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Study Highlights

INTRODUCTION

The success of drug therapy for many diseases is often compro-
mised by adverse effects of medications used in the clinic."? This
is frequently true for cancer chemotherapy, which typically has
anarrow therapeutic index, damaging normal tissues at doses re-
quired for anticancer effects. Vincristine (VCR) is a widely used
anticancer drug that has a very narrow therapeutic index, with
a dose-limiting toxicity of peripheral neuropathy, characterized
by neuropathic pain, and sensory and motor dysfunction,S’4 that
can persist for decades after completing therapy, compromising
the quality of life of cancer survivors.” There are currently no ef-
fective strategies for reducing VCR-induced neurotoxicity while
retaining its therapeutic efficacy. Therefore, our current work fo-
cused on elucidating strategies to improve the therapeutic index
of VCR (i.e., increase antileukemic effects relative to neurotoxic-
ity). We found that low expression of NHP2LI in primary acute
lymphoblastic leukemia (ALL) cells was associated with greater
sensitivity to VCR, suggesting that inhibition of NHP2L.1 could
increase VCR’s antileukemic effects. Because ALL cells undergo
mitosis whereas neurons are postmitotic,6’7 we hypothesized that
small molecule inhibitors of NHP2L1,8 which is a component
of the spliceosome complex9’ll involved in mitosis,'* might in-
crease the sensitivity of leukemia cells to VCR without altering
the sensitivity of neurons, thus enhancing VCR’s therapeutic
index. Here, we report that dipyridamole (DIP), an inhibitor of
NHP2L1, increases the sensitivity of leukemia cells to VCR and
prolongs survival of ALL xenograft mice, while protecting both
human-induced pluripotent stem cell (hiPSC)-derived neurons
and mice from VCR -induced neurotoxicity.

METHODS
Patients

We studied pediatric patients (aged <21 years) with newly
diagnosed ALL who were enrolled on St. Jude Total Therapy

ASCPT

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Vincristine (VCR) is a widely prescribed drug, but its use is limited by its main side
effect, neurotoxicity. There are currently no strategies to mitigate VCR neurotoxicity
without altering its antileukemic effects.

WHAT QUESTION DID THIS STUDY ADDRESS?

How to improve VCR efficacy while reducing its main side effect, neurotoxicity?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

The present study shows for the first time the possibility of reduced VCR -induced
neurotoxicity while improving VCR anti-leukemia effect by using small molecules.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

The current translational study could permit a safer and more efficient use of VCR.

XV and XVI (Memphis, TN, USA), and used publicly avail-
able data from the Ninth ALL Dutch Childhood Oncology
Group (DCOG) protocol at Erasmus Medical Center, Sophia
Children’s Hospital (Rotterdam, The Netherlands), or treat-
ment protocol 92 or 97 of the German Cooperative Study
Group for Childhood Acute Lymphoblastic Leukemia
(COALL; Hamburg, Germany; https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE649; https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE648).
sent was obtained from patients, their guardians, or both be-
fore enrollment. Leukemia cells were isolated by applying a
Ficoll-Hypaque gradient to bone marrow aspirates obtained at
diagnosis. Genome-wide mRNA expression in ALL cells was
determined using the Affymetrix U133 microarray. Ex vivo
drug sensitivity of primary ALL cells was determined using
a modification of the MTT ((3-[4,5-dimethylthiazol-2-yl]-2,
5-diphenyl-tetrazoliumbromide) assay, as we have described
previously."? For the genome-wide interrogation of mitotic
genes, there were 572 genes with a mitotic phenotype,12 395
genes were represented on the Affy HGU133A expression
array. The association between the expression of these genes
and VCR lethal concentration 50% (LCsy,) was first tested in
a cohort of 92 patients in the St. Jude cohort, which led to the
identification of 12 genes associated with VCR LCj, with a
p value less than 0.05. Of these 12 genes, only NHP2LI ex-
pression was significantly associated with VCR LCj in the
DCOG/COALL cohort used as validation cohort. Sensitive
and resistant cells were defined the same way as previously
described with sensitive cells as having a VCR LCs of the
cells of 0.391 pg/ml (0.474 uM) or less, and resistant cells as
having an LCs, greater or equal to 1.758 pg/ml (2.131 uM)."?

Informed con-

Cell culture

The human T-lineage leukemia cell line CCRF-CEM was ob-
tained from the American Type Culture Collection (ATCC,
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Manassas, VA, USA). The human pre-B leukemia cell line
NALM-6 was obtained from the DSMZ-German Collection
of Microorganisms and Cell Cultures GmbH (Braunschweig,
Germany). The cells were authenticated using Short Tandem
Repeat profiling.'* The cells tested negative for mycoplasma
(MycoAlert mycoplasma detection kit; Lonza). Cells were
cultured in RPMI-1640 medium containing 2 mM glutamine
and 10% (vol/vol) fetal bovine serum at 37°C with 5% CO,.

Humani PSC-derived neurons (Peri.4 U) having greater
than 90% purity and expressing PIII-tubulin, MAP-2, pe-
ripherin, and vGLUT2 were purchased from Ncardia BV
(Gosselies, Belgium). All batches of iPSC-derived neurons
were tested for sterility, viability, purity, and morphology
by Ncardia BV. Neurons were maintained according to the
manufacturers’ protocol. Three independent batches of
Peri.4 U neurons were used, including LOT#D059_PNN,
LOT#424D_v1, and LOT#428D_v2 M.

Animals

All animal studies were approved by the St. Jude Animal
Care and Use Committee. Male C57BL/6 J mice (The
Jackson Laboratory) at 8 weeks of age were used. The mice
had free access to food and water. The mice were maintained
under 12 h light-dark cycle.

Reagents

Dipyridamole (Sigma-Aldrich and LKT Labs), VCR, scopole-
tin, tazarotene, dihydroxyflavone (Sigma-Aldrich), quetiapine
fumarate (LKT Labs and Selleck Chemicals), hymecromone,
esculin (Selleck Chemicals, Houston, TX, USA), chir 99021
(Cayman Chemical), harmaline, fisetin (Tokyo Chemical
Industry, Thermo Fisher Scientific, USA), aurintricarboxylic
acid (Calbiochem, Millipore Sigma), piperacillin sodium (Santa
Cruz Biotechnology), and olmesartan medoxomil (Ark Pharm).

NHP2L1 gene knockdown

CEM cells
ral transduction

infected with MISSION lentivi-
particles  (Sigma-Aldrich) produced
from a library of sequence-verified shRNAs targeting
human NHP2LI transcripts. The following sequence of
shRNA was used to knock down the NHP2LI gene: 5'-
CCGGCCTGAGGTTGTGTATCATATTCTCGAGAATAT
GATACACAACCTCAGGTTTTTG -3’ (TRCNO0000074
798); 5’CCGGCAATCCATTCAGCAGTCCATTCTCGA
GAATGGACTGCTGAATGGATTGTTTTTG-3’
(TRCNO0000074801). Nontarget shRNA control particles
(SHCO002 V; Sigma-Aldrich) were also used. Individual cell

were

clones were isolated in medium containing puromycin. Gene
knocked down was assessed by Western blot. HiPSC-derived
neurons, Peri.4 U underwent siRNA transfection using
Accell human NHP2L1 SMARTpool siRNA and a nontar-
geting siRNA pool as the negative control (Dharmacon).
Quantitative reverse transcription polymerase chain reac-
tion was used to measure the level of NHP2LI expression
(SNU13, Hs03025442_s1) compared with the housekeep-
ing control Beta-2-microglobulin (4326319E) (both from
Thermo Fisher Scientific).

Western blot analysis

Lysates from the CEM or NALMS6 cell lines were separated by
electrophoresis on an SDS-polyacrylamide gel. The proteins
were then electroblotted onto a Hybond-P PVDF membrane.
Protein expression was analyzed using the primary antibod-
ies anti-GAPDH (Santa Cruz Biotechnology #sc-20357) and
anti-NHP2L1 (Abcam #ab95958). Horseradish peroxidase—
conjugated secondary antibodies were purchased from Agilent
(Santa Clara). Phospho-histone H3 (Ser10) clone 3H10
(Millipore #05-806); Beta tubulin (Sigma-Aldrich#C4585)
Histone H3 (proteintech#17168-1-AP) were used. Sororin
was provided by Dr. Jan-Michael Peters from the Research
Institute of Molecular Pathology, Vienna, Austria.

High content imaging of neuronal
morphological characteristics

Afterdrug treatment, neurons were stained with 5 ug/ml Hoechsts
33342 (Sigma Aldrich) and 10 pg/ml Calcein AM (Molecular
Probes; ThermoFisher Scientific) for 10 min at room temper-
ature. Imaging was performed at 10X magnification using an
ImageXpress Micro imaging device (Molecular Devices, LLC)
at the University of Chicago Cellular Screening Center. The
MetaXpress software Neurite Outgrowth Application Module
was utilized to collect individual cell measurements of mean/
median/maximum process length, total neurite outgrowth (the
sum of the length of all processes), number of processes, number
of branches, cell body area, mean outgrowth intensity, straight-
ness, and cell number. A minimum of 1000 cells per condition
were imaged in each of the five independent experiments.

Gene expression in the iPSC-derived neurons
Peri. 4 U

Total RNA from iPSC-derived neurons Peri. 4 U was ex-
tracted and prepared as previously described. " Samples were
evaluated on the Affymetrix GeneChip Human Transcriptome
(HTA) 2.0 Array (Affymetrix) and data generated at the
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University of Chicago Genomics Core. The raw data were
processed using the Affymetrix Power Tools (APT version
1.16) and the HTA 2.0 array annotation library (release 1.0).
Background subtraction, normalization, and probe-set summa-
rization were performed using the APT software. Briefly, gene-
level data were background corrected and normalized using
the Robust Multi-array Average method on perfectly matched
probes through median polish.16 The summarized gene-level
data were log, transformed for downstream analysis.

Cell viability assay

HiPSC-derived neurons cell viability was assessed at 72 h
postdrug treatment by the Cell Titer-Glo 2.0 assay (Promega),
which measures ATP.

Ex vivo drug sensitivity (MTT) assay

Ex vivo drug sensitivity of CEM and NALMBS6 cell lines was
determined using a modification of the MTT ((3-[4,5-dimet
hylthiazol-2-yl]-2, 5-diphenyl-tetrazoliumbromide) assay, as
described previously.13 Briefly, cells in mid-log phase were
exposed to serial dilutions of the different drugs and analyzed
after 3 days of incubation. The concentration of drug required
for 50% cell kill (LC5;,) was used as the measure of relative
sensitivity to each compound.

Synergy studies: Response surface modeling

A modification of the response surface modeling ap-
proach!”™"” implemented in MatLab (version R2019a,
Mathworks) was used to determine changes in the response
of two drugs given in combination from an additive re-
sponse. A drug combination was considered either syner-
gistic or antagonistic if a, the interaction term describing
the change in response relative to the additive model, was
either positive or negative, respectively. We quantified the
effects of VCR in the presences of a fixed concentration of
the second drug as the ratio of the estimated additive half-
maximal effective concentration (ECs) to estimated actual
ECs, of VCR and the fixed concentration of the second
drug.

Intracellular concentration of VCR and
DIP in leukemia cell lines and in hiPSC-
derived neurons

After treatment with VCR and DIP, the cells were harvested,
washed twice with Hank’s Balanced Salt Solution (HBSS;

ASCPT

Sigma Aldrich), pelleted, and stored at —80°C. The cells
were later resuspended in HBSS, sonicated to fully lyse
the cells, and after centrifugation the supernatant was col-
lected. Quantitation of analytes was carried out with a Waters
ACQUITY separation system (Waters, Milford, MA, USA)
and Xevo TQ triple-quadrupole system (Beverly, MA, USA).
Separation was achieved on a Waters ACQUITY BEHC ;
column (1.7 pm, 50 X 2.1 mm) using a column heater op-
erating at 40°C with Waters ACQUITY in-line filter.
Autosampler temperature was maintained at 15°C + 5°C.
The gradient mobile phase was composed of acetonitrile (B)
and 15 mM ammonium acetate in 0.02% formic acid water
(A). The flow rate was 0.6 ml/min and the separation was
completed within 6 min. The instrument was equipped with
an electrospray interface, and was controlled by Masslynx
version 4.1 software (Waters). The analysis was performed
in MRM mode: m/z 505.46 greater than 429.27 for DIP, m/z
525.6 greater than 449.3 for DIP_d3; m/z 825.36 greater than
807.39 for VCR, and m/z 828.56 greater than 810.57 for VCR
_d3. The tandem mass spectrometry conditions were as fol-
lows: capillary voltage: 0.5 kV; source temperature: 150°C;
desolvation temperature: 600°C; cone gas flow:0 1/h; and de-
solvation gas flow: 1000 1/h.

Vincristine intracellular
concentration modeling

Vincristine intracellular (VCR|, aceriuar) CONCENtrations with
respect to VCR and DIP extracellular concentration and in-
cubation time were modeled with the following multivariate
Hill function:

[Viar + DIP - AV, | 1"

VCR -
Ky +DIP- AK,|" + 1

intracellular — [

For each of the two extracellular concentrations of VCR
[2 nM (1.65 pg/L) and 40 nM (33 pg/L)] the dependent vari-
ables V,,,.. Ky, n, AV, and AK,, were estimated relative to
the two independent variables DIP: extracellular concentra-
tion of DIP (0 uM, 2.5 uM [1.265 mg/L], 5 uM [2.525 mg/L],
10 uM [5.05 mg/L) and the incubation time t (1, 6, 12, and
24 hours). If the parameters AV, or AK,, were significantly
different from zero then the effect of DIP concentration sig-
nificantly altered the steady-state intracellular concentration

of VCR.

DIP intracellular concentration modeling

Dipyridamole intracellular (DIP;, . ciiuar) cONcentration with
respect to VCR and DIP extracellular concentration and
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incubation time were modeled with the following multivari-
ate linear function:

DIP; i racetutar = [0+ Ab - VCR] 4+ [m+ Am - VCR] - ¢

For each of the three extracellular concentrations of DIP
(O uM, 2.5 uM [1.265 mg/L], 5 uM [2.525 mg/L], 10 uM
[5.05 mg/L]) the dependent variables b, m, Ab, and Am were
estimated relative to the two independent variables VCR: ex-
tracellular concentration of VCR (0, 2 nM [1.65 pg/L], and
40 nM [33 pg/L]) and the incubation time t (1, 6, 12, and
24 h). If the parameters Ab or Am were significantly different
from zero, then the effect of VCR concentration significantly
altered the steady-state intracellular concentration of DIP.

In vivo pharmacokinetic studies

Methods for the in vivo pharmacokinetic (PK) studies per-
formed in mice are provided in the Supplementary Methods.

Mouse neurotoxicity assessment:
Mechanical allodynia

Mice were acclimated before testing. The mice were treated,
from day 1 to day 10, intraperitoneally with VCR or sa-
line and by oral gavage with DIP or the vehicle of DIP (1%
methylcellulose and 1% Tween 80, pH adjusted to 2.0 with
HCI). Mechanical allodynia was evaluated in mice using von
Frey filaments (0.16, 0.4, 0.6, 1, and 2 g) prior to drug treat-
ment, at days 7 and 10 of drug administration, and at day 14
(4 days after discontinuation of treatment). Each mouse was
tested 10 times in increasing order of filament force. The data
obtained from three different replicate experiments comprise
both cross-sectional and time-series measurements of re-
sponses to stimulus under multiple conditions. The withdraw
threshold (g) was determined as the minimal force filament
for which a response was obtained at least 5 times out of the
10 stimulations.

Statistical analyses

Student’s r-test was used to compare the means between two
different experimental conditions.

Analyses were done using SAS, version 9.4 (Cary, NC),
R (The R Project http://www.r-project.org/), and SigmaPlot
11.0 (Systat Software).

Statistical analyses of longitudinal in vivo data in mice
accounted for possible between-subject heterogeneity and
within-subject correlation. The longitudinal mean response
was modeled by a mixed effect linear model, with treatment

group, filament level, baseline response, and batch as fixed
effects and a random effect to account for intra-animal lon-
gitudinal correlation with compound symmetry working
covariance structure. The primary effect of interest was a
comparison of neuropathy events among the treatment groups.
To visually depict the cross-sectional and cumulative propor-
tion of mice positive for neuropathy (NP+) in each treatment
group, we dichotomized the response (NP+ vs. negative for
neuropathy [NP-]) using a threshold of the 95th percentile of
the percentage of response of the von Frey measurement at
the baseline in all treatments and filament levels pooled. Any
measurement above or equal to this threshold was defined
as NP+. The 95th percentile of the von Frey measurements
in all treatments pooled together was 90, thus any von Frey
measurement exceeding 90 defined a positive finding for
NP+. Neuropathy was assessed at days 7, 10, and 14, with
the day of the first measurement greater than or equal to 90
defining the time to the first NP+ event in the cumulative
proportion analysis and figure. In the mouse ALL xenograft
survival study, all mice reached the study end point by the
time of data freeze, therefore no observed survival time was
censored. Survival time distributions were compared using
exact Wilcoxon rank sum test between the different treatment
groups.

RESULTS

NHP2LI expression and VCR LCs in primary
leukemia cells

In a genome-wide interrogation of genes whose mRNA ex-
pression was significantly related to the sensitivity of primary
ALL cells to VCR (LCs), we identified NHP2L1 expression
as the top mitosis-related'? gene significantly associated
with VCR LCs, in two different patient cohorts (Table S1).
Specifically, lower NHP2LI mRNA expression in leukemia
cells isolated from diagnostic bone marrow aspirates of chil-
dren with newly diagnosed ALL was significantly associated
with increased sensitivity to VCR in B cell and T cell leuke-
mia in two patient cohorts (Figure 1a,b).

NHP2LI knockdown and VCR LCs; in
leukemia cells

To determine whether a low level of NHP2LI expression
increased leukemia cell sensitivity to VCR, we reduced the
expression of NHP2L1 by infecting two human leukemia
cells (the T-lineage cell line CCRF-CEM and the B-lineage
NALMBG cell lines) with shRNA against NHP2LI. As shown
in Figure 2a—c, the knockdown of NHP2LI using two dif-
ferent sShRNA clones resulted in a significant reduction
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FIGURE 1 NHP2LI expression and sensitivity of primary B leukemic cells to vincristine (VCR). NHP2L1 mRNA expression was determined
by Affymetrix gene expression array. MTT was used to determine the sensitivity of primary cells to VCR. The association between log, expression

of NHP2LI and VCR sensitivity was assessed in two cohorts of patients with acute lymphoblastic leukemia: (a) St. Jude Children’s Research
Hospital and (b) Dutch Childhood Oncology Group (DCOG)/Cooperative Study Group for Childhood Acute Lymphoblastic Leukemia (COALL)
cohorts. Based on previously published criteria®® sensitive cells were defined as having a VCR concentration lethal to 50% of the cells (LCs) of

0.391 pg/ml (0.474 uM) or less, and resistant cells were defined as having an LCs; of 1.758 pg/ml (2.131 uM) or more. The horizontal line inside

each box depicts the median, the upper and lower limits of the box are the 75th and 25th percentiles, respectively, and the vertical bars above and

below each box indicate the maximum and minimum values, respectively. The p values were determined by linear regression comparing NHP2L1

gene expression and leukemia cell sensitivity to VCR

in NHP2L1 protein and significantly increased sensitiv-
ity of human CCRF-CEM and NALM6 ALL cells to VCR
(Figure 2b-d), consistent with the association of lower
NHP2L1 expression with greater VCR sensitivity (low LCs)
in primary leukemia cells isolated from patients with newly
diagnosed ALL (Figure 1).

NHP2L1 knockdown and VCR-induced
accumulation of mitotic cells

To assess the mechanisms by which NHP2L1 influences
VCR-induced cell death through mitotic arrest, we as-
sessed the effects of VCR on HISTONE H3 phospho-
rylation at serine 10 (Phospho-HISTONE H3 [Serl0]), a
mitosis marker,20 in CEM and in NALMG6 cells. We docu-
mented increased VCR-induced HISTONE H3 phospho-
rylation (Ser10) after NHP2LI knockdown (Figure 2e-h),
indicating that knockdown of NHP2LI sensitizes cells to

the microtubule inhibitor VCR in part by inducing mitotic
arrest.

Small molecule inhibitors of NHP21.1-U4
interaction synergize with VCR in
leukemic cells

NHP2L1’s known function is via interaction with the spli-
ceosome component U4 RNA. We developed an assay based
on time-resolved FRET to detect the interaction between
NHP2L1 and U4 5’-stem loop and used this to conduct a
high-throughput screen for small molecules inhibiting this
interaction.® Given the greater VCR sensitivity of primary
ALL cells with lower NHP2L1 expression, we hypothesized
that inhibitors of the NHP2L1-U4 interaction would poten-
tiate the effects of VCR in ALL cells. We further assessed
the effects of several small molecule hits in this analysis
(scopoletin, quetiapine fumarate, hymecromone, harmaline,

FIGURE 2 Knockdown of NHP2LI and sensitivity to vincristine (VCR) and mitotic arrest in leukemic cell lines. Human leukemia cells
infected with two different shRNAs against NHP2L1 show a decrease in NHP2L1 protein levels in CCRF-CEM (a) and in NALMG6 (c). After
knockdown of NHP2L1I, cells were treated for 72 h in the presence of increasing concentrations of VCR. VCR sensitivity (lethal concentration
50% [LCsy]) Cell viability determined by MTT in CCRF-CEM (b) and in NALMG6 (d) are represented. Error bars represent SDs of three replicate
experiments. Student’s #-test was used to calculate p values. *p < 0.05, **p < 0.01. Human leukemia cells (CCRF-CEM and NALM®6) were
infected with two different shRNAs (#1 and #2) against NHP2L1 and treated with vincristine for 24 h. Representative blots of phosphorylated
Serine 10 in Histone H3 protein and of total Histone H3 after knockdown of NHP2LI and 24-h treatment with VCR were shown in CEM (e) and
NALMEG cells (g). Phospho Histone H3 protein levels were quantified by densitometry, normalized to total Histone H3 signal and expressed in

arbitrary units for the CEM cells (f) and for the NALMG6 cells (h). Values are means + SD of three independent experiments. Student’s #-test was

used to calculate p values. *p < 0.05, **p < 0.01
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fisetin, esculin, dihydroxyflavone, chir 99021, aurintricarbo-
xylic acid, tazarotene, DIP, piperacillin sodium, and olmesar-
tan medoxomil) on VCR sensitivity in human leukemic cells.
Synergistic effects between these small molecules and VCR
were assessed by the response surface modeling method'""?
(based on o). This revealed that DIP, tazarotene, and que-
tiapine fumarate synergize with VCR cytotoxicity in human
leukemia CEM cells (Figure S1la—m). We also validated these
results in a second human leukemia cell line, NALMG6, with
DIP providing the highest level of synergy (Figure S1n—r and
Table 1).

Effects of these small molecules on VCR-
induced neurotoxicity in human iPSC-
derived neurons

To assess the effects of these small molecules on VCR-
induced neurotoxicity, we used neurons derived from
human iPSCs. These hiPSC-derived neurons were previ-
ously validated as a model to evaluate chemotherapy-
induced neurotoxicity,”’** including VCR-induced
neurotoxicity.23 In contrast to ALL cells, we documented
significantly greater resistance of hiPSC-derived neurons
to VCR in the presence of these small molecules (Table 2).
This protection against VCR-induced toxicity in neurons
was evidenced by the antagonistic effects of these small
molecules as measured by neurite outgrowth, branches,

TABLE 1 Estimate of drug-drug
interaction between vincristine and second

N Drug name
drug (dipyridamole, tazarotene, and
quetiapine fumarate) in CEM and NALM6 Dipyridamole
ALL cell-lines Tazarotene

Quetiapine fumarate

ASCPT

processes, and cytotoxicity compared with VCR alone
(Table 2), whereas knockdown of NHP2LI in hiPSC-
derived neurons did not have any effect on these morpho-
logic phenotypes (Figure S2). Overall, our results show
that DIP, quetiapine fumarate, and tazarotene synergized
with VCR in leukemia cells but mitigated VCR effects on
neurons (Figure S3). Because DIP showed the strongest
degree of synergy with VCR in leukemia cells and pro-
tection against VCR toxicity in iPSC-derived neurons, as
documented for hiPSC-derived neurons outgrowth and
ability to expand in branches and processes (Figure 3a,b
and Figure S4), DIP was chosen for further experiments.

Mechanisms by which DIP alters VCR effects
in ALL cells and in neurons

To understand the mechanisms by which DIP influences
VCR-induced cell death, we assessed the effect of VCR on
Histone H3 phosphorylation in the presence of increasing
concentration of DIP in CEM and in NALMG6 leukemia cells.
DIP induced a dose-dependent increase in phospho-histone
H3 (Ser10) levels in CEM (Figure 4a,b) and in NALMG6 cells
(Figure 4c,d), consistent with the increased accumulation of
mitotic cells prior to VCR-induced cell death. The primary
function of NHP2L1 through its interaction with U4 involves
the splicing of SORORIN pre-mRNA. Disruption of this in-
teraction compromises SORORIN splicing and decreases the

NALMG6 p

CEM «a CEMp value NALM6 value

11.6 245%x107° 445 6.9 x 107
0.945 9.66 x 10~ 1.42 143 x 107!
0.787 0.0235 2.33 1.73x 1077

Note: Values of a significantly greater than zero indicate synergy and values significantly less than zero
indicate antagonism. The p value indicates the significance of the interaction term (o) relative to additive (0)
and was determined using a t-fest.

Abbreviation: ALL, acute lymphoblastic leukemia.

TABLE 2 Estimate of drug-drug interaction between vincristine and second drug (dipyridamole, tazarotene, and quetiapine fumarate) in

hiPSC-derived neurons

Branches Processes Outgrowth Viability
Drug name o p value o p value o p value o p value
Dipyridamole -343  28x107"7 -175  507x107° -198  569x107° -37 4.83 %
107"
Tazarotene -1.16  0.032 -159  205x1078 -1.63  29x107’ -0.72 0.25
Quetiapine fumarate —229  222x1077 -1.25 1.47x 107 -167  632x107° -0.007  0.99

Note: Values of a significantly greater than zero indicate synergy and values significantly less than zero indicate antagonism. The p value indicates the significance of

the interaction term (o) relative to additive (0) and was determined using a z-fest.

Abbreviation: hiPSC, human-induced pluripotent stem cell.
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Dipyridamole (uM)
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FIGURE 3 Effects of small molecule inhibitor of NHP2L1 U4 interaction on neurons and leukemic cells treated with vincristine (VCR). (a)
VCR effects relative to dipyridamole (DIP) on neurons and two acute lymphoblastic leukemia (ALL) cell lines (CEM and NALMS6). The y-axis
represents the ratio of the additive half-maximal effective concentration (ECs) to the actual ECy for the combination of VCR and DIP. Each bar
represents a fixed concentration of DIP (0.25 uM [0.125 mg/L], 0.5 uM [0.25 mg/L], 1 uM [0.5 mg/L], 2.5 uM [1.265 mg/L], 5 uM [2.525 mg/L],
and 10 uM [5.05 mg/L]). The whiskers are the 95% confidence interval of the measure. A ratio of one indicates the combination is additive,

whereas a ratio greater or less than one indicates that the combination is either synergistic or antagonistic, respectively. (b) Representative images

of human-induced pluripotent stem cell (hiPSC) neurons (Peri.4 U) 72 h after treatment with increasing concentrations of VCR with or without

increasing concentrations of DIP. Images were taken from the ImageXpress Micro imaging microscope at 10X magnification

abundance of mature SORORIN protein.24 We documented
a dose-dependent effect of DIP on SORORIN protein levels,
with the highest concentration of DIP (10 uM [5.05 mg/L])
producing the lowest level of SORORIN protein in CEM
(Figure 4e,f) and in NALM6 cells (Figure 4g.h), consistent
with DIP exerting its effects via interference with NHP2L1/
U4 interaction.

Because DIP is a known inhibitor of the ABCB1 efflux
transporter, we assessed the effects of DIP on the intracellu-
lar concentration of VCR and vice versa. There was a signif-
icant increase in the intracellular concentration of VCR with
increasing concentrations of DIP in CEM (Figure 5a) and
in NALMBG6 leukemia cells (Figure S5a), indicating that DIP
can also affect sensitivity of leukemia cells by increasing
the intracellular concentration of VCR. In contrast, increas-
ing concentrations of VCR did not significantly increase the
intracellular concentration of DIP in CEM (Figure 5b) or
in NALMG6 cells (Figure S5b). We also assessed the intra-
cellular concentrations of DIP and VCR in hiPSC-derived
neurons, documenting that DIP did not increase VCR in-
tracellular concentrations (Figure 5c,d), but instead trended
toward lower VCR intracellular concentrations in the pres-
ence of DIP in hiPSC-derived neurons. Gene expression
analyses indicated low expression of ABCBI (relative to
other transporters), the main efflux transporter of VCR, in
hiPSC-derived neurons but not in the leukemia cells (Tables
S2 and S3).

In vivo PK studies

PK studies verified that mice had clinically relevant plasma
drug concentrations with doses of VCR 0.1 mg/kg intraperito-
neal and DIP 200 mg/kg p.o. These studies documented total
plasma concentrations of VCR and DIP of up to 10 ng/ml
(12.1 nM) and 5000 ng/ml (9.9 uM), respectively. Clinically,
studies have reported plasma concentrations up to 31.2 ng/
ml (37.8 nM) for VCR * and 6000 ng/ml (11.9 uM) for
DIP.?® There was no significant difference in VCR systemic
clearance in mice treated with VCR and DIP versus VCR
alone (4.88 L/hr/kg vs. 5.96 L/hr/kg, respectively, p = 0.153;
Figure S6a). Likewise, concomitant VCR administration
did not significantly affect the apparent oral clearance or
plasma exposure of oral DIP in mice (p = 0.950; Figure S6b).
Overall, these data indicate that concomitant DIP 200 mg/kg
p-o. daily does not affect VCR clearance or plasma exposure
in mice.

In vivo effects of DIP on VCR-induced
peripheral neuropathy and on VCR’s
antileukemic effects in a mouse
xenograft model

To determine whether DIP alters VCR-induced periph-
eral neuropathy in mice, we used von Frey filaments.*’
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We compared the percentage paw withdrawal response as
a measure of neurotoxicity in mice among four different
treatment groups of mice, using a mixed effect model with

baseline response, filament strength, and measurement time-
point as covariates in the analysis. We observed a significant
increase in paw withdrawal responses of mice receiving VCR
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FIGURE 4 Effects of dipyridamole (DIP) on vincristine (VCR)-induced mitotic arrest and on SORORIN protein level. Human leukemia
cells (CCRF-CEM and NALMG6) were treated with vincristine (2 nM [1.65 ug/L]) for 24 h alone or with increasing concentrations of DIP.
Representative blots of phosphorylated Serine 10 in Histone H3 protein and of total Histone H3 after 24-h treatment with VCR and increasing

concentrations of DIP for human acute lymphoblastic leukemia cell lines CEM (a) and NALMG6 (c) are shown. Phospho Serine 10 Histone H3

protein levels were quantified by densitometry, normalized to total Histone H3 signal and expressed in arbitrary units for the CEM cells (b) and

for the NALMG6 cells (d). Values are means + SD of three independent experiments. Student’s 7-test was used to calculate p values. *p < 0.05,

*¥p < 0.01, ¥*¥*p < 0.001. G2 synchronized cells were treated with increasing concentration of DIP, and expression of SORORIN was document
by Western blot in CEM (e) and NALMG6 (g) cells. The level of SORORIN was normalized to the level of GAPDH and the ratio was plotted for
the CEM (f) and the NALMBG6 (h) cells. Values are means +SD of three independent experiments. Student’s 7-test was used to calculate p values.

p < 0.05, #p < 0.01, **p < 0.001

alone. Importantly, the administration of DIP with VCR sig-
nificantly lowered this response (Figure 5e, Figure S6c—f,
and Table S4), indicating in vivo mitigation of the neurotoxic
effects of VCR. These results were confirmed by a signifi-
cantly higher cumulative incidence of cutaneous pain sen-
sitivity (Figure 5f) and a significant decrease in mechanical
sensitivity threshold in mice receiving VCR alone compared
with mice treated with VCR and DIP (Figure S6g), consistent
with neuroprotective effects of DIP observed in the hiPSC-
derived neurons. Using NSG mice inoculated with human
CEM leukemia cells, we documented that DIP significantly
prolonged the survival of mice treated with VCR (Figure 5g)
consistent with the synergistic effects of DIP and VCR seen
in leukemia cells ex vivo.

DISCUSSION

The sensitivity of primary leukemia cells to antileukemic
agents, measured in ex vivo assays as LCj, is a good predic-
tor of in vivo drug response in patients with ALL.322 1
a genome-wide interrogation study based on the sensitivity
of primary ALL cells to VCR, we discovered that low ex-
pression of NHP2LI is associated with increased sensitiv-
ity to VCR and this was validated by manipulating NHP2L1
in human ALL cell lines. VCR exerts its antileukemic ef-
fects by interfering with microtubule formation and mitotic
spindle dynami(:s,30'32 thereby inducing mitotic arrest and
apoptosis.33 Low NHP2LI1 is also associated with mitotic
arrest,24 consistent with low expression of NHP2L1 sensi-
tizing ALL cells to VCR, as both increase accumulation of
mitotic cells. Previous studies have shown synergistic ef-
fects between antimitotic drugs, such as VCR and proteins
involved in mitosis.***® We previously identified US Food
and Drug Administration (FDA)-approved small molecules
that are inhibitors of NHP2L1 function, and here we docu-
mented synergy between VCR and several of these NHP2L1
inhibitors, including tazarotene, quetiapine fumarate, and
dipyridamole. Tazarotene is an acetylenic retinoid used for
the topical treatment of acne and psoriasis.37 Quetiapine fu-
marate is an antipsychotic used in the treatment of depres-
sion, schizophrenia, and bipolar disorder.®® Dipyridamole
inhibits platelet aggregation and thrombus formation and is

widely used clinically as an antiplatelet drug with no major
side effects.”

We further documented that DIP decreases the cellular
level of SORORIN, a protein that requires normal spliceo-
some (NHP2L1) function to maintain adequate cellular lev-
els to regulate sister chromatid cohesion during mitosis.*’
Mitotic arrest could be caused by either defects in mitotic
spindle dynamics caused by VCR and (or) defects in sister
chromatid cohesion following reduction of SORORIN pro-
tein level.”***2 We also observed increased intracellular
concentrations of VCR in leukemia cells when ALL cells
were treated concomitantly with DIP. VCR is transported
out of leukemia cells mainly by the multidrug efflux pump
P-glycoprotein (P-gp; encoded by ABCBI).**** DIP is a
well-known inhibitor of P—gp45 and DIP has been shown to
increase the intracellular concentration of P-gp substrates™*’
consistent with the increased level of VCR in leukemia cells
treated with DIP. DIP did not increase the intracellular con-
centration of VCR in hiPSC neurons, perhaps due to the low
constitutive expression of ABCBI1 in hiPSC-derived neurons.
We have not assessed the impact of differences in plasma pro-
teins, which is unlikely to be substantial given the modest
(around 75%) plasma protein binding of VCR.*®

Low expression or knockdown of NHP2L] increased sen-
sitivity of leukemic cells to VCR, whereas knockdown of
NHP2LI did not have any effect on VCR-mediated toxicity
in iPSC-derived neurons. The differing effect of NHP2L1 on
ALL cells versus hiPSC-derived neurons is likely also because
neurons are post-mitotic cells and NHP2L1 acts primarily on
mitotic cells. Thus, there are at least two potential reasons
why DIP has different effects on VCR in leukemia cells ver-
sus hiPSC-derived neurons: (1) DIP increases intracellular
VCR by inhibiting the efflux transporter (ABCB1) in ALL
cells but not in iPSC-derived neurons, and (2) the inhibition
of NHP2L1 has different consequences in cells undergoing
mitosis (ALL) versus post-mitotic cells, such as neurons. We
cannot exclude the possibility of other mechanisms by which
DIP differentially alters VCR sensitivity in leukemia cells
and hiPSC-derived neurons, as it is known to have several ad-
ditional properties (anti-oxidant and anti-inflammatory).49’50

We have previously identified an inherited variant in CEP72,
which encodes a protein essential for microtubule formation
that increases the risk and severity of VCR-induced acute
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FIGURE 5
pluripotent stem cell (hiPSC)-derived neurons relative to incubation time (hours) and VCR neurotoxicity in mice. Intracellular concentration of
VCR was determined in (a) CEM acute lymphoblastic leukemia (ALL) cells after exposure of the cells to 2 nM (1.65 pg/L) or 40 nM (33 pg/L)
of VCR with or without increasing concentrations of DIP: O uM in black, 2.5 uM (1.265 mg/L) in blue, 5 uM (2.525 mg/L) in green, and 10 uM
(5.05 mg/L) in magenta. The circles and whiskers represent the median and range of the data. The maximal rate of metabolism (AV,,,,) represents

Intracellular concentration of vincristine (VCR) or dipyridamole (DIP) in CEM human leukemia cell line, or human-induced

the change in V,,,, due to the presence of DIP. The p values test whether the change in V,,,. (4V,,,,) due to the presence of DIP differs from 0

nax.
using the r-test (a). Intracellular concentration of DIP was determined in (b) CEM after treating leukemia cells with 2.5 uM (1.265 mg/L), 5 uM
(2.525 mg/L), or 10 uM (5.05 mg/L) of DIP with or without increasing concentrations of VCR: 0 nM in black, 2 nM (1.65 pg/L) in blue, and

40 nM (33 pg/L) in green. The circles and whiskers represent the median and range of the data. The p values test whether the change in the slope
due to the presence of VCR is different from 0 using the #-test (b). Intracellular levels of DIP were not significantly related to extracellular VCR
concentrations. Intracellular concentration of VCR was determined in human-induced pluripotent stem cell (hiPSC)-derived neurons after treatment
of the cells with 40 nM (33 pg/L) of VCR with or without 5 uM (2.525 mg/L) of DIP: 0 uM in black, and 5 uM (2.525 mg/L) in blue (c). The

p values test if AV, differs due to the presence or absence of dipyridamole using the r-test (c). The circles and whiskers represent the median

and range of the data. The AV, represents the change in V,,,. due to the presence of DIP. Intracellular concentration of DIP was determined in
hiPSC-derived neurons after treating the cells with 5 uM of DIP with or without 40 nM (33 pg/L) of VCR: 0 nM in black, and 40 nM (33 pg/L) in
blue. The circles and whiskers represent the median and range of the data (d). The p values test whether AV, due to the presence of vincristine is
different from O using the #-test (d). (e) Paw withdrawal responses expressed as percentage were determined using von Frey filaments at baseline,
day 7, day 10 and day 14 in mice receiving one of the following treatments: saline and vehicle of DIP; saline and DIP; VCR and vehicle of DIP;
and VCR and DIP. (f) Cross-sectional and cumulative proportion (CPN) of mice positive for neurotoxicity in each treatment group is depicted.
Positive neurotoxicity was defined as values higher than 95th percentile of the von Frey measurements. (g) NSG mice were inoculated with human
CEM leukemia cells. After engraftment, the mice were treated once a week with saline and vehicle (controls), VCR, DIP, or the two drugs together.
Percentage survival was determined for each group of mice. Mice receiving VCR and vehicle showed a significantly prolonged survival compared
with controls (saline + vehicle as well as saline + dipyridamole; p value <0.001). The addition of DIP to VCR significantly prolonged the survival

of mice compared with mice treated with only VCR and vehicle (p value <0.001)

neuropathy,23 providing a strategy for identifying patients at
highest risk of this common toxicity. Our present discovery of
small molecules capable of increasing the sensitivity of ALL
cells to VCR and prolonging survival of mice bearing human
leukemia cells, whereas simultaneously protecting neurons from
VCR-induced neurotoxicity constitutes another step toward im-
proving the efficacy while mitigating the neurotoxicity of VCR.

In conclusion, we have shown that DIP, a small molecule
inhibitor of NHP2L1, synergizes with VCR in leukemic cells
while mitigating VCR-induced neurotoxicity, opening the
possibility of improving the therapeutic index of this widely
prescribed anticancer agent, which will require a prospective
clinical trial to validate in patients.
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