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Stauprimide is a staurosporine analog that promotes embryonic
stem cell (ESC) differentiation by inhibiting nuclear localization of
the MYC transcription factor NME2, which in turn results in down-
regulation of MYC transcription. Given the critical role the oncogene
MYC plays in tumor initiation and maintenance, we explored the
potential of stauprimide as an anticancer agent. Here we report that
stauprimide suppresses MYC transcription in cancer cell lines derived
from distinct tissues. Using renal cancer cells, we confirmed that
stauprimide inhibits NME2 nuclear localization. Gene expression
analysis also confirmed the selective down-regulation of MYC target
genes by stauprimide. Consistent with this activity, administration of
stauprimide inhibited tumor growth in rodent xenograft models. Our
study provides a unique strategy for selectively targeting MYC tran-
scription by pharmacological means as a potential treatment for MYC-
dependent tumors.
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he transcription factor MYC participates in diverse cellular

processes by regulating the transcription of a large number of
genes involved in gene expression, cell division, apoptosis, cell ad-
hesion, stem cell self-renewal and differentiation, and metabolism
(1-3). MYC is an oncogene whose expression is elevated in up to
75% of all cancers with various tissue origins (4); MYC expression
levels also correlate with prognostic outcomes in patients of various
types of malignancies (5, 6). In addition to its well-established roles
in tumor initiation and cancer cell survival and proliferation, MYC
has been shown to be involved in tumor microenvironment
remodeling, drug resistance, and cancer stem cell maintenance (7-
9). Recent studies have also revealed a role for MYC in regulating
the transcription of immune checkpoint genes, including CD47 and
PD-L1 in cancer cells, suggesting that MYC is involved in cancer
escape from immune surveillance (10).

Overexpression of MYC is able to induce malignant trans-
formation in skin (11), lung (12), liver (13), breast (14, 15), and
hematopoietic cells (16) in transgenic mouse models, and ter-
mination of MYC overexpression results in halted cancer cell
proliferation, increased apoptosis and terminal differentiation,
and tumor regression. Furthermore, inhibition of endogenous
MYC by the inducible expression of a dominant-negative variant
of MYC, Omomyc, is able to induce tumor regression in trans-
genic mouse models of lung cancer (17). More intriguingly,
transient deactivation of MYC overexpression (18) and episodic
expression of Omomyc (19) have been shown to induce irre-
versible tumor regression in osteosarcoma and lung cancer
transgenic mouse models, suggesting the potential of MYC-
targeted anticancer therapies.

Drug discovery efforts have attempted to directly and in-
directly modulate MYC-dependent transcription. For example,
compounds have been identified that disrupt the interaction
between MYC and its transcriptional partner MAX to suppress
downstream gene transcription (20-24). In addition, molecules
have been developed that stabilize the DNA G-quadruplex sec-
ondary structure in the MYC promoter region to down-regulate
its own transcription (25, 26). More recently, bromodomain and
extraterminal (BET) inhibitors have been shown to effectively
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suppress MYC transcription in various types of cancer cells and
inhibit tumor growth in animal models (27), which has led to the
development of drug candidates currently in clinical trials. How-
ever, the selectivity of these epigenetic-based approaches for tar-
geting MYC transcription is not yet fully established; indeed, in
some cancers, the anticancer activity of BET inhibitors has been
attributed to their inhibition of genes other than MYC (28-30).

In previous studies, we identified a small molecule, stauprimide,
which promotes embryonic stem cell (ESC) differentiation by sup-
pressing MYC transcription (31) through its effect on the nuclear
localization of the transcription factor NME2. These data prompted
us to investigate the potential of stauprimide as an anticancer agent.
Herein, we show that stauprimide suppresses MYC transcription in
cancer cells from different tissue origins in vitro, and inhibits tumor
growth in xenograft mouse models using renal cancer cells. mRNA
sequence-based (mRNA-seq) global gene expression and gene set
enrichment analyses (GSEA) indicated that the effects of staupri-
mide on MYC transcription were direct and selective. Our study
provides a unique approach for targeting NME2-mediated MYC
transcription as an effective anticancer strategy.

Results

Stauprimide Suppresses MYC Transcription in Various Cancer Cell Lines of
Different Tissue Origins. To assess its effect on MYC transcription in
malignant cells, we tested stauprimide in a panel of cancer cell lines
representing different tissue origins (including breast cancer, mel-
anoma, renal carcinoma, leukemia, prostate cancer, hepatoma,
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colorectal cancer, lung cancer, and pancreatic cancer). After
6 h, total RNA was isolated and MYC transcript levels were
analyzed using quantitative RT-PCR (qRT-PCR). Consistent
with its effects in ESCs (31), stauprimide suppresses MYC
transcription in the majority of cell lines tested with ECsps ranging
from 30 nM to 8 pM, and decreased MYC levels between 15% to
over 90% at 10 uM (Table S1). The different responses to stau-
primide in different cells may be attributable to the diversity of
signaling cascades, transcriptional programs, and epigenetic modi-
fications regulating MYC promotor activities in different cellular
contexts (32). Furthermore, stauprimide suppresses MYC tran-
scription in murine cancer cells, including the melanoma cell line
B16 and lung cancer cell line MLE12 at concentrations and mag-
nitudes comparable to those in their human counterparts, suggest-
ing relatively conserved MYC transcription regulation across
species (33, 34).

To further investigate the effects of stauprimide on MYC
transcription in cell culture and in vivo, we chose to focus on the
renal cancer cell line RXF 393 cells, based on the potency of
stauprimide and near complete MYC transcription suppression
in this cell line. Stauprimide treatment decreased MYC protein
levels by more than 60% in RXF 393 cells as shown by immu-
nofluorescent staining and Western blotting (Fig. 1 A and B).
Moreover, when stauprimide was included in the cell culture
media for 24-72 h, cell proliferation was almost completely
inhibited by stauprimide at concentrations of 2-8 uM (Fig. 1D).
The ICs for inhibition of cell proliferation (780 + 160 nM; Fig.
1E) was comparable to the ICsy of MYC transcription suppres-
sion (610 = 90 nM; Fig. 1C). Similar effects on cell proliferation
by stauprimide were observed in other cell lines, including CAKI-
1 and TK-10 cells (renal cancer), as well as KG1A cells (leuke-
mia). These results are in agreement with the well-established
role of MYC in cell cycle progression.
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Fig. 1. Stauprimide suppresses MYC transcription in cancer cells. (A) Immu-
nostaining of MYC in RXF 393 cells treated by stauprimide (5 pM) or DMSO for
24 h; nuclei were stained with DAPI. (Scale bars: 50 pm.) (B) Western blot of RXF
393 cell lysate for MYC upon stauprimide (5 uM) treatment for 24 h; a-tubulin
was used as a loading control. (C) gRT-PCR for MYC mRNA in RXF 393 cells
treated with stauprimide for 6 h in dose—response format. (D) Proliferation of
RXF 393 cells upon stauprimide treatment at indicated concentrations assessed at
various time points. Asterisk indicates statistically significant difference compared
with DMSO-treated controls, P < 0.05. (E) Dose—response of RXF 393 cell pro-
liferation to stauprimide treatment measured at 72 h. All data are presented as
mean + SD, n = 3.
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Fig. 2. NME2-mediated MYC transcription is inhibited by stauprimide in
cancer cells. (A) qRT-PCR analysis of NME2 and MYC mRNA levels in RXF
393 and CAKI-1 renal cancer cells following transfection of NME2 targeting
siRNAs in the cells. (B) Western blotting of indicated proteins for nuclear and
cytosolic fractions of RXF 393 and CAKI-1 cell lysates upon stauprimide
treatment (5 pM) for 3 h. (C) gRT-PCR for MYC mRNA in indicated cell lines
treated with stauprimide for 6 h in dose-response format.

Stauprimide Suppresses MYC Transcription by Inhibiting NME2
Nuclear Translocation. In previous studies, we demonstrated
that stauprimide binds to NME2 and inhibits its nuclear lo-
calization, which leads to the decreased MYC promoter oc-
cupancy by NME2 (31). To confirm that this same mechanism
operates in cancer cells, we studied the role of NME2 in regulat-
ing MYC transcription in RXF 393 and CAKI-1 cells. When
NME2 was knocked down by NME2-targeting siRNAs, MYC
transcription was suppressed to levels comparable to stauprimide
treatment (Fig. 24). This result is consistent with previous findings
that NME2 is a MYC transcription factor. Next, we assessed the
effect of stauprimide on NME2. As seen in ESCs, nuclear local-
ized NME?2 significantly decreased upon stauprimide treatment
in both RXF 393 and CAKI-1 cells as early as at 3-h time point
as shown by cell nuclear fractionation followed by Western
blotting (Fig. 2B). Because the vast majority of NME2 is lo-
calized in the cytoplasm, the attempt to use immunostaining to
quantify the altered NME2 nuclear localization by stauprimide
treatment was unsuccessful. Furthermore, stauprimide did not
affect the overall mRNA or protein levels of NMEZ2, which is in
line with the notion that stauprimide binds to and regulates
NME?2 subcellular distribution.

NME?2 regulates MYC transcription by binding to the nucle-
ase hypersensitive element III (NHE III) region of the MYC
promoter close to the transcription start site (35-37). Given the
mode of action of stauprimide, we hypothesized that cancer cells
with different genomic regulatory sequences around the NHE II1
region may respond differently to stauprimide. To explore this
notion, we studied the effects of stauprimide on three hemato-
poietic cancer cell lines with differing NHE III regions: a leu-
kemia cell line KG1A with the wild-type genomic arrangement
of MYC promoter; a Burkitt’s lymphoma cell line CA46 with a
chromosomal translocation involving chromosome 8 and 14 that
results in an insertion of Ig promoter between NHE III and
transcription start site in the MYC promoter; and another
Burkitt’s lymphoma cell line RAMOS RA1 with a chromosomal
translocation in the MYC promoter upstream of the NHE III
region. As seen in other cancer cells with the wild-type MYC
promoter, stauprimide suppresses MYC transcription in KG1A
cells efficiently with an ECsy of 400 + 50 nM and a maximum
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suppression of ~90%; in contrast, CA46 cells were resistant to
stauprimide treatment (Fig. 2C), which supports our hypothesis
that the regulation of MYC transcription by NME2 depends on
the involvement of the NHE III sequence.

Unexpectedly, RAMOS RAL1 cells also showed resistance to
stauprimide treatment, even though the NHE III region is con-
served in these cells. The NHE III region has high guanine content
that may form secondary DNA structures (a G-quadruplex) that
negatively affects the binding of the RNA polymerase complex to
the MYC promoter. NME2 recognizes the G-quadruplex and re-
leases the negative regulatory effect of the latter. We speculate that
in RAMOS RAL cells, even though the NHE III is conserved, the
formation of G-quadruplex structure may be affected by upstream
genomic sequences that make MYC transcription less sensitive to
NME?2 regulation. Moreover, the formation of a G-quadruplex and
its recognition by NME2 may depend on the epigenetic status of the
cell. The insertion of a transcriptionally active Ig promoter may
affect the epigenetic status of the MYC locus and the arrangement
of nucleosome, which renders these cells resistant to stauprimide.
Indeed, a recent study by Yadav et al. (38) demonstrated a re-
lationship between NME2 occupancy and nucleosome positioning
in lung cancer cells. Distinct from stauprimide, the bromodomain
inhibitor JQ1 suppressed MYC transcription in all three cell lines
(Fig. S1), which is consistent with its mode of action of targeting
epigenetically highly active transcriptional programs regardless of
the different promoter arrangements in these cancer cell lines. The
difference in MYC suppressing activities between stauprimide and

>
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JQ1 implies distinct modes of action between the two compounds,
and suggests that stauprimide selectively suppresses MYC tran-
scription driven by the wild-type promoter.

Stauprimide Selectively Suppresses MYC and Its Target Gene
Transcription. We assessed the effects of stauprimide on global
gene expression in RXF 393 renal cancer cells. mRNA was
collected from cells treated with either DMSO or stauprimide at
5 uM for 6, 12, and 24 h, and mRNA-seq was performed to
quantify the levels of all transcripts in each sample. At as early as
6 h, MYC mRNA levels were significantly decreased in the
presence of stauprimide. Other potential NME2 target genes,
including CTGF, FRMD6, and MITF, which have previously
been shown to be regulated by NME2 (39), also made the list of
top 50 genes down-regulated by stauprimide (Table S2), which
supports the notion that NME2 transcriptional programs are
directly impacted by stauprimide treatment. At 12 and 24 h, the
number of genes whose mRNA levels were affected by staupri-
mide treatment and the magnitude of these changes both in-
creased, compared with those at 6-h time point (Fig. 34).
Next, we carried out a GSEA (40) using the mRNA-seq ex-
pression data from the time course of stauprimide treatment.
When analyzed using the hallmark gene sets that cover well-
defined biological states and processes in the Molecular Sig-
nature Database (Broad Institute), the gene expression data
rendered only two gene sets among a total of 50 gene sets with
statistically significant enrichment between stauprimide and
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Fig. 3. Stauprimide selectively suppresses MYC target gene transcription. (A) Genome-wide gene expression analysis by mRNA-seq upon stauprimide
treatment (5 pM) in RXF 393 cells at 6, 12, and 24 h time points. The expression levels of each gene were normalized to the total mRNA abundance of each
sample and compared with that of DMSO-treated controls. (B) The list of the top gene sets that are enriched over the time course of stauprimide treatment.
GSEA analysis was performed using HALLMARK gene set database. (C) Enrichment plot of genes in HALLMARK_MYC_TARGETS_V1 and HALLMARK-
MYC_TARGETS_V2 gene sets during the time course of stauprimide treatment. (D) Heat map of the mRNA levels of the genes listed in the
HALLMARK_MYC_TARGETS_V2 gene set during the time course of stauprimide treatment.
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DMSO treatments: HALLMARK MYC _TARGETS_V1 and
HALLMARK_MYC _TARGETS_V2 [false discovery rate
(FDR) g value threshold <0.25, nominal p value thresh-
old <0.01], which consist of a host of well-characterized genes
whose transcription is directly regulated by the transcription factor
MYC (199 genes on the V1 list and 58 genes on the V2 list, re-
spectively). Both gene sets were negatively correlated with the time
course of stauprimide treatment (decreased gene expression with
increased treatment duration), with a normalized enrichment score
of —1.227 and -1.100, respectively (Fig. 3B). Furthermore, the
majority (~80%) of the members of both MYC target gene lists
(166 of 199 genes of HALLMARK MYC TARGETS V1 and
46 of 58 genes of HALLMARK _MYC_TARGETS_V2, re-
spectively) were recognized as contributing to the enrichment
score (Fig. 3C). The heat maps exhibited a consistent, time-
dependent down-regulation of the majority of MYC target genes
in both gene sets (Fig. 3D and Fig. S2). Interestingly, in contrast to
the time-dependent trend of MYC target gene down-regulation,
the magnitude of down-regulation of MYC’s own mRNA by
stauprimide was rather unchanged over time (from 44% at 6 h to
39% at 12 h, and 38% at 24 h, respectively). These data suggest
that the effects of stauprimide on MYC transcription are rapid and
direct, whereas the suppression of MYC target genes, as a con-
sequence of MYC down-regulation, becomes appreciable at later
time points. The third gene set on the enrichment list following the
two MYC target gene sets was HALLMARK E2F TARGETS;
however, its enrichment did not meet the statistical significance
threshold (FDR ¢ value 0.286, nominal p value 0.203). Thus, the
down-regulation of MYC and other NME2 target genes supports
the notion that stauprimide inhibits the transcriptional activity of
NME?2, and the GSEA provides convincing evidence that in-
hibition of NME2 leads to a direct and selective suppression of
MYC transcription.

Stauprimide Inhibits Tumor Growth in Xenograft Mouse Models. To
assess the effects of stauprimide in vivo, we carried out pharma-
cokinetics (PK) and tolerability studies. Stauprimide exhibited fa-
vorable systemic exposure upon oral administration at 20 mg/kg
with maximum plasma concentrations in a range of 1.85 to 2.09 uM,
comparable to its in vitro cellular active concentrations, and a half-
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life of ~4 h. Next, we explored the tolerability of stauprimide upon
oral administration at 50 mg/kg once per day for 7 d. The regimen
was well tolerated without any adverse effects observed on body
weight, motor function, or plasma chemistry. In addition, we
assessed the PK profile during the last dosing cycle. Stauprimide
showed elevated plasma levels at all time points of sampling
(Table S3 and Fig. S3), encouraging us to carry out subsequent
efficacy studies.

Based on the in vitro sensitivity of cancer cell lines to stauprimide,
we chose renal cancer cell lines RXF 393 and CAKI-1 to carry out
xenograft tumor models. The cancer cells (5 x 10° cells per injection)
were injected into immunocompromised mice [nonobese diabetic/
severe combined immunodeficiency (NOD/SCID)] subcutaneously.
When tumors reached a size of 50-100 mm?®, oral stauprimide ad-
ministration was started once per day at 50 mg/kg. Stauprimide
treatment almost completely blocked tumor growth in mice injected
with either RXF 393 or CAKI-1 cells during the dosing periods (Fig.
4 A and D). No difference in body weight was observed between
vehicle and stauprimide-treated groups (Fig. S4). Tumor samples
were collected at the end of the studies and analyzed for stauprimide
levels at 3, 10, and 24 h post last dose. Stauprimide was detectable
at all time points with concentrations between 1.8 and 3.6 pM
(Table S4; assuming tissue density is the same as water, 1.0 g/mL),
higher than its in vitro ECss in both cell lines (610 + 90 nM in RXF
393 cells and 1,004 + 142 nM in CAKI-1 cells, respectively). Due to
the weak signal of NME2 immunostaining in the nucleus compared
with that in the cytoplasm, we were unable to quantify the altered
NME2 nuclear localization upon stauprimide treatment in tumor
tissues. However, immunohistochemistry staining of MYC in the
nuclei clearly showed that stauprimide reduced MYC protein levels
in xenograft tumors (Fig. 4 B and E). In addition, qRT-PCR analysis
confirmed the inhibition of MYC transcription in the RXF 393 tu-
mor samples upon stauprimide treatment (Fig. 4C). These data
confirm the effects of stauprimide on MYC transcription in vivo,
consistent with its mode of action in the cellular assays.

Discussion

MYC plays critical roles in almost all aspects of cancer biology,
including cancer cell proliferation and survival, cancer stem cell
self-renewal and differentiation, cancer cell interactions with

@)

relative mRNA level

stauprimide vehicle Stau

MYC DAPI

Merged

Fig. 4. Stauprimide inhibits tumor growth in xenograft tumor models. (A) Tumor volume measurement of RXF 393 cells injected s.c. into NOD/SCID mice and
treated with stauprimide (50 mg/kg, once per day) or with vehicle [75% (vol/vol) PEG300; 25% (vol/vol) D5W], n = 10/group. (B) Immunohistochemistry
staining of tumor samples using anti-MYC antibody at the end of the dosing period of A. (Scale bars: 100 pm.) (C) gRT-PCR analysis of human MYC mRNA in
tumor samples at the end of the dosing period of A; mRNA abundance was normalized to human GAPDH. (D) Tumor volume measurement of CAKI-1 cells
injected s.c. into NOD/SCID mice treated with stauprimide (50 mg/kg, once per day) or with vehicle [75% (vol/vol) PEG300; 25% (vol/vol) D5W], n = 5/group.
(E) Fluorescent immunostaining of tumor samples using anti-MYC antibody at the end of dosing period of D. (Scale bars: 100 um.) Arrowheads in A and D
indicate the start of dosing. All data are presented as mean + SD; statistical analyses were carried out using t test, *P < 0.05, **P < 0.01, ***P < 0.001.

3500 | www.pnas.org/cgi/doi/10.1073/pnas.1702663114

Bouvard et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702663114/-/DCSupplemental/pnas.201702663SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702663114/-/DCSupplemental/pnas.201702663SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702663114/-/DCSupplemental/pnas.201702663SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702663114/-/DCSupplemental/pnas.201702663SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1702663114/-/DCSupplemental/pnas.201702663SI.pdf?targetid=nameddest=ST4
www.pnas.org/cgi/doi/10.1073/pnas.1702663114

L T

/

1\

=y

extracellular matrix, and other tumor resident cells, including
fibroblasts and immune cells, cancer cell drug resistance, and
metastasis. The plurality of these activities makes MYC an at-
tractive target for anticancer drug development; however, no ap-
proved MYC-targeting drugs are available to date. In the current
study, we demonstrate that stauprimide selectively suppresses MYC
transcription in a number of different cancer cell lines. The down-
regulation of MYC by stauprimide leads to the inhibition of cell
proliferation in vitro and halts tumor growth in rodent xenograft
tumor models using renal cancer cells.

NME?2 is a MYC transcription factor that binds the NHE III site
of the MYC promoter and releases the negative regulatory effect by
the G-quadruplex secondary DNA structure on MYC transcription.
Stabilization of the G-quadruplex by small molecules has been
shown effective in suppressing MYC transcription in vitro and
in vivo. Previously, we demonstrated that stauprimide does not act
as a broad spectrum kinase inhibitor like staurosporine, but rather
binds to NME2 and blocks its nuclear localization in ESCs, which
results in down-regulation of MYC transcription (31). This mech-
anism was confirmed in cancer cells by the suppression of MYC
transcription upon NME2 knockdown by siRNAs and the blockade
of nuclear localization of NME2 by stauprimide. Furthermore,
MYC promoter-translocated cancer cells, including Burkitt’s lym-
phoma cell lines RAMOS RA1 and CA46, are resistant to stau-
primide treatment, supporting the notion that NME2 regulates
MYC transcription by recognizing the wild-type MYC promoter.

mRNA-seq-based global gene expression and gene set enrich-
ment analyses provided further evidence that stauprimide directly
and selectively inhibits NME2 transcriptional activity and sub-
sequently suppresses MYC transcription. Stauprimide significantly
reduced the transcript levels of a list of NME2 target genes, in-
cluding MYC, CTGF, FRMD6, and MITF at a time point as early
as 6 h; among all 50 hallmark gene sets representing a host of
cellular processes, only MYC target gene sets showed statistically
significant enrichment during the time course of stauprimide
treatment. Moreover, stauprimide treatment affected the tran-
scription of ~80% of MYC target genes listed in both gene sets.
Even though the regulation of MYC transcription by NME2 and its
cognate G-quadruplex DNA secondary structure has been ex-
tensively studied, the mechanism by which NME2 shuffles be-
tween cytosol and nucleus, and how stauprimide interferes with
this process, remains to be determined.

Stauprimide suppresses MYC transcription in a context-
dependent manner: it acts with different ECsps and with dif-
ferent degrees of maximal MYC mRNA down-regulation in
different cell lines. This observation is in line with previous
findings that MYC is tightly regulated by upstream cell sig-
naling and transcription programs depending on the particular
cellular context (32). The cellular context, including genetic back-
grounds (gene mutations, chromosomal translocations, and epige-
netic status) and cellular signaling cascades may be responsible for
the observed difference in sensitivity to stauprimide among differ-
ence cancer cells. In addition to its role in regulating cancer cell
biology, MYC has recently been shown to up-regulate the expres-
sion of checkpoint genes, including PD-L1 and CD47, which may be
responsible for cancer escape of immune surveillance.

Stauprimide suppresses MYC transcription in both human and
murine cancer cells, which allows for further investigation of its
cellular and therapeutic effects using additional, physiologically
more relevant cancer models, especially transgenic mouse
models with intact immune systems to explore the role MYC
plays in cancer immune escape and the therapeutic potential of
targeting MYC as a strategy to potentiate the endogenous im-
mune response. In conclusion, the data presented in this study
provide a proof-of-concept for selectively targeting NME2-
mediated MYC transcription as a promising strategy of anti-
cancer therapy, and support the further development of
stauprimide through medicinal chemistry efforts to afford for
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more potent analogs as potential drug candidates for clinical
applications.

Materials and Methods

Cell Culture. Cancer cell lines were obtained either from the National Cancer
Institute (NCI) or ATCC, cultured in RPMI medium containing 10% (vol/vol) FBS
at 37 °C with 5% CO,. Cells were treated with vehicle (DMSO at 0.1%) or test
compounds at the indicated concentrations and time periods and processed
for downstream analysis.

Stauprimide Synthesis. Stauprimide was synthesized following previously
established procedures and the purity was >95% (31). In some of the ex-
periments, stauprimide was purchased from LC Laboratories.

RNA Extraction and qRT-PCR. RNA was extracted from cells using the RNeasy
Kit (Qiagen) or TRIzol reagent (Life Technologies), and cDNA synthesized
using the First Strand Reverse Transcription Kit (Life Technology) following
manufacturers’ recommendations. Gene-specific TagMan assays were pur-
chased from Life Technologies; the relative quantities of the genes of in-
terest were analyzed using the AACT relative quantification method
following manufacturer’s recommendations. Either GAPDH or -actin was
used as internal control.

Cell Proliferation Assay. Cells were plated in 384-well solid-bottom white
microtiter plates at ~50% confluency and let to attach overnight; test
compounds were added to the culture media at the indicated concentra-
tions. Relative cell numbers were determined using CellTiter Glo assay
(detecting cellular ATP content; Promega) every 24 h.

Nuclear Fractionation and Western Blotting. Nuclear and cytosolic content
fractionation was performed following the protocol reported in previous
studies (31, 41). Fractions were subjected to SDS/PAGE electrophoresis and
Western blotting using primary antibodies recognizing target proteins, in-
cluding NME2 (Abcam), MYC (Cell Signaling), ERK1/2 (Cell Signaling), o- and
y-tubulin (Sigma), and fluorophore-conjugated secondary antibodies (LI-COR)
and scanned using an Odyssey CLx imager.

Fluorescent Immunostaining. At the end of each experiment, cells were fixed
with 10% (volivol) formalin solution at room temperature for 10 min, per-
meabilized with 0.5% Triton X-100 (Sigma) in PBS solution for 5 min, and then
blocked with PBS containing 0.1% Triton X-100, 10% (vol/vol) horse serum,
and 1% BSA at room temperature for 1 h. The cells were incubated with
primary antibodies in PBS solution containing 0.1% Triton X-100 and 0.1%
BSA at 4 °C overnight and then rinsed with PBS three times and incubated
with fluorescently labeled secondary antibodies in PBS solution containing
0.1% Triton X-100, 0.1% BSA, and DAPI at room temperature for 1 h. The
cells were rinsed with PBS containing 0.1% Triton X-100 at least three times
and subjected to microscopic analysis.

siRNA Gene Silencing. ON-TARGETplus siRNAs targeting NME2 and siGLO non-
targeting control siRNA were purchased from Dharmacon. The cells were
transfected with individual siRNAs using Lipofectamine 2000 (Life Technologies)
following the manufacturer's recommendation. The sequences of siRNA that
effectively down-regulated NME2 are NME2i-1, GCGAGAUCAUCAAGCGCUU
(catalog no. J-005102-07); and NME2i-2, CUGAAGAACACCUGAAGCA (catalog
no. J-005102-10). Gene knockdown efficiency was assessed by gRT-PCR using
mRNAs collected 24 and 48 h posttransfection.

High-Throughput Whole-Transcriptome Sequencing (mRNA-seq) and Gene Set
Enrichment Analysis. Total RNA was isolated using the RNeasy Kit (Qiagen)
and digested with TURBO DNase (Life Technologies). Qubit (Invitrogen) was
used to determine RNA concentration, and Agilent Tape Station was used to
determine RNA integrity numbers before library preparation. mRNA-seq li-
braries were prepared using the TruSeq Stranded mRNA Library Prep Kit
following the manufacturer’s instructions (lllumina). Briefly, RNA with poly-A
tail was isolated using magnetic beads conjugated to poly-T oligos. mRNA
was then fragmented and reverse-transcribed into ¢cDNA. dUTPs were in-
corporated, followed by second-strand cDNA synthesis. The dUTP containing
second strand was not amplified. cDNA was then end repaired, index
adapter ligated, and PCR amplified. AMPure XP beads (Beckman Coulter)
were used to purify nucleic acid after each step of the library preparation.
All sequencing libraries were then quantified, pooled, and sequenced at
single-end 50 bp using the lllumina HiSeq 2500 at the Salk Next Generation
Sequencing (NGS) Core. Raw sequencing data were demultiplexed and
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converted into FASTQ files using CASAVA (v1.8.2). Libraries were sequenced
at an average depth of 30 million reads per library. The relative abundances
of the transcripts in each sample were used to perform GSEA (Broad In-
stitute) in the time-course format. The analysis parameters were selected
following the software instruction at the GSEA website.

Xenograft Tumor Mouse Model. Animals for tumor engraftment studies were
obtained from Jackson Laboratories and maintained in a 12-h light-cycle
room with chow and water given ad libitum. The cancer cells (5 x 10°
RXF 393 or CAKI-1 cells per injection) were suspended in 100 pL PBS and
injected s.c. into the right flanks of 8- to 10-wk-old female NOD/SCID mice.
Tumor growth was monitored externally up to three times per week with
a caliper to measure length and width. Tumor volumes were calculated
by L-W-W/2 according to NCI standards. The compound or vehicle [75%
(vol/vol) PEG300; 25% (vol/vol) D5W] was administered orally at 10 mL/kg
once per day starting at the indicated time following cell inoculation. At
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the end of the studies, tumors were harvested and processed for immu-
nohistochemistry staining or RNA extraction and qRT-PCR analysis. All
protocols were approved by the Institutional Animal Care and Use Com-
mittee at Calibr.

Statistical Analyses. Statistical analyses were performed using Microsoft
Excel. Student’s t test (two-tailed) was performed to determine signifi-
cance when comparing data from different treatment groups. P values
were calculated, and P < 0.05 was considered to represent significant
difference.
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