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SUMMARY
Y box binding protein 1 (YB-1) is a multifunctional protein associated with tumor progression and the emer-
gence of treatment resistance (TR). Here, we report an azopodophyllotoxin small molecule, SU056, that
potently inhibits tumor growth and progression via YB-1 inhibition. This YB-1 inhibitor inhibits cell prolifera-
tion, resistance to apoptosis in ovarian cancer (OC) cells, and arrests in the G1 phase. Inhibitor treatment
leads to enrichment of proteins associated with apoptosis and RNA degradation pathways while downregu-
lating spliceosome pathway. In vivo, SU056 independently restrains OC progression and exerts a synergistic
effect with paclitaxel to further reduce disease progression with no observable liver toxicity. Moreover,
in vitro mechanistic studies showed delayed disease progression via inhibition of drug efflux and multidrug
resistance 1, and significantly lower neurotoxicity as comparedwith etoposide. These data suggest that YB-1
inhibition may be an effective strategy to reduce OC progression, antagonize TR, and decrease patient
mortality.
INTRODUCTION

Y box binding protein 1 (YB-1, YBX1) is a multifunctional cold-

shock protein that binds to DNA and RNA. It regulates DNA

and RNA associated cellular events, including mRNA transcrip-

tion, splicing, packaging, stability, and translation (Lyabin

et al., 2014). mRNA stabilization is an important event for sus-

tained expression of any gene and YB-1 robustly stabilizes the

mRNA via blocking the 50 end from mRNA degradation (Evdoki-

mova et al., 2001). It was first described by Didier et al. (1988) as

a negative regulator of the major histocompatibility complex

class II molecule. The oncogenic role of YB-1 is well character-

ized in many cancers and its amplified levels have been found

in a large number of cancer cases (Goodarzi et al., 2015). It in-

creases the stability of short-livedmRNAs for multiple oncogenic

proteins, including c-myc (Laird-Offringa et al., 1990), c-fos

(Blattner et al., 2000), cyclin B1 (Maity et al., 1995), HIF1a (Good-

arzi et al., 2015), Snail (Evdokimova et al., 2009), andMDR1 (Bar-

gou et al., 1997), which are associated with disease progression

and treatment resistance (TR). Genetic knockdown studies have
1206 Cell Chemical Biology 28, 1206–1220, August 19, 2021 ª 2021
demonstrated that inhibition of YB-1 significantly arrests prolifer-

ation and induces apoptosis in many cancer models, demon-

strating its essential role in disease progression (Evdokimova

et al., 2009; El-Naggar et al., 2015). YB-1 is associated with

the development of TR via its role in activating proliferation, pro-

moting cancer cell stemness, responding to growth factors, cy-

tokines, cellular stress responses, and promoting drug efflux via

the membrane P-glycoprotein ATP-dependent efflux pump

ABCB1 (MDR1) (Bargou et al., 1997; Saupe et al., 2015; Mo

et al., 2016). It is also associated with alternative splicing of

CD44 exon via binding to the A/C-rich region (Stickeler et al.,

2001). The YB-1 gene is highly conserved and only �1% of can-

cer patients show the mutation, although it is nonetheless over-

expressed in a wide range of cancers via alternative gene regu-

latory networks.

Ovarian cancer (OC) accounts for only 3% of all cancer cases

in women, but nonetheless causes disproportionate mortality

(Dietl, 2014; Jayson et al., 2014; Agarwal and Kaye, 2003). Sur-

gical resection followed by chemotherapy is the main treatment

strategy for OC patients. Platinum- and taxol-based drugs and
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their combination are the first-line treatment for the majority of

OC patients (Seifter, 1997). The majority of women are diag-

nosed with OC at stage III+ and frequently develop TR and dis-

ease relapse. BRCA1/2 mutations, amplification of MYC, and

upregulation MDR1 (ABCB1/P-gp) are the most common known

causes of TR in OC (Zeng et al., 2018; Christie and Bowtell, 2017;

Sun et al., 2015). Patient-based studies have shown that MYC

amplification is associated with disease progression and TR in

many high-grade epithelial OC lesions (Jung et al., 2017,

2018). Nuclear localization of YB-1 plays an important role in

the regulation of MYC, MDR1, and CD44 (Kang et al., 2013; So-

bocan et al., 2020). Analysis of high-grade ovarian serous carci-

noma samples suggests that patients with higher YB-1 expres-

sion (median survival 48.5 months) had shorter-term survival

compared with lower YB-1 expression (median survival

65 months) (Kang et al., 2013). Primary surgical and chemo-

therapy treatments for OC may be followed by maintenance

therapy, which includes prolonged drug usage, such as with

paclitaxel and PARP inhibitors (olaparib, pazopanib, and nira-

parib), but unfortunately still with limited outcomes (Franzese

et al., 2019). Literature from the last three decades strongly sug-

gests that YB-1 could be a potential target to treat ovarian and

other cancers, including those in which TR has developed.

Even after an extensive investigation, there were no significant

efforts that had been made to develop small-molecule inhibitors

that can directly inhibit the YB-1.

Bioisosterism is considered a crucial tool for rational drug

design as medicinal chemists can rapidly manipulate a lead

structure to optimize potency and selectivity, absorption, distri-

bution, metabolism, and excretion properties. Here, we used

bioisostere replacement to optimize the anti-OC effects of a

lead compound using structure-guided approaches followed

by target identification via cellular thermal shift assay (CETSA)

(Savitski et al., 2014). Through in vitro and in vivo studies, we

showed that the azopodophyllotoxin (AzP) small molecule,

SU056, potently inhibits YB-1 and reduces OCprogression while

sensitizing to chemotherapy-mediated cytotoxicity.

RESULTS

Drug design and synthesis
We previously discovered an effective, AzP-based small mole-

cule that blocks GBP1:PIM1 activity in vitro, since dubbed

SU093 (Andreoli et al., 2014). This study revealed that SU093
Figure 1. Azopodophyllotoxin small molecules (SU093 and SU056) inhi
(A) Lead optimization of SU093 to obtain SU056.

(B) IC50 values of SU093 and SU056 on various OC cells. Clonogenic survival of O

well of a 12-well plate and allowed to attach for 24 h. Cells were treatedwith SU093

violet and colonies were counted under a 103 microscope.

(C) Representative colony formation from respective wells.

(D) Number of colonies formed after SU093 and SU056 treatment.

(E) Percent inhibition values of etoposide, SU093, and SU056 treatment at 10 mM

(F) Cell-cycle distribution of propidium iodide (PI)-stained OVCAR8, SKOV3, and

phase arrest after 12 h treatment.

(G) Effects of SU093 and SU056 on apoptotic cell death analyzed by annexin-FITC

treatment.

(H) Cell migration assay. Imaging of cells after 16 h through Boyden chambers show

property of OC cells. Data are shown as mean ± SD of triplicate samples. *p < 0.05

followed by Dunnett’s test.
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was more active in cell lines that were more resistant to microtu-

bule-targeting agents, such as paclitaxel. Motivated by this

work, we have now designed an SU093 analog incorporating

fluorine (F) bioisostere group to develop an optimized lead com-

pound SU056 with improved inhibitory properties capable of

reducing OC disease progression and sensitizing to OC

chemotherapy.

The introduction and manipulation of bioisostere groups offer

several advantages in the drug design and development pro-

cess, such as enhancing the desired biological or physical prop-

erties, reducing toxicity, and even altering the metabolism of a

given drug compound. Fluorine, considered a classical bio-

isostere group for hydrogen, has been studied extensively since

the first approval of a fluorine-containing drug (9a-fluorocortisol)

in 1955 (Fried and Sabo, 1954). Over the years, several strategies

have been developed to introduce fluorine in drug design. Incor-

poration of fluorine can influence the lipophilicity of the drug due

to the introduction of a strong dipole moment that is closely

aligned with carbonyl groups and, compared with that of

hydrogen, increases the van der Waals radii of the active sites

(Gillis et al., 2015). Direct replacement of hydrogen or even

methyl (CH3) groups in known drugs could lead to improved po-

tency due to the alteration of substrate susceptibility to intracel-

lular oxidative metabolism. This has been seen in the case of

paclitaxel, where the substitution of two methyl groups for fluo-

rine in the taxol derivative (30-difluorovinyl taxoid) enhanced the

potency by at least 1,000-fold (Kuznetsova et al., 2012). In addi-

tion, this difluoro-taxol derivative was resistant to metabolic

modification by CYP 450 enzymes. Based on these observa-

tions, we modified our previously reported compound SU093

by introducing fluorine as a bioisotere group in the ring E to

obtain an AzP derivative SU056 (Figure 1A), which was synthe-

sized using a multicomponent reaction similar to SU093 (An-

dreoli et al., 2014) as described in the supplemental information.

AzP treatment inhibits OC cell proliferation
AzP analogs were screened against an OC cell line panel (OV-

CAR-3, OVCAR-4, OVCAR-5, OVCAR-8, and SKOV-3) with an

additional screening on HEK293, SH-SY5Y, and N27 cell lines.

We tested the relationship between AzP dose and the viability

of human OC cell lines and the ID8murine OC cell line. As shown

in Figure 1B, SU056 showed decreased half-maximal inhibitory

concentration (IC50) values after 48 h of treatment compared

with SU093 (In OVCAR4, OVCAR5, and ID8 cells, this decrease
bit OC cell proliferation

C cells treated with SU093 or SU056. A total of 300–500 OC cells were plated/

and SU056 and incubated further for 7 days. Eachwell was stainedwith crystal

concentration for 48 h in neuronal (SH-SY5Y, N27) and HEK293 cells.

ID8 cells. Effects of SU093 and SU056 on cell-cycle distribution showing G1

staining. Both the compounds induce apoptotic cell death in OC cells after 24 h

ed that treatment by SU093 and SU056 significantly reduces the cell migration

, significantly different compared with respective controls by one-way ANOVA
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was up to 2-fold), a trend which was also reflected in the clono-

genic assay shown in Figures 1C and 1D, where both inhibitors

decreased OC colony formation in a dose-dependent and signif-

icant manner in OVCAR-8 and ID8 cells. On the other hand,

SU093 moderately affects SKOV-3 at 0.5 and 1 mM

concentrations.

Etoposide is natural podophyllotoxin and an approved chemo-

therapy drug used to treat many cancers. A major limitation of

etoposide is the potential for neuropathy and neurotoxicity in

long-term treatment. We tested the cytotoxic effect of etopo-

side, SU093, and SU056 on SH-SYSY and N27 neuronal cell

lines at a 10 mM dose for 48 h to compare neurotoxicity profiles.

Cell viability assayed by MTT found that SU056 was markedly

less cytotoxic at 49.54% (N27) and 28.51% (SH-SY5Y) less toxic

than etoposide (Figure 1E). These results suggest that bio-

isostere modification improved overall efficacy in inhibiting OC

proliferation with reduced neurotoxic side effects.

AzP treatment causes cell-cycle arrest, apoptosis, and
cell migration inhibition
To determine whether proliferation inhibition was the dominant

factor driving the reduction in OC viability seen with AzP treat-

ment, we used propidium iodide and annexin-FITC stains with

flow cytometry to measure the distribution of cell-cycle phases

after treatment. Data showed a significant, dose-dependent ar-

rest of OC lines in the sub-G1 and G1 phases and concomitant

decreases in the proportion of cells in the S or G2/M phases of

the cell cycle (Figure 1F). SU056 demonstrated greater cell-cycle

arrest than SU093. This trend was again mirrored in the propor-

tion of apoptotic cells in each treated culture, where AzP treat-

ment significantly increased apoptosis at all doses and in each

OC line studied (Figure 1G). Furthermore, in the Boyden chamber

assay for cell migration, SU093 inhibited cell migration by 40%–

46% (1 mM, p < 0.05) in different OC cell lines. However, SU056

treatment was the most effective as it caused 78%–87% (1 mM,

p < 0.05) inhibition in the same cell lines (Figure 1H). These data

show that SU056 treatment mediates cell-cycle arrest, and

significantly decreases proliferation and migration.

AzP inhibits tumor progression and metastasis in vivo

These promising results led us to test SU093 and SU056 in vivo.

C57BL/6 mice were implanted with 2 3 106 firefly luciferase

(luc+)-expressing ID8 syngeneic OC cells subcutaneously.

Once the tumors reached 100 mm3 in size, we began daily intra-

peritoneal treatment with SU093 and SU056 at 20mg/kg (vehicle

control 30%PEG300 in saline). Tumor growth wasmonitored via

bioluminescence imaging (IVIS). SU093 and SU056 treatment

significantly delay the tumor progression than vehicle control

through the treatment period (Figures 2A and 2B). At 42 days,

a final assessment of the tumor weight showed that SU056 treat-

ment resulted in a 2-fold reduction in the tumor weight, whereas

SU093 shrunk tumors by 1.5-fold (Figure 2C). This was accom-

panied by no significant impact on blood chemistry indicators,

such as aspartate aminotransferase, alanine aminotransferase,

or alkaline phosphatase (Figure 2D), showing that daily SU056

and SU093 are well-tolerated treatment regimens.

Due to prior observation of a significant reduction in themigra-

tory ability of OC cells treated with the two drugs (Figure 1H), we

alsomeasured the effect of drug treatment onOCmetastases. At
the end of the above experiment, the lungs were fixed and met-

astatic foci were counted under the dissecting microscope fol-

lowed by H&E staining. Measurement of the metastasis in

SU056-treated mice demonstrated a 3-fold reduction in lung

metastases (Figures 2E and 2F), as assessed via histological

scoring. Based on these data and superior performance in all as-

says, we selected SU056 for further study.

Target identification: SU056 interacts with proteins
associated with oncogenesis
CETSA is based on the principle of protein-ligand interactions

causing a shift in protein thermal stability (Savitski et al., 2014).

When a protein interacts with a ligand, its thermal stability in-

creases, and this principle allows identification of which protein

targets are engaged by small molecules or drug candidates.

We used this assay to identify protein targets of SU056. OVCAR8

cells were treated with SU056 (2.5 mM) for 1.5 h, and protein ly-

sates were analyzed for a thermal shift. The heatmaps represent

the thermal stability of 804 soluble proteins in the presence and

absence of SU056 compared with 37�C (Figure 3A). Seventy-

seven percent of proteins were identified in both vehicle control

and SU056-treated cells, and 97% of these proteins passed

criteria to be adjusted to the melting curves. The compression

of thermal stability between DMSO- and SU056-treated pro-

teomes suggests that SU056 treatment increases the overall sta-

bility of the cellular proteome (Figures 3A–3C). Out of 804 soluble

proteins, SU056 treatment significantly increased the thermal

stability of six proteins; p < 0.01 and R2 > 0.7 (Figure 3D). These

six proteins are YBX1 (YB-1), TMSB10, SUMO2, PSMB2,

TMSB4X, and CALM3 (Figure 3D). Melting curves of these pro-

teins with and without SU056 suggest that SU056 increases

thermal stability by 5.92�C ± 0.86�C, 5.89�C ± 1.18�C, 5.4�C ±

1.08�C, 5.36�C ± 0.76�C, 4.43�C ± 1.31�C, and 4.03�C ±

1.07�C of YB-1, TMSB10, SUMO2, PSMB2, TMSB4X, and

CALM3, respectively (Figures 3E and 3F). This result was further

validated using western blotting (Figure S1A). All six of these

proteins have been previously reported to contribute to

carcinogenesis.

SU056 treatment inhibits YB-1
Out of six targets identified, we selected proteins whose thermal

shift is above 5�C in the presence of SU056 for further study of

protein expression after treatment. Western blot analysis of OV-

CAR8 cells treated with DMSO and SU056 (1, 2.5, and 5 mM) for

12 h suggests that SU056 treatment inhibits the YB-1, TMSB10,

SUMO2, and PMSB2 proteins in a dose-dependent manner (Fig-

ure 4A). SU056 strongly inhibits YB-1 expression and, moreover

considering the role of YB-1 in interacting with many oncogenic

protein TR factors led us to select YB-1 for further validation. To

study the in vivo effects of SU056 treatment, we analyzed ID8 tu-

mor xenograft samples via immunohistochemistry (IHC). IHC for

YB-1 and multidrug resistance 1 (MDR1) expression in vehicle-

and SU056 (20 mg/kg)-treated tumors suggests that SU056

strongly inhibits YB-1 expression followed by downregulation

of downstreamMDR1 (Figure 4B). To identify the broader effects

of SU056 on YB-1 and its downstream protein/activity in

different OC cell lines, we selected six different cell lines and

treated them with SU056 (2.5 mM) for 12 h. Cells were analyzed

for YB-1 and CD44 expression andMDR1 (ATP-binding cassette
Cell Chemical Biology 28, 1206–1220, August 19, 2021 1209



Figure 2. SU093 and SU056 inhibit mice

ovarian ID8 tumor xenograft growth in

C57BL/6 mice

Mice were subcutaneously injected with ID8 cells

mixed with Matrigel in a 1:1 ratio and the drug

treatment started when tumors reached 100 mm3.

Mice were intraperitoneally injected with either

vehicle (30%PEG300 in saline) or 20mg/kg SU093

or SU056 for 42 days daily.

(A) Representative images of mice after 42 days of

drug treatment showing tumor regression

compared with control.

(B) Tumor volume/mouse as a function of time.

Data shown are mean ± SD from five mice in each

group. *p < 0.05, compared with respective con-

trol.

(C) Tumor weight/mouse at the end of the study.

Data shown are mean ± SD from five mice in each

group. *p < 0.05, **p < 0.01, ***p < 0.001, compared

with respective control.

(D) Liver toxicity parameters at the end of 42 days

showing no significant difference between control,

SU093, and SU056.

(E and F) Lung metastasis assay. (E) H&E staining

of the lung (red arrow indicates themetastasis from

ID8 xenograft). Scale bars, 250 mm. (F) Number of

lung metastatic nodules. Data shown are mean ±

SD from five mice in each group. *p < 0.05, **p <

0.01, ***p < 0.001, compared with respective

control.
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[ABC] pump-mediated efflux). Results suggest that this treat-

ment inhibits YB-1 expression by 28%–56% and is accompa-

nied by a 36%–70% decrease in CD44 expression and 41%–

63% decrease in MDR expression (Figure 4C). This result sug-

gests that SU056 broadly inhibits YB-1 across different OC cell

lines irrespective of their genetic background and stage of can-

cer. To calculate the YB-1 IC50 of SU056, we treated OVCAR4,

OVCAR8, and SKOV3 cell lines with SU056 (0.01, 0.1, 1,

and10 mM) for 12 h and YB-1 expression was analyzed using

YB-1 ELISA. The IC50 values for OVCAR4, OVCAR8, and

SKOV3 were 5.6 ± 0.36, 3.2 ± 0.19, and 3.7 ± 0.21 mM, respec-

tively (Figure 4D). Finally, we tested the time kinetics and dose-

dependent effects of SU056 on YB-1 expression. OVCAR4, OV-

CAR8, and SKOV3 cells were treated with SU056 (1, 2.5, and

5 mM) for 3, 6, 12, and 24 h and YB-1 expression was measured

using YB-1 ELISA. Results suggest that SU056 treatment inhibits

YB-1 in a time- and dose-dependent manner (Figure 4E); 5 mM

treatment for 24 h inhibited YB-1 completely (100%) in all three

OC cells (Figure 4E). This result was further conformed using OV-

CAR8 cells stably expressing mCherry-tagged YB-1. Confocal

imaging and fluorescence intensity measurement of YB-1 OV-

CAR8 cells also suggest that SU056 treatment inhibits the YB-

1 expression in a time- and dose-dependent manner (Figures
1210 Cell Chemical Biology 28, 1206–1220, August 19, 2021
S1B and S1C). Overall, results of YB-1 expression and its down-

stream factors (Figure 4) suggest that SU056 is a strong inhibitor

of YB-1 protein and its activity.

SU056 biophysically binds to YB-1 and its cellular
activity is YB-1 dependent
Previously, our group reported that SU093 interacts with GBP1

and inhibits the GBP1:PIM1 interaction (Andreoli et al., 2014).

SU056 is the second-generation small-molecule derivative of

SU093 and, to confirm whether it has the same molecular target

as SU093, we performed a pull-down assay using biotinylated

SU056 (Figure 5A). Pull-down from cells treated with bio-

tinylated-SU056 and from protein lysate indicates that SU056

physically interacts with YB-1 but not with GBP1 (Figure 5B).

This result suggests that, although SU093 and SU056 have

structural similarity, their targets are quite different. In further

support of this, we performed a surface plasma resonance

(SPR) screen to measure the orthogonal biophysical binding be-

tween YB-1 and SU093 or SU056. His-tagged YB-1 protein was

immobilized on a GE NTA chip and different concentrations (1–

100 mM) of SU093 and SU056 were tested for binding (Figures

5C and 5D). SPR results also support that SU056:YB-1 has a

strong biophysical interaction (Figure 5D) compared with



Figure 3. Target identification using CETSA

Differential profiling of SU056 on the thermal proteome profile of OVCAR8 cells. OVCAR8 cells were treated with DMSO or SU056 (2.5 mM) for 1.5 h. Cells were

collected and 106 cells in each PCR tube incubated at different temperatures (37�C, 41�C, 44�C, 47�C, 50�C, 53�C, 56�C, 59�C, 63�C, or 67�C). Cells were lysed

and an equal quantity of soluble protein was labeled with tandem mass tag, followed by liquid chromatography-tandem mass spectrometry analysis.

(A) Heatmap representation of the thermal stability of 804 soluble proteins in OC cells treated with vehicle-DMSO (left) and SU056 (right).

(legend continued on next page)
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SU093 (Figure 5C). To check the dependency of SU056 activity

on YB-1 expression, we also tested OVCAR8 cells transfected

with YB-1 knockdown using transduction of lentiviral short

hairpin RNA (shRNA) vectors. Two different shRNA sequences

(YBX1-shRNA1 and YBX1-shRNA2) were used and both yielded

80%–90% inhibition in the expression of YB-1 compared with

scrambled control (SC)-transduced cells (Figure 5E). A clono-

genic assay was performed using these three cell lines with

and without SU056 (1 mM). Results suggest that YB-1 knock-

down cells are more resistant to SU056 treatment compared

with SC cells (Figure 5F). Furthermore, we also performed a

cell viability assay using knockdown cells to calculate IC50

values. The IC50 value of SU056 for SC cells was 3.54 ±

0.21 mM and for YBX1-shRNA1 and YBX1-shRNA2 cells the

IC50 values were 15.84 ± 0.13 mM and 19.15 ± 0.34 mM, respec-

tively (Figure 5G). YB-1 knockdown increased the IC50 value by

�5-fold compared with SC. These results show that the effect

of SU056 is dependent on cellular expression of YB-1.

SU056 modulates the YB-1-associated proteins and
pathways
CETSA results show that SU056 physically interacts with YB-1

and inhibits it and its activity. To study the effect of SU056 on

YB-1 protein stability, we used the cycloheximide (CHX) chase

assay. CHX is a protein translation inhibitor and is used as a mo-

lecular biology tool to determine the half-life of proteins. OVCAR8

cells were treated with CHX and DMSO or SU056 (2.5 mM), and

protein lysates were collected at different time points (0, 30, 60,

120, or 180 min) followed by YB-1 immunoblotting. Results sug-

gest that SU056 treatment leads the proteasomal degradation

and reduces the half-life of YB-1 from �130 to �40 min (Fig-

ure 6A). YB-1 is associated with the transcription and translation

of many oncogenic proteins, including CD44, ABCB1/MDR1, c-

Myc, and Bcl-2. Immunoblotting of whole-cell lysates from

DMSO-treated or SU056-treated (2.5 mM, 12 h) SKOV3 and OV-

CAR8 cells indicates that SU056 treatment inhibits YB-1 protein

(Figure 6B). This was followed by a decrease in the expression of

CDK2,CDC25A,MDR1,CD44, c-Myc, andBcl-2 andan increase

in the expression of pro-apoptotic protein Bax (Figure 6B). To

evaluate proteome changes lead by SU056, we undertook prote-

ome profiling of DMSO-treated and SU056-treated (2.5 mM, 12 h)

OVCAR8 cells. Gene set enrichment analysis/Kyoto Encyclo-

pedia of Genes and Genomes analysis of the resulting prote-

omics data suggest that SU056 treatment significantly induces

apoptosis (enrichment score [ES] = 0.792, p = 0.01), RNA

degradation (ES = 0.783, p = 0.03), alanine, aspartate, and gluta-

mate metabolism (p = 0.02), arginine and proline metabolism

(p = 0.04), Fc epsilon RI (FcεRI) signaling pathway (p = 0.01),

T cell receptor signaling pathway (p = 0.02), natural killer cell-

mediated cytotoxicity (p = 0.03), epithelial cell signaling inHelico-

bacter pylori infection (p = 0.04), and FcgR-mediated phagocy-

tosis pathways (p = 0.05) (Figures 6C–6E; Table S1). On the other
(B) Density distributions of protein melting temperature (Tm) values calculated in

(C) Density distributions of Tm shifts between SU056 and vehicle treatment.

(D) A scatterplot of Tm calculated in SU056 and vehicle treatment. Proteins that

highlighted in red.

(E) Melting curves for identified top six proteins (YB-1, TMSB10, SUMO-2, PSMB

(F) Change in Tm of the top six proteins upon SU056 treatment.
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hand, SU056 treatment also inhibits the spliceosome pathway

(ES =�0.413, p = 0.02) (Figures 6C and 6F; Table S1). YB-1 pro-

tects and stabilizes the mRNA via 50 end capping (Evdokimova

et al., 2001) and enhances exon splicing (e.g., alternative splicing

of CD44) (Stickeler et al., 2001). YB-1 inhibition via SU056 treat-

ment inhibits the spliceosome pathway and induces RNA degra-

dation andapoptosis. These results suggest that SU056primarily

targets YB-1, and in turn inhibits various YB-1-associated pro-

teins and pathways involved in cancer progression and TR.

YB-1 inhibition via SU056 treatment sensitizes OC to
paclitaxel
YB-1 is involved in the emergence of cisplatin and taxane drug

resistance (Kang et al., 2013; Mo et al., 2016). Therefore, we

tested whether SU056 synergizes with chemotherapies, such

as paclitaxel, to modulate YB-1. To measure this, we performed

a dose-dependent combination study of SU056 and paclitaxel.

Using the MTT assay, we found that SU056 treatment signifi-

cantly potentiates the cytotoxic effects of paclitaxel at 0.1, 0.5,

and 1 nM doses (Figures S2 and 7A). Treatments with 0.5 or

1.0 mMSU056 significantly reduced cell viability in both OVCAR8

and SKOV-3 OC cell lines. We calculated the combination index

(CI) using the Chou-Talalaymethod and found aCI value of <1 for

SU056 and paclitaxel combination. CI < 1 suggests significant

synergy of SU056 with the growth inhibitory effect of paclitaxel

(Figure 7A). ABCB1/MDR1 drug efflux pumps are also known

to play an important downstream role with YB-1 in increased

taxol efflux and subsequent TR in cancer. To evaluate whether

SU056 affects drug efflux, we used Alexa Fluor 488-tagged

paclitaxel to measure taxol efflux in vitro. Results suggested

that SU056 co-treatment significantly inhibits the efflux of pacli-

taxel in comparison with only paclitaxel-treated cells (Figure 7B).

Efflux is primarily driven by the ABC transporters (ABC pumps)

present on the cell surface (Genovese et al., 2017). We examined

the expression of MDR1 and YB-1 in OVCAR8 cells treated with

vehicle, SU056, and paclitaxel combinations via western blot.

Immunoblot results show that paclitaxel treatment alone is suffi-

cient to upregulate the expression of YB-1 and MDR1, which is

then reversed by the combined treatment of SU056 and pacli-

taxel (Figure 7C). These results strongly suggest that SU056 syn-

ergizes with the efficacy of paclitaxel.

3D spheroids are an alternative tumor model that closely

mimics the TR phenotype via increased drug efflux. We cultured

OVCAR8 and SKOV3 cells in ultra-low attachment plates with

growth factor-definedmedia in the presence or absence of pacli-

taxel and SU056. Results show that a combination of SU056 and

paclitaxel significantly inhibits the formation by OC cell spher-

oids (Figures 7D and 7E). Combination-treated cells form 78%

(OVACR8) and 83% (SKOV3) fewer spheroids than the vehicle-

treated cells (Figure 7E).

In an in vivo pharmacokinetics study, injection of 20 mg/kg

SU056 led to a maximum serum concentration of 28.19 mg/mL
SU056-treated cells (red) and vehicle cells (blue).

passed the significant values (p < 0.01, R2 > 0.7) and identification criteria are

2, TMSB4X, and CALM3) with and without SU056 treatment.



Figure 4. SU056 inhibits YB-1

(A) OVCAR8 cells were treated with SU056 (1, 2.5, and 5 mM) for 12 h and total cell lysates were prepared as described in the STARmethods section. SDS-PAGE

and western blot analyses were performed for the top three targets identified by CETSA (YB-1, TMSB10, SUMO-2, and PSMB2). Membranes were stripped and

re-probed with an anti-beta-actin antibody to ensure equal protein loading.

(B) Immunohistochemistry of tumor samples from an ID8 tumor xenograft study from a control and an SU056- related group for YB-1 and MDR1 expression.

Subset images are at 203 magnification. Scale bars, 50 mm.

(C–E) Effect of SU056 on YB-1 and its associated proteins in different OC cell lines. (C) Respective OC cells were treated with 2.5 mMSU056 for 12 h and YB-1 and

CD44 expression and multidrug resistance activity was measured as described in the STAR methods. The percent inhibition was calculated and compared with

the control for the respective cell line. (D) YB-1 IC50 values of SU056 for the OC cell lines was determined after 12 h of treatment using PathScan Total YB1

Sandwich ELISA Kit. (E) YB-1 inhibition time kinetics study for SU056 effect on OC cell lines. Cells were treated with SU056 (1, 2.5, and 5 mM) for 3, 6, 12, and 24 h.

YB-1 was assayed using PathScan Total YB1 Sandwich ELISA Kit.
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Figure 5. SU056 physically interact with YB-1

(A) Structure of biotinylated SU056.

(B) Pull-down assay using biotinylated SU056. Pulldowns were carried out fromOVCAR8 cells and OVCAR8 cell lysates as described in the STARmethods. Both

the pulldowns were run in duplicate.

(C and D) Representative sensograms for (C) SU093 and (D) SU056. His-tagged YB-1 protein was immobilized on an NTA chip and different concentrations of

SU093 and SU056 (1–100 mM) were tested for physical interaction as described in the STAR methods.

(E–G) Cellular effect of SU056 is dependent on YB-1 expression. OVCAR8 cells were stably express with scrambled control (SC), YBX1 shRNA1, and YBX1

shRNA2 using lentiviral vector. (E) Western blot analysis was performed to conform the YB-1 expression in transduced cells. (F) Five hundred cells (SC, shRNA1,

and shRNA2) were plated/well of a 12-well plate and allowed to attach for 24 h. Transduced cells were treated with SU056 and incubated further for 7 days. Each

well was stained with crystal violet and colonies were counted under a 103microscope. Representative colony formation from respective wells. (G) IC50 values of

SU056 on different transduced OVCAR8 cells expressing SC, YBX1 shRNA1, YBX1 and shRNA2.
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with a T1/2 of �45 min (Figure S3). We then tested the synergism

of paclitaxel and SU056 co-treatment in vivo in non-obese dia-

betic-severe combined immunodeficiency mice implanted with

OVCAR8 OC tumors as described above. Mice were given daily

treatment of SU056 (10 mg/kg) and weekly treatment of pacli-

taxel (5 mg/kg) were administered intraperitoneally. Both pacli-

taxel and SU056 treatment independently showed significant

reduction in OC tumor growth. However, the combination of

paclitaxel and SU056 demonstrated a much greater reduction

in OC tumor growth, effectively stabilizing disease progression

over the treatment period (Figures 7F and 7G). The drug combi-

nation showed sustained inhibitory effects on tumor growth until

the experiment terminated (Figure 7H). We also measured the

proliferative index within the excised tumor using Ki-67 staining

(Figure 7I), which showed that both SU056 and paclitaxel ex-

erted independent anti-proliferative effects that synergized to

produce a greater therapeutic effect when combined. This likely

resulted from decreased paclitaxel efflux from OVCAR8 cells in

the presence of SU056.

DISCUSSION

OC is the fifth most common cancer in women with an overall 5-

year survival rate of just 47.6% in the United States. Surgical

resection and chemotherapy are the primary treatments for OC

but are limited by surgical difficulties due to the abdominal

spread of metastasizing OC and a high 2-year relapse rate of

80%–90% after taxane or platinum chemotherapy treatment
1214 Cell Chemical Biology 28, 1206–1220, August 19, 2021
(Jayson et al., 2014; Agarwal and Kaye, 2003). While paclitaxel

offers some effect, relapsed disease is frequently TR, in which

tumor cells bypass or overcome the molecular mechanisms of

cytotoxicity despite ongoing treatment (Singh and Settleman,

2010; Blagosklonny and Fojo, 1999; Horwitz et al., 1986). An

investigation into the mechanisms of TR in taxane-resistant OC

by Sood’s group (Kang et al., 2013) revealed significantly upre-

gulated YB-1 in treated OC patients where patients with high

YB-1 expression had significantly shorter overall survival. Here,

we report a fluorine-based derivative of podophyllotoxins as a

potent and highly effective YB-1 inhibitor capable of restraining

disease progression and synergizing with chemotherapy.

Overexpression of bIII-tubulin is a prominent signature of

paclitaxel-TR, and the GBP1:PIM1 interaction may help activate

its function (De Donato et al., 2012; Mariani et al., 2011). Our

group previously reported a small-molecule podophyllotoxin

(SU093) as an inhibitor of the GBP1:PIM1 interaction capable

of overcoming taxane resistance in vitro (Andreoli et al., 2014).

To improve the potency of SU093, we constructed a second-

generation compound library through a structure-guided and

bioisostere replacement strategy. Screening of this library re-

vealed that a fluorine-based derivative, SU056, has markedly

improved potency and safety with a different mechanism of ac-

tion. We screened SU056 for its cytotoxic effects and found

improved efficacy compared with SU093. SU093 and SU056

both caused G1 cell-cycle phase arrest, increased apoptotic

cell death, and inhibited cell migration. Both compounds also in-

hibited tumor progression and metastasis in the ID8 xenograft



Figure 6. SU056 modulates the YB-1-associated proteins and pathways

(A) Cycloheximide (CHX) chase assay to determine the effect of SU056 on YB-1 protein stability. Data are shown as mean ± SD of triplicate samples. *p < 0.05,

significantly different compared with respective controls by one-way ANOVA followed by Dunnett’s test.

(B) Total cell lysates were prepared as described in the STAR methods section. SDS-PAGE and western blot analysis was performed for YB-1, cell cycle, and

apoptosis-associated markers. Membranes were stripped and re-probed with an anti-beta-actin antibody to ensure equal protein loading.

(C–F) Gene set enrichment analysis was performed on the proteomics results to determine the enrichment of the Kyoto Encyclopedia of Genes and Genomes

pathways upon treatment on the OVCAR8 cell line with SU056. (C) Enrichment plot of pathways modulated by SU056 treatment. (D and E) Enrichment in the

apoptosis and RNA degradation pathway was observed in proteins that increase in abundance upon treatment with SU056. (F) Enrichment in the spliceosome

pathways was observed in proteins that decrease in abundance upon treatment with SU056.
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model. During treatment, neither compound caused any liver

toxicity. In each assay, SU056 proved more potent than SU093

or other AzP derivatives, and was therefore selected for

further study.

We used CETSA to identify targets of SU056 and found that

this compound interacts with YB-1, TMSB10, SUMO2,

PSMB2, TMSB4X, and CALM3. Target identification suggested

that SU056 inhibits proteins that have an oncogenic role in

ovarian and/or other cancers. SU056 treatment was found to

decrease the expression of YB-1 in a dose- and time-dependent

manner in different OC cell lines. Our experiments validated that

SU056 treatment strongly interacts with YB-1 and inhibits and its

associated downstream proteins and pathways. SU056 arrests

the OC cells in the G1 phase and also inhibits the key drivers

of G1/S phase (CDK2 and CDC25A). On the other hand, YB-1
plays a role in the phosphorylation and activation of CDC25A

to drive G1/S phase progression (Zhao et al., 2016), and the

knockdown of YB-1 leads the G0/G1 phase arrest (Harada

et al., 2014). CD44, c-Myc, and MDR1 are the most prominent

oncogenic downstream proteins regulated by YB-1, and

SU056 treatment significantly inhibits their expression. YB-1 is

an mRNA binding protein involved in nucleoprotein filament for-

mation in cytoplasm (Kretov et al., 2019). Together with YB-2 and

YB-3, YB-1 binds with the cold-shock domain of single-stranded

RNA/DNA (Graumann and Marahiel, 1998). It is involved in shut-

tling nucleic acids in both cytoplasm and nucleus (Matsumoto

and Wolffe, 1998). In the cytoplasm, it regulates RNA stability,

translation activity, and alternative splicing (Chansky et al.,

2001). In the nucleus, it binds to the specific promoter sequences

to regulate the transcription of oncogenic proteins, including
Cell Chemical Biology 28, 1206–1220, August 19, 2021 1215



Figure 7. SU056 treatment sensitizes the OC cell for taxane treatment

(A) Sensitizing effects of SU056 on the viability of OVCAR8 and SKOV3 cells in combination with paclitaxel treatment. Cells treated with 0.1, 0.5, and 1 mMSU056

followed by 0.1, 0.5, and 1 nM paclitaxel treatment for 48 h showed a synergistic cytotoxic effect. Combination index values for paclitaxel and SU056.

(legend continued on next page)
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MDR1 (Bargou et al., 1997). SU056-mediated YB-1 inhibition

significantly upregulates the RNA degradation pathway, while in-

hibiting the spliceosome pathway; a result which concords with

the literature about YB-1 function. Collectively, the SU056:YB-1

interaction inhibits YB-1 activity in different OC cell line via pro-

teasomal degradation and inhibits various downstream factors

involved in tumor progression and TR. These results confirm

YB-1 inhibition-specific activity of SU056 as a drug candidate.

Furthermore, we also investigated the effect of SU056 in com-

bination with paclitaxel, and we found that lower doses of 10mg/

kg of SU056 potentiate the cytotoxic effect of paclitaxel treat-

ment. This effect may be because co-treatment with SU056

lowers the efflux rate of paclitaxel in OC cells. Drug efflux by can-

cer cells is one of the important mechanisms for the develop-

ment of TR (Li and Nikaido, 2009; Gottesman and Pastan,

2015). Efflux is primarily driven by ABC transporters present on

cell surfaces. This superfamily includes ABCB1, also known as

MDR1, P-glycoprotein, ABCC1 (MRP1), and ABCG2 (BCRP/

MXR) (Fletcher et al., 2010). Paclitaxel is a substrate for

ABCB1, and paclitaxel treatment upregulates its expression in

various cancer types (Gottesman and Pastan, 1993). ABC trans-

porters are a hallmark of both cancer progression, and TR and

has been viewed as a potential therapeutic target. ABCB1 chem-

ical inhibitors have been developed, but first-, second-, and

third-generation compounds failed in clinical trials thus far.

First-generation compounds had toxicity issues, whereas sec-

ond-generation compounds, such as valspodar, showed no

treatment benefit in combination with paclitaxel or carboplatin

in ovarian or peritoneal cancer patients (Lhomme et al., 2008).

The third-generation inhibitor zosuquidar also failed to show

any benefits (Ruff et al., 2009), leaving the inhibition of MDR1

and TR phenotype an unmet clinical goal. In testing the effects

of paclitaxel, SU056, and their combination on the expression

of MDR1 and YB-1, we found that paclitaxel treatment upregu-

lates the expression of both YB-1 and MDR1, whereas SU056

alone or in combination with paclitaxel significantly decreases

MDR1 and YB-1. This is supported by paclitaxel efflux data

showing that SU056 treatment inhibits MDR1 and leads to higher

intracellular concentrations and activity of paclitaxel.

Tumor spheroids, a common 3D cell culture model, have been

used to examine stemness, efflux, and MDR1 expression

changes after treatment (Wartenberg et al., 1998, 2005; Chen

et al., 2017). In our study, treating OC cells with a combination

of paclitaxel and SU056 significantly inhibited their spheroid for-

mation capability, which indicates decreased tumorigenic po-
(B) Alexa Fluor 488-tagged paclitaxel efflux assay showed that SU056 co-treatm

(C) Immunoblotting of YB-1 and MDR1. OVCAR8 cells were treated with either v

(P+56) for 12 h and cell lysates were prepared. Proteins were resolved on SDS-PAG

Membranes were stripped and re-probed for loading control actin. Spheroid forma

treated with each drug and their combinations. The cells incubated for 7 days to

(D and E) (D) Microscopic images of spheroid at 103magnification. Scale bars, 25

shown as mean ± SD of triplicate samples. *p < 0.05, **p < 0.01, ***p < 0.001,

followed by Dunnett’s test.

(F–I) Combination study of SU056 and paclitaxel on the OVCAR8 xenograft mode

subcutaneously injected with OVCAR8 cells mixed with Matrigel in 1:1 ratio. Drug

injected with either vehicle (30% PEG300 in saline) or 10 mg/kg SU056 daily and

images of mice after 28 days of drug treatment showing tumor regression comp

weight/mouse at the end of the study. (I) Immunohistochemistry staining. Tumor s

shown are mean ± SD from five mice in each group. *p < 0.05, **p < 0.01, ***p <
tential. Previous transcriptome analysis of taxane-resistant OC

cell lines has revealed elevated levels of both YB-1 and MDR1

(Sun et al., 2015; Kuwano et al., 2004; Shiota et al., 2014; Wu

et al., 2007). YB-1 is associated with transcriptional regulation

of ABC transporters and epithelial-to-mesenchymal transition-

associated proteins implicated in disease progression and TR

(Lim et al., 2018; Wu et al., 2014; Evdokimova et al., 2009).

SU056 co-treatment with paclitaxel was sufficient to halt tumor

progression in the OVCAR8 xenograft model. This further sug-

gests that SU056 may be a promising strategy for OC, rescuing

treatment efficacy and potentially increasing patient survival.

In summary, bioisostere replacement was a highly effective

chemical strategy to optimize SU093 for improved efficacy and

reduced toxicity, resulting in the development of SU056. This

AzP derivative is the earliest inhibitor reported for YB-1, ulti-

mately decreasing cell proliferation and migration, while sensi-

tizing OC cells to the cytotoxic effects of paclitaxel in vitro and

in vivo. Additional work to characterize the impact of SU056

treatment on different animal models, other cancer types, and

the immune microenvironment will provide further insight into

the potential of SU056 to combat TR in the clinic.

SIGNIFICANCE

New chemotherapeutic strategies are urgently needed to

improve the treatment of cancer, where late diagnosis and

high risk of relapse collude with treatment resistance (TR)

to cause high mortality despite intensive chemotherapy

treatment regimens. Y box binding protein 1 (YB-1) is the

multifunction protein that binds to the DNA and RNA and is

associated with tumor progression and the emergence of

TR. YB-1 plays the important role in transcription, transla-

tion and RNA stabilization of various oncogenic proteins.

The role of YB-1 is very well established in various cancers,

but there is no small-molecule inhibitor available/reported

so far. Here, we report a novel azopodophyllotoxin (AzP) de-

rivative, SU056, that inhibits disease progression via YB-1 in-

hibition. This first-in class YB-1 inhibitor potently inhibits the

ovarian cancer (OC) cell proliferation and resistance to

apoptosis and arrests the cells in G1 phase. This treatment

leads to an enrichment of proteins associated with

apoptosis and RNA degradation pathway and downregu-

lates the spliceosome pathway. In vivo, SU056 indepen-

dently restrains OC progression and exerts a synergistic ef-

fect with paclitaxel to further reduce disease progression
ent inhibits paclitaxel efflux.

ehicle (C), paclitaxel (0.5 nM, P), SU056 (0.5 mM, 56), and paclitaxel + SU056

E gel and blotted for respective antibodies as described in the STARmethods.

tion assay. Five hundred cells were cultured in ultra-low attachment plates and

form spheroids.

0 mm. (E) Spheroid formation was quantified after 7 days of incubation. Data are

significantly different compared with respective controls by one-way ANOVA

l. Non-obese diabetic-severe combined immunodeficiency female mice were

treatment started when tumors grew to 200 mm3. Mice were intraperitoneally

/or 5 mg/kg paclitaxel once a week for 28 days (4 weeks). (F) Representative

ared with control. (G) Tumor volume/mouse as a function of time. (H) Tumor

ections were stained with Ki67, and slides were scored for KI67 staining. Data

0.001 compared with respective control.
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with no liver toxicity. Moreover, in vitro mechanistic studies

showed delayed disease progression via inhibition of drug

efflux and multi-drug resistance 1 (MDR1) and significantly

low neural toxicity as compared with etoposide. These

data suggest that YB-1 inhibitor may be an effective strategy

to reduce OC progression, TR, and decrease patient

mortality.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

YB-1 Cell signaling technology (CST) Cat#8475; RRID: AB_11179070

TMSB10 R&D Systems Cat#AF6429; RRID: AB_10730821

SUMO2/3 CST Cat#4971; RRID: AB_2198425

PSMB2 Bethyl Laboratories Cat#A303817AT; RRID: AB_2781486

MDR1 CST Cat#13978; RRID: AB_2798357

CD44 CST Cat#37259; RRID: AB_2750879

GBP1 Abnova Cat#H00002633-PW1; RRID: AB_11136958

c-Myc Novesbio Cat# NB600-302SS; RRID: AB_2037063

CDK2 CST Cat#2546; RRID: AB_2276129

CDC25A CST Cat#3652; RRID: AB_2275795

Cyclin E CST Cat#4132; RRID: AB_2071197

Bax CST Cat#5023; RRID: AB_10557411

Bcl-2 CST Cat#2876; RRID: AB_2064177

b-actin Novusbio Cat#NB600-501SS; RRID: AB_10701879

Ki67 Biolegend Cat#350502; RRID: AB_10662385

Anti-mouse IgG HRP-linked antibody CST Cat#7076; RRID: AB_330924

Anti-rabbit IgG HRP-linked antibody CST Cat#7074; RRID: AB_2099233

Chemicals, peptides, and recombinant proteins

Human YB-1 protein (His Tag) Novusbio Cat# NBP2-30101

RPMI-1640 Corning Cat#10-040-CV

DMEM Corning Cat#10-013-CV

DMEM/F12 Hyclone Cat#SH30525.01

MEGM media Lonza Cat#CC-3150

FBS Corning Cat#35-015-CV

Antibiotic-Antimycotic solution Gibco Cat#15240062

M-PERTM lysis solution Thermo Scientific Cat#78503

Halt protease and phosphatase inhibitor cocktail Thermo Scientific Cat#78440

Magnetic conjugate streptavidin bead CST Cat#5947

Oregon Green� 488-conjugated paclitaxel Molecular Probes Cat# P22310

Critical commercial assays

Tandem Mass Tag (TMT) Thermo Fisher Scientific Cat# 90110, Cat#90061

PathScan� Total YB1 Sandwich ELISA Kit CST Cat#12543

Multidrug Resistance Assay Kit Sigma-Aldrich Cat#MAK161

Human CD44 ELISA Kit (Colorimetric) Novusbio Cat#NBP1-86819

Deposited data

The mass spectrometry proteomics data PRIDE Archive (http://www.ebi.ac.uk/pride/archive/)

Identifier#PXD022332

Experimental models: cell lines

OVCAR3 NCI cell line repository (DTP) RRID: CVCL_0465

OVCAR4 NCI cell line repository (DTP) RRID: CVCL_1627

OVCAR5 NCI cell line repository (DTP) RRID: CVCL_1628

OVCAR8 NCI cell line repository (DTP) RRID: CVCL_1629

SKOV3 NCI cell line repository (DTP) RRID: CVCL_0532

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

SH-SY5Y Dr. Manish Chamoli (Buck Institute,

CA, USA)

RRID: CVCL_0019

ID8 Dr. Erinn Rankin (Stanford University,

CA, USA)

RRID: CVCL_IU14

Recombinant DNA

pLenti PGK Blast V5-LUC (w528-1) Eric Campeau & Paul Kaufman, Addgene Cat#19166

pLV[Exp]-Puro-EF1A>hYBX1[NM_004559.5]/mCherry VectorBuilder Inc N/A

pLV[shRNA]-EGFP:T2A:Puro-U6>hYBX1[shRNA#1]

shRNA sequence: CCTGTTAATAAAGGTCTTAAA

VectorBuilder Inc N/A

pLV[shRNA]-EGFP:T2A:Puro-U6>hYBX1[shRNA#2]

shRNA sequence: CCAGTTCAAGGCAGTAAATAT

VectorBuilder Inc N/A

pLV[shRNA]-EGFP:T2A:Puro-U6>Scramble[shRNA#1]

shRNA sequence: CCTAAGGTTAAGTCGCCCTCG

VectorBuilder Inc N/A

Software and algorithms

GraphPad Prism 6 GraphPad Software https://www.graphpad.com/

CampuSyn software ComboSyn Incorporated https://www.combosyn.com/
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RESOURCE AVAILABILITY

Lead contact
Any requests for resources and reagents or information should be directed to the Lead Contact, Sanjay V Malhotra (malhotsa@

ohsu.edu).

Material availability
The materials generated in this study will be distributed upon request. There are restrictions to availability due to a Material Transfer

Agreement (MTA).

Data availability
The mass spectrometry proteomics data have been deposited to the PRIDE Archive (http://www.ebi.ac.uk/pride/archive/) via the

PRIDE partner repository with the data set identifier PXD022332.

EXPERIMENTAL MODEL

Cell lines
Human ovarian cancer (OC) OVCAR3 (Gender: Female, Age: 60 year, Ethnicity: Caucasian), OVCAR4 (Gender: Female, Age: 42 year),

OVCAR5 (Gender: Female, Age: 67 year), OVCAR8 (Gender: Female, Age: 64 year), and SKOV-3 (Gender: Female, Age: 64 year) cell

lines were obtained from the NCI cell line repository (DTP). SH-SY5Y (Gender: Female, Age: 4 year) and N27 (Species of origin:Rattus

norvegicus (Rat), Gender: Sex unspecified, Age: 12 FD) cell lines were obtained from Dr. Manish Chamoli (Buck Institute, CA, USA).

ID8 (Species of origin:Mus musculus (Mouse), Gender: Female, Age: Adult) and Luciferase-tagged ID8 cells were obtained from Dr.

Erinn Rankin (Stanford University, CA, USA). Scrambled control (SC), YBX1 knockdown (1 & 2) andmCherry-YBX1 OVCAR8 cell lines

were created using lentiviral based transduction and selected using puromycin resistance followed by cell shorting. All OVCAR cells

were maintained in RPMI-1640 (Corning, USA; #10-040-CV) supplemented with 10% FBS (Corning, USA; #35-015-CV) and 1%Anti-

biotic-Antimycotic solution (Gibco, USA; #15240062). SKOV3 and ID8 cells were maintained in DMEM media (Corning, USA; #10-

013-CV) supplemented with 10% FBS and 1% Antibiotic-Antimycotic solution. All cells were maintained at 37oC and 5% CO2.

SH-SY5Y and N27 cells were maintained in DMEM/F12 media (Hyclone, #SH30525.01) supplemented with 10% FBS and 1% Anti-

biotic-Antimycotic solution. All cells weremaintained at 37oC and 5%CO2. OVCAR8 cells were taggedwith Luciferase using lentiviral

vector-based plasmid pLenti PGK Blast V5-LUC (w528-1) (gifted by Eric Campeau & Paul Kaufman, Addgene # 19166) and selected

using blasticidin. Luciferase-tagged cells were maintained as described above.

METHOD DETAILS

Compound synthesis
AzP derivative SU093 was synthesized and characterized as reported previously (Andreoli et al., 2014).
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Synthesis of SU056

A solution of aryl amino alcohol SI (Kumar and Alegria, 2010) (1 mmol), 3-fluorobenzaldeyde (SIII) (1.2 mmol), L-proline (0.1 mmol,

10mol%), and tetronic acid (SII) (1.2mmol) was prepared in anhydrous ethanol (4mL) and the reactionmixturewas refluxed for 3-4 h.

Upon consumption of amino alcohol component and appearance of a fluorescent spot via TLC (9:1 of 50% EtOAc/Hex:MeCN), a

slurry of silica gel was prepared and purified by flash chromatography to give SU056 as a solid (0.203Gm 50%).
1HNMR (400MHz, DMSO-d6) d 7.27 (td, J = 7.9, 6.1 Hz, 2H), 7.10 – 6.98 (m, 4H), 7.01 – 6.91 (m, 1H), 6.96 (s, 2H), 6.67 – 6.62 (m, 2H),

5.97 (d, J = 1.1 Hz, 2H), 5.91 (d, J = 1.1 Hz, 2H), 5.15 – 5.00 (m, 4H), 5.04 – 4.96 (m, 2H), 4.94 (s, 2H), 3.81 (d, J = 10.5 Hz, 1H), 3.71 –

3.58 (m, 3H). 13C NMR (101 MHz, DMSO-d6) d 172.59, 161.11, 150.24, 147.52, 143.76, 131.50, 130.66, 130.58, 124.02, 118.94,

114.77, 114.56, 113.69, 110.48, 101.88, 96.83, 94.82, 66.31, 58.38, 48.64. MS-ESI m/z calculated for C20H16FNO5 [M+H]+: 370.1,

found 370.1.

Synthesis of biotinylated SU056

2-(9-(3-fluorophenyl)-8-oxo-6,9-dihydro-[1,3]dioxolo[4,5-g]furo[3,4-b]quinolin-5(8H)-yl)ethyl 3-((2-(5-((3aS,4S,6aR)-2-oxohexahy-

dro-1H-thieno[3,4-d]imidazol-4-yl)pentanamido)ethyl)disulfaneyl)propanoate: Under a nitrogen atmosphere, a solution of 9-(3-fluo-

rophenyl)-5-(2-hydroxyethyl)-6,9-dihydro-[1,3]dioxolo[4,5-g]furo[3,4-b]quinolin-8(5H)-one (40.0 mg, 0.108 mmol) in dry DMF

(10.0 mL) was treated with 3-[2-N-(Biotinyl)aminoethyldithio]propanoic acid (44.0 mg, 0.108 mmol), EDC.HCl (31.1 mg,

0.162 mmol) and DMAP (19.8 mg, 0.162 mmol). The reaction mixture was stirred at rt for 18 h then diluted with water (�10 mL).

The mixture was then extracted with ethyl acetate (2 X 25 mL). Combined organic phase was washed with water followed by brine

solution. The organic phase was dried over Na2SO4, filtered, and evaporated to dryness. The crude was purified with CombiFlash

chromatography on silica gel using 0-10% of methanol in dichloromethane as an eluent. Combined pure fractions was evaporated to

dryness to afford the desired product as an off-white solid (15.0 mg, 19%). 1H NMR (400 MHz, Chloroform-d) d 7.28 – 7.21 (m, 1H),

7.14 – 6.98 (m, 1H), 6.97 – 6.78 (m, 2H), 6.65 – 6.50 (m, 2H), 6.42 – 6.21 (m, 1H), 5.98 (dt, J = 10.5, 1.3 Hz, 2H), 5.38 – 5.23 (m, 1H), 5.15

– 4.88 (m, 3H), 4.71 – 4.30 (m, 3H), 4.14 – 3.91 (m, 1H), 3.90 – 3.79 (m, 1H), 3.75 (q, J = 7.0 Hz, 1H), 3.61 – 3.32 (m, 2H), 3.19 (td, J = 7.4,

4.6 Hz, 1H), 2.95 (ddd, J = 12.8, 5.0, 1.3 Hz, 1H), 2.85 (dd, J = 8.3, 6.2 Hz, 2H), 2.80 – 2.65 (m, 2H), 2.34 – 2.13 (m, 4H), 1.70 (dq, J =

14.7, 8.1, 7.4 Hz, 3H), 1.49 (q, J = 7.8 Hz, 3H), 1.36 – 1.13 (m, 2H). LC-MS (ESI-QQQ): m/z 759.2 ([C35H39FN4O8S3 + H]+ calcd.

759.2). Purity >98% (rt 4.64 min).

Cell viability assay
Cell viability was assessed using the standard MTT assay protocol. In brief, 5,000 cells were plated in each well of 96 well plates

(Corning-Costar, #3598) and allowed to attach for 24 h. Cells were treated with a respective concentration of compounds for respec-

tive time points. A stock solution of each compoundwas prepared in DMSO. DMSO concentration was kept constant andmaintained

below 0.1%. After each incubation, 50 mL of 0.5 mg/ml MTT solution prepared in 1X PBS was added to each well followed by 1h

incubation at 37oC and 5% CO2. MTT solution and media were then removed, and MTT formazan crystals were dissolved in

100 mL of DMSO per well. Absorbance at 570 nm for each well was recorded using a multimode plate reader to quantitate MTT crys-

tallization. Each absorbance value was normalized to controls and converted into percent cell viability.
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Clonogenic assay
300 suspendedOCcells were plated in eachwell of 12well plates (Corning-Costar, #3598) and incubated for 24 h for attachment. The

media was replaced after 24 h with media containing a respective concentration of the test compound and incubated for 5-8 days

until visible colonies appeared in vehicle-treated wells. Cells were then washed and fixed with 2% paraformaldehyde, followed by

washing and staining with 0.5%Crystal violet for 1h. Cells were de-stained using DI water and allowed to dry. Colonies were counted

under the microscope at 100X magnification.

Cell cycle analysis
30,000OC cells were plated in eachwell of 12well plates and incubated for 24 h. Cells were treatedwith a respective concentration of

test compounds for 6 h. Both live and dead cells were collected via trypsinization and cell pellets were fixed with 70% ethanol. Fixed

cells were stained using propidium iodide (PI) cocktail (80 mg/mL RNase A and 50 mg/mL PI in saponin-EDTA solution) and incubated

at 4oC overnight. Each sample was analyzed using a Guava easyCyte Flow Cytometer (Millipore, Burlington, MA). FlowJo software

calculated the % cells in each cell cycle phase.

Apoptotic cell death assay
Cells were plated and treated as described in cell cycle analysis assay above. Treated cells were incubated for 24 h and both live and

dead cells were collected. Cells were stained with Annexin V and PI using FITC Annexin V apoptosis detection kit (BD Pharmingen,

San Jose, CA) by following the manufacturer’s protocol. Guava easyCyte Flow Cytometer was used to analyze the stained cells.

Cell migration assay
1 x 105 cells were plated in 60 mm cell culture dishes (Corning-Falcon, #353002) and incubated for 24 h. Cells were treated with a

respective concentration of each compound for 12 h. Cells were trypsinized and collected in a conical tube for each plate. Pellets of

cells were resuspended, and live cells were counted using a hemocytometer and trypan blue staining. 40,000 live cells were then

plated in the upper chamber of 8-micron transwell (Corning-Falcon, #353097) with 0.2% FBS media. The lower chamber contained

10% FBS complete media. Cells were incubated at 37oC and 5%CO2 for 16h. Each transwell was washed, swiped for non-migrated

cells and fixed using 75% ethanol. Fixed transwells were stained with 0.5% crystal violet for 1h. De-stained transwell membranes

were cut and mounted on a slide using DPX mounting media. Migrated cells were counted under the microscope at 100X

magnification.

Cellular thermal shift assay (CETSA)
The assay was performed as previously described (Savitski et al., 2014). Briefly, OVCAR8 cells were treated with vehicle (DMSO) or

SU056 (2.5 mM) at 70-80% confluency for 1.5 h. Cells were harvested and washed with 1x PBS twice. Cells were pelleted and resus-

pended in PBS. 10 different PCR tubes with 1 x 106 cells/tube (in 100 mL PBS) were prepared for both the groups. Tubes were

exposed to respective temperatures (37, 41, 44, 47, 50, 53, 56, 59, 63, 67�C) for 3 min using a thermal cycler (Biorad, CA, USA) fol-

lowed by 2 min incubation at room temperature. Each tube was snap-frozen in liquid nitrogen. Cells were lysed using freeze/thaw

cycle, and soluble and insoluble fractions were separated by centrifugation at 14000 RPM for 30 min at 4�C. An equal amount of sol-

uble fraction for each temperature of both groups was labeled with Tandem Mass Tag (TMT) using manufacturer’s protocol

(TMT10plex� Isobaric Label Reagent Set, # 90110, Thermo Fisher Scientific, Waltham, MA). TMT labeled samples were analyzed

using LC-MS/MS in triplicates, as previously described by our group (Going et al., 2018).

CETSA protein quantification, normalization, curve fitting, estimation of slope, and melting point and statistical
analysis
Proteins were quantified from individual peptide spectra by a sum-based bootstrap algorithm using each corresponding TMT re-

porter ion intensity after correcting for isotope impurities using MaxQuant (Cox and Mann, 2008) in both vehicle and SU056 treated

samples. In each sample, the lowest temperature was used as reference to calculate the log2 ratio of signal of the soluble fraction in

each temperature, and each signal was compared with the highest temperature to estimate the percentage of signal lost in the sol-

uble fraction. A fitting model of the curves to the S-curves with the Boltzmann Equation was used to describe the statistical behavior

in a thermodynamic system not in a state of equilibrium, like a denaturalization curve, using the same principles as previously

described (Savitski et al., 2014). To this end, the sum of squares difference between the original and Bolztmann adjusted curve

was minimized using a brute-force algorithm with R, solving the Bolztmann equation to calculate the slope of the melting curve

and the half-value and the temperature in which half of the protein has been denatured. The melting point differences between

the fitted curves with correlations above 0.75 and p-value less than 0.01 were considered as specific interactors of the drug.

Immunoblotting
Once 70% confluency of OC cells plated in 100 mm cell culture was obtained, dishes were treated with a respective concentration of

SU056 for a respective time. At the end of treatment, cells were collected and lysed using M-PERTM lysis solution (Thermo Scientific,

#78503), supplemented with Halt protease and phosphatase inhibitor cocktail (Thermo Scientific, #78440). An equal amount

(40–60 mg) of proteins was resolved using 8%/10%/12% SDS-PAGE gel electrophoresis. Proteins were then transferred onto a

PVDF membrane (BioRad, #162-01277). Blocked membranes were incubated with respective primary antibody solution prepared
e4 Cell Chemical Biology 28, 1206–1220.e1–e6, August 19, 2021
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in 5% nonfat milk TPBS at 4oC overnight with gentle rocking. Primary antibody-probed membranes were washed and probed with

respective HRP-conjugated secondary antibody. Proteins were detected using Immobilon� Crescendo Western HRP Substrate

(Millipore, Germany) and visualized on an IVIS Lumina Imaging System (Perkin Elmer, Waltham, MA). The following primary and sec-

ondary antibodies were used: YB-1 (Cell signaling technology (CST), #8475; 1:2000), TMSB10 (R&D Systems, #AF6429; 1:2000),

SUMO2/3 (CST, #4971; 1:1000), PSMB2 (Bethyl Laboratories, #A303817AT; 1:1000), MDR1 (CST, #13978; 1:2000), CD44 (CST,

#37259; 1:1000), c-Myc (Novusbio, #NB600-302SS; 1:2000), CDK2 (CST, #2546; 1:2000), CDC25A (CST, # 3652; 1:1000), Cyclin

E (CST, #4132; 1:2000), Bax (CST, #5023; 1:1000), Bcl-2 (CST, #2876; 1:1000), GBP1 (Abnova, #H00002633-PW1, 1:2000), b-actin

(Novusbio, #NB600-501SS; 1:10000), anti-mouse IgG HRP-linked antibody (CST, #7076, 1:5000), and anti-rabbit IgG HRP-linked

antibody (CST, #7074, 1:5000). Uncropped blots are available as a supplemental figure (Figures S4–S7).

Total YB-1 sandwich ELISA
Total YB-1 protein level was analyzed using PathScan� Total YB1 Sandwich ELISA Kit (Cell Signaling, #12543) by following theman-

ufacturer’s protocol.

Multidrug resistance assay
The effect of SU056 on Multidrug Resistance of different OC cells was assayed by using the Multidrug Resistance Assay Kit (Fluo-

rometric MDR Assay) (Sigma-Aldrich, #MAK161), following the manufacturer’s protocol.

CD44 ELISA
The effect of SU056 onCD44 expression of different OC cells was assayed by using HumanCD44 ELISA Kit (Colorimetric) (Novusbio,

#NBP1-86819), following the manufacturer’s protocol.

Pulldown assay using biotinylated SU056
Protein pulldown assay was performed using biotinylated SU056. 1. Pulldown from cells: OVCAR8 cells were treated with 2.5 mM

biotinylated SU056 for 1.5 h. Treated cells were collected and lysed using M-PERTM lysis solution (Thermo Scientific, #78503), sup-

plemented with Halt protease and phosphatase inhibitor cocktail (Thermo Scientific, #78440). 300 mg protein was incubated with

magnetic conjugate streptavidin bead (CST, #5947) at 4�C on rocker overnight. 2. Pulldown from cell lysates: OVCAR8 cells were

collected and lysed using M-PERTM lysis solution (Thermo Scientific, #78503), supplemented with Halt protease and phosphatase

inhibitor cocktail (Thermo Scientific, #78440). 1000 mg protein was incubated with 10 mM biotinylated SU056 at 4�C on rocker over-

night followed by overnight incubation with magnetic conjugate streptavidin bead (CST, #5947) at 4�C. After both the pulldown,

biotin-streptavidin conjugates were pulldown and washed using magnetic rack. After three washing, beads were resuspended in

2X SDS sample buffer followed by heating at 90-100�C for 5 min. Samples were resolved and probed with GBP1 (Abnova,

#H00002633-PW1, 1:2000) and YB-1 (CST, #8475; 1:2000) as described above in immunoblotting. Samples of protein lysates

from OVCAR8 with and without biotinylated SU056 (2.5 mM) treatment (input), samples from pulldown using only biotin and only

streptavidin beads were also resoled as experimental controls.

Surface plasmon resonance (SPR)
Experiments were performed using a Biacore T200 (GE Healthcare) instrument at 25�C. The His-tagged (N-Terminal) YB-1 protein

(Novusbio, # NBP2-30101) was captured via the His-tag on an NTA chip (GE Healthcare) and immobilized through amine coupling

amine coupling chemistry usingN-hydroxysuccinimide (NHS) andN0-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) (GE

Healthcare). All small molecule (SU093 and SU056) analysis experiments were performed in PBS (10 mM Phosphate buffer, 2.7 mM

KCl, 0.137 NaCl) running buffer pH adjusted to yield pH 7.4 when supplemented with 5% DMSO. To investigate binding of the com-

pounds or at 6 different (1-100 mM) concentrations prepared from a 10 mM stock solution, with a final concentration of 5% DMSO

were injected over the different immobilized ligands at a flow rate of 30 ml/min for either 75 or 120 seconds with a regeneration time of

600 seconds. After each injection the flow delivery system was washed with 50% DMSO. DMSO solvent correction curves were

generated by injecting the running buffers with serial concentrations of DMSO ranging from 4.5 to 5.8%. All data were corrected

for non-specific binding by subtracting the signal measured in a control cell lacking immobilized ligand.

Global proteome profiling
OVCAR8 cells were treated with vehicle or SU056 (2.5 mM) for 12 h. Cells were washed and lysed (100 mM triethylammonium bicar-

bonate (TEAB, Thermo Fisher Scientific) with 1% sodium dodecyl sulfate (SDS)). Samples were processed and labeled with TMT us-

ing manufacturer’s protocol (TMTsixplex� Isobaric Label Reagent Set, # 90061, Thermo Fisher Scientific, Waltham, MA). Samples

were analyzed using LC-MS/MS in triplicates as previously described by our group (Going et al., 2018).

Combination index calculation
The combination index (CI) for paclitaxel and SU093 or SU056was calculated using the Chou-TalalayMethod (Chou, 2010). CI values

were computed via CampuSyn software. CI<1, CI=1, and CI>1 indicate the synergistic, additive and antagonistic effect of the

combination.
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Paclitaxel efflux assay
OC cells were treated with 5 nMOregon Green� 488-conjugated paclitaxel (Molecular Probes, # P22310) for 1 h. Cells were washed

and incubated in phenol red-free DMEMmedia supplemented with 10% FBS. After each respective time point (30, 60, 120, 180 mi-

nutes), the media was collected and centrifuged to remove floating cells. The fluorescence intensity of efflux paclitaxel in media was

read at Ex 496 and Em 524 using a multimode plate reader.

Spheroid culture
OC cells at a density of 100 per well were plated in an ultra-low attachment 24 well plate (Corning, #3473) in MEGM media (Lonza,

#CC-3150) supplemented with hEGF, insulin, hydrocortisone BPE, and 2-mercaptoethanol. Cells were treated with each respective

compound and incubated for 6-8 days. The number of spheroids was counted under themicroscope at 40Xmagnification. 5 different

fields from each well were imaged at 100X magnification.

In vivo xenograft model and drug efficacy study
All animal experiments were reviewed and approved by the Animal Care and Use Committee of Stanford University, CA, USA. Lucif-

erase tagged ID8 (2 x 106) or OVCAR8 (5 x 106) cells were implanted into the right flank of 6-7-week-old female C57BL/6 mice and

NOD/SCID mice, respectively. Respective treatment began after tumors grew to 100-200 mm3 diameters. The ID8 syngeneic mice

model was treated with a vehicle (30% PEG-300 in saline), 20 mg/kg SU093, and 20 mg/kg SU056 intraperitoneally (IP) daily for

42 days. At the end of treatment, blood was collected from each mouse and analyzed for liver toxicity parameters, including Alanine

Aminotransferase (ALT), Aspartate Aminotransferase (AST), and Alkaline Phosphatase (ALKP). OVCAR8 xenograft mice model was

treated with vehicle (30% PEG-300 in saline), 5 mg/kg paclitaxel (once a week), 10 mg/kg SU056 (daily), a combination of paclitaxel

(5 mg/kg, once a week) and SU056 (10 mg/kg, daily) for 4 weeks. Mice from both studies were euthanized, the tumor and different

organs were collected and fixed in neutral buffered formalin and further processed for immunohistochemical analysis.

Immunohistochemistry
Fixed tumors and organs were embedded in paraffin. Each block was cut in 5 mm sections and fixed on poly-L lysine-coated slides.

Paraffin sections were deparaffinized and rehydrated. Antigen retrieved sections were incubated with primary antibody followed by

HRP conjugated secondary antibody and Dab staining using ImmPACTTM DAB kit (Vectorlabs, CA). Counterstained sections were

dehydrated andmounted using VectaMountTM (Vector labs). Biotinylated horse anti-mouse IgG (Vector Labs, CA) and horse anti-rab-

bit IgG (Vector Labs, CA) were used as secondary antibodies. The following primary antibodies were used: YB-1 (Cell signaling,

#8475; 1:100) and anti-MDR1 (Cell signaling, #13978; 1:500) and Ki67 (Biolegend, #350502; 1:500).

Pharmacokinetics study
SU056 Plasma concentration was determined bymass quantification analysis using an Agilent 6490 iFunnel triple quadrupole (QQQ)

mass spectrometer equipped with an Agilent 1290 infinity II UHPLC. An analytical C18 column, ZORBAX C18 (Eclipse Plus, 2.1x

50 mm, 1.8 mm particle size) was used. The mobile phase was composed of 60% water buffered with 0.1% formic acid and 4mM

ammonium formate and 40% acetonitrile buffered with 0.1% formic acid. The flow rate of mobile phase was set at 0.4 mL/min

and column temperature was adjusted at 30�C. The electrospray ionization source was operated in positive ion mode. Mass spec-

trometer parameters were optimized as: source temperature 550�C, nebulizer gas (nitrogen) 20 psi, ion spray (IS) voltage 5000 V,

collision energy 21 V. Multiple reaction monitoring (MRM) method was used for the detection of SU056 and an internal standard

(IS), 4-(2-hydroxyethyl)-6-methoxy-9-phenyl-4,9-dihydrofuro[3,4-b]quinolin-1(3H)-one, a similar analogue of SU056. The precursor

ion [M+H]+ and product ion for SU056 were monitored at m/z 370.0 and m/z 274.2, respectively. And the precursor ion [M+H]+

and product ion for IS were monitored at m/z 338.1 and m/z 260, respectively. A calibration curve was generated using known con-

centrations of SU056 and IS, and this curve was used to calculate unknown concentrations of SU056 in the plasma at different time

points. SU056was injected at the dose of 20mg/kg to eachmouse at time zero intraperitonially. Bloodwas collected retro-orbitally at

5, 15, 30, 60, 120, 240 and 360minutes after injection. Blood plasmawas separated via centrifugation at 7,000 RPM for 10minutes. A

5 mL plasma was taken from each sample andmixed with a 10 mL of IS solution and 990 mL of MS-grade acetonitrile then vortexed for

30 seconds followed by a 5 minutes incubation at RT. Mixture was centrifuged at 11,000 RPM for 15 min at 4�C and supernatant was

collected and further cleaned by re-centrifugation. Each protein-free plasma fraction (n=3) was used to determine the concentration

of SU056 using the HPLC/MS MRM method as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Each set of data was analyzed for its statistical significance using GraphPad Prism 6 software. Each result is represented in Mean ±

SD. P-values are denoted using * as follows: * P%0.05, ** P%0.01, *** P%0.001.
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