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CA224, a non-planar analogue of fascaplysin, inhibits Cdk4 but not
Cdk2 and arrests cells at Gy/G; inhibiting pRB phosphorylation
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Abstract—Tryptamine derivatives, non-planar and potentially less toxic analogues of the anti-cancer agent fascaplysin, have been
synthesised. They specifically inhibit Cdk4-D1 vis a vis Cdk2-A but, unlike fascaplysin, do not bind or intercalate DNA. CA224 is
the most potent compound identified (Cdk4-D1 ICsq ~ 5.5 pM). As would be expected of a Cdk4 inhibitor that does not inhibit
Cdk2, it maintains a G¢/G; block in synchronised cancer cells and inhibits Cdk4-specific phosphorylation of the retinoblastoma

protein.
© 2006 Elsevier Ltd. All rights reserved.

Fascaplysin (I), originally isolated from the Fijian
sponge Fascaplysinopsis Bergquist sp.,! has been recent-
ly shown to block growth of cancer cells presumably
through inhibition of cyclin-dependent kinase 4
(Cdk4), an early cell cycle enzyme misregulated in most

cancers.?
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Inhibition of Cdk4 concomitantly arrests cancer cells at
the Go/G, phase of the cell cycle and prevents phosphor-
ylation of the retinoblastoma protein, pRB.? Hypo-
phosphorylated pRB bound to the E2F family of
transcription factors actively represses E2F-mediated
gene transcription. When Cdk4 phosphorylates pRB,
the hyperphosphorylated form dissociates so that E2Fs
are free to induce a set of proteins that allow entry into
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the DNA synthesis (S) phase of the cell cycle. Thus,
Cdk4 inhibition prevents entry of a cell into the S phase
and thereby blocks its ability to multiply.?

Cdk4 is activated by D-type cyclins and negatively
regulated by inhibitory proteins, one of them being
pl6™ K4 (often referred to as pl6). In most cancers,
it is either that cyclin D1 is overproduced or that
pl6 is inactive. Sometimes, hyperactivating mutations
in the catalytic part, Cdk4, are seen. Recent studies
have provided compelling evidence that misregulation
of Cdk4 activity can cause cancer and suggest that
Cdk4-specific inhibition would be important for can-
cer therapy.*° In contrast, it seems that Cdk2 which
has often been proposed as a cancer target may not
be at all suitable.” Hence, there is a great need for
finding Cdk4-specific inhibitors that do not inhibit
Cdk2.

Fascaplysin is one of the very few known Cdk4-specific
inhibitors® that has shown efficacy in the NCI panel of
60 cancer cell lines® and it is being currently considered
for therapeutic trials.'® However, fascaplysin is quite
toxic to normal cells, most likely because it binds and
intercalates DNA.!!

In order to identify non-toxic analogues of fascaplysin,
we aimed to separate fascaplysin’s ability to inhibit
Cdk4 from its property of binding and intercalating
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DNA. Therefore, we decided to synthesise three classes
of non-planar tryptamine derivatives that would be
structurally analogous to fascaplysin but would avoid
intercalation with DNA.!>"'* Since the 3-D structure
of Cdk4 is yet to be determined, the Cdk4 ATP-binding
site was modelled on the basis of the known crystal
structures of the homologous Cdk2 and Cdk6 en-
zymes.'> 1% Using this homology model, in silico studies
suggested that inhibition of Cdk4 activity by fascaplysin
arises from binding to the same amino acid residues to
which ATP binds.'>'* Non-planar compounds were
then sought that maintained most of the key interactions
thought to occur between fascaplysin and Cdk4. Preli-
minary SAR studies using Cdk4 and Cdk2 in vitro en-
zyme assays have corroborated that the predicted
molecules inhibit Cdk4 and not Cdk2.!>7* Here we de-
scribe more extensive studies on one class of tryptamine
derivatives which prove that these fascaplysin analogues
not only inhibit Cdk4 specifically but also fail to bind or
intercalate DNA. The most potent compound in this
series, CA224, was chosen to confirm that it also acts
as a Cdk4 inhibitor in cancer cells.

Inhibition of Cdk4/Cdk2 kinases. The chemical syntheses
of these fascaplysin analogues (Table 1) have been de-
scribed earlier.'* They were initially screened in the
Cdk4 and Cdk2 enzyme assays based on chemilumines-
cence detection rather than radioactivity. The kinase
assays measure the ICsos of the compounds (i.e., concen-
trations at which 50% enzyme activity is inhibited)
through the depletion in ATP concentrations occurring
as a result of phosphorylation by Cdks of GST-
pRB152 (a substrate for both Cdk4-cyclin D1 and
Cdk2-cyclin A).%!'* The ICsys of all compounds in this
series in the Cdk4-cyclin D1 and Cdk2-cyclin A assays
are shown in Table 1.

CA224 was identified as the most active compound that
inhibits Cdk4-cyclin D1 with an ICsy of approximately
5.5uM (Table 1). CA224 showed approximately 100-
fold greater specificity towards Cdk4-cyclin D1 than
the Cdk2-cyclin A enzyme. All results in Table 1 show
means and standard deviations from three independent
experiments.
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Inhibition of cell proliferation. All the non-planar ana-
logues of fascaplysin were tested for their ability to
inhibit cancer cell growth. The four cancer cell lines that
were used are the non-small cell lung carcinoma lines
A549 (pRB™, p53™), Calu-1 (pRB", p53-null), colon car-
cinoma LS174T (pRB™, p53") and the prostate carci-
noma PC3 (pRB", p53-null) lines. All lines were
chosen for their relative resistance to chemotherapeutic
agents. The genotypes within brackets indicate the

status of the tumour suppressor proteins pRB and
p53. The cell lines were maintained at 37 °C in 5%
CO, in RPMI-1640 medium, supplemented with 10% fe-
tal calf serum and 100 pg/ml Normocin™.

Five thousand to 10,000 cells were seeded in 96-well
plates in 180 pl of complete growth medium and incu-
bated for 24 h. Ten millimolar stock solutions of drug
compounds in DMSO were serially diluted in medium
without serum. Twenty microlitres of 10x concentrated
compounds was added into the wells in triplicate, while
equivalent amount of DMSO was added to the control
wells. The contents of the wells were mixed gently and
incubated further for 48 h. After exposure to com-
pound, 50 ul of 2mg/ml MTT (Sigma) was added
and the plates were incubated for 2-3h at 37 °C in
the dark. The medium containing MTT was removed,
the blue-coloured formazan that formed was dissolved
in 150 pl DMSO per well. The absorbance was mea-
sured at 540 nm. The ICsys of the compounds were cal-
culated as the concentrations at which 50% of cell
growth was inhibited as compared to the control wells
which did not contain any drug. The results are depict-
ed in Table 1 and indicate that CA224 is also most po-
tent at the cellular level in inhibiting the growth of
cancer cells at low micromolar concentrations (3—
12 uM). The tryptamine derivatives CA225 and
CA223 which are moderately active in the Cdk4 assay
inhibit cell growth in the range of 10-20 and 20-
40 uM, respectively.

Displacement of ethidium bromide from DNA. The DNA-
binding affinities of fascaplysin and the new tryptamine
derivatives, structurally analogous to fascaplysin, were
then investigated using an ethidium bromide fluores-
cence quenching assay. It measures a compound’s ability
to displace the DNA intercalating agent ethidium bro-
mide from closed circular plasmid DNA.!'*-!¢ Ten micro-
litres of 10x concentrated serially diluted stock solutions
of compounds (dissolved in DMSO) was added to 90 ul
of a reaction mix that contains 6 pug of purified pBlue-
Script DNA (Stratagene) and 1.3 pM ethidium bromide
in a buffer 20 mM NaCl, 2 mM Hepes and 10 uM
EDTA, pH 7.4). Equivalent amounts of DMSO were
added to the vehicle controls. The decrease in fluores-
cence is monitored (Aexcic = 260 nM,  Agmiss = 600 nM)
and recorded after a 1 min equilibration time. Fascaply-
sin and actinomycin D, which are known to intercalate
double-stranded DNA molecules, were used as controls
in the assay.!' The results show that none of the ana-
logues displace bound ethidium bromide from double-
stranded DNA (Table 1). Results of the representative
compound CA224 are shown graphically in Fig. 1. As
expected, both actinomycin D and fascaplysin dislodge
ethidium bromide bound to DNA (ICso=35 and
5 uM, respectively), but CA224 is incapable of doing
s0; less than 5% displacement of bound ethidium bro-
mide is observed even at 100 pM concentration of
CA224.

Inhibition of DN A unwinding initiated by topoisomerase 1.
The ability of fascaplysin and its analogues to intercalate
plasmid DNA was determined by a topoisomerase I



Table 1. Activity of fascaplysin analogues in different in vitro assays and their chemical structures (ICso values are in M)
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Figure 1. CA224, like all tryptamine derivatives structurally analogous
to fascaplysin, does not displace ethidium bromide from the minor
groove of double-stranded DNA. The assay was performed with
increasing concentrations of fascaplysin (filled squares), actinomycin D
(unfilled squares) and CA224 (filled triangles) to see if the compounds
could displace ethidium bromide from the minor groove of double-
stranded DNA. The results represent means and standard deviations
from three independent experiments.

unwinding assay.!” Reaction mixtures contained 5 nM
supercoiled pBlueScript (Stratagene) plasmid DNA
and 10 units of topoisomerase I (Invitrogen) that al-
lows relaxation of supercoiled DNA. Assays were per-
formed in the presence or absence of compounds in
40 pl of DNA unwinding buffer (50 mM Tris—HCI,
pH 7.5, 50 mM KCIl, 10 mM MgCl,, 0.5 mM dithio-
threitol, 0.1 mM EDTA, and 30 ug/ml bovine serum
albumin). Following a 15-min incubation at 37 °C,
reaction mixtures were treated with 3 pul of 250 mM
EDTA and the DNA was extracted with phenol/chlo-
roform. Aqueous samples (20 ul) were treated with
2 ul of 2.5% SDS, mixed with 2.5 ul agarose gel-loading
buffer (10x) and subjected to electrophoresis on a 1%
Tris-acetate (pH 7.4)-agarose gel. DNA bands were
stained with 1 pg/ml ethidium bromide and visualised
using a UV illuminator.

Figure 2 compares CA224’s ability to intercalate DNA
molecules with camptothecin (a known intercalator of
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Figure 2. CA224 does not intercalate DNA. The ability of fascaply-
sin’s structural analogue CA224 to intercalate DNA was investigated
after DNA was unwound/relaxed using topoisomerase I and the results
were compared with that from fascaplysin and camptothecin. Lane 1,
control supercoiled form of pBlueScript plasmid DNA. Lane 2,
supercoiled pBlueScript plasmid DNA unwound/relaxed with topoi-
somerase [ enzyme, in the absence of any compound. Lanes 3-7,
pBlueScript plasmid DNA unwound/relaxed by topoisomerase I in the
presence of CA224, camptothecin and fascaplysin at the concentra-
tions indicated.

DNA, as control) and fascaplysin. Fascaplysin shows
inhibition of DNA relaxation catalysed by the enzyme
topoisomerase I indicating its intercalating nature, pos-
sibly manifested because of its planar structure. The
non-planar compound CA224 did not show any inhibi-
tion of DNA relaxation even at a high concentration of
100 uM. To ensure that these results truly reflected a
lack of DNA intercalation rather than an inhibition of
topoisomerase I, a second set of experiments (data not
shown) were performed using relaxed DNA as substrate
(prepared first by treating supercoiled pBlueScript plas-
mid DNA with topoisomerase I). The DNA remained
relaxed after treatment with 100 pM CA224, confirming
the non-intercalative nature of the compound which
may indicate that other compounds in this series are also
likely to behave in the same way.

The results from the ethidium bromide displacement
and topoisomerase I catalysed DNA unwinding assays
indicate that CA224 neither interacts nor intercalates
with the minor groove of double-stranded DNA mole-
cules (Figs. 1 and 2).

Flow cytometric analysis. The in vitro enzyme assays had
confirmed that the fascaplysin analogue CA224 inhibits
Cdk4-cyclin D1 and not Cdk2-cyclin A. In proliferative
cells, Cdk4 is activated at the Go/G, phase of the cell cy-
cle. Therefore, we queried if CA224 would maintain a
Go/G; block induced by serum starvation. Calu-1
(p53-null) cells were used to test the effect of CA224
on the cell cycle.

The untreated (control) and treated (with compounds)
Calu-1 cells were harvested by trypsinization, washed
once with PBS and then fixed in 70% chilled (—20 °C)
ethanol for 1 h. After the fixation step, cells were centri-
fuged for 5 min at 3000g at room temperature and the
pellet was suspended in PBS containing 50 pg/ml propi-
dium iodide (Sigma) and 0.5 mg/ml DNase-free Ribonu-
clease (Sigma). The cells were stained for 1 h in dark at
4 °C. Cell cycle analysis was performed on the Beckman-
Coulter (Epics® Altra™) fluorescence-activated cell sort-
er (FACS). In order to gate all events representing single
cells, and not cell doublets or cell clumps, cytograms of
propidium iodide fluorescence peak signals versus inte-
grated or linear fluorescence signals were plotted. All
data points on the straight line were isolated in a single
gate and the gated data were used for plotting a histo-
gram that represents a complete cell cycle. The total
number of events was not allowed to exceed 200
events/s. Data acquisition was stopped after a minimum
of 10,000 events had been collected.

Calu-1 cells were starved of serum for 24 h using 0.1%
FBS. When these Go/G; synchronised cells were released
in the presence of [IC;g] of CA224, the Gy/G; block was
fully maintained (Fig. 3a) indicating that CA224 most
likely inhibits cellular Cdk4. A higher G¢/Gy:S ratio is
observed in cells released from serum starvation, in the
presence of CA224, compared to serum-starved cells.
This is because nearly all cells in the S phase, present
during serum starvation, enter the G,/M phase after re-
lease, while cells in Gy/G; phase are prevented from
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Figure 3. (a) FACS analysis of serum-starved Calu-1 cells released in the presence of CA224. (A) Untreated or control cells; (B) cells starved of serum
for 24 h; (C) serum-starved cells released in the presence of CA224 at 1C;, concentration for 24 h. (b) Western blotting of proteins obtained from
asynchronous Calu-1 cells treated with CA224. Asynchronous Calu-1 cells were treated with CA224 for 24 h. The antibodies to Ser780, Ser795 and
Ser807/811 detect pRB proteins phosphorylated at Ser780, Ser795 and Ser807/811, respectively, while pRb (4H) detects both phosphorylated and
unphosphorylated forms of the pRB protein. The lane ‘C’ indicates proteins from untreated cells; ‘fasca’ is an abbreviation of fascaplysin.

entering into the S phase of the cell cycle (Fig. 3a, B and
C) suggesting inhibition of Cdk4 enzyme at the cellular
level.

Western blot analysis. Cdk4 phosphorylates pRB at spe-
cific serine residues, Ser780, Ser795 and Ser807/811,
when cells progress from Gy/G; to G1/S phases of the
cell cycle. If CA224 were to be a cellular Cdk4 inhibitor,
it should prevent phosphorylation at these serine resi-
dues when asynchronously growing cells are treated
with CA224. Calu-1 cells were seeded in tissue culture
flasks. When cells reached 40-50% confluency, they were
treated with ICsy and 1C5, concentrations of CA224, or
ICso concentration of fascaplysin for 24 h. After treat-
ment, the cells were harvested by trypsinization, washed
in ice-cold PBS and then lysed in a buffer that contains a
cocktail of protease inhibitors. The lysates were centri-
fuged at 14,000g for 10 min at 4 °C and the amounts
of proteins in the clear supernatant were estimated using
the Bradford method (Bio-Rad). Fifty micrograms of
protein from each sample was subjected to SDS-PAGE
separation. The proteins were transferred to a PVDF
membrane (Millipore) and blocked with 5% milk. Mem-
branes were probed with polyclonal antibodies raised
against the full-length pRB protein, and the phospho-

specific pRB epitopes, pRB (Ser780-P), pRB (Ser795-
P) and pRB (Ser807/811-P) (New England Biolabs).
After overnight incubation at 4 °C, membranes were ex-
posed to appropriate HRP-conjugated secondary anti-
bodies at room temperature for 1 h. Immuno-reactivity
was visualised with the enhanced chemiluminescence
Western blot detection reagents (GE-Amersham).

The Western blot analyses (Fig. 3b) show that, after
treatment of Calu-1 cells with CA224 (ICsy and 1C5()
for 24 h, pRB remains unphosphorylated at Ser780,
Ser795 and Ser807/811 which are specifically phosphor-
ylated by the Cdk4 enzyme. The total pRB levels in
CA224-treated cells remain unchanged. As reported ear-
lier,? it is observed that fascaplysin treatment of cancer
cells also prevents pRB phosphorylation at the same
Cdk4-specific serine residues.

In conclusion, novel tryptamine derivatives, which were
designed on the basis of the fascaplysin structure, have
been shown to be inhibiting Cdk4 selectively vis a vis
Cdk2 and their cellular relevance has been confirmed
using CA224, the most potent compound of this series.
With this proof of concept in hand, we think it would
be possible to generate more potent CA224 analogues
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using our fascaplysin structure-based chemical biologi-
cal approach.
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