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Perphenazine exerts antitumor effects on HUT78 cells
through Akt dephosphorylation by protein phosphatase 2A
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Abstract. Sezary syndrome is a rare type of non-Hodgkin
lymphoma. Protein phosphatase 2A (PP2A) is an important
tumor suppressor whose activity is widely inhibited in a
variety of tumors. Recently, reactivation of PP2A has attracted
increasing attention as a promising approach for cancer
therapy. Phenothiazine anti-psychotic perphenazine (PPZ)
exerts antitumor effects by reactivating PP2A. The present
study investigated the molecular mechanism underling the
antitumor effects of PPZ in the neuroblastoma rat sarcoma
oncogene (NRAS)-mutated Sezary syndrome cell line, HUT78.
The results of the present study demonstrated that PPZ
induced the dephosphorylation of Akt and ERK1/2, and trig-
gered apoptosis in HUT78 cells. In addition, a PP2A inhibitor
blocked the PPZ-mediated dephosphorylation of Akt but did
not affect that of ERK1/2. The pharmacological inhibition of
Akt and ERK1/2 signaling revealed that Akt activity serves
an important role in the survival of HUT78 cells. The present
data suggested that suppressing Akt activity by PP2A activa-
tion may be an attractive antitumor strategy for NRAS-mutated
Sezary syndrome.

Introduction
Sezary syndrome is a rare type of non-Hodgkin lymphoma, a

common form of cutaneous T-cell lymphomas (1). Although
the pathophysiology of Sezary syndrome is not completely
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understood, it has been reported that a RAS gene muta-
tion is associated with its poor prognosis (2). HUT78 is a
Sezary syndrome cell line, containing the neuroblastoma rat
sarcoma oncogene (NRAS)?'® mutation and an amplified
RAS/RAF/MEK signaling pathway (2). This mutation sensitizes
the HUT78 cells toward suppression of the RAS/RAF/MEK
signaling pathway by NRAS knockdown as well as treat-
ment with MEK inhibitors (2). Phosphoinositide 3-kinase
(PI3K)/Akt signaling is the second best validated NRAS
downstream (3), and melanoma cell lines harboring NRAS@¢'¥
mutation are sensitive to the combination of MEK/ERK and
PI3K/Akt signaling inhibitors (4). However, HUT78 cells are
refractory to the PI3K inhibitors, maybe because of the exis-
tence of PTEN (5), suggesting PI3K-independent suppression
of Akt activity is necessary.

Kinase inhibitors are indispensable in the current therapy
field for diseases with protein hyperphosphorylation, especially
cancer. However, there are various problems associated with
these inhibitors, such as drug resistance and limited targets.
Recently, reactivation of protein phosphatase 2A (PP2A) has
attracted a lot of attention as a different angle to block protein
hyperphosphorylation (6). PP2A is a highly conserved eukary-
otic serine/threonine protein phosphatase that regulates a wide
range of intracellular signal transduction pathways, including
MEK/ERK and PI3K/Akt (7-9). In T-cell acute lymphoblastic
leukemia (T-ALL) and chronic lymphocytic leukemia, PP2A
activity is low, and its reactivation exerts antitumor effects (10,11).
Perphenazine (PPZ) is a classically used phenothiazine in neuro-
leptic-type anti-psychotic medications (12). Previous research,
including our own, showed that PPZ exerts antitumor effects in
T-ALL cells through PP2A activation (10,13). Because Akt is a
substrate of PP2A, PP2A activation is expected to directly inhibit
Akt activity and induce apoptosis in cancer cells that are resis-
tant to PI3K inhibitors. However, it is unknown whether PP2A
reactivation by PPZ also exerts antitumor effects on HUT78.

In this study, we revealed that PPZ exerts antitumor effects
on HUT78 by dephosphorylating Akt in a PP2A-dependent
manner. Interestingly, PPZ also dephosphorylated ERK1/2;
however, PP2A was not involved in this process, and an
ERK1/2 inhibitor did not suppress cell growth. In HUT78 cells,
MEK inhibition led to dephosphorylation of Akt, resulting in
antitumor effects. Our findings suggest that Akt inhibition by
PP2A re-activation may be an effective strategy for the treat-
ment of NRAS-mutated Sezary syndrome.
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Materials and methods

Reagent and antibodies. The reagents used in this study were
as follows: PPZ and FR180204 (Sigma-Aldrich), Akt inhib-
itor VIII (Santa Cruz Biotechnologies.), BCI (Merck Millipore),
and U0126 (LC Laboratories.). The antibodies used in this
study were as follows: Anti-p97/VCP, anti-B-Raf, anti-N-Myc
downstream-regulated gene 1 (NDRGI1) (GeneTex),
anti-cleaved caspase 3 Aspl75, anti-pThr202/Tyr204 ERK1/2,
anti-pThr308 Akt, anti-pSer473 Akt, anti-pSer241 PDKI,
anti-PDK1, anti-pThr346 (NDRG1), anti-pSer217/221 MEK1/2,
anti-pSer445 B-Raf, anti-pSer338 C-Raf, anti-ERK1/2, and
anti-Akt (Cell Signaling), anti-C-Raf (BD Biosciences).

Cell culture. Human T cell acute lymphoblastic leukemia cell
lines (CCRF-CEM, Jurkat, TALL1) and the human Sezary
syndrome cell line (HUT78) were obtained from RIKEN
BRC. The canine T cell acute lymphoblastic leukemia cell
line (UL-1) was kindly provided by Dr Hajime Tsujimoto.
MycoAlert Mycoplasma Detection kit (Lonza) was used to
test mycoplasma contamination. The cells were cultured in
RPMI1640 (Sigma-Aldrich) containing 10% fetal bovine
serum (FBS, Nichirei Biosciences) and antibiotic/antimycotic
(Nacalai Tesque).

Cell viability assay. Cells (4.0x10*) were seeded on
96-well plates, and drugs were added to the medium after
24 h. Following three-day culture, cell viability assays were
performed using Cell Counting Kit-8 (CCKS, Dojindo) as
previously described (13).

Flow cytometry. HUT78 cells were treated with PPZ (20 pM)
for 12 h. Apoptotic cells were stained with Annexin V-FITC
Apoptosis Detection Kit (Bio Vision) as per the manufacture's
instructions. Annexin V- and propidium iodide-positive cells
were detected by flow cytometer (BD Accuri; BD Biosciences)
as previously described (13).

Immunoblotting. Immunoblotting was performed as previ-
ously described (13). Briefly, cell lysis buffer containing
50 mM Tris-HCI (pH 8.0), 5 mM ethylenediaminetetraacetic
acid (EDTA) (pH 8.0), 5 mM ethylene glycol tetraacetic
acid (EGTA), 1% Triton X-100, 1 mM Na,;VO,, 20 mM sodium
pyrophosphate and Roche's complete protease inhibitor
cocktail. The protein concentrations were measured by DC
protein assay kit (Bio-Rad Laboratories, Inc.), and were
separated by SDS-PAGE, then transferred onto ClearTrans
Nitrocellulose Membrane (Wako). Membranes were blocked
with 0.5 or 3% skim milk, and treated with primary antibodies
in Tris-buffered saline (TBS) containing 0.05% Tween-20
(TBS-T). After treating with secondary antibodies in TBS-T,
immunoreactive bands were detected using ECL Pro Western
Blotting Detection Reagent (PerkinElmer.) and visualized
using a LAS-3000 luminescent image analyzer (Fujifilm) or
ImageQuant 800 (GE Healthcare). Valosin-containing protein
(VCP) was used as a loading control.

In vitro kinase assay. Active-MEK1 (50 ng) (SignalChem,
MO02-10G) and 200 ng of unactive-ERK1 (SignalChem,
M29-14U) were mixed into kinase buffer (25 mM MOPS

pH 7.2, 12.5 mM sodium glycerophosphate, 25 mM MgCl,,
5 mM EGTA, 2 mM EDTA, and 0.25 mM DTT) with or
without PPZ (10 uM), and rotated for 1 h at 4°C. Thereafter,
25 mM of ATP were added and incubated for 15 min at
30°C. The reaction was stopped by adding sodium dodecyl
sulfate (SDS) sample buffer and samples were incubated for
5 min at 100°C. Total ERK1 and ERK1 phosphorylation were
detected by immunoblotting.

Statistical analysis. The results are expressed as means +
standard deviation. Student's t-tests were performed to compare
two groups. Comparison of three or more was performed
using one-way analysis of variance (ANOVA), followed by
Fisher least significant difference test. P<0.05 was considered
to indicate a statistically significant difference.

Results

PPZ induces apoptosis in HUT78 cells. We investigated
whether PPZ exerts antitumor effects in Sezary syndrome cells
as well as in T-ALL cells. In addition, we also compared the
sensitivity of the NRAS-mutated Sezary syndrome cell line
(HUT78) to PPZ with that of T-ALL cell lines (CCRF-CEM,
Jurkat, and TALL1). PPZ suppressed the viability of HUT78
cells in a dose-dependent manner, and the same was observed
in T-ALL cell lines (Fig. 1A). Because PP2A reactivation has
been reported to induce apoptosis in cancer cells (10,14), we
investigated whether PPZ also induces apoptosis in HUT78
cells. Immunoblotting results revealed that PPZ increased
the expression of cleaved (active) caspase 3 in HUT78 cells
(Fig. 1B and C). Moreover, flow cytometry analysis showed that
PPZ treatment resulted in an increased number of early-phase
apoptotic cells, shown as Annexin V-positive and propidium
iodide (PI)-negative, as well as Annexin V and PI positive
late-phase apoptotic/necrotic cells (Fig. 1D and E). These
results suggest that PPZ induces apoptosis in HUT78 cells.

PPZ induces dephosphorylation of PP2A substrates. In T-ALL
cells, PPZ induces dephosphorylation of PP2A substrates, such
as Akt and ERK1/2 (10). Immunoblotting results revealed that
PPZ also decreased phosphorylation levels of Akt and ERK1/2
in HUT78 cells (Fig. 2A-D). Phosphorylation at Thr308 and
Ser473 in Akt is necessary for their activation, and is regulated
by PDK1 and mTORC?2, respectively (15,16). To reveal the
effects of PPZ on upstream kinases, Ser241 phosphorylation of
PDK1, an index of PDK1 activity, and Thr346 phosphorylation
of NDRG], an index of mTORC?2 activity, were analyzed by
immunoblotting (15,17). PPZ did not change PDK1 and NDRG1
phosphorylation levels (Fig. 2E and F), suggesting that PPZ
induces Akt dephosphorylation without affecting the upstream
kinases. We also investigated the effects of PPZ on upstream
kinases of ERK1/2, such as B-Raf, C-Raf, and MEK1/2 (18,19).
PPZ decreased phosphorylation level of MEK1/2, but it did not
alter B-Raf and C-Raf phosphorylation (Fig. 2G and H). These
data suggested that PPZ induces MEK/ERK dephosphoryla-
tion without affecting the upstream kinases.

PPZ dephosphorylates Akt in PP2A-dependent manner and
dephosphorylates ERK1/2 with no dependency on PP2A.
Gutierrez et al reported that PPZ directly activates PP2A and
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Figure 1. Perphenazine induces apoptosis in HUT78 cells. (A) The cell survival rates of HUT78, CCRF-CEM, Jurkat, and TALLI1 cells treated with the
indicated concentrations of PPZ were assessed. Cell survival rate was normalized to that of PPZ non-treatment and set as 100% (n=4-6). Cleaved caspase 3 was
detected by immunoblotting. Representative (B) images and (C) quantitative data from five independent experiments are presented. 'P<0.05 vs.0 h. HUT78 cell
apoptosis was measured via flow cytometry. (D) Representative images and (E) quantitative data from three independent experiments are presented. The ratio
of live cells (Annexin V-negative/PI-negative), cells in early apoptosis (Annexin V-positive/PI-negative), and in late apoptosis/necrosis (Annexin V-positive/
PI-positive) were compared between Ctrl and PPZ treatment. "P<0.005 vs. Ctrl. PPZ, perphenazine; Ctrl, control.
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Figure 2. PPZ induces dephosphorylation of protein phosphatase 2A substrates. (A, E and G) Western blotting and subsequent quantification was performed to
analyze the effects of PPZ on the phosphorylation of the following proteins: (B) p-Thr308 Akt, (C) p-Ser473 Akt, (D) p-ERK1/2, (F) p-PDK1 and p-NDRGI,
(H) p-MEK1/2, p-B-Raf, and p-C-Raf. Data from three to four independent experiments are presented. Ctrls were ethanol treated. "P<0.05 vs. Ctrl. or PPZ
0 min. PPZ, perphenazine; p, phosphorylated; NDRG1, N-Myc downstream-regulated gene 1; Ctrl, control; VCP, valosin-containing protein.
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Figure 3. PPZ dephosphorylates Akt in a PP2A-dependent manner and dephosphorylates ERK1/2 with no dependency on PP2A. The phosphorylation of Akt
and ERK1/2 in (A) HUT78 and (B) UL-1 cells were determined via western blotting. Representative images from three independent experiments are presented.
The effect of PPZ (10 M) on the activity of recombinant MEK1/2 was analyzed by performing an in vitro kinase assay with recombinant ERK1/2 as a
substrate. Phosphorylation levels of ERK1/2 were detected via (C) western blotting, with subsequent (D) quantification from three independent experiments.
(E) HUTY7S cells were pre-incubated with tautomycin (1 #M), cyclosporin A (10 xM) and sanguinarine (10 M) for 4 h, as well as with BCI (10 xM) for 1 h.
Then cells were treated with PPZ (20 M) for 15 and 30 min. The phosphorylation of ERK1/2 was detected by western blotting. Representative images from
two to three independent experiments are presented. HUT78 cells, following pre-incubation with Na;VO, (300 uM) for 1 h, were treated with PPZ (20 M)
for 15 and 30 min. (F) Representative images and (G) quantitative data from three independent experiments were presented. “P<0.05 as indicated. PPZ,
perphenazine; PP2A, protein phosphatase 2A; Ctrl, control; VCP, valosin-containing protein; p, phosphorylated; OA, okadaic acid.

induces Akt and ERK1/2 dephosphorylation, and this inhibitory
effect was blocked by the PP2A inhibitor, okadaic acid (OA),
and by shRNA knockdown of specific PP2A subunits (10). Thus,
we tested whether OA blocks the effects of PPZ in HUT78 cells
(Fig. 3A). In HUT78 cells, OA induced Akt phosphorylation,
therefore, we need to adjust the exposure time. OA blocked
PPZ-induced Aktdephosphorylation; however, OA did not block
the dephosphorylation of ERK1/2. We previously reported that
PPZ dephosphorylated Akt and ERK1/2 in the canine T-ALL
cell line UL-1 (13). Similar to the effects of OA on PPZ-induced
dephosphorylations in HUT78 cells, OA blocked PPZ-induced
Akt dephosphorylation, but not ERK1/2 dephosphorylation in
UL-1 cells (Fig. 3B). These results suggest that PPZ blocks Akt

phosphorylation in a PP2A-dependent manner, however, PP2A
is not involved in PPZ-induced ERK1/2 dephosphorylation. To
clarify the molecular mechanism associated with these effects
of PPZ, we tested whether PPZ directly inhibits MEK1/2
activity, using an in vitro kinase assay (Fig. 3C and D). The
phosphorylation level of the MEK1/2 substrate, ERK1/2,
was not blocked by PPZ, suggesting PPZ may activate some
phosphatase(s) other than PP2A. Multiple phosphatases such
as PP1, PP2B, PP2C, and DUSP1/6, are involved in ERK1/2
dephosphorylation (20-23). We analyzed the effects of the
PP1, PP2B, PP2C, and DUSP1/6 inhibitors, tautomycin (Tau),
cyclosporin A (CsA), sanguinarine, and BCI, respectively,
on PPZ-induced ERK1/2 dephosphorylation (Fig. 3E). Our
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Figure 4. Akt pathway is important for the survival of HUT78 cells. (A) HUT78 cells were treated with the indicated dose of Akt inhibitor VIII (closed circle) or
FR180204 (open circle) for 72 h. Cell viability was analyzed using a CCK-8 assay. Survival rate was normalized to 0 #M and marked as 100% (n=4). (B) HUT78
cells were treated with the indicated dose of U0126 for 72 h. Cell viability was analyzed by performing a CCK8 assay. Survival rate was normalized to 0 yM
and marked as 100% (n=4). (C and D) HUT78 and (E and F) UL-1 cells were treated with U0126 (10 M) for 24 h. (C and E) Representative images and (D and
F) quantitative data of Ser473 phosphorylation levels of Akt are presented (n=3-4). "P<0.05 as indicated. (G) Cell signaling cascade of HUT78 cells demon-
strating the point of action of kinase inhibitors. (H) Model of the effects of PPZ on signaling in HUT78 cells. CCK-8, cell counting kit-8; PPZ, perphenazine;
PP2A, protein phosphatase 2A; NRAS, neuroblastoma rat sarcoma oncogene; Ctrl, control; p, phosphorylated; VCP, valosin-containing protein.

results show that these phosphatase inhibitors did not block
PPZ-induced ERK1/2 dephosphorylation. Therefore, we tested
the pan-tyrosine phosphatase inhibitor, Na;VO,, and observed
that Na;VO, slightly, but significantly, suppressed ERK1/2
dephosphorylation by PPZ (Fig. 3F and G), suggesting that a
type of tyrosine phosphatase or a dual specificity phosphatase
is involved in PPZ-induced ERK1/2 dephosphorylation.

Akt pathway is important for the survival of HUT7S cells. To
determine which signal transduction pathway is important for
the survival of HUT78 cells, Akt or ERK1/2, we analyzed the
effects of an Akt inhibitor (Akt inhibitor VIII) and an ERK1/2
inhibitor (FR180204) on cell viability (Fig. 4A). Interestingly,
the Akt inhibitor induced cell death in HUT78 cells in a
dose-dependent manner, while the ERK1/2 inhibitor had no
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effect on cell viability. Furthermore, the MEK1/2 inhibitor,
U0126, showed antitumor effects on HUT78 cells (Fig. 4B).
To clarify this discrepancy, we studied the effects of this
MEK1/2 inhibitor on the phosphorylation levels of Akt and
ERK1/2 (Fig. 4C and D). U0126 suppressed not only ERK1/2
phosphorylation but also Akt phosphorylation, suggesting
that MEK1/2 activity positively regulates Akt phosphoryla-
tion in HUT78 cells. We previously reported that UL-1 cells
were sensitive to Akt inhibitor VIII, but not to FR180204 or
U0126 (13). Therefore, we examined the effects of U0126 on
Akt phosphorylation in UL-1 cells (Fig. 4E and F). We found
that in UL-1 cells, U0126 suppressed ERK1/2 phosphoryla-
tion, but did not affect Akt phosphorylation. These results
suggested that MEK inhibitor suppressed the survival of
HUT78 cells by inhibiting Akt activity (Fig. 4G), and Akt
inhibition is important for the antitumor effects of PPZ.

Discussion

Recently, reactivation of PP2A has attracted a lot of attention
as a promising approach for cancer therapy. Small molecule
activators of PP2A (SMAPs) specifically activates the PP2A
B56a subunit (6) and exerts anticancer effects on various
cancers models such as lung cancer, breast cancer, endometrial
cancer, and pancreatic neuroendocrine tumor (24-27). SMAPs
were engineered from phenothiazine parent compounds
supporting the activation effects of PPZ on PP2A.

Gutierrez et al reported that PPZ activates PP2A to
dephosphorylate Akt and ERK1/2 in human T-ALL cell line
KOPT-K1 (10). These reports were based on results from experi-
ments using OA as well as ShRNA targets in PP2A. Similarly,
in the present study, we observed that OA blocked the effects
of PPZ on Akt dephosphorylation; however, OA did not block
PPZ-induced ERK1/2 dephosphorylation in HUT78 and UL-1
cells. One possible explanation for this discrepancy is that
Gutierrez et al (10) used 1 uM of OA to block ERK1/2 dephos-
phorylation; 1 #M of OA is known to inhibit not only the activity
of PP2A, but also that of PP1, and a lower dose, such as 100 nM,
needs to be used to specifically inhibit PP2A (28). Moreover,
in their results from studies using shRNA, Gutierrez et al (10)
showed that PP2A knockdown effectively inhibited PPZ-induced
Akt dephosphorylation, but only slightly suppressed ERK1/2
dephosphorylation. Overall, these data suggest that although PPZ
dephosphorylates Akt in a PP2A-dependent manner, PP2A is not
a major phosphatase in PPZ-induced ERK1/2 dephosphorylation
(Fig. 4H). It has been reported that PP2A activity on ERK1/2
is regulated by the immediate early response 3 protein (IER3
or IEX-1) (9). IER3 enhances the phosphorylation of PP2A
regulatory subunit by ERK1/2 leading to suppression of PP2A
activity (9). Because RAS oncogene mutation induces IER3
expression (29), and HUT78 cells express NRAS mutation (2), an
increase in IER3 protein levels may be one of the processes that
could explain the lack of involvement of PP2A in PPZ-induced
ERK1/2 dephosphorylation.

Which phosphatase is responsible for PPZ-induced
ERK1/2 dephosphorylation? The results of our in vitro kinase
assay suggest that PPZ does not directly inhibit MEK1/2
kinase activity. Inhibitors of PP1, PP2B, PP2C, and DUSP1/6
activity did not block PPZ-induced ERK1/2 dephosphoryla-
tion; however, the pan-tyrosine phosphatase inhibitor, Na;Vo,,

partially inhibited ERK1/2 dephosphorylation, suggesting that
a kind of tyrosine or dual specificity phosphatase(s) may be
involved in PPZ-induced ERK1/2 dephosphorylation. The
dual specificity phosphatase 4, DUSP4, dephosphorylates
ERK1/2 (30). We were not able to further investigate this point
owing to the unavailability of a specific DUSP4 inhibitor. A
genetic screening assay using genome editing or si/shRNA
will need to be conducted in future, to identify the responsible
phosphatase(s).

We found that pharmacological inhibition of Akt, but not
of ERK1/2, suppressed HUT78 cell growth. These results
suggest that PP2A-dependent Akt dephosphorylation plays an
important role in the antitumor effects of PPZ. Interestingly,
a MEK inhibitor effectively suppressed HUT78 cell growth,
consistent with a previous report which showed that three
types of MEK inhibitors induced apoptosis in HUT78 cells (2).
That study reported that HUT78 cells harbored the NRAS®®!¥
mutation that leads to enhanced MEK/ERK signaling (2).
Based on our results using an ERK1/2 inhibitor, ERK1/2 acti-
vation by NRAS®'® mutation is not involved in cell survival in
HUT?78 cell lines. We revealed that a MEK inhibitor inhibited
Akt phosphorylation in HUT78 cells; however, in UL-1 cells
that are resistant to MEK inhibitor, pharmacological inhibi-
tion of MEK did not affect Akt phosphorylation. These results
suggest that NRAS?'® mutation leads to Akt phosphorylation
through MEK1/2 activation, and that Akt activity plays an
important role in the survival of HUT78 cells.

As for the HUT78 cells, Akt inhibitor is enough to kill cells
and PP2A activator may be not necessary to use. PP2A activators
suppress multiple signals not only Akt but also such as c-myc
and E2F (31,32). Therefore, the effect of the PP2A activator
is not limited to Akt inhibition, and the usage of Akt inhibi-
tors and PP2A activators may be different from drug-resistant
point of view. It was reported that long-term treatment with
Akt inhibitor (MK-2206) induces drug resistant in pancreatic
neuroendocrine tumors (PNETSs). On the other hand, PNETSs
did not become resistant to PP2A activator even after long-term
treatment (25). Overall, our data suggests that PPZ-induced Akt
dephosphorylation by PP2A activation may be an attractive
antitumor strategy for NRAS-mutated Sezary syndrome.
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