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Overexpression of the pp32r1 (ANP32C) oncogene
or its functional mutant pp32r1Y140H confers
enhanced resistance to FTY720 (Finguimod)
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pp32r1 (ANP32C) is oncogenic and has been shown to be overexpressed in tumors of the breast, prostate, and
pancreas. In this work we show that pp32 family proteins are able to bind to the sphingosine analog FTY720 (Finguimod).
Molecular docking studies highlight that a conserved residue F136 is likely to be a key determinant of the FTY720 binding
site on the pp32 leucine-rich repeat domain. Transduction of the renal carcinoma cell line ACHN or cervical cancer cell line
HelLa with lentivirus expressing the oncogenic family member pp32r1 or a pp32r1Y140H functional mutant illustrated an
enhanced resistance to FTY720 induced apoptosis. These findings highlight that certain cancers overexpressing pp32r1
or pp32r1 mutants are likely to demonstrate enhanced resistance to FTY720 treatment.

Introduction

The acidic nuclear phosphoproteins (ANP32A-H) are
an evolutionarily conserved family of proteins.! The pp32
(ANP32A) protein is the most characterized member of the
family and has been assigned a variety of names based on the
identified function including; pp32 (phosphoprotein 32)* and
ANP32A (acidic nuclear phosphoprotein 32A).% Little is known
about the cellular functions of other family members; however
some functionality “sharing” is likely to occur between the pp32
family members (ANP32A-H)' since pp32 knockout mice have
no distinct phenotype.*®

Interestingly, the pp32 (ANP32A) protein acts as a tumor
suppressor while its close homolog pp32r1 (ANP32C) is oncogenic
and found to be overexpressed in poorly differentiated tumors,
but not in normal cells.”® The functional role of pp32rl at present
is unclear; however despite the high sequence homology between
pp32 and pp32rl (-87%), pp32rl is unable to substitute for pp32
at least in some situations as is demonstrated by its inability to
associate with retinoblastoma protein.’

The pp32 family of proteins belongs to the superfamily of
leucine-rich repeat (LRR) containing proteins. The LRR is a
short motif of 20-29 residues in length that is present in tandem
arrays in a variety of cytoplasmic, membrane, and extracellular
proteins.!”  Structurally the pp32 proteins contain several
functional domains; a capped LRR motif at the N-terminus'
a central domain (amino acids 150-174) containing the region
required for cellular transformation” and a highly acidic
C-terminus containing ~70% aspartic and glutamic acid

*Correspondence to: Trevor Huyton; Email: huyton.trevor@mh-hannover.de
Submitted: 07/18/2013; Revised: 10/18/2013; Accepted: 11/21/2013
http://dx.doi.org/10.4161/cbt.27307

www.landesbioscience.com

residues.'? Several ANP32 proteins (A, B, and E) also contain
a nuclear localization signal (NLS) with a conserved motif
(KRKR) at the C-terminus of their protein sequence.!" These
family members are thought to be predominantly localized in
the nucleus, although it has been recently shown that pp32 is able
to shuttle between nucleus and cytoplasm alongside HuR."? In
contrast the sequences of ANP32C, D, F, and H contain either
no localization sequence or an incomplete NLS containing a
truncated sequence (KRK) suggesting cytoplasmic localization.
We have recently confirmed the cytoplasmic localization of
pp32rl by confocal microscopy using C-terminal GFP tagged
pp32rl constructs as well as Immunofluorescence microscopy
using a pp32rl specific antibody." The observed differential
localization between pp32 family proteins suggests that some
of the opposing functions of these proteins (e.g., pp32, tumor
suppressor vs. pp32rl, oncogene) might originate from their
differential locations and thus their alternate interaction partners
and diverse cellular functions.

A functional mutation in pp32rl comprising a Y140H
substitution was previously identified in the prostate cancer cell
line PC-3 and found to be associated with a hyperproliferative
phenotype when transfected into cells.” We have recently
demonstrated that this increase in proliferation upon
overexpression of pp32rl or pp32rlY140H occurs through
the dysregulation of (CHD4)-mediated cell cycle control and
appears to be confined to p53wt cells, since cells with mutated
p53 are not hyperproliferative.'

The use of small molecules to manipulate the functions of
pp32 family members is of clinical interest; we were therefore
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In this work we investigated the direct binding of pp32
proteins with FTY720 and its reduced apoprotic effects
in cells transfected with pp32rl or the pp32r1Y140H

mutant.

Results

Interaction between pp32 proteins and the
sphingosine analog FTY720

Affinity chromatography and proteomics screening
recently identified pp32 (ANP32A) and April (ANP32B)
as novel proteins interacting with sphingolipid
metabolites.!® In this work pp32 was observed to
interact with sphingosine or dimethyl sphingosine but
not dihydrosphingosine or ceramide indicating that
the presence of a double bond (present in sphingosine
but absent in dihydrosphingosine) is essential for this
interaction. (Fig. 1). The sphingosine analog FTY720
retains this pseudo double bond feature by virtue of the
benzene ring within its structure (Fig. 1A).

Pp32 full-length (1-249), pp32ACT (1-149), pp32rl
(1-248), and pp32r1Y140H proteins were expressed in
E. coli and purified as previously described (Fig. 1B).
In our pull-down assay using biotin-FTY720 coupled

to streptavidin beads pp32, pp32ACT, pp32rl, and

B Biotin-FTY720
Input

Streptavidin Beads

pp32r1Y140H recombinant proteins were all bound to
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The renal carcinoma cell line ACHN and cervical
carcinoma cell line Hela were lentivirally transduced
with constructs encoding pp32rl and the pp32r1Y140H
functional mutant as previously described and used to
determine the effects of treatment with FTY720.

Cells overexpressing pp32rl or pp32r1Y140H

demonstrate increased viability when treated with

coupled streptavidin beads after washing is shown on the right.

Figure 1. pp32 proteins and sphingosine metabolites. (A) 2D chemical struc-
tures of various sphingosine metabolites and the synthetic analog FTY720.
(B) Molecular weight marker (lanes 1 and 6), pp32 full-length 1-249 (lanes 2 and
7), pp32ACT 1-149 (lanes 3 and 8), pp32r1 (lanes 4 and 9), pp32r1Y140H (lanes 5
and 10). Input protein is shown on the left and protein bound to biotin-FTY720

FTY720

Untransduced and transduced cells were plated in
96-well plates and treated with 2—-16 wM FTY720. The
dose dependent effect of FTY720 on the cell viability was
then measured using MTT and colony formation assays.

intrigued when two members of the ANP32 family, ANP32A
and ANP32B (April) were recently identified as novel molecules
interacting with sphingolipid metabolites.’® We searched for
similar compounds in the PubChem database (http://pubchem.
ncbi.nlm.nih.gov/) and identified FTY720, a synthetic structural
analog of sphingosine that is derived from the metabolite
myriocin produced by the fungus ILaria sinclairii. FTY720
(Finguimod) was first described as an immunosuppressant and
is used clinically in the prevention of kidney graft rejection’” and
for the treatment of relapsing multiple sclerosis.' More recently,
FTY720 has also been shown to induce apoptosis in a variety of
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cancer cell lines”2 and a number of different signaling pathways

have been implicated in mediating its effects.

290 Cancer Biology & Therapy

The data for ACHN cells are shown in Figure 2 and for
HelLa cells in Figure S1. The IC, values for ACHN,
ACHN-pp32rl, and ACHN-pp32r1Y140H cell lines were
determined to be 6.7, 8.5, and 8.2 uM respectively estimated
from nonlinear regression of the MTT assay data shown in
Figure 2A. As can be seen in Figure 2B almost all ACHN
cells treated with 6.5 wM FTY720 illustrated typical signs of
apoptosis: detachment, shrinkage, and rounding, while in those
cells overexpressing pp32rl or pp32rl only a small percentage
showed any sign of apoptosis. Colony assays were performed
at two concentrations (6.5 and 8.5 uM FTY720) for the three
ACHN cell lines and are shown in Figure 2C and D. At these
concentrations no colonies were observed in untransduced
ACHN cells while pp32r1 and pp32r1Y140H cells retained their

colony forming capacity.
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Figure 2. Increased viability of pp32r1 and pp32r1Y140H cell lines treated with FTY720. (A) MTT assay performed on ACHN, ACHN-pp32r1, and ACHN-
pp32r1Y140H cell lines treated with 2-16 wM FTY720 and compared with untreated cells. (B) Cells were treated with 6.5 wM FTY720 and visualized by
light microscopy. ACHN cells show significant onset of apoptosis while transduced cell lines illustrate only a few cells with apoptotic features. (C) Colony
formation assay of untransduced and transduced cell lines treated with 6.5 and 8.5 wuM FTY720. (D) A graphical representation of the data shown in (C).

The enhanced resistance to FTY720 treatment seen in ACHN
cell lines was similarly observed in HeLa cells transduced with
pp32rl and pp32r1Y140H (Fig. S1), with IC, | values calculated
as 9.7, 10.5, and 12.1 wM, respectively. Again pp32rl or
pp32r1Y140H transduced cells showed increased colony forming
capacity compared with wild-type untransduced cells.

FTY720 induces differential apoptosis in ACHN cell lines
transduced with pp32rl or the Y140H mutant

To further demonstrate that the loss of cell viability in
the three ACHN cell lines was through FTY720 mediated
apoptosis we treated cells with 6.5 pM FTY720 (just below
the IC,  concentration for untransduced ACHN cells) and
measured the amount of apoptosis by flow cytometry after
staining with fluorescein-conjugated annexin V and propidium
iodide. These results are illustrated in Figure 3A. While ACHN
cells showed a high level of apoptosis (35.0%) the pp32rl and
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pp32r1Y140H cell lines demonstrated a pronounced resistance
showing only 8.7% and 17.0% respectively. Figure 3B illustrates
these results graphically.

Overexpression of pp32rl or pp32r1Y140H does not regulate
FTY?720 resistance through inhibition of PP2A activity

PP2A activity has been linked to FTY720 activity by virtue
of it binding to the PP2A inhibitors pp32 and SET causing them
to dissociate and alleviating inhibition. We therefore measured
the levels of PP2A activity in untransduced and transduced cell
lysates using a PP2A immunoprecipitation assay (Millipore) by
calculating the phosphate release during dephosphorylation of
the threonine phosphopeptide (K-R-pT-I-R-R) compared with a
phosphate standard curve. Assays performed using the ACHN,
pp32rl, and pp32r1Y140H cell lysates showed averages of 1529,
2383 (-56% increased activity), and 2103 (-38% increased
activity) picomoles of phosphate released, with both transduced

Cancer Biology & Therapy 291

. Do not distribute.

loscience

©2014 Landes B



A Untreated DMSO Cirl
(a) (b) (c)

+FTY720

ACHN .| o Q| -

PI

v®

Annexin V-FITC

100+

L =1 Viable
75 - == Apoptotic
i B Dead
»n
3 504
2
25+
. g ||Ba
ACHN pp32ri  pp32rY140H
Cell Line

(early and late Q2/Q3) and dead cells Q1.

Figure 3. Reduced FTY720 mediated apoptosis in cells overexpressing pp32r1 or pp32r1Y140H. (A) Cells were either untreated, treated with DMSO
control, or treated with 6.5 uM FTY720 and stained using an annexinV-FITC/ Pl kit. Viable cells (unstained, bottom left quadrant Q4), early apoptotic cells
with annexin V-FITC staining (bottom right quadrant Q3), late apoptotic cells with annexin V-FITC/PI staining (top right quadrant Q2), dead cells with PI
staining (top left quadrant Q1). (B) The results from (A) for cells treated with 6.5 wuM FTY720 are shown graphically as a percentage of viable Q4, apoptotic

cell line lysates showing increased PP2A activity (Fig. 4A). Assays
performed in parallel using lysates spiked with 20 wM FTY720
showed significantly higher PP2A activity with ~3000 picomoles
of phosphate released in each lysate and only minor differences
were observed between lysates from untransduced and transduced
cells (Fig. 4A). These data suggest that overexpression of pp32rl
or pp32r1Y140H in ACHN cells does not inhibit PP2A activity
and therefore is unlikely to be a contributing factor in pp32rl
mediated FTY720 resistance.

pp32rl and pp32r1Y140H do not interact with HuR

The pp32 family members pp32 and April are both known
to interact with Hu-antigen R (HuR) a protein that regulates
the mRNA export, stability of many cytokines and cell cycle
regulators through binding to the AU-rich elements in their
mRNAs.” We were unaware of any current data demonstrating
an interaction of pp32rl with HuR and therefore performed
immunoprecipitations to determine if this interaction could
stabilize specific mRNAs that could be critical in mediating
FTY720 resistance, as has been observed in pp32-mediated
gemcitabine resistance.””?® Despite high levels of both HuR and
recombinant pp32rl proteins in ACHN cell lysates (Fig. 4B),
immunoprecipitation with an anti-HuR antibody and blotting
with anti-V5 to detect the recombinant pp32rl or pp32r1Y140H
proteins demonstrated no interaction between pp32rl or
pp32r1Y140H and HuR. In contrast control experiments blotting
with anti-pp32 clearly showed that endogenous pp32 and HuR
in cell lysates could be co-immunoprecipitated (Fig. 4B).
These results suggest that at least in the context of these cells
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pp32rl is unable to associate with HuR and cannot contribute
to the stabilization of specific mRNA’s responsible for FTY720
resistance. The immunoprecipitation experiment was identically
performed using HeLa untransduced and transduced cell lysates
with similar outcome (data not shown). It may however be
possible that pp32rl might be able to stabilize specific HuR-
mRNA complexes in other cell types, thus a pp32rl interaction
with HuR cannot be totally ruled out.

Molecular docking

To determine the possible binding site of FTY720 on the
surface of the pp32 LRR domain we performed molecular docking
studies using the program Autodock.” A grid surrounding
the entire pp32 crystal structure was used and the ensemble of
docking conformations was then ranked based upon the binding
energy score as output by Autodock.

The majority of docked conformers surrounded a binding
site where the aromatic ring of FTY720 formed a pi-stacking
interaction with residue F136 of the pp32 LRR structure, the best
energy conformer (-4.0 kcal/mol) is shown in Figure 5.

Discussion

Increased pp32rl expression has been observed in both tumor
cells”® and also in activated stem cells;"> however the functional
relevance of increased levels of pp32rl in different cell types is
still unclear. The pp32 family represents an intriguing balance
between proteins that share very high sequence identity and yet
appear to illustrate opposing functions, although this can be
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Figure 4. Investigation into the mechanism of pp32r1-mediated FTY720 resistance. (A) Protein phosphatise 2A assay performed on ACHN cell lysates
in the absence and presence of FTY720, *P < 0.05. (B) Transduced cell lysates were shown to contain overexpressed pp32r1/pp32r1Y140H (anti-V5)
while endogenous pp32 protein is observed in all three lysates. Co-immunoprecipitation,with anti- HUR antibody is only able to co-immunoprecipitate

attributed in part to their alternate cellular localization and as
is seen between pp32 (ANP32A) and pp32rl (ANP32C)." In
this work we confirmed our hypothesis that pp32 proteins are
able to bind to the sphingosine analog FTY720 (Finguimod)
using biotin-FTY720 coupled streptavidin beads to pull-down
recombinant pp32 proteins. Interestingly pp32, pp32rl, and the
pp32r1Y140H mutant were all able to be pulled down indicating
that sphingosine or FT'Y720 binding might be a general feature
of pp32 family proteins. More importantly the pp32ACT protein
comprising the residues 1-149 also interacted with FTY720,
highlighting that the N-terminal LRR domain is required for
this interaction.

Our molecular docking studies identified a possible FTY720
binding site surrounding a conserved residue (F136) on the face
of the LRR domain (Fig. 5). Despite our attempts at soaking
existing pp32 crystals with FTY720 we have been hampered by
the solubility of this compound in our current crystallization
conditions. The data collected on soaked crystals however does
show weak density existing around residue F136 which we
have attributed to FT'Y720 binding at low occupancy (data not
shown) and supports our conclusion that F136 is involved in
FTY720 binding. The mutation of residue F136 however appears
to influence the solubility of recombinant protein making
supportive pull-down experiments difficult to perform. Further
biophysical characterization of this interaction using mutagenesis
and X-ray crystallographic analysis is currently in progress and
will reveal more about the molecular details of the pp32:FTY720
interaction site.

Despite its initial application as an immunomodulating
drug to treat multiple sclerosis FTY720 has now been shown

www.landesbioscience.com
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Figure 5. Docking of FTY720 to the crystal structure of the pp32 LRR
domain. The structure of the pp322 LRR domain is illustrated as ribbons
and colored according to secondary structure. The proposed FTY720
(green) binding site identified by docking studies is illustrated as sticks
with residue F136 highlighted in red.
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to induce apoptosis in a variety of cancer cell lines leading to a
number of clinical trials to treat among others ovarian cancer,
lung cancer, and chronic myelogenous leukemia (CML).** We
overexpressed pp32rl and pp32r1Y140H proteins in both ACHN
and Hela cell lines and investigated cell viability after treatment
with different FTY720 concentrations using MTT and colony
formation assays (Fig. 2; Fig. S1). Our observations show that
cells overexpressing pp32rl or pp32r1Y140H were more resistant
to the effects of FTY720 illustrating higher viability and reduced
levels of apoptosis.

The detailed molecular mechanism of FTY720 action is
very complex and a number of pathways have been implicated
allowing FTY720 to induce apoptosis®® or caspase-independent
cell death.? Very recent work has however implicated the protein
SET, a known pp32 binding partner that is found in both the
INHAT and SET complexes,®?% asan FTY720 binding protein.*
Like SET, pp32 proteins are also known to be potent inhibitors
of protein phosphatise 2A (PP2A),% a tumor suppressor protein
that is responsible for the regulation of a number of oncoproteins
including ¢-Myc.”” The targeting of SET by FTY720 was
demonstrated to suppress tumor growth through apoptosis-
independent programmed cell death (necroptosis) following
PP2A-dependent RIPK1 activation.® Given the close connection
between SET and pp32 it seemed likely that this mechanism
of FTY720 action could be a common feature. We therefore
performed PP2A assays on the ACHN and pp32rl transduced
cell lystates in the absence and presence of FTY720 (Fig. 4A).
Interestingly PP2A activity was slightly higher in pp32rl or
pp32r1Y140H expressing cell lines, suggesting that unlike pp32
the overexpressed pp32rl protein is unable to act as an inhibitor
of PP2A, although the reason for significantly increased activity
compared with control cells remains unclear. Incubation of
the cell lysates with FTY720 increased the observed PP2A
activity significantly and to a similar level in all three lysates,
presumably due to FTY720 interaction with endogenous pp32
and SET proteins thereby alleviating the basal cellular level of
PP2A inhibition as has been previously demonstrated.” These
combined results suggest however that pp32rl mediated resistance
to FTY720 does not occur through increased inhibition of PP2A
by pp32rl or pp32r1Y140H overexpression and that another
pathway must be involved.

The interaction between pp32 and HuR has previously been
shown to stabilize specific mRNAs leading to the enhanced
resistance of cells to the chemotherapeutic gemcitabine.?® In our
current studies we observed interaction between endogenous
pp32 and HuR proteins in cell lysates, but were unable to detect
any interaction between HuR and overexpressed pp32rl or
pp32r1Y140H proteins (Fig. 4B). These data suggest that the
various non-overlapping functions of pp32 family proteins are
likely to contribute to FTY720 resistance and the mechanism of
pp32rl mediated FTY720 resistance still remains unclear.

It is difficult to determine the clinical implications of our
observations as details regarding the frequency of pp32rl
overexpressing tumors are not available. However pp32rl appears
to be frequently overexpressed in a high percentage of prostate,
breast, and pancreatic tumors,®® which implies that treatment
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with FTY720 in these cases may be less effective at normal
dosages.

The levels of pp32rl expression are known to be increased
in poorly differentiated tumors®** while in cell lines mRNA
expression is highest in LNCaP cells with moderate levels in PC-3
and low levels in DU145 cells.” In prostate cancer cell line DU145
cells have been shown to be more sensitive to FTY720 than normal
human prostate stromal cells.* The chemotherapeutic sensitivity
of DUI145 cells has however been attributed to Sphingosine
Kinase 1 activity in these cells.” However, it is possible that
the known decrease in pp32rl levels across LNCaP, PC-3, and
DU145 contributes to the relative greater sensitivity of DU145 to
FTY720. We hope that future studies aimed at silencing native
pp32rl expression in cancer cell lines will confirm the role of
pp32rl in FTY720 resistance. Future structural and biochemical
analysis are also still required to fully determine how FTY720
might target individual pp32 proteins, its relevance in tumor
cells where pp32rl is overexpressed, or even in neural cells where
other pp32 family members like ANP32E show higher levels of

expression.'

Materials and Methods

Expression and purification of pp32 and pp32rl proteins

The pp32 (Anp32a) full-length gene (residues 1-249) and
pp32ACT fragment (residues 1-149) was amplified by PCR
from a full-length clone (RZPD). The pp32rl (ANP32C) full-
length gene (residues 1-249) was amplified via nested PCR using
HeLa cell genomic DNA as a template. The fragments were then
cloned into the pProEX HTb expression vector in frame with an
N-terminal (His), tobacco etch virus (TEV) cleavable tag. The
Y140H mutant construct was generated using the Quickchange
mutagenesis kit (Stratagene) according to the manufacturers
protocol. Expression and purification of pp32 proteins in E. coli
was essentially as described for the pp32ACT fragment."

FTY720 pull-down experiments

Streptavidin beads (Pierce) were equilibrated in PBS, loaded
with 20 wM biotinylated FTY720 (Cayman Chemicals) and
washed with PBS to remove unbound ligand. Purified pp32
proteins ~100 pg/mL were then incubated with beads for
30 min before washing 4 times with PBS. The beads were then
resuspended in SDS sample buffer and proteins resolved by SDS-
PAGE on a 4-12% gradient gel (Invitrogen) before staining with
coomassie blue.

Cell culture and letiviral transduction

ACHN cells (DSMZ) were grown at 37 °C in a 5% CO,-
humidified atmosphere in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 50 U/mL penicillin, 50 pg/mL
streptomycin, 2 mM L-glutamine, 1% NEAA, 1 mM sodium
pyruvate, and 10% fetal bovine serum (FBS). Lentivirus was
produced in HEK293T cells using standard protocols and
ACHN or Hela cells were transduced as previously described."

Cell viability

The MTS assay (Promega, Cell Titer 96 AQueous non-
radioactive cell proliferation assay) was performed in triplicates
as per manufactures protocol. Cells were first seeded at 4 x 10°
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cells per well in 96-well plates and incubated for 24 h. Cells
were then treated for an additional 24 h with FTY720 at various
concentrations (2—16 wM) while control cells were left untreated.
To each well MTS (0.5 mg/mL), was added, incubated for 3 h
and the absorbance measured at 490 nm using a plate reader
(BioTek, Synergy 2).

Colony formation assays

Cell lines were treated as above for MTS assays in 96-well
plates. After 24 h incubation with FT'Y720 at 6.5 and 8.5 uM,
1000 viable cells (as judged from trypan blue staining and
counting) were plated into 6-well plates and left to grow for
10-14 d with regular media exchange. Colonies (>30 cells) were
fixed and stained using methylene blue before counting, each
experiment was performed in triplicate.

Apoptosis

The percentage of apoptotic cells was evaluated using an
annexinV-FITC/PI kit (Beckman Coulter) according to the
manufacturer’s protocol. All flow cytometry measurements were
made using a Becton-Dickinson FacsCanto. Briefly, 1 x 10° cells
washed with PBS before being stained with annexin V-FITC
and 5 mg/mL propidium iodide in binding buffer (10 mM
HEPES/NaOH [pH 7.4], 140 mM NaOH, and 2.5 mM CaCl,)
for 10 min at room temperature in the dark. The samples were
then analyzed by flow cytometry within 1 h to determine the
percentage of cells displaying annexin V (early apoptosis) or
annexin V/propidium iodide staining (late apoptosis). Multiple
independent experiments were performed for each cell line, a
representative of which is shown.

Protein phosphatise 2A (PP2A) assay

The protein phosphatise 2A (PP2A) immunoprecipitation
assay kit (Millipore) was used to determine the PP2A activity
in cell lysates, where indicated, 20 pM FTY720 was added
to the lysate before immunoprecipitation. All experiments
were performed in duplicate and are representative of multiple
experiments.

Immunoprecipitation and western blotting

Cell lysates were prepared on ice using NP40 lysis buffer
(50 mM Tris, 150 mM NaCl, 1% NP40 protease inhibitor
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Molecular docking
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