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ABSTRACT: Renal, hepatocellular, and neuroendocrine carcinomas are known as highly vascularized tumors. Although vascular
endothelial growth factor A (VEGF-A)-targeted therapies have shown efficacy in the treatment of these cancers, drug resistance is
a major concern and might be mediated by interleukin 6 (IL-6). Furthermore, upon antiangiogenic drug exposure, tumor cells
may adapt to survive in a vascular-independent manner. Apratoxins are potent marine-derived cytotoxic in vivo-active agents,
preventing cotranslational translocation in the secretory pathway, and show promise to overcome resistance by targeting
angiogenesis and tumor growth simultaneously. We designed and synthesized a novel apratoxin analogue, apratoxin S10, with a
balanced potency and stability as well as synthetic accessibility and scalability. We showed that apratoxin S10 potently inhibits
both angiogenesis in vitro and growth of cancer cells from vascularized tumors. Apratoxin S10 down-regulated vascular
endothelial growth factor receptor 2 (VEGFR2) on endothelial cells and blocked the secretion of VEGF-A and IL-6 from cancer
cells. It inhibited cancer cell growth through down-regulation of multiple receptor tyrosine kinases (RTKs) and compares
favorably to currently approved RTK inhibitors in both angiogenesis and cancer cell growth.
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he concept of treating cancer by inhibiting new blood vessel

formation in tumors was established by Judah Folkman
about 50 years ago.' Tumor angiogenesis, or the formation of
blood vessels, is a vital step for tumor development and
metastasis. Without angiogenesis, a tumor will not grow beyond
2—3 mm in size.” The tumor cells secreted growth factors that
caused new capillaries to sprout, grow toward, and then infiltrate
into the tumor mass, supplying nutrients and oxygen and
supporting the growth of a hyper-proliferating tumor. It is widely
accepted that vascular endothelial growth factor A (VEGF-A) is
the key angiogenic regulator contributing to tumor angiogenesis.
VEGF-Ais highly secreted from tumor mass and diffused into the
tumor microenvironment and binds to its cognate receptors on
endothelial cells, with vascular endothelial growth factor receptor
2 (VEGFR2) as the major one, leading to activation of signaling
pathways involved in mediating proliferation, migration, and
survival of endothelial cells and promoting vascular perme-

ability.*
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Tumor angiogenesis is a complex mechanism that depends on
the tumor type. Renal cell carcinoma (RCC) is a highly
vascularized tumor (Figure 1), which is often due to a hyper-
activated proangiogenic signaling pathway triggered by von
Hippel Lindau (VHL) gene mutations.” Loss-of-function of the
VHL protein causes unregulated activation of hypoxia inducible
factor (HIF) and overexpression of VEGF-A. In addition to
RCC, other indications including hepatocellular carcinoma and
neuroendocrine carcinoma (Figure 1) are also considered to be
highly vascularized tumors, which have been the focus of
development for antiangiogenic agents.

Due to the crucial role of VEGF-A/VEGEFR signaling in tumor
angiogenesis, VEGF-targeted therapies have been developed to
inhibit blood vessel growth and thus starve tumors of necessary
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Figure 1. Images of highly vascularized tumors from deidentified cancer
patients. Red arrows show the tumors. Tumor vascularization is
indicated by white contrast enhancement either infiltrating (a—d) or
surrounding (e,f) the tumors. Contrast enhanced computed tomog-
raphy (CT) images showing highly vascularized primary renal cell
cancer of the right kidney (a,b) and highly vascularized neuroendocrine
tumor metastatic to the liver (ef). Contrast enhanced magnetic
resonance images showing highly vascularized primary hepatocellular
carcinoma (c,d).

oxygen and nutrients. Currently, the first and second line
treatment for these vascularized cancers include VEGF-A
monoclonal antibody, bevacizumab, and several antiangiogenic
receptor tyrosine kinase (RTK) inhibitors, including sunitinib
and sorafenib. Despite the efficacy of antiangiogenic therapy, the
development of drug resistance leading to transient clinical
benefits and failure of antiangiogenic drugs is still a major
concern. Individual responses are variable, with some patients
never responding to the drugs (intrinsic resistance) and others
going on to develop resistance following a brief period of
treatment (acquired resistance).

There is increasing evidence that reveals significant relation-
ships between interleukin 6 (IL-6) and both tumor angiogenesis
and resistance against antiangiogenic therapy.7_13 IL-6 is a
multifunctional cytokine, secreted by a number of different types
of cells including tumor cells. In renal cell carcinoma cells, IL-6
functions as an autocrine growth factor and induces cell growth
in vitro."#"® It has been shown that high serum IL-6 levels in
cancer patients were associated with a poor outcome and
bevacizumab and sunitinib resistance.”'® Siltuximab, an anti-IL-6
chimeric monoclonal antibody, is under investigation in clinical
trials for multiple types of cancers with favorable results observed
in a phase I/II study.'”'® With such compelling evidence
highlighting the roles of IL-6 in angiogenesis, it would appear to
be an attractive target for combination therapy in numerous
tumor types with VEGF-A-targeting drugs.

Furthermore, in some scenario, upon antiangiogenic drug
treatment, despite a strong vascular response, shrinkage of tumor
tissue is negligible."”~>" Given that the development of intrinsic
or acquired resistance to antiangiogenic therapy is mediated
through a complex mechanism,””~** the molecular mechanism
attributed to the stabilized tumor growth despite a diminished
vascular supply is still under investigation, but it is possible that
tumor cells may be adapted to survive in a vascular-independent
manner.” Currently, most antiangiogenic drugs are primarily
targeting the tumor endothelium rather than tumor cells, aiming
to reduce vascular density and starving the nutrient for cancer
cells.”” The above information has raised the possibility that
acquired resistance might be circumvented if an antitumor effect
could be achieved simultaneously with antiangiogenic treatment;
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in other words, a combination of antitumor and antiangiogenic
therapy would be more beneficial. We have identified a class of
marine natural products, apratoxins, which have the necessary
attributes to be a dual inhibitor.

Apratoxins are potent cytotoxic agents derived from marine
cyanobacteria.”®™>" Apratoxin A possesses broad-spectrum
differential in vitro activities,”” and its cytotoxicity is due to
potent inhibition of cotranslational translocation® at the level of
the Sec61 translocon,* leading to both down-regulation of
various receptor tyrosine kinases and reduced growth factor
secretion.® This dual effect on RTKs and their ligands, including
VEGF and its receptor VEGFR2, give a one—two punch to
cancer cells, particularly those cancers that rely on autocrine
loops.”® Having this striking feature, we aimed to further explore
this effect on other cancer-related cell types, specifically,
endothelial cells. As mentioned above, endothelial cells are
enriched in VEGF receptors that recognize VEGF secreted from
tumor cells leading to formation of blood vessels. We proposed
that apratoxins could also down-regulate VEGFR2 on
endothelial cells and through which an additional antiangiogenic
effect is achieved. Provided that apratoxins exert both
antiangiogenic and antitumor effects, this structure class could
be a promising scaffold to develop inhibitors overcoming drug
resistance of antiangiogenic therapy.

Our group has spent considerable efforts on improving
therapeutic index of apratoxin A through a medicinal chemistry
campaign, which led to apratoxins S4, S8, and S9 (Figure 2),
possessing potent in vitro as well as in vivo anticancer activities
and enhanced in vitro stability.”>*° Recognizing potential
liabilities that might be responsible for the irreversible toxicity
and low tolerability of apratoxin A in vivo, we previously replaced
the a,f-unsaturated system at C27—C31 in apratoxin A with a
corresponding saturated unit in apratoxin E, which resulted in a
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Figure 2. SAR study: Apratoxin A and E (natural products) and
evolution of synthetic analogues with corresponding ICg, values for
HCT116 colorectal cancer cells. C30R configuration (apratoxins S9 and
$10) leads to a higher potency than C30S (apratoxins S4 and S8).
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synthetic apratoxin A/E hybrid, apratoxin S4, possessing further
improved potency, in vivo selectivity, and antitumor activity.”’
An extended SAR study of apratoxins $4 (30S) and S9 (30R)*
coupled with our recent work on the total synthesis of (30R)-
apratoxin E (natural product) and its epimer (30S)-apratoxin E*”
demonstrated the positive impact of the modified cysteine
(moCys) moiety on activity with R configuration at C30 more
potent than S. Although apratoxins S4 and S9 possess excellent
potency, we observed a high tendency of dehydration at C34—35
during the scale-up synthesis. Knowing that this issue may result
in (1) pharmacological deactivation and (2) side products during
the synthesis that would lower the synthetic yield and require
HPLC purification of the intermediate, we introduced an
additional methyl group at C34, which prevented the
dehydration in apratoxin S8 and led to an enhanced three-step
yield (70%) during macrocyclization and a total yield (3%)
without sacrificing potency in vivo.*® With apratoxin S8 having
the highest yield during macrocyclization and S9 as the most
potent apratoxin analogue against human colon cancer cells, we
logically proposed a new hybrid apratoxin S8/S9 compound,
apratoxin S10 (1), aiming to achieve a balance between potency,
stability, and synthetic yield.

In our current study, we aimed to (1) conduct total synthesis
of 1 and (2) evaluate its effect on both angiogenesis and tumor
growth in highly vascularized cancer cell models.

The synthetic route of 1 is depicted in Scheme 1. We applied a
similar synthetic strategy that we previously developed for the

Scheme 1. Total Synthesis of Apratoxin S10
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synthesis of apratoxins S4—S9, which is a modification of
other published methods.**~** Recently, some other papers were
published on total syntheses of apratoxins.””~>' The known
compounds 2, 3, and 7 were synthesized as we established
previously.”® The N-Boc group in 3 was selectively removed with
TMSOTTf in the presence of 2,6-lutidine, which was subsequently
followed by a coupling reaction of deprotected 3 with 2 to afford
compound 4 in 92% yield. Using a modified Kelly’s method, the
thiazoline ring was formed smoothly catalyzed by TiCl,.
Subsequent removal of Troc using Zn-NH,OAc gave compound
S with a good two-step yield of 60%. The allyl group in § was
removed through a standard deprotection reaction using
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Pd(PPh;),/N-methylaniline to obtain acid 6 in 95% yield. The
Fmoc-protected tripeptide 7 was treated with Et,NH in MeCN,
and the liberated free amine in 7 was then coupled with
carboxylic acid in 6 to afford a linear compound 8 in 92% yield
(two steps) using PyAOP as coupling reagent. Finally, the target
compound 1 was synthesized from 8 through three sequential
reaction steps: cleavage of allyl ester by Pd(PPh;),/N-
methylaniline, removal of Fmoc by Et,NH/MeCN, and
macrocyclization reaction mediated by PyAOP, with an excellent
yield of 80% in three steps (95% HPLC purity and 100% chiral
purity). About 5% epimerization happened during macro-
cyclization, and the epimer was able to be separated by HPLC.
It is important to note that the synthetic yield of apratoxin S10
(1) is higher than that of apratoxin S8 in terms of both total yield
and three-step macrocyclization yield (Table S1). The high
cyclization efliciency of the precursor of 1 was reproducible in
parallel reactions. The intermediates 4, 5, and 6 were also
obtained in a higher yield than the corresponding intermediates
in the synthesis of apratoxin S8, which suggests that the structural
conformation with C30R is more favorable than C30S.
Furthermore, the antiproliferative activity of 1 was directly
compared to the two parent compounds apratoxin S8 and S9
using HCT116, a human colon cancer cell model that we used
previously for the characterization of apratoxins S8 and S9. As
expected, the hybridization of S8 and S9 led to an improved
potency of $10 (ICs, = 1.47 £ 0.11 nM) compared with S8 (ICq,
=1.99 + 0.13 nM) (Figure 2). Additionally, apratoxins S4, S8, S9,
and S10 were stable (¢, > 24 h) under acidic aqueous condition,
pH 2.32, a pH representing gastric condition, with apratoxin S7
(a nonmethyl-C34 analogue)*° being an exception (Figure S1).
These findings suggest that an increased C30 methylation status
increases stability and that we have successfully achieved a
balance between synthetic yield and potency by hybridizing the
two lead compounds in terms of yields (S8) and potency (S9).
Following the successful design and synthesis of 1 with an
improvement in compound stability and synthesis yield, we then
aimed to evaluate its effect as an antiangiogenic agent. We tested
1 in a human endothelial cell (HUVEC)-based in vitro
angiogenesis model, mimicking the process of blood vessel
formations. Compared with solvent control, the presence of 1
significantly inhibited the formation of tube-like structures
(Figure 3a). Concentrations as low as 10 pM caused detectable
diminishing of branch points and number of junctions (Figure
3b,c). Increasing concentrations of 1 further decreased tube-like
structures by both visual inspection and automatic quantifica-
tions. We have also tested known RTKs inhibitors in parallel
(Figure 3). Sunitinib, a first line antiangiogenic drug for renal
cancer, inhibited tube formation at 100 nM and 1 uM (Figure
3a). However, its effect under concentrations lower than 100 nM
was not observed. As expected, erlotinib, an EGFR inhibitor, did
not show any antiangiogenic effect within the tested concen-
tration range (Figure 3a). Cabozantinib, a multi-RTK inhibitor,
although showing better effect than both sunitinib and erlotinib,
still showed a slightly weaker effect than 1 (Figure 3a). These
results indicated a potent antiangiogenic effect of 1 in vitro. To
rule out the possibility that apratoxins disrupted angiogenesis in
vitro due to cytotoxicity on HUVEC cells, we monitored its effect
on HUVEC cell viability using MTT assay, indicating a negligible
effect on cell viability (Figure 3d). Knowing that VEGFR2 is
highly expressed in endothelial cells, we next tested 1’s effect on
VEGFR2 expression. Consistent with the proposed mode of
action,””** 1 down-regulated the expression level of functional
(glycosylated) VEGFR2 on endothelial cells at 10 nM and above

DOI: 10.1021/acsmedchemlett.7b00192
ACS Med. Chem. Lett. 2017, 8, 1007—1012


http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.7b00192/suppl_file/ml7b00192_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.7b00192/suppl_file/ml7b00192_si_001.pdf
http://dx.doi.org/10.1021/acsmedchemlett.7b00192

ACS Medicinal Chemistry Letters

| Letter |

a 1% EtOH 10 pM 100 pM 1nM 10 nM

100 nM

Apratoxin S10

0.5% DMSO 10 pM 100 pM 1nM

Sunitinib
malate

Erlotinib
hydrochoride

Cabozantinib

= Apratoxin S10
b Sunitinib malate

== Erlotinib hydrochloride

o 2 2 = Gabozantiib
) S
€ T 20
5 2 E
g. =15
§ >
s 10 g 10
o E s

z
o 0
0N S D R & & & & »
Q}O \Qﬁ @Q ,\$ \0«3\ @'\\ \§ ((/\0 \QQ \@Q K .@Q \@o N
~ [Compound] ™ [Compound]
d 120 HUVECs, 14 h e HUVECs

> Dose-response
Z 10018 - M - M < Y
5 .
T 80 RS & N\ Apratoxin $10, 14 h
L SRS P
8w VEGFR2
R 20

; [—————] A

N ms b$ \§

N N
[Compound]

Figure 3. (a) Apratoxin S10 inhibited angiogenesis in vitro in a dose-
dependent manner, determined by matrigel assay using HUVECs (scale
bar 200 ym), 14 h. Three known RTK inhibitors were tested in parallel.
(b) Branch point counting was used as quantification method. Five
random microscope view-fields were counted, and the number of branch
points was averaged. (c) Number of junctions analyzed by the
Angiogenesis Analyzer plug-in for Image] (n = S per group). Error
bars in (c) and (d) indicate mean + SEM of five fields. (d)
Antiproliferative effect of apratoxin S10 and known RTK inhibitors on
HUVECs. Error bars indicate mean + SD of three replicates. (e)
Immunoblot analysis using lysates from apratoxin S10-treated
HUVECs, 14 h. The higher bands are functional (glycosylated)
VEGFR2. The lower bands correspond to the unprocessed (non-
glycosylated) form of VEGFR2.

(Figure 3e), which potentially explained its antiangiogenic effect
in this assay.

Our previous studies indicated that apratoxins effectively
blocked VEGF-A secretion from human colon cancer cells
(HCT116).%>® Here, we evaluated the effect of 1 on VEGF-A
secretion in highly vascularized cancer cell models: renal cancer
(A498), hepatocellular carcinoma (Huh7), and neuroendocrine
cancer (NCI-H727). Indeed, VEGF-A secretion in all three cell
lines was blocked by 1 (Figure 4). Since IL-6 has also been
implicated in angiogenesis, we evaluated the effect of 1 on IL-6
secretion in these three cell lines. Except for NCI-H727 cells,
which do not produce a detectable amount of IL-6, the other two
cell lines (A498 and Huh?7) produced high and detectable levels
of IL-6, respectively, which were all effectively inhibited by 1
(Figure 4).

In addition to its antiangiogenic effects, we also evaluated 1 for
its effect on cancer cell growth using the three representative cell
lines above. Apratoxin S10 exerted potent antiproliferative effects
against all three cancer cell lines with ICy, values in the low-
nanomolar range (Table 1). In contrast, the three known RTK
inhibitors that we tested are 2000—5000 times less potent than 1,
with ICs, values in micromolar range. Possible explanations for
the tremendous difference in potency between 1 and known
RTKs inhibitors are that (1) apratoxin S10 (1) blocks both RTKs
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Figure 4. Activity of apratoxin S10 on VEGF-A and IL-6 secretion, 24 h.
VEGF-A secretion from (a) A498, (b) Huh7, and (c) NCI-H727 cells
detected using AlphaLISA Human VEGF-A Immunoassay Kit
(PerkinElmer). IL-6 secretion from (d) A498 and (e) Huh7 cells
detected using AlphaLISA Human IL-6 Immunoassay Kit (PerkinElm-
er). Error bars indicate mean + SD of three replicates.

Table 1. Activities of Apratoxin S10 and Known RTKs
Inhibitors on a Range of Cancer Cells, IC, (nM)“

renal hepatocellular ~ neuroendocrine

A498 Huh7 NCI-H727
apratoxin $10 (1) 335+ 034 0.83 + 0.06 2.55 +0.19
sunitinib 7981 + 1194 4707 + 492 10120 + 1179
erlotinib ~12500 ~25000 >6240
cabozantinib 8456 + 2046 4348 + 708 14010 + 2813

“Determined after 48 h (n = 3).

and secretive factors (VEGF-A and IL-6), leading to disruption of
positive feedback autocrine loops necessary for cancer cell
growth'*°>** and (2) apratoxin S10 inhibits a broader spectrum
of RTKs, which prevents resistance through activation of
alternative RTKs, and (3) efficacy in cell types with mutated
(oncogenic) KRAS confers to intrinsic resistance to RTK
inhibitors. In agreement with our previous study on human colon
cancer cells,”>”° 1 exerts its potent antiproliferative effect against
these three cancer cell types through down-regulation of multiple
RTKs including VEGFR2, EGFR, MET, IGF1Rf, and FGFR4
(Figure S). We also observed differential potency of 1 against
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Figure 5. Immunoblot analysis of apratoxin S10-treated (a) A498, (b)
NCI-H727, and (c) Huh7 cells, 24 h. Apratoxin S10 down-regulated
multiple RTKs.

different RTKs within the same cell line as well as VEGF-A and
IL-6; among them, VEGF-A was the most sensitive protein in all
cell lines (Figure 4). These data suggested that the apratoxin
scaffold can be used to potentially modulate substrate selectivity,
as we previously proposed,® and differential effects also appear

to be cell-type dependent.
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In conclusion, we reported a novel apratoxin analogue,
apratoxin $10 (1), which is considered one of the lead candidates
of the apratoxin family in terms of potency, stability, and
synthetic accessibility. We conducted the total synthesis of 1 and
evaluated its dual inhibitory effects against both angiogenesis and
cancer cell growth. Apratoxin S10 (1) inhibited angiogenesis in
vitro, mediated through down-regulation of VEGFR2 expression
of endothelial cells, and blocked secretions of VEGF-A and IL-6
from cancer cells, which are considered triggers for endothelial
cell proliferation, migration, and blood vessel formation. In
addition to its antiangiogenic effects, 1 possesses potent
inhibitory effects against cancer cells from highly vascularized
tumor through down-regulations of multiple RTKs. RTKs are
differentially susceptible to 1’s inhibitory effect, suggesting
apratoxins selectively inhibit different substrates in the process of
cotranslational translocation through a novel mechanism that
warrants further investigation.
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