Gancer

Science

The official journal of the Japanese Cancer Association

Romidepsin (FK228) and its analogs directly inhibit
phosphatidylinositol 3-kinase activity and potently
induce apoptosis as histone deacetylase/
phosphatidylinositol 3-kinase dual inhibitors

Ken Saijo," Tadashi Katoh,? Hideki Shimodaira," Akifumi Oda,®> Ohgi Takahashi®* and Chikashi Ishioka'*

"Department of Clinical Oncology, Institute of Development, Aging and Cancer, Tohoku University, Sendai; 2Laboratory of Synthetic and Medicinal
Chemistry, Department of Chemical Pharmaceutical Sciences; 3Laboratory of Pharmaceutical Physical Chemistry, Faculty of Pharmaceutical Sciences, Tohoku

Pharmaceutical University, Sendai, Japan

(Received March 14, 2012/Revised June 21, 2012/Accepted August 17, 2012/ Accepted manuscript online August 24, 2012/Article first published online October 12, 2012)

Activation of phosphatidylinositol 3-kinase (PI3K) signaling is
involved in carcinogenesis and cancer progression. The PI3K
inhibitors are considered candidate drugs for cancer treatment.
Here, we describe a drug screening system for novel PI3K inhibi-
tors using Saccharomyces cerevisiae strains with deleterious
mutations in the ATP-binding cassette transporter genes, because
wild-type S. cerevisiae uses drug efflux pumps for reducing intra-
cellular drug concentrations. By screening the chemical library of
the Screening Committee of Anticancer Drugs, we identified the
histone deacetylase (HDAC) inhibitor romidepsin (FK228) and its
novel analogs. In vitro PI3K activity assays confirmed that these
compounds directly inhibit PI3K activity at pM-range concentra-
tions. FK-A5 analog was the most potent inhibitor. Western blot-
ting revealed that these compounds inhibit phosphorylation of
protein kinase B and downstream signaling components. Molecu-
lar modeling of the PI3K-FK228 complex indicated that FK228
binds to the ATP-binding pocket of PI3K. At pM-range concentra-
tions, FK228 and FK-A5 show potent cytotoxicity, inducing apop-
tosis even in HDAC inhibitor-resistant cells. Furthermore, HDAC/
PI3K dual inhibition by FK228 and FK-A5 at pM-range concentra-
tions potentiates the apoptosis induction, mimicking the effect of
combining specific HDAC and PI3K inhibitors. In this study, we
showed that FK228 and its analogs directly inhibit PI3K activity
and induce apoptosis at pM-range concentrations, similar to
HDAC/PI3K dual inhibition. In future, optimizing the potency of
FK228 and its analogs against PI3K may contribute to the devel-
opment of novel HDAC/PI3K dual inhibitors for cancer treatment.
(Cancer Sci 2012; 103: 1994-2001)

Phosphatidylinositol 3-kinase (PI3K) phosphorylates phos-
phatidylinositol 4,5-bisphosphate (PIP2) at the 3-OH group
of the inositol ring, generating phosphatidylinositol 3,4,5-tris-
phosphate (PIP3). ' Tn turn, PIP3 activates protein kinase B
(AKT) and downstream molecules leadrng to increased cell
growth, proliferation, and survival.? Class IA PI3K is com-
posed of a catalytic subunit, p110, and a regulatory subunit,
p85. PIK3CA encodes pl10a, and is frequently mutated in
human cancers.” Because almost all of the mutations are
functionally active,” activation of PI3K is likely to play a cru-
cial role in carcinogenesis and cancer progression. Phosphatase
and tensin homologue deleted on chromosome 10 (PTEN) dep-
hosphorylates PIP3 to PIP2 as the catalytic counterpart of
PI3K.®’ In addition to PIK3CA mutations, 1nact1vat1ng muta-
tions in, or loss of, PTEN have also been observed in human
cancers, supporting the involvement of PI3K in cancer.®
Therefore, inhibitors of PI3K are considered to be candidate
drugs for cancer therapy. Indeed, some PI3K inhibitors have
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entered clinical trials, but efforts are still underway to develop
new PI3K inhibitors.”

To discover novel PI3K inhibitors, we took advantage of a
drug screening system that uses a strain of the yeast Saccharo-
myces cerevisiae with deleterious mutations in ATP-binding
cassette (ABC) transporter genes. We used this strain because
intracellular drug concentrations in yeast with wild-type ABC
transporter genes are efficiently reduced by drug efflux
pumps.® The screening system is based on growth inhibition
induced by overexpression of membrane-localized pl110o in
yeast, in which no endogenous p110 homolog is expressed.”
Conversion of the essential PIP2 pool to PIP3 by exogenous
p110a expression impairs yeast growth by altering morphogen-
esis and vesicular trafficking."” The PI3K inhibitor LY294002
is rePortedly able to reverse this pl110a-induced growth inhibi-
tion." "’ Similarly, other compounds with the ability to inhibit
PI3K can rescue cells from pl10a-induced growth inhibition.
Using this system, we screened the deposited chemical library
of the Screening Committee of Anticancer Drugs (SCADS) and
thereby isolated a histone deacetylase (HDAC) inhibitor, romi-
depsin (FK228), and its analogs. FK228 is a potent HDAC
inhibitor, with recent approval for the treatment of cutaneous
T-cell lymphoma ) The HDAC inhibitors have pleiotropic
antitumor acthltres because of their ability to act on non-
histone targets ) However, there is no evidence that HDAC
inhibitors have kinase inhibitory activities. Here, we showed
that FK228 and its analogs directly inhibit PI3K activity, and
we evaluated their cytotoxicity as HDAC/PI3K dual inhibitors.

Materials and Methods

Plasmids. The plasmid pSJO1 is a CEN/ARS URA3 vector,
which expresses pl10a plus the palmitoylation signal from
H-Ras (p1100—CAAX) under the control of GALI promoter.
To generate pSJO1, the full-length open reading frame PIK3CA
cDNA (a gift from Peter K. Vogt, The Scripps Research Insti-
tute, La Jolla, CA, USA) was amplified by PCR adding the
CAAX motif immediately before the stop codon. The plasmid
pSJ21 is a CEN/ARS LEU?2 vector, which expresses wild-type
PTEN. pRS315 and pRS316 are CEN/ARS LEU2 and URA3
vectors, respectively, and they were used as control vectors."'®

Yeast strains and media. Yeast strains used were YPH499
(MATa, ura3-52, lys2-801, ade2-101, trpl-A463, his3-4200,
leu2-41) and ADI1-9 (MATo, Ayorl, Asng2, Apdr5, Apdri0,
Apdrll, Aycfl, Apdr3, Apdrl5, Apdrl, Ahisl, Aura3). YPH499

“To whom correspondence should be addressed.
E-mail: chikashi@idac.tohoku.ac.jp

doi: 10.1111/cas.12002
© 2012 Japanese Cancer Association



was purchased from Stratagene (La Jolla, CA, USA). ADI1-9
was gifted by Nader Nourizad (Stanford University, Stanford,
CA, USA). In AD1-9, to append another auxotrophic selection
marker, generating AD1-9_leu2, LEU2 was disrupted by means
of a hisG-URA3-hisG cassette.'* A general non-selective yeast
growth medium, YPD broth, or agar was used. Synthetic mini-
mal medium (SD) contained glucose and lacked auxotrophic
markers uracil (U) and leucine (L). In synthetic galactose med-
ium (SGal), glucose was replaced with galactose.

Chemical library. The SCADS deposited chemical library was
kindly provided by SCADS, supported by a Grant-in-Aid for
Scientific Research on Innovative Areas and Scientific Support
Programs for Cancer Research from the Ministry of Education,
Culture, Sports, Science and Technology, Japan. The library
was composed of three 96-well plates. All compounds were
dissolved in DMSO.

Chemicals. LY294002 and suberoylanilide hydroxamic acid
(SAHA) were purchased from Cayman Chemical (Ann-Arbor,
MI, USA). Trichostatin A was purchased from Sigma-Aldrich
(St. Louis, MI, USA). FK228 and its analogs were synthesized
and provided by T. K.

Screening system for PI3K inhibitors using S. cerevisiae. The
sets of plasmids, pRS316 and pRS315, pSJO1 (expressing
pl10a) and pRS315, and pSJO1 and pSJ21 (coexpressing
pl10a and PTEN) were transformed into ADI1-9_leu2. The
transformants were incubated overnight in SD-U-L and
adjusted to an Aggy of 0.3. We inoculated 10 pL transformant
cells to 200 pL aliquots of SGal-U-L media containing each
test compound. The aliquots were then incubated with shaking
in 96-well plates for 24 h at 30°C. Compounds that showed an
increase in Aggp value among the transformants expressing
pl10a were identified as candidates.

In vitro PI3K assay. PI3K activity was evaluated by an electro-
phoretic mobility shift assay (Carna Biosciences, Kobe, Japan).
Compound solutions (1000 nM PIP2, 50 uM ATP, 5 mM
MgCl, and 21 nM PI3K [pl110a/p85a]) were prepared with
assay buffer containing 2 mM DTT (Carna Biosciences) and
mixed and incubated in a 384-well microplate for 5 h at room
temperature. To evaluate the ATP-competitive effect, PI3K
activity was also examined under a higher concentration of ATP
(500 pM) and a shorter incubation period (2 h). Reaction mix-
tures were then applied to the LabChip (Caliper Life Sciences,
Hopkinton, MA, USA), and the product, PIP3, and substrate,
PIP2, peaks were separated and quantified. The PI3K reaction
was evaluated by the product ratio, calculated from peak heights
of the product and substrate.

Molecular modeling of the PI3K-FK228 complex. Construction
and conformational analysis of the PI3K-FK228 complex struc-
ture models were carried out using eHiTS (SimBioSys, San
Francisco, CA, USA). The structure of the PI3K (pl110a
H1047R/p85a)—wortmannin complex (Protein Data Bank Identi-
fication Code: 3HHM) was used to obtain the PI3K template
structure. FK228 is a pro-drug and is structurally changed in
cells to a reduced active form for HDAC inhibition.'> There-
fore, the structure of reduced FK228 was applied in this docking
simulation. The top-ranked docking model, according to the eH-
iTS score, was adopted and displayed.

Cell lines. The human cancer cell lines used in this study were
the prostate cancer cell line PC3 (Cell Resource Center, Institute
of Development, Aging, and Cancer, Tohoku University, Sendai,
Japan) and the colorectal cancer cell lines HCT116 and RKO
(both ATCC, Manassas, VA, USA), and CO115 (kindly pro-
vided by John M. Mariadason, Ludwig Institute for Cancer
Research, Melbourne, Vic., Australia). Cells were cultured in
RPMI-1640 medium (Sigma-Aldrich) containing 10% FBS.

Western blot analysis. Cells treated with test compounds were
harvested and lysed in a buffer (500 mM Tris-HCI [pH 7.5],
100 mM NaCl, 2 mM EDTA, 1 mM sodium orthovanadate, 1%
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Tergitol-type NP-40, and 1% protease inhibitor cocktail; Sigma-
Aldrich). Cell lysates were separated by SDS-PAGE, followed
by electroblotting onto PVDF membranes (Millipore, Billerica,
MA, USA). Rabbit polyclonal antibodies for AKT, phosphory-
lated AKT (Ser473), phosphorylated AKT (Thr308), phosphory-
lated GSK-3pB (Ser9), phosphorylated mTOR (Ser2443),
phosphorylated p70S6K (Thr389), phosphorylated 4E-BP1
(Thr37/46), phosphorylatedMEK1/2 (Ser217/221), and phos-
phorylated ERK1/2 (Thr202/Tyr204) were all purchased from
Cell Signaling Technology (Danvers, MA, USA). Other antibod-
ies were purchased as follows: anti-B-actin monoclonal antibody
(Sigma-Aldrich), anti-PARP1/2 polyclonal antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-acetyl-Histone H3
and anti-acetyl-histone H4 (Upstate Biotechnology, Lake Placid,
NY, USA), and Alexa Fluor 680 as a secondary antibody (Invi-
trogen, Carlsbad, CA, USA). Immunoreactive bands were
detected using the Odyssey Infrared Imaging System (LI-COR
Biosciences, Lincoln, NE, USA).

Cell proliferation assay. The colorectal cancer cell lines
HCT116, CO115, and RKO were used. A total of 8 x 10°
cells per well were seeded and incubated into 96-well plates
for 24 h. They were then treated with compounds and further
cultured for 24 h at 37°C. Cell viability was assayed by quanti-
fying the uptake and digestion of 2-(2-methoxy-4-nitrophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium mono-
sodium salt (Dojindo Laboratories, Kumamoto, Japan) using a
SpectraMax M2e. We calculated the ratio of surviving cells to
controls treated with 1% DMSO alone.

Cell cycle analysis by FACS. HCT116 cells were seeded into
six-well plates at a concentration of 2 x 107 per well, exposed
to the compounds at various concentrations, cultured for 24 h,
collected, and sorted by FACS using the Cytomics FC 500
flow cytometry system (Beckman Coulter, Brea, CA, USA).

Results

Human PI3K induces growth inhibition in S. cerevisiae. Ectopic
expression of human pl10a inhibited the growth of the
YPHA499 strain of yeast. In contrast, coexpression of wild-type
PTEN in pl10a-expressing yeast rescued this growth inhibition
(Fig. 1A,B). In YPH499, the PI3K inhibitor LY294002 partially
rescued the growth inhibition in the transformants expressing
p1100 (Fig. 1B), as previously reported.'? Similar results were
observed with AD1-9 (data not shown), a druffg—sensitive strain
due to the deletion of seven ABC transporters."® We compared
the sensitivity of AD1-9 to the PI3K inhibitor LY294002 with
that of the wild-type strain YPH499. The growth inhibition
induced by pll10a expression was rescued at a LY294002
concentration of 50 uM in YPH499 (Fig. 1C); in contrast, this
rescue was achieved at 5 uM LY294002 in AD1-9 (Fig. 1D).
This result indicates that AD1-9 is approximately 10 times more
sensitive to LY294002 compared to YPH499; therefore, AD1-9
was used for drug screening.

Screening of chemical library. We screened the SCADS
deposited chemical library using the yeast screening system.
All compounds were tested at two different concentrations, 0.5
and 5 pM. No compounds recovered the cells at a concentra-
tion of 0.5 uM (data not shown). However, at a concentration
of 5 uM, some compounds rescued the pl10c-induced growth
inhibition, as with LY294002 (Fig. 1E). As a result, we identi-
fied seven compounds as candidate PI3K inhibitors; these
included an HDAC inhibitor, FK228, and its analogs (Fig. 1E).
The structures of FK228 and its analogs and their ICsy values
for HDAC1 and HDAC6 examined by SCADS are shown in
Figure 2. All of them strongly inhibited HDACI in a selective
manner.

Inhibition of PI3K activity by FK228 and its analogs. Eleven
compounds including the seven screened compounds (FK228,
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SP-1, SP-2, SP-3, FK-Al, FK-A3, and FK-AS5) and four other
FK228 analogs (SP-5, FK-A2, FK-A4, and FK-A6) were
examined for PI3K inhibition at a concentration of 20 uM by
mobility shift assay. All compounds directly inhibited PI3K
activity (Fig. 3A). Of these, FK-A5 was the most potent,
whereas SP-3 was the weakest (Fig. 3A). Next, we determined
the ICsq for PI3K activity. The ICsy values of FK228, FK-AS,
SP-3, and LY294002 were 57.1, 26.2, 107.0 and 0.7 puM,
respectively (Fig. 3B-E). FK-AS5 showed double the activity of
FK228 and 4-fold the activity of SP-3, but its activity was 37-
fold less than that of LY294002. These data indicate that
FK228 and its analogs directly inhibit PI3K activity, but that
the potency of inhibitory activity differs among analogs.

Molecular modeling of the PI3K-FK228 complex. All known
PI3K inhibitors are ATP-competitive inhibitors;(”) therefore,
we investigated whether FK228 was capable of binding to the
ATP-binding site of pl10a. As shown in Figure 4, the ATP-
binding pocket of pl10a was occupied by reduced FK228.
Additionally, PI3K inhibitory activity of FK228 was weakened
under the high concentration of ATP in vitro assay (Fig. 3F).
The ICso values of FK228 wunder the standard ATP
concentration (50 pM) and high ATP concentration (500 pM)
were 57.2 and 125.0 pM, respectively. These data suggest that
FK228 is an ATP-competitive PI3K inhibitor.

Inhibition of AKT phosphorylation and downstream signaling
by FK228 and FK-A5. We used PC3 cells to evaluate FK228 and
FK-A5-mediated inhibition of the AKT pathway by Western
blotting, because PC3 cells are PTEN-null and show constitu-
tively active AKT."® FK228 and FK-A5 as well as LY294002
inhibited the AKT phosphorylation within 30 min, without
altering total AKT levels, at a concentration of 10 uM
(Fig. 5A). Next, we investigated the effect of various concen-
trations of FK228 and FK-A5 on AKT and its downstream
signaling components. FK228 and FK-AS inhibited phosphory-
lation of AKT, GSK-3B, mTOR, p70S6K, and 4E-BP1 in a
dose-dependent manner at pM-range concentrations. As for the
Ras-MAP kinase pathway, another major signaling pathway
involved in cell proliferation, the level of phosphorylated
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MEK1/2 was unaltered, but the level of phosphorylated
ERK1/2 was reduced slightly by the addition of 30 uM FK228
or FK-AS. These results indicate that FK228 and FK-AS act
primarily through the AKT signaling pathway and that they
are capable of exerting inhibitory activity on other kinases.
Antiproliferative effects of FK228, FK-A5, and SP-3. Among the
FK228 analogs, FK-AS is the most potent PI3K inhibitor, and
SP-3 is the weakest (Fig. 3A). However, those analogs retain
almost equal activity as HDAC inhibitors (Fig. 2). To examine
the antiproliferative effects of FK228, FK-AS5, and SP-3, we
used the HDAC inhibitor-resistant cell lines RKO and CO115
as well as the HDAC inhibitor-sensitive cell line
HCT116.%2” HCT116, RKO, and COI115 are colorectal
cancer cells with microsatellite instability. In RKO and CO115
cells, biallelic frameshift mutations occur in the (A)? repeat of
exon 1 of HDAC2, leading to the loss of HDAC?2. 1920 Thig
loss induces apoptotic protease-activating factor-1 expression,
which dysregulates a)poptosis and renders the cells resistant to
HDAC inhibitors.?” In HDAC inhibitor-sensitive HCT116
cells, SAHA at a concentration of 2.5 pM, and FK228, FK-
A5, and SP-3 at nM-range concentrations inhibited cell growth
by 30-60% (Fig. 6). In contrast, CO115 and RKO were more
resistant to these HDAC inhibitors than HCT116 cells (Fig. 6).
Similar results were observed when 250 nM trichostatin A was
used as another HDAC inhibitor (Fig. S1). All three cell lines
examined were sensitive to LY294002, which reduced cell
counts by 41-51%. The combination of LY294002 and SAHA
caused enhanced antiproliferative effects in HCT116 cells, but
not in RKO or CO115 cells. The combination of 1.Y294002
and FK228, FK-A5, or SP-3 at nM-range concentrations
resulted in enhanced antiproliferative effects in HCT116 cells.
Conversely, in RKO and CO115 cells, these combinations did
not enhance antiproliferative effects, resulting in an effect
almost identical to that of LY294002 monotherapy. At concen-
trations of 5 and 50 pM to inhibit PI3K activity, FK228 or
FK-A5 monotherapy showed potent antiproliferative (cyto-
toxic) effects, reducing 80-90% of cell counts, even in HDAC
inhibitor-resistant cells. However, SP-3, with its poor PI3K
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Fig. 2. Structures and histone deacetylase (HDAC) inhibitory activity of FK228 and its analogs. The structures of FK228 and the analogs exam-
ined in this study and their ICsq values for HDAC1 and HDAC6 are shown.

inhibitory activity, did not potentiate the antiproliferative effect  (Fig. 7A). FK228 and FK-AS5 at nM-range concentrations also
at uM-range concentrations. These results suggest that inhibi- induced G,/M arrest (Fig. 7B). In contrast, inhibition of PI3K
tion of PI3K activity enhances the cytotoxicity of FK228 or  was reported to induce Go/G; arrest.***> In agreement with
FK-A5 at pM-range concentrations. the previous reports, LY294002 induced Gy/G; arrest (Fig. 7A).

Effects of FK228, FK-A5, and SP-3 on apoptosis and cell cycle.  The combination of LY294002 and SAHA, and combinations
We carried out a FACS analysis of cell death induced by of LY294002 with either FK228 or FK-AS5 at nM-range con-
FK228 and FK-A5. HCTI116 cells were treated with centrations increased the sub-G; fraction to approximately
LY294002, SAHA, FK228, or FK-A5 under the same condi- 40%, indicating apoptosis induction (Fig. 7A,B). At a concen-
tions as in the cell proliferation assay. The cell cycle phases at  tration of 5 uM, FK228 or FK-AS increased the sub-G; fraction
which HDAC inhibitors induce arrest are reported to differ to 37%, and the DNA histograms were similar to those of com-
depending on the drug concentration and cell line.?' ™ In this  bination therapy with LY294002 and an HDAC inhibitor
experiment, SAHA induced G,/M arrest in HCT116 cells (Fig. 7A,B). Apoptosis induction by FK228 and FK-A5 was
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Fig. 3. Effects of FK228 and its analogs on
phosphatidylinositol 3-kinase (PI3K) activity. (A)
Inhibition of PI3K activity was evaluated by mobility
shift assay. The read-out value of a control reaction
(complete reaction mixture) was set as a 0%
inhibition, and the percentage inhibition of each
test solution was calculated at a concentration of
20 uM. Data are the mean of two experiments
carried out in duplicate. (B-E) ICso values of FK228,
FK-A5, SP-3, and LY294002 were calculated from
concentration versus % inhibition curves by fitting
to a four-parameter logistic curve. (F) Inhibition of
PI3K activity of FK228 was evaluated under the
conditions of two different ATP concentrations,
50 and 500 uM. Each concentration versus %
inhibition curve is shown.

Fig. 4. Molecular modeling of the phosphatidyl-
inositol 3-kinase (PI3K)-FK228 complex. (A) Mole-
cular surface structure of the PI3K-FK228 complex
model. Orange, reduced form of FK228; red, p85x;
white, p110a. (B) Side view of Fig. 4(A). (Q)
Enlarged picture around the ligand. A ball and stick
model shows the reduced FK228 in the PI3K ribbon
and line drawing.

Furthermore, FK228 and FK-AS5 at this concentration

simultaneously inhibited AKT phosphorylation and accelerated
histone acetylation (Fig. 7C). Similar results were observed in
COL115 treated with FK-A5 (Fig. 7D). In contrast, SP-3 did not
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Fig. 5. Western blot analysis of protein kinase B (AKT) and its down-
stream components in cells treated with FK228 or FK-A5. (A) Evaluation
of the experimental time course. PC3 cells were treated with LY294002,
FK228, or FK-A5 at a concentration of 10 uM. (B) Effect of various con-
centrations of FK228 or FK-A5 on AKT and its downstream signaling
components. PC3 cells were treated with FK228 or FK-A5 for 3 h.

inhibit AKT phosphorylation, although it acetylated histone
(Fig. 7D). These results indicate that pM-range concentrations
of FK228 and FK-AS5 potently induce apoptosis through
HDAC/PI3K dual inhibition.

Discussion

In this study, we identified FK228 and its analogs as novel
PI3K inhibitors. FK228 is a potent HDAC inhibitor, with
recent approval for use in the treatment of cutaneous T-cell
lymphoma.”"” The HDAC inhibitors have pleiotropic antitu-
mor activities because of their ability to act on non-histone
targets.(12) However, until now, there have been no reports
documenting its function as a kinase inhibitor. In this study,
we add a new mechanism of direct PI3K inhibition to the
pleiotropic functions of FK228 in antitumor activity.

Kodani et al.®® reported that 2-10 nM FK228 inhibited
AKT phosphorylation and suppressed the PI3K/AKT pathway
in A549 lung cancer cells, although they did not elucidate the
mechanism for this in their study. They showed that 5 nM
FK228 dephosphorylated AKT in 24 h, but not in 6 or 12 h.%®
In contrast, we showed that AKT dephosphorylation by FK228
began in 5 min, in a manner similar to that for LY294002
(Fig. 5A). In addition, we showed that the concentration at
which FK228 had PI3K inhibitory activity was within the uM-
range. Thus, we speculated that the suppression of the AKT
pathway by FK228 reported by Kodani et al.*® does not occur
by direct inhibition of PI3K, but through another indirect mech-
anism, such as epigenetic alteration. This study is the first to
show that FK228 directly inhibits PI3K activity.

FK228 is structurally changed in cells to a reduced active
form for HDAC inhibition.""> Therefore, it is assumed that the
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Fig. 6. Antiproliferative effects of FK228, FK-A5, and SP-3. HCT116,
RKO, and CO115 colorectal cancer cells were treated with: DMSO;
50 1M LY294002 (LY); 2.5 uM suberoylanilide hydroxamic acid (SAHA);
a combination of 50 uM LY with 2.5 uM SAHA; FK228, FK-A5, or SP-3
at concentrations of 5, 50, 500 nM, 5, and 50 uM; and a combination
of 50 uM LY with FK228, FK-A5, or SP-3 at concentrations of 5, 50,
and 500 nM. The cell viability was assayed 24 h after treatment.
The ratio of surviving cells to the controls treated with 1% DMSO was
calculated.

reduced FK228 is also active for PI3K inhibition. Supporting
that, in vitro PI3K assay was carried out under conditions con-
taining 2 mM DTT which is expected to reduce FK228 and its
analogs. In Figures 5 and 7, FK228 and FK-A5 inhibited
the AKT signaling pathway in cells at lower concentrations
than in vitro 1Cs, values. We speculated that reduction power
in vitro might be insufficient compared to that in cells, for
changing FK228 and FK-AS to active form.

The results of the cell proliferation assay revealed that uM-
range concentrations of FK228 or FK-AS5 resulted in potent
cytotoxicity, even in HDAC inhibitor-resistant cells (Fig. 6).
Furthermore, the results of FACS and Western blotting showed
that the cause of cell death was apoptosis. We suggest that
HDAC/PI3K dual inhibition by FK228 or FK-AS5 at uM-range
concentrations contributes to the potent apoptosis induction
because: (i) FK228 and FK-AS5 at uM concentrations inhibited
AKT phosphorylation and acetylated histones simultaneously
(Fig. 7C,D); (ii) both apoptosis and the effects on the cell
cycle induced by FK228 or FK-AS at uM-range concentrations
mimicked the effects of a combination of individual HDAC
and PI3K inhibitors as measured by FACS analyses (Fig. 7A,
B); and (iii) SP-3 with poor PI3K inhibitory activity could not
potentiate the cytotoxic effect. The combination of an HDAC
inhibitor with a PI3K inhibitor was shown to result in cyto-
toxic synergy?”, therefore, a HDAC/PI3K dual inhibitor could
contribute greatly to the treatment of refractory cancer.

FK228 and its analogs are potent HDAC inhibitors, capa-
ble of inhibiting HDAC1 at nM-range concentrations.*® In
contrast, the PI3K inhibitory activity of these compounds is
shown within the puM range. Of these analogs, FK-A5 and
FK-A6 were the most potent PI3K inhibitors (Fig. 3A). FK-AS
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Fig. 7. Effects of FK228, FK-A5, and SP-3 on apoptosis, cell cycle, protein kinase B (AKT) phosphorylation, and histone acetylation. (A,B) HCT116
colorectal cancer cells were treated with: DMSO; 50 uM LY294002 (LY); 2.5 uM suberoylanilide hydroxamic acid (SAHA); a combination of 50 uM
LY with 2.5 uM SAHA; FK228 or FK-A5 at concentrations of 5, 50, 500 nM, and 5 uM; and a combination of 50 uM LY with FK228 or FK-A5 at
concentrations of 5, 50, and 500 nM. The cells were harvested 24 h after treatment. (C,D) Western blot analysis of poly(ADP-ribose) polymerase
(PARP) cleavage, AKT dephosphorylation, and histone acetylation by FK228, FK-A5, or SP-3 in HCT116 and CO115 cells cultured as indicated

in Fig. 6.

and FK-A6 are stereoisomers and have a characteristic struc-
ture, possessing a benzyl group in position 7 (Fig. 2). If their
structural differences are found to be responsible for the
greater potency compared with other analogs, this would
provide us with a clue regarding optimization of the PI3K
inhibitory activity of these compounds.

In conclusion, we showed that FK228 and its analogs
directly inhibit PI3K activity and potently induce apoptosis
through HDAC/PI3K dual inhibition at pM-range concentra-
tions. Further studies are required to identify analogs that can
inhibit PI3K more potently.
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