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Abstract

The natural product cortistatin A and its derivative didehydro-cortistatin A exhibit potent biological activity in different
disease states, indicating the potential utility of their derivatives as treatments for a variety of diseases. The synthesis of the
unique ring system found in these compounds is challenging, and therefore we designed analogs with a conventional
steroidal scaffold that retained the A-ring functionalities with the stereochemistries found in the natural product, building on
a previous report of simplified didehydro-cortistatin A analogs. The steroidal derivatives were synthesized in 9 steps from
prednisone with different isoquinoline isomers incorporated at C17 via a Stille coupling in the last step. The analogs
exhibited antiproliferative activity in HCT 116 colon cancer cells with low micromolar potency (HCT 116
ICs9=4.80-11.5 uM) and rapid onset. The methodology described here can be used to prepare additional simplified
didehydro-cortistatin A analogs for future biological applications.
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In 2006 and 2007 the Kobayashi group isolated a family of
steroidal alkaloids known as cortistatins from the marine
sponge Corticium simplex [1-4]. These structurally com-
plex cortistatins possess a unique oxabicyclo[3.2.1]octene
core centered within a 9(10-19)-abeo-androstane steroidal
framework. Since their discovery cortistatins have garnered
considerable interest across the scientific community,
notably for their potent anti-angiogenic activity [1].
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Fig. 1 Cortistatin A, didehydro-
cortistatin A, and new simplified
derivative scaffold

Angiogenesis, the proliferation of new capillary blood
vessels from the pre-existing vasculature, aids in the pro-
gression of cancerous tumor growth, rheumatoid arthritis,
psoriasis, hemangiomas, and diabetic retinopathy from
ocular neovascularization [5]. Therefore, potent and selec-
tive anti-angiogenic agents possess significant therapeutic
potential in treating a variety of angiogenesis-driven dis-
eases. Notably, cortistatin A (Fig. 1), exhibited selective
nanomolar antiproliferative activity against human umbili-
cal vein endothelial cells (HUVECs, ICsy = 1.8 nM) over
cancer cell lines and normal human fibroblast cells [1].
Cortistatin A also inhibits vascular endothelial growth
factor-induced cellular migration and basic fibroblast
growth factor-induced tubular network formation of
HUVECs without observed cytotoxicity. Currently, the
cellular target of cortistatin A is unknown.

To address the limited supply of this bioactive natural
product for detailed biological evaluation and drug devel-
opment the Baran [6], Hirama [7], Myers [8], Nicolaou-
Chen [9, 10] and Shair [11] groups developed elegant
synthetic strategies to obtain cortistatin A. Notably, in 2011
the Baran laboratory reported a shorter (16 step) and scal-
able cost-effective synthetic route to this natural product
[12]. Interestingly, the penultimate compound in Baran’s
synthesis, didehydro-cortistatin A (dCA), 1, containing a
C16-C17 alkene, was identified as the most potent trans-
activator of transcription (Tat) inhibitor known to date
(ICs5¢p = 0.6 nM), providing a novel approach to potentially
treat dormant HIV infections [13]. These findings further
support the utility of cortistatin A derivatives as potential
therapeutics for a variety of diseases.

Given the challenges in synthesizing cortistatin A and
dCA, we focused our efforts on developing simplified
analogs of dCA, 1. Historical structure-activity relation-
ship (SAR) studies identified the C17 isoquinoline moiety
as an important substituent to retain selective anti-
angiogenic activity observed with cortistatin A [4].
Corey reported the synthesis of simplified dCA analogs
from estrone with anti-angiogenic activity [14]; these
analogs retained the C3 dimethylamine and the C17 iso-
quinoline, but lacked the A-ring hydroxyl groups found in
cortistatin A.

Me,N

didehydro-
cortistatin A, 1

Inspired by the synthetic work of both the Baran and
Corey labs, we designed analogs of dCA with a conven-
tional steroidal scaffold that retained the A-ring function-
alities and their stereochemistry while exploring the SAR of
the isoquinoline at the C17 position. Here we report the
synthesis of three initial dCA analogs, and the evaluation of
their activity in different cancer cell lines and HUVECs.

Results and discussion
Chemistry

Scheme 1 shows the retrosynthetic analysis for our strategy
to prepare simplified analogs of dCA. The desired analogs
of dCA 24 could be generated by late-stage Stille coupling
at the C17 carbonyl of precursor dione 5. The dione can be
obtained by global deprotection of a C17 ketal and a C1 or
C2 acetate (regioisomers 6a and 6b). The acetate regioi-
somers can be prepared through a stereo- and regioselective
reductive amination and subsequent dimethylation at C3,
followed by a stereoselective epoxide ring opening of C1-
C2a-epoxide 7. The epoxide 7 is obtained by oxidative
cleavage of the C17 side chain, ketal protection of the
resulting ketone, and an A-ring stereoselective epoxidation
starting from the commercially available anti-inflammatory
drug prednisone 8.

Following the synthesis of epoxide 7 in three steps from
prednisone as described by Baran and co-workers [6], we
sought a synthetic route to provide the key vinyl iodide
intermediate 11 (Scheme 2). The C3 ketone was subjected
to a stereo- and regioselective reductive amination to afford
the C3a-dimethylamine 9 and its HCI salt. This reaction
required considerable optimization. Initial attempts to pre-
pare the dimethylamine in a single step by reductive ami-
nation of the unsaturated C3 ketone with dimethylamine
using either NaBH;CN or NaBH,; accompanied by the
Lewis acid Ti(Oi-Pr)4 were unsuccessful, which may be due
to steric hindrance between the incoming amine nucleophile
and the adjacent epoxide. To overcome this, a 2-step
reductive amination strategy was explored with the first step
being reductive amination with ammonium acetate or
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Scheme 1 Retrosynthetic analysis of simplified analogs 2—4
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Scheme 2 Synthesis of precursor vinyl iodide 11

6a: Ry =H, R, =Ac
6b: Ry =Ac,Ry;=H

Reagents and conditions: (a) 1. Ti(O-iPr);, NH3, DCM, r.t; NaBHy; 2. 37% aq. CH,0, 30% aq. AcOH, NaBH(OAc);, MeCN, rt; (b) AcOH, Et3N,
170 °C, uW; (¢) PPTS, acetone:H,O (1:1), 90 °C; (d) K,COs, rt; (¢) NH,NH,, E;N, EtOH, 50 °C; (f) I, Et;N, THF, r.t.

ammonia and a reducing agent, NaBH;CN or NaBH,,
respectively. Axial hydride delivery occurred exclusively
from the beta face to reduce the C3 imine. Dimethylation of
the resulting C3a-amine with formaldehyde then provided
solely the desired C3a-dimethylamine 9. Ti(Oi-Pr), in the
presence of ammonia and NaBH, vastly improved the yield
(69% vs 25% using ammonium acetate and NaBH;CN) and
was readily scalable (>5 g prepared). Isolation of the HCI
salt of 9 during workup allowed for full stereochemical
analysis by NOE experiments. A stereoselective epoxide
ring opening was then performed through acetate nucleo-
philic attack at C2 in the presence of triethylamine. The
resulting acetate ester can undergo acyl transfer with the C1
hydroxyl group providing two inseparable regioisomers, 6a
and 6b, in a (2:1) regioisomeric ratio. Stereochemistry is
conserved in this transformation, so the mixture of regioi-
somers was carried forward for deprotection without
separation. All stereogenic centers were confirmed by NOE
analysis (see Supplementary Information).

@ Springer

Following installation of all A-ring substituents with
their proper stereochemistry, preparation for late-stage
Stille coupling commenced. Acetate deprotection of
regioisomers 6a and 6b with K,COj gave the frans-vicinal
diol. However, ketal deprotection using para-toluene-
sulfonic acid resulted in dehydration and the loss of either
the C1 or C2 hydroxyl group. A milder transketalization
procedure from the literature [15] using acetone and iodine
under reflux or microwave irradiation also proved unsuc-
cessful. A one-pot, global deprotection procedure with
pyridinium para-toluenesulfonate (PPTS) in acetone fol-
lowed by K,CO3; was successful, affording dione 5 in high
yield (91%). Dione 5 was then converted to the C17
hydrazone 10 which underwent Barton vinyl iodide
synthesis to provide the key vinyl iodide precursor 11.

With vinyl iodide 11 containing the desired steroidal
framework in hand, our focus turned to Stille coupling
installation of heterocycles at C17. We selected three iso-
quinolines for incorporation at this position based on the
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Scheme 3 Synthesis of simplified didehydro-cortistatin A analogs
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Reagents and conditions: A (a) Pd(PPh;),, hexamethylditin, LiCl, 105 °C. B (a) 15, 16, or 17, Pd(PPh;),, CuCl, LiCl, DMSO, 60 °C

results reported by Corey and coworkers [14] to explore the
SAR of heteroatom placement and substitution pattern of
the installed isoquinoline moiety. The commercially avail-
able brominated isoquinolines 12, 13, and 14 were treated
with hexamethylditin, Pd(PPh3),, CuCl, and LiCl to afford
the corresponding trimethylstannyl-substituted heterocycles
15, 16, and 17 in 67%, 66% and 34% yields, respectively
(Scheme 3A). Subsequent Stille couplings with the prepared
trimethylstannyl isoquinolines afforded the target com-
pounds 2, 3, and 4 (Scheme 3B).

Biological evaluation of didehydro-cortistatin A
analogs

Based on the reports by Corey and Kobayashi we evaluated
the newly synthesized analogs for antiproliferative activity
against cancer cell lines and for anti-angiogenic activity
using HUVECs. The analogs exhibited antiproliferative
activity against HCT 116 colon cancer cells (Fig. 2A), with
ICsp (and 95% confidence interval, CI) values after 48 h
treatment of 4.80 (4.25-5.40), 11.5 (10.5-12.7), and 7.53
(6.25-9.04) uM for analogs 2, 3, and 4, respectively. The
analogs produced rapid effects in these cells, with anti-
proliferative effects evident after treatment for only 2 h (Fig.
2B). Since the MTT assay used as a proxy for cell viability
measures mitochondrial metabolic activity, we evaluated
cell viability directly using the trypan blue exclusion assay
following treatment of the HCT 116 cells with the analogs
for 2h (Fig. 2C). The results from the trypan blue assay
were consistent with those from the MTT assay, suggesting
the compounds do not simply inhibit mitochondrial activity
but rapidly reduce cell viability, indicating that the cyto-
toxicity mechanism of the analogs is not primarily

mitochondria related [16]. These compounds were also
evaluated for antiproliferative activity in PC3 prostate
cancer cells but were less potent, with ICs, values of
3849 uM (Fig. 2D), in these cells. However, the com-
pounds did not inhibit tube formation in a HUVEC Matrigel
tube formation assay at non-cytotoxic concentrations
(<1 uM, see Supplementary Information).

Conclusions

We successfully synthesized simplified analogs of
didehydro-cortistatin A that retain the A-ring functionalities
and stereochemistries found in dCA in 6 steps from epoxide
5 (9 steps from prednisone). These simplified analogs
retained antiproliferative activity in HCT 116 colon cancer
cells with similar potencies to those reported for cortistatin
A [1] and other cortistatins [4] in other cancer cell lines
(ICs59 = 67 uM). Notably, the antiproliferative activity of
our steroidal derivatives in HCT 116 colon cancer cells had
a rapid onset, with antiproliferative activity evident after
only 2h treatment. Interestingly, our analogs were much
less potent in prostate cancer PC3 cells. Similar to our
findings for the simplified dCA analogs in HCT 116 cells, in
the cortistatins various heterocycle-containing substituents,
in addition to the 7-isoquinoline found in cortistatin A, were
tolerated at C17 with retention of antiproliferative activity;
in contrast, the antiproliferative activity of these natural
products was very sensitive to other D-ring substitutions
[4].

However, unlike cortistatin A and the steroidal com-
pounds reported by Corey and coworkers [14] the sim-
plified steroidal analogs described here did not exhibit
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Fig. 2 Simplified dCA analogs exhibit antiproliferative activity in
HCT 116 colon cancer cells after treatment for (A) 48 h and (B) 2h
based in the MTT assay which measures metabolic activity.
C Evaluation of the effects of analog treatment of HCT 116 cells for

anti-angiogenic activity at concentrations up to 1 uM.
There are significant structural differences between cor-
tistatin A with its 7-membered, ether-bridged B-ring and
the compounds we and Corey et al. synthesized with a
standard steroidal backbone (Fig. 3). This results in dif-
ferent orientations for the A ring amino and hydroxyl
groups as well as the isoquinolyl group common to cor-
tistatin A and our steroidal analogs. While our analogs
and those reported by Corey and coworkers have the
standard steroidal skeleton, they differ in the stereo-
chemistry at the 3 position as well as the presence/absence
of the A* double bond. These structural features have
subtle effects on the conformation of the A ring and the
orientation of the dimethylamine and hydroxyl groups;
notably, Corey’s compounds lack the hydroxyl groups in
the A ring that are retained in our analogs. In addition, our
analogs contain the C19 angular methyl group that is not
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2 h in the trypan blue assay. D Antiproliferative activity of the analogs
in PC3 prostate cancer cells following treatment for 48h (WST-1
assay measuring metabolic activity)

present in either Corey’s analogs or the cortistatins. These
confounding factors make it challenging to deduce the
structural requirements for both antiproliferative and anti-
angiogenic activity across the steroidal derivatives. Still,
the modeling helps identify similarities and differences
between cortistatin A and the steroidal analogs which can
be used with our current SAR work to inform the design
of future analogs.

The results presented here support additional investiga-
tion in future studies of the biological activity of such
simplified dCA analogs. This includes additional explora-
tion of their antiproliferative activity in cancer cells. The
methodology described in this report can be used to syn-
thesize additional analogs that can also be explored for
other biological activities. This includes binding to Tat
where the A-ring functionalities may contribute to the
biological activity of dCA [17].
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cortistatin &

4.1-42 A

Fig. 3 Structural comparisons of cortistatin A (gray), analog 2 (cyan)
described herein, and compound 12 (magenta) reported by Corey and
coworkers [14]. A Structures of the compounds. B Structural overlay
using the central ring systems results in poor overlap of the iso-
quinoline groups (4.1 and 4.2 A between nitrogen atoms) but smaller
deviations for the amine (1.7 and 2.0 A between nitrogen atoms) and
hydroxyl groups (1.5 and 2.6 A between oxygen atoms) in the A ring.

Data availability

No datasets were generated or analyzed during the current
study.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00044-025-03486-2.
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Abbreviations

dCA didehydro-cortistatin A
HUVEC human umbilical vein endothelial cell
PPTS pyridinium p-toluenesulfonate
SAR structure-activity relationship
Tat transactivator of transcription
WST-1 water-soluble tetrazolium
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