for multiple oncogenes were
shown earlier in different studies using NB patient datasets [54, 55].
Studies have shown that inhibition of AKT expression inhibits tumor



R. Chilamakuri et al. Translational Oncology 15 (2022) 101272

BX-795 (uM) B
A. SR — : ‘@ Control @ 5ym @ 10 pum
Control 5 10 15 20 25 1500
Days = p @ 15pm @ 20pym @ 25um
0 [ L ) il L 2 ’g
= ﬁ 10004 *
3 - - X
. - = . ® B X
S 500
- & -4
5
» . o O
'—ﬁ v T T T 1
7 - 0 2 4 6 8
- - ® Days
D. _ 50+
) " ek .
o r 1
C. X4
-
o 30+
2
‘G 204
3
£ 104
=}
z
0

0 5 10 15 20 25
BX795 (uM)

Fig. 5. BX-795 inhibits NB spheroid tumor growth. (A) Representative spheroid images at different days in response to BX-795 treatment. (B) Spheroid tumor growth as
displayed in A. (C) Representative images of terminal spheroids at day 7 stained with Calcein AM and Ethidium homodimer III fluorescence dyes. (D) Quantitative
measurement of number of live cells in terminal spheroids at day 7. * p < 0.05; ** p < 0.01, *** p < 0.001. Additional data in Supplementary Fig. S2.

A PDK1 AKT1 B
*k *k b
P E— —_ BX-795(uM) C 0.5 1 2 4
1.0- L*_| 1.0+ =
“g» & _”— —— p-PDK1
©
5 5
T o
2051 8 0.5 GPE® a» aas o= [PDK1
2 g
ks 8
& E; DD E» e == |o-AKT
0.0 T 0.0 T
cC 05 1.0 cC 05 1.0
BX-795 (uM) BX-795 (uM)

D D e W W |AKT

MTOR TBK1 MYCN
—_ —_ ‘.- e 1n.S6K

% * —
1.0 55— 104 = 1.09 —
) ) )
5 g 8 - e e s
o .S o
205 205 205
5 0.5 S 0.5 © 0.5-
° ® ° D Np = eme 9P (CyPB
kS B k]
& & &
0.0 0.0 0.0
C 05 1.0 C 05 1.0 C 05 1.0
BX-795 (uM) BX-795 (uM) BX-795 (uM)

Fig. 6. BX-795 inhibits AKT pathway. (A) Gene expression analysis of PDK1, AKT1, MTOR, TBK1, and MYCN in response to BX-795 treatments in SH-SY5Y cells. (B)
Western blot analysis of different AKT pathway proteins in response to increasing concentrations of BX-795 treatments. CyPB is used as loading control. * p < 0.05; **
p < 0.01.



R. Chilamakuri et al.

Translational Oncology 15 (2022) 101272

A. SH-SY5Y B. NGP Fig. 7. BX-795 synergizes NB to chemotherapy doxorubicin.
100~ 100- Combination index (CI) studies were performed by performing
o = cell cytotoxicity assays in response to either doxorubicin alone
2 807 2 80+ or in combination with BX-795 in four NB cell lines at a ratio
g 60- S 604 of 64:1. (A) SH-SY-5Y. (B) NGP. (C) SK-N-AS. (D) LAN-5.
2 n Cytotoxicity IC50 values are indicated next to corresponding
© 404 3T 40 treatment curves. (E) Summary of drug synergy values repre-
g 204 ‘-: 204 sented as combination index (CI). CI values for the combina-
° BN tion of BX-795 and doxorubicin at different effective doses
0 T T T 0 T T T (ED50, ED75, ED90, ED95). CI values were calculated by the
25 -20 15 1.0 05 0.0 0.5 25 -20 1.5 1.0 -0.5 0.0 0.5 Chou-Talalay method for drug interactions. Values of CI < 1,
Drugs (Log, nM) Drugs (Log, nM) =1 and > 1 indicate synergism, additive effects, and antag-
c D onism, respectively.
SK-N-AS LAN-5
1004 100
© - © -
z % ic z 8
50
g 60 106.1 nM g 60
(7] c (7]
= 401 50 = 404
3 15.6 nM 3
2 20+ N N 20
c 1 1 1 1
25 -20 1.5 1.0 -0.5 0.0 0.5 25 20 15 1.0 -05 0.0 0.5
Drugs (Log, nM) Drugs (Log, nM)
-®- Doxorubicin - Combination (BX-795+Doxorubicin)
E.

Drug synergy study Cl values

Combination Index (Cl)

Cell line ED50 ED75 ED90 ED95
SH-SY5Y 0.96131 0.69481 050262  0.40346
SK-N-AS 0.53514 0.39112 0.28602  0.23125

LAN-5 0.86761 0.79359 0.73945  0.71109
NGP 1.05721 0.83374 0.65789  0.56018

growth in different cancers, including NB [3,11,56].

Our results demonstrate the efficacy of BX-795 in inhibiting NB
proliferation and induce cytotoxicity in a dose-dependent manner.
Similar results were observed for an AKT inhibitor by blocking PDK1 and
suppressing NB growth [13]. Therefore, to the best of our knowledge,
this is the first report demonstrating the potency of BX-795 in NB.
BX-795 is a small molecule inhibitor with an aminopyrimidine backbone
in its chemical structure that acts as an ATP competitive inhibitor to
target PDK1 phosphorylation and therefore inhibits AKT activation [14].
AKT has been an attractive target for treating different types of cancers,
including NB. Previous studies reported that AKT inhibition reduces the
proliferation of both MYCN amplified and MYCN non-amplified NB cells
[11,57]. BX-795 has been shown to inhibit cancer cell proliferation and
migration by inhibiting the TBK1 pathway in melanoma, bladder cancer,
non-small cell lung cancer, oral squamous cell carcinoma (OSCC),
colorectal cancer, and tamoxifen-resistant breast cancer [44,58,59].
These studies further validate our findings of the anti-proliferative ef-
fects of BX-795 in NB. BX-795 is also well-known for its anti-PDK1 ac-
tivity and has also been shown to block GSK3p (Ser9) phosphorylation,
another well-characterized target of the AKT pathway in prostate cancer
cells [14]. Increasing evidence has shown that BX-795 is a suppressor of
phosphorylation, nuclear translocation, and transcriptional activity of
interferon regulatory factor 3 (IRF3), which further blocks interferon f
production, but no effect on NFkB in Abelson murine leukemia virus
cells [60]. In contrast, BX-795 has been reported to arrest the M phase of
OSCC cells by down-regulating AKT and NF«B signaling pathway pro-
teins [28]. These results are similar to our findings of BX-795 potently

inducing apoptosis and blocking cell cycle progression at the mitotic
phase in NB [61].

Our results also demonstrate that BX-795-mediated PDK1 inhibition
was able to suppress NB proliferation and oncogenic potential, and this
correlates with reduced levels of p-PDK1 (S241), p-AKT (Thr308), and p-
S6K (Thr389). Therefore, our results established that PDK1-mediated
AKT inhibition is a promising therapeutic strategy for NB. By inhibit-
ing the phosphorylation of PDK1, BX-795 inhibits AKT activation and
the overall downstream pathway, as shown by our Western blot analysis.

These results further motivate us to establish the potency of BX-795
in a NB tumor model, therefore we developed and utilized NB 3D
spheroid models. The 3D tumor spheroid models have been shown to
recapitulate the in vivo growth of solid tumors and became a gold
standard to determine the drug effects in cancer cells by replacing
expensive and time-consuming animal models [62-66]. Our spheroid
tumor studies showed a dose-dependent tumor size reduction in
response to BX-795. Previous research on tamoxifen resistant breast
cancer showed tumor size reduction using in vitro tumor models.

ALK plays an important role in NB prognosis and around 7% of NB
patients are ALK positive at diagnosis, while 20-22% of relapsed NB
patients are ALK positive, regardless of initial ALK status [48,67]. Cur-
rent NB therapies include surgery, radiation, and induction chemo-
therapy approaches either alone or combined. These therapeutic
approaches are highly genotoxic and induce severe side-effects
including secondary cancers in patients [68,69]. Therefore, it is
important to develop less-toxic and more-effective therapeutic ap-
proaches for NB. With this goal, we sought to combine BX-795 with
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chemotherapy drugs, such as doxorubicin and crizotinib. Our results
demonstrate that BX-795 synergizes NB to chemotherapy doxorubicin
and potently inhibits NB growth in both 2D proliferation assays and 3D
tumor spheroid model. We also observed BX-795 significantly syner-
gizes crizotinib to ALK mutated NB cell line SH-SY5Y (F1174L) and
LAN-5 (R1275Q) in contrast ALK wild type NB cell lines. Similar results
were reported earlier for combining crizotinib with an ATP-competitive
mTOR inhibitor Torin 2 [70,71]. Crizotinib sensitizes ALK mutated NB
cells to Torin 2 in both in vitro and in vivo models.

Overall, our study clearly demonstrates the potency of BX-795 in
inhibiting NB growth by directly targeting PDK1 activation to inhibit the
AKT pathway. BX-795 induces apoptosis and block cell cycle progression
in NB. Our study also highlights the efficacy of BX-795 in sensitizing NB
to current therapies, and further developing dual therapeutic ap-
proaches for NB.
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