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Enhanced Arginine Methylation of Programmed Cell Death 4
Protein during Nutrient Deprivation Promotes Tumor Cell

Viability*
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Background: Elevated levels of both tumor suppressor PDCD4 and arginine methyltransferase PRMT5 correspond to

aggressive tumor growth.

Results: Nutrient deprivation increases methylated PDCD4, enhancing its interaction with e[F4A and promoting cell viability.
Conclusion: Methylation of PDCD4 is responsive to the cellular metabolic state and promotes cell survival.
Significance: PRMT5 controls PDCD4 in a context-dependent fashion to enhance tumor cell viability.

The role of programmed cell death 4 (PDCD4) in tumor biol-
ogy is context-dependent. PDCD4 is described as a tumor sup-
pressor, but its coexpression with protein arginine methyltrans-
ferase 5 (PRMT5) promotes accelerated tumor growth. Here, we
report that PDCD4 is methylated during nutrient deprivation.
Methylation occurs because of increased stability of PDCD4
protein as well as increased activity of PRMT5 toward PDCD4.
During nutrient deprivation, levels of methylated PDCD4 pro-
mote cell viability, which is dependent on an enhanced interac-
tion with eIF4A. Upon recovery from nutrient deprivation, lev-
els of methylated PDCD4 are regulated by phosphorylation,
which controls both the localization and stability of methylated
PDCDA4. This study reveals that, in response to particular envi-
ronmental cues, the role of PDCD4 is up-regulated and is advan-
tageous for cell viability. These findings suggest that the meth-
ylated form of PDCD4 promotes tumor viability during nutrient
deprivation, ultimately allowing the tumor to grow more
aggressively.

Programmed cell death 4 (PDCD4) expression is often lost or
decreased in tumors, and, in many instances, loss of PDCD4
expression is found to correlate with poor patient outcome
(1-5). Consistent with this, PDCD4 suppresses transformation
and displays characteristics of a tumor suppressor in tissue cul-
ture-based assays for invasion, migration, and anchorage-inde-
pendent cell growth (6-11). Moreover, PDCD4 knockout mice
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develop B cell lymphoma, and epidermis-specific PDCD4 over-
expression in mice prevents carcinogen-induced tumor devel-
opment (12, 13).

Mechanistically, the function of PDCD4 as a tumor suppres-
sor is attributed to its inhibition of the RNA helicase elF4A, a
component of the eIF4F complex involved in removing the sec-
ondary structure in 5" UTRs for efficient translation initiation.
PDCD4 contains two well defined MA3 domains, a motif char-
acterized to bind elF4A (14). Structural studies using the MA3
domains separately or in tandem have revealed that PDCD4
engages el[F4A with both MA3 domains (15-20).

PDCD4 is highly modified by phosphorylation, which dic-
tates both protein localization and stability. Phosphorylation by
several kinases, including S6K, Akt, and PKC & and ¢, at serine
67 targets PDCD4 for proteasomal degradation (21-23), and,
because overactivation of the PI3K-mTOR?” signaling cascade is
a common occurrence in tumors (24, 25), this mechanism is
thought to be the cause of down-regulation of PDCD4 in many
tumors. PDCD4 levels have also been reported to decrease dur-
ing the mitotic phase of the cell cycle, concomitant with other
changes in the status of translational machinery (26). Addition-
ally, phosphorylation of PDCD4 at serine 457 by Akt drives
nuclear localization (27). This is important because the func-
tion of PDCD4 as a tumor suppressor is attributed to the cyto-
plasmic role of e[F4A inhibition.

We reported previously that the ability of PDCD4 to act as a
tumor suppressor is context-dependent. Specifically, when
PDCD4 was coexpressed with protein arginine methyltrans-
ferase 5 (PRMT5) in an orthotopic xenograft model of breast
cancer, we observed accelerated tumor growth (5). PRMT5
symmetrically dimethylates arginine residues, adding bulkiness
to cause changes in the interactions, localization, and stability
of target proteins (28). We found that PDCD4 is targeted by
PRMTS5 at arginine 110 and that accelerated tumor growth in
the xenograft mouse model was dependent on both catalytically
active PRMT5 and a methyl competent site at Arg-110 of

® The abbreviations used are: mTOR, mammalian target of rapamycin; ITS, insu-
lin-transferrin-selenium; HBSS, Hanks' balanced salt solution; ms, methyl-spe-
cific; AdOx, adenosine-2,3-dialdehyde; AdoMet, S-adenosylmethionine.
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PDCD4. Analysis of breast cancer patient data for both PDCD4
and PRMTS5 reinforced the notion that this interaction has
oncogenic potential (5). These data suggest that PDCD4 func-
tion should be considered in a context-dependent manner and
prompted us to define conditions that drive PDCD4 methyla-
tion and the function of methylated PDCDA4.

Here we find that PDCD4 is methylated and promotes cell
viability during nutrient-limiting conditions. Mechanistically,
methylation of PDCD4-Arg-110 enhances the interaction with
elF4A, a partnership required for effects on cell viability. Upon
recovery from starvation, methylated PDCD4 is phosphory-
lated rapidly and shuttled to the nucleus. Its levels decrease
quickly but with somewhat slower kinetics. These results shed
light on how posttranslational modifications of PDCD4 inte-
grate cues from the cellular environment and provide a frame-
work for understanding the context-dependent nature of
PDCD4 function.

EXPERIMENTAL PROCEDURES

Constructs— elF4A1 was received from a human open read-
ing frame library (29), and a stop codon was added. eIF4A2 was
cloned from a human cDNA library into pDONR221. Both
elF4A1 and elF4A2 were recombined, using Gateway technol-
ogy (Invitrogen), into the pDEST53 and pGEX4T vectors.
pGEX4T-PDCD4 was generated as described previously (5).
PDCD4 mutations D253A, D418A, and R110K were generated
by site-directed mutation of the pDONR221 vector and then
moved into the pDEST53 vector and the pcDNA3.1-nV5 Gate-
way vector. Catalytically dead PRMT5 was generated by site-
directed mutagenesis of G367A and R368A as described previ-
ously (5).

Cell Culture and Treatments—MCF7 cells were cultured in
DMEM:F12 (Hyclone), 10% FBS, 1X ITS (Invitrogen), and
human EGF(10 ng/ml, BIOSOURCE) and HEK293 cells in
DMEM (Invitrogen) with 10% FBS. Stable MCF7 cells were
generated as described previously using a MCF7 subline, desig-
nated MCF7e, that stably expresses the mouse ecotropic recep-
tor allowing for infection with murine-specific retroviruses (5).
Stable HEK293 lines were generated by Lipofectamine LTX
(Invitrogen) transfection of pEXP53-PDCD4 (wild-type or
mutants) (N-terminal GFP tag) or pcDNA3.1-V5-PDCD4
(wild-type or R110K) (N-terminal V5 tag) according to the rec-
ommendations of the manufacturer and selected with G418
(Sigma) at 1 mg/ml and maintained in 0.5 mg/ml. Single clones
were selected on the basis of GFP or V5 expression. DMEM
without glucose (Invitrogen), HBSS (Corning, catalog no.
21-023), insulin (Sigma), adenosine-2,3-dialdehyde in dimethyl
sulfoxide (AdOx, Sigma), and MG132 in dimethyl sulfoxide
(Calbiochem) were used to treat cells, as indicated. For cell
cycle synchronization experiments, nocodazole (Sigma) was
added to medium at 100 ng/ml for 18 h, or thymidine (Sigma) at
a 2.5 mM concentration was included for 16 h, followed by a
12-h release and an additional 16-h treatment.

In Vitro Methylation Reaction—Cells were lysed by Dounce
homogenization in methyl buffer (1 X PBS, 0.25% TritonX-100,
1 mMm DTT, and 5% glycerol; when used with cells or cell lysate,
this was supplemented with 2X complete protease inhibitors
(Roche)). 2 pug of GST-PDCD4 was incubated with 600 ug of
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HEK293 cell lysate, plus or minus 100 um S-adenosylmethio-
nine (New England Biolabs) in a 300-pul final volume of methyl
buffer. For radiolabeled methylation reactions, 1 ug of GST-
PDCD4 or GST-PDCD4y, ;0 Was incubated with 20 ug of cell
lysate and 1 uCi of [*H]AdoMet (PerkinElmer Life Sciences) in
a 35-pul final volume. Samples for immunoblot analyses were
taken prior to addition of [PH]AdoMet. The remainder of the
reaction was incubated at 30 °C for 1 h, and SDS loading buffer
was added. Following SDS-PAGE and transfer of samples to
PVDF, the membrane was sprayed with EN®*HANCE
(PerkinElmer Life Sciences) according to the recommenda-
tion of the manufacturer and exposed to film.

Recombinant Protein Production—pGEX4T-PDCD4, pGEX4T-
elF4A1, and pGEX4T-elF4A2 were transduced into BL21/RIL
cells grown to 0.6 A4y, and induced with 0.1 mm isopropyl
1-thio-B-Dp-galactopyranoside for 1-3 h. Cells were pelleted,
lysed by sonication in PBS with 0.126% deoxycholate, 500 um
PMSEF, 5 ug/ml aprotinin, and 5 ug/ml leupeptin. Glutathione
resin (GE) was used to purify GST proteins following a standard
protocol.

Cell Harvest and Immunoblot Analyses—Cells were washed
twice with cold PBS, scraped off the plate with Nonidet P-40
buffer (50 mm HEPES (pH 7.6), 2 mm EDTA, 5% glycerol, 0.5%
Nonidet P-40, and 150 mMm NacCl), incubated 30 min at 4 °C
while rotating end-over-end, and spun down at 12,000 X g for
10 min at 4 °C. The supernatant (lysate) was then transferred to
a fresh tube. SDS loading buffer was added to lysates, heated at
95 °C for 5 min, and subjected to SDS-PAGE. For Phos-tag gels,
lysates were generated with modified Nonidet P-40 buffer
(lacking EDTA and with 1.84 mm B-glycerophosphate, 100 um
sodium vanadate, and protease inhibitor mixture IIIEDTA-free
(Millipore)), and 83 um MnCl, and 42 um Phos-tag (Wako Pure
Chemical Industries) were added to 8% SDS-PAGE gels. Gels
were transferred to PVDEF. Blots were completed according to
LI-COR recommendations. Briefly, they were blocked for 1 h
with LI-COR blocking buffer, primary antibody diluted in LI-
COR blocking buffer + 0.2% Tween 20 for 1 h at room temper-
ature or overnight at 4 °C, washed four times with PBS plus 0.1%
Tween 20 (PBS-T) or Tris-buffered saline with 0.1% Tween 20
(TBS-T), secondary antibodies diluted in LI-COR blocking
buffer with 0.2% Tween 20 and 0.02% SDS at 1:4000 for 1 h at
room temperature, washed four times with PBS-T or TBS-T,
and scanned using LI-COR Odyssey. Quantifications were
done using the Odyssey application software, comparing inte-
grated intensity.

GST Pulldown—Recombinantly produced and purified GST
protein (2—5 ug) was incubated with glutathione resin (GE) for
1 h at room temperature. Beads were washed and incubated
with 250-400 ug of cell lysate (harvested as for the in vitro
methylation reaction) for 1 h at room temperature in methyl
buffer. Beads were washed three times with methyl buffer and
resuspended in 1X SDS loading buffer.

GFP Pulldown—Lysate (250 ug in 200 ul of Nonidet P-40
buffer, lysed as described for immunoblot analyses), was added
to 8 ul of GFP-Trap A beads (ChromoTek) and rotated for 1 h
at 4 °C. Beads were washed three times with 250 ul of Nonidet
P-40 buffer and resuspended in 1X SDS loading buffer.
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Antibodies—The following antibodies were used: PDCD4
(Abcam, catalog no. 51495), PDCD4 (Cell Signaling Technol-
ogy, catalog no. 9535), PRMT5 (Abcam, catalog no. 31751),
methylated PDCD4 purified from hybridomas 1A8 and 3E7 and
elF4A1 (Cell Signaling Technology, catalog no. 2490), actin
(Sigma, catalog no. A2228), GFP (Abcam, catalog no. 290), V5
(Invitrogen, catalog no. 46-0705), phospho-PDCD4-Ser-457
(Abcam, catalog no. 74141), S6 kinase (Cell Signaling Technol-
ogy, catalog no. 9202), phospho-S6 kinase Thr-389 (Cell Signal-
ing Technology, catalog no. 9205), ribosomal protein S6 (Cell
Signaling Technology, catalog no. 2317), phospho-ribosomal
protein S6 Ser-235/236 (Cell Signaling Technology, catalog no.
4857), mTOR (Cell Signaling Technology, catalog no. 2972),
and phospho-mTOR Ser-2448 (Millipore, catalog no. 09-
213SP).

Immunofluorescence—MCF7 cells were grown on autoclaved
glass coverslips. Cells were fixed with methanol for 5 min at
—20 °C, blocked for 30 min with 3% BSA in PBS, and incubated
with primary antibodies overnight at 4 °C. Coverslips were
washed in PBS. Alexa Fluor secondary antibodies were diluted
in blocking buffer at 1:1000, incubated for 1 h at room temper-
ature, washed as stated previously, and mounted with ProLong
Gold + DAPI (Invitrogen) or the DNA was counterstained with
Hoechst 33258 and mounted with ProLong Gold (Invitrogen).
Images were acquired with Zeiss AxioVision using a X63 objec-
tive. Counts were performed on two experiments, each of
which included at least two coverslips and a total of more than
300 cells.

FACS Analysis—Nocodazole-treated cells were harvested by
gentle pipetting. For all cell other treatments, PBS with 2.5 mm
EDTA was used to dislodge cells from the plate. Cells were
washed in PBS, vortexed, and spun several times. The final pel-
let was resuspended in 200 wl of PBS, fixed with 800 wl of 100%
ethanol, and stored for ~1 day at —20 °C. Cells were stained
with 500 ul of staining solution (50 ug/ml propidium iodide,
0.1% Triton X-100, and 0.2 mg/ml RNase A in PBS), incubated
for 20 min at 37 °C, and stored at 4 °C until analysis on the flow
cytometer (FACScan, BD Biosciences). Cells were analyzed
using FlowJo (Tree Star Inc.). Gates were selected so that dou-
blets or debris was removed to ensure that single cells were
analyzed, and propidium iodide staining was quantified. Cells
displaying 2N (diploid chromosomal content) through 4N
DNA content were analyzed and graphed in FACS distribution
plots.

Viability Assay—Cells (625 total) were plated per well of a
96-well dish (Nunc, catalog no. 165306). The medium was
exchanged with HBSS after cell attachment (24 h) and assayed
using CellTiter Glo (Promega) following the suggested protocol
of the manufacturer. Day 0O readings were done in regular
growth medium, and day 6 readings were done in HBSS. Lumi-
nescence readings were done using a BioTek Synergy HT plate
reader. Controls of medium/HBSS with reagent, medium, and
cells without reagent were negligible. Graphs, standard devia-
tion, and p values were generated using GraphPad Prism6.

RESULTS

Generation of a Methyl-specific PDCD4 Antibody—To
understand the context in which PDCD4 is arginine-methyl-
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FIGURE 1. msPDCD4 antibody recognizes methylated PDCDA4. A, sequence
of the peptide used to develop methyl-PDCD4-specific antibodies. A cysteine
residue was added to the C terminus for conjugation purposes. B, immuno-
blot analyses of GST-PDCD4 (lanes 1 and 4), in vitro methylation reactions
where GST-PDCD4 was incubated with lysate (lane 2 and 5), or lysate and
AdoMet (lanes 3 and 6) probed with antibodies as indicated. Either hybridoma
line 1A8 or 3E7 was used for msPDCD4 detection. C, reactions prepared as
described in Bwere probed either separately for total PDCD4 and methylated
PDCD4 levels (single detection, left column) or simultaneously with both anti-
bodies (dual detection, right column). In all blots, each primary antibody is
tracked separately using species-specific secondary antibodies conjugated to
different fluorophores. D, immunoblot analyses of HEK293 cells stably
expressing V5-PDCDA4 either untreated (lane 1) or treated with AdOx (20 um
for 20 h) (lanes 2-4; lane 2 loaded equal to lane 1, lane 3 twice the amount of
protein as lane 1, and lane 4 three times the amount of protein as lane 1) or
HEK293 cells stably expressing V5-PDCD4g, o (lane 5; loaded equal to lane 1
but normalized for endogenous (Endo) PDCD4 levels) and probed with anti-
bodies as indicated.

ated and begin to elucidate how methylation influences its
function, we generated monoclonal antibodies directed against
methylated PDCD4. A symmetrically dimethylated peptide
derived from PDCD4, encompassing the methylation site iden-
tified previously atarginine 110 (5), was used as the immunogen
(Fig. 1A). To establish the specificity of individual hybridoma
clones, we compared the reactivity with bacterially produced
GST-PDCD4 before or after this recombinant protein was
incubated with HEK293 cell lysate as a source of methyltrans-
ferases, either in the absence or presence of supplemental
AdoMet, which serves as the methyl donor. Levels of recombi-
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nant PDCD4 were shown to be loaded equally for each condi-
tion on the immunoblot using a commercial antibody that rec-
ognizes PDCD4 independently of methylation (Fig. 1B). Two
independent monoclonal antibodies showed little to no reactiv-
ity with GST-PDCD4 alone (Fig. 1B, lanes 1 and 4), as expected,
because bacteria lack arginine methyltransferases (30). Indeed,
only when GST-PDCD4 was preincubated with both lysate and
AdoMet is reactivity robust with the monoclonal antibodies
(Fig. 1B, lanes 3 and 6). This pattern confirms that these are
methyl-specific reagents, to which we refer as msPDCD4
(methyl-specific PDCD4) antibody. To ascertain whether dual
detection of methylated PDCD4 and total PDCD4 using anti-
bodies generated in separate species can be performed without
cross-interference using different fluorescently labeled second-
ary antibodies, we probed similar samples either independently
or simultaneously. Comparable signals were obtained, verifying
that dual detection of methylated and total PDCD4 on the same
immunoblot is accurate (Fig. 1C).

To further confirm that this antibody is specific to methyl-
ated PDCD4, HEK293 cells expressing V5-tagged PDCD4 were
treated with AdOx, which depletes cellular levels of AdoMet,
generating a hypomethylated state. Cell lysate from this sample
was then subjected to immunoblot analysis. In contrast to an
antibody directed generally against PDCD4 that reacts with
PDCD4 in all samples, the msPDCD4 antibody recognized
V5-PDCD4 and endogenous PDCD4 only in untreated lysates.
Reactivity was undetectable with protein from AdOx-treated
lysate, even when loaded at increasing levels (Fig. 1D). Using
lysate from HEK293 cells expressing V5-tagged PDCD4y ;o @
mutation that retains charge but blocks arginine methylation
(5), msPDCD4 antibody recognizes only the endogenous form
of PDCD4 (Fig. 1D, lane 5). This data validates that msPDCD4
antibody reacts specifically with methylated PDCD4.

Nutrient Deprivation Enhances Methylation of PDCD4 to
Promote Cell Viability—Although the above results confirm
the specificity of this new reagent and indicate that the methyl-
ated form of PDCD4 is, in fact, present in cells, we were initially
surprised by results when we used immunofluorescence to
detect methylated PDCD4 in a panel of cell lines developed
previously (5). This panel of MCF7-derived cell lines has stably
integrated constructs: either expression cassettes for PRMT5
and PDCD4, PRMT5 and PDCD4y, o or empty vectors. We
found previously that, when both PDCD4 and PRMTS5 are
expressed in wild-type form, these cells grow more aggressively
as orthotopic xenografts (5). Yet, probing this panel by immu-
nofluorescence using msPDCD4 antibody revealed only spo-
radic reactivity, although it was selective for the PDCD4-
PRMT5 line (data not shown). In the course of these
experiments, however, it was noted that reactivity appeared
stronger when cells were growing more densely, so we pursued
a systematic investigation to test whether confluency alters
the levels of methylated PDCD4. Immunoblot analysis clearly
revealed that both methylated PDCD4 and total PDCD4 levels
increase as cells become more confluent, whereas levels of
PRMTS5 protein remain unchanged (Fig. 24). The increase in
methylated PDCD4 is most robust in cells coexpressing ele-
vated levels of both PDCD4 and PRMTS5, suggesting that both
methyl-competent PDCD4 and elevated PRMT5 levels are
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necessary for enhanced methylation. Cells coexpressing PD
CD4yq;0x With PRMTS5 displayed increased levels of total PDCD4
but not methylated PDCD4, indicating that methylation at Arg-
110 does not directly influence PDCD4 levels. These data reveal
that, under confluent conditions in tissue culture, PDCD4 levels
are increased and PDCD4 methylation is increased.

Reasoning that nutrients and growth factors could be limit-
ing in the medium of confluent cells, we replaced the medium in
a confluent dish of MCF7(PDCD4-PRMTS5) cells with fresh
growth medium (DMEM:F12, 10% FBS, 1X ITS, and 10 ng/ml
human EGF) for 3 h. Addition of this medium was sufficient to
decrease both total and methylated PDCD4 levels (Fig. 2B,
lanes 1 and 2), suggesting that, in confluent cells, metabolic
limitations drive increases in PDCD4 levels and methylation.
We then tested which components of the medium trigger the
decrease in PDCD4 methylation and levels. DMEM:F12 supple-
mented with ITS or with insulin alone was sufficient to decrease
methylated PDCD4 and total PDCD4 (Fig. 2B, lanes 3-5). Fur-
ther, when medium lacking glucose but supplemented with ITS
or insulin was transferred to confluent cells, methylated
PDCD4/PDCD4 levels did not decrease to the same extent as
when DMEM:F12, which contains glucose, was used. These
results are consistent with both insulin and glucose being
required to decrease methylated and total PDCD4 (Fig. 2B,
lanes 3-8).

We next wanted to determine whether nutrient limitation is
sufficient to drive the increased levels of methylated and total
PDCD4 observed during confluency or whether other factors,
such as increased cell-cell contacts, are required. PDCD4 levels
are known to stabilize upon serum deprivation and decline
upon serum stimulation (21), and, therefore, subconfluent
MCEF7 cells coexpressing PDCD4 and PRMT5 were serum-de-
prived over a 40-h time course and harvested every 8 h. Immu-
noblot analyses of lysates from these cells indicated that levels
of total PDCD4 increased over time with serum deprivation, yet
robust induction of methylated PDCD4 was not observed (Fig.
2C). We next tested a more stringent nutrient and growth fac-
tor deprivation using HBSS, which lacks amino acids and
growth factors but contains essential salts and a low concentra-
tion of glucose (1g/liter). Immunoblot analysis of this experi-
ment showed that methylated PDCD4 is elevated after 8 h,
peaks at 24 h, and remains high throughout the remainder of
the time course. PDCD4 levels follow a similar trend, whereas
levels of PRMTS5 do not change (Fig. 2D). To monitor signaling
pathways that are modulated under these conditions, we
tracked the mTOR pathway (24, 31). HBSS treatment led to a
more pronounced modulation of mTOR signaling, as indicated
by the lower levels of p-mTOR-Ser-2448 and pp70 S6 kinase-
Ser-235/236 (Fig. 2E). These results indicate that PDCD4 levels
and methylation are increased concomitantly with a threshold
in repression of mTOR signaling and independently of changes
specific to high confluency, such as increased cell-cell contacts.
Because nutrient deprivation leads to changes in cell cycle dis-
tribution and levels of PDCD4 have been shown to decrease
during mitosis (26), we next addressed whether cell cycle-
driven changes in PDCD4 levels and methylation could account
for the pattern observed during nutrient deprivation. To this
end, we subjected MCF7 (PDCD4-PRMT5) cells either to a
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FIGURE 2. Methylated PDCDA4 is increased upon nutrient deprivation and enhances cell viability during starvation. A,immunoblot analysis of MCF7 cells
stably expressing PDCD4 and PRMTS5 (lanes 4 - 6), PDCD4g 1o« and PRMTS5 (lanes 7-9), or vector control (lanes 1-3) grown at increasing confluency and probed
with antibodies as indicated. B, immunoblot analysis of MCF7 (PDCD4-PRMTS5) stable cells grown at >100% confluency where the medium was not changed
(lane 1) or exchanged for 3 h with fresh medium (lane 2), DMEM:F12 (lanes 3-5) supplemented with ITS (lane 4) or insulin (lane 5), or DMEM lacking glucose (lanes
6-38) and supplemented with ITS (lane 7) or insulin (lane 8). C, immunoblot analysis of MCF7 (PDCD4-PRMT5) cells grown under subconfluent conditions and
then switched to DMEM:F12 (without growth factors) for the indicated times. D, immunoblot analysis of MCF7 (PDCD4-PRMT5) cells grown at subconfluent
conditions in HBSS for the indicated times. £, immunoblot of MCF7 (PDCD4-PRMTS5) cells grown under normal conditions (lane 1), in DMEM:F12 for 24 h (lane
2), or in HBSS for 24 h (lane 3). F, FACS analysis of DNA content, as detected by propidium iodide (P/) staining, of MCF7 (PDCD4-PRMTS5) cells under normal
growth conditions (—), after 24 h of growth in HBSS, after double-thymidine treatment (Thy), and after nocodazole treatment (Noc). G, immunoblot analysis of
cellstreated as described in F. H, MCF7 cells stably expressing vector controls, PDCD4 with PRMT5, or PDCD4g, ; o« With PRMT5 were plated in 96-well dishes with
regular medium and allowed to adhere overnight. The medium was then replaced with HBSS, and cell viability was measured with the Cell Titer Glo assay.

Values are normalized to day 0 and reported as percentages. *, p = 0.0003; **, p = 0.0008.

double thymidine treatment to arrest them in G, or to nocoda-
zole to block cells in mitosis (Fig. 2F) and compared these con-
ditions directly to 24-h incubation in HBSS. Although HBSS
treatment results in a significant drop in cells that are in S phase
(27% in control versus 9% in HBSS) and a corresponding
increase in cells with 2N DNA content (G,), this similarity to
thymidine-arrested cells does not account for the observed
increases in total and methylated PDCD4 (Fig. 2G). Following
nocodazole treatment, we observed a robust enrichment in
mitosis (78% versus 28% of the cells had 4N DNA content, Fig.
2F). However, this did not result in a change of PDCD4 levels or
methylation status (Fig. 2G). This result differs from a recent
report where mitotically arrested cells were observed to have
lower levels of PDCD4 (26). The difference in results could be
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due to the different cell lines used and will be of interest to
better understand. Here, however, we can conclude that a shift
in cell cycle distribution does not account for changes in
PDCD4 levels and methylation observed in MCEF?7 cells. Rather,
signals unique to nutrient deprivation drive the activation of
this pathway.

Tumors often have nutrient-deprived, poorly vascularized
regions (32). Together with our previous observation of accel-
erated tumor growth when xenograft cells coexpress PDCD4
and PRMTS5 (5), this suggests that methylation of PDCD4 may
influence viability under nutrient deprivation. To address this
possibility, a panel of MCF7 cells was cultured for a longer term
(6 days) in HBSS and assessed for viability using the Cell Titer
Glo assay. This revealed a statistically significant enhancement
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in the viability of cells with elevated PDCD4 and PRMT5 com-
pared with cells expressing PDCD4 ; o with PRMTS5 (Fig. 2H).
Vector control cells displayed a range of viability phenotypes,
which may reflect the ability to turn on the PDCD4-PRMT5
pathway with lower efficiency. This panel of cell lines displays
no differences in cell proliferation or viability under normal cell
culture conditions (Ref. 5 and data not shown).

Nutrient Deprivation Changes Methylated PDCD4 Localiza-
tion—Because the role of PDCD4 can be influenced by its sub-
cellular distribution, which varies depending on the cell line
and conditions of culture (27, 33, 34), we next wished to deter-
mine the localization of methylated PDCD4. Using the MCF7
cells expressing elevated PDCD4 and PRMTS5, we tracked
methylated PDCD4 levels and localization under conditions of
normal cell culture, high confluency, and starvation. We
observed an increase in the percentage of cells positive for
methylated PDCD4 under both starvation and high confluency
and a shift in subcellular localization from the nucleus to cyto-
plasm (Fig. 3, A—C). The shift to the cytoplasm is more dramatic
under HBSS treatment, possibly because of the severity of the
nutrient deprivation. We did not observe changes in PRMT5
localization or levels. We also observed that levels and localiza-
tion of total PDCD4 increase and shift to the cytoplasm upon
HBSS treatment (Fig. 3D).

Methylated PDCD4 Enhances the Interaction with eIF4A and
Requires This Interaction to Confer Enhanced Viability—The
effects of PDCD4 when in the cytoplasm are attributed to its
ability to bind eIF4A, an RNA helicase involved in the unwind-
ing of the secondary structure to facilitate cap-dependent
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translation initiation (33). Probing for eIlF4A1l, we found it
localized to the cytoplasm, as expected, in HBSS-treated sam-
ples (Fig. 3E). Given the cytoplasmic localization of methylated
PDCD4 upon starvation, we next assessed whether methylation
of PDCD4 modulates its interaction with eIF4A. GST-tagged
elF4A1 or elF4A2 was used to retrieve binding partners from
HEK293 lysate, and immunoblot analyses of these pulldowns
were then probed with PDCD4 and msPDCD4 antibodies.
Methylated PDCD4 is more robustly enriched than total
PDCD4. When the same amount of input was compared for
each antibody, methylated PDCD4 displayed an increased
recovery with GST-elF4A1 or GST-elF4A2 versus total PDCD4
(Fig. 4A), indicating that methylation of PDCD4 promotes its
interaction with el[F4A1 and elF4A2.

To test whether methylated PDCD4 is the preferential bind-
ing partner in a more physiological context, HEK293 cells were
transiently transfected with GFP-eIF4A1 and then cultured in
HBSS to maximize PDCD4 methylation. Material was recov-
ered under these conditions or from cells that were cultured
further in complete medium for 2 h to reduce methylated
PDCD4 prior to lysis. GEP proteins, along with associated pro-
teins, were then captured on an affinity matrix and subjected to
immunoblot analysis. Again, relative to levels detected in the
input, methylated PDCD4 was recovered with much greater
efficiency than total PDCD4 (Fig. 4B). To quantify this effect,
lysates from MCF7 (PDCD4-PRMTS5) cells cultured in HBSS
were used in a pulldown assay with GST-elF4A1, and recovery
was measured in four repeats of this experiment (Fig. 4C). We
found consistently that methylated PDCD4 was recovered
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~3-fold more efficiently. Note that this is an underestimate of PDCD4 contains two MA3 domains (amino acids 164—275 and
the difference between methylated and unmethylated PDCD4  327-440) well characterized to interact with elF4A (14-18,
because we detected both populations when tracking total lev-  35). Methylation occurs at Arg-110 in the N-terminal domain
els. Thus, these data support the conclusion that methylation of ~ (5), which is thought to be an unstructured domain and is dis-
PDCD4 promotes a more robust interaction with elF4Al. pensable for binding to eI[F4A. Because methylation of PDCD4
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modulates its interaction with eIF4A (Fig. 4, A—C), we wanted
to address whether methylation enhances the MA3 domain
interaction with eIF4A or generates a new PDCD4-elF4A inter-
face independent of the MA3 domains. Point mutations
D253A/D418A in the MA3 domains were generated in the con-
text of V5-tagged PDCD4 and confirmed to eliminate binding
to elF4A under normal culture conditions, as reported previ-
ously (14) (Fig. 4D, lanes 1-3). Under starvation conditions,
when PDCD4 methylation is increased, the PDCD4 ;555454154
mutant is still not recovered with GST-elF4A1 (Fig. 4D, lane
6, V5 (PDCD4)). Mutation of the MA3 domains
(PDCD4p5554,04184) does not alter the ability to be methy-
lated because an increase in methylation is observed upon
expression of the PDCD4 5454, pa154 Mutant compared with
vector control cells (Fig. 4D, compare lanes 10—12) and because
immunoprecipitation of V5-tagged PDCD4 out of HBSS-
treated lysates shows that both PDCD4 and PDCD4 555454154
are methylated to the same extent (Fig. 4E, compare lanes 1 and
3). This demonstrates that arginine methylation of PDCD4
works in concert with the MA3 domains to promote the inter-
action with elF4A.

To test whether the heightened interaction between methyl-
ated PDCD4 and elF4A contributes to enhanced viability con-
ferred by PDCD4-PRMT5 expression during nutrient depriva-
tion, MCEF7 cells expressing PDCD4y,,c54 /54154 With PRMT5
or PDCD4 with PRMTS5 were cultured in HBSS and tracked for
viability. Cells coexpressing PDCD4 555454154 and PRMT5
displayed decreased viability compared with cells with elevated
PDCD4-PRMTS5, indicating a requirement for the MA3-medi-
ated interaction with eIF4A (Fig. 4F). No differences in growth
under normal culture conditions were observed (data not
shown). Together, these data suggest that PDCD4 requires the
robust interaction with e[F4A mediated through both methyl-
ation at Arg-110 and the MA3 domains to enhance viability
during starvation. Although the result that a feature of PDCD4
associated with its tumor suppressive activity is both elevated and
required under conditions where PDCD4 confers enhanced via-
bility appears paradoxical, these observations highlight the impor-
tance of cellular context in terms of PDCD4 function (discussed
further below).

Upon Recovery from Starvation, Methylated PDCD4 Is Elim-
inated Quickly—In the tumor context, signals that stimulate
neovasculature can restore nutrient levels, and tumor growth
depends on responding dynamically to this changing situation
(36). Given that nutrient deprivation increases PDCD4 methyl-
ation to modulate its interaction with eIF4A, it is equally impor-
tant to understand how this pathway is reversed. To assess
recovery from nutrient deprivation, MCF7 cells expressing ele-
vated PDCD4 and PRMTS5 were treated with HBSS for 24 h,
placed in complete growth medium, and observed over a 2-h
time course. Immunoblot analysis of these samples revealed
that both methylated and total levels of PDCD4 are down-reg-
ulated quickly and return to steady-state levels of non-detect-
able methylated PDCD4 and low levels of total PDCD4 after
120 min (Fig. 54). One signaling pathway that is activated upon
the switch to optimal growth conditions is the Akt pathway, a
kinase that has been found previously to regulate PDCD4. To
determine whether the same signals converge to regulate meth-
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ylated PDCD4, we first tracked phosphorylation of serine 457,
known to be targeted by Akt (27). As expected, PDCD4-Ser-457
levels increase following a shift from HBSS to complete
medium. Following a peak of abundance at 15-30 min, this
phosphorylated form decreases in levels (Fig. 5B). To specifi-
cally probe whether methylated PDCD4 is itself phosphory-
lated, samples were subjected to SDS-gel electrophoresis using
a gel supplemented with Phos-tag reagent, which enhances the
separation of phosphorylated proteins by slowing their migra-
tion (37). This immunoblot analysis allowed us to track the
phospho-isoforms of PDCD4, which rapidly accumulated by 15
min (Fig. 5C). This analysis also showed that methylated
PDCD4 was part of this population, phosphorylated in a quan-
titative fashion with the same kinetics. To put the dynamics of
PDCD4 regulation into context with mTOR signaling, we
tracked key markers of this network during recovery from
HBSS treatment. Under the conditions used here, downstream
effectors of this pathway are active by 15 min of recovery
because phosphorylated forms of both p70-S6 kinase and the
downstream target, ribosomal protein S6, are detected robustly
(Fig. 5D). The kinetics of S6 kinase activation are consistent
with its role in driving proteasome-mediated turnover of
PDCD4 (Ref. 21 and Fig. 6).

Because PDCD4 subcellular localization is regulated by Akt
phosphorylation at Ser-457 (27), we next tracked localization
by immunofluorescence. Both total and methylated PDCD4 are
shifted swiftly to the nucleus during recovery in complete
medium, becoming almost completely nuclear by 30 min and
returning to non-starved levels and localization after 120 min of
recovery (Fig. 5E). These data suggest that methylated PDCD4
is subject to the same regulation shown previously for PDCD4
(21, 27). The quick shift in methylated PDCD4 levels and local-
ization upon recovery from starvation suggests that methylated
PDCD4 is highly regulated and that its function in the cyto-
plasm is reversed rapidly when cells recover from metabolically
limiting conditions in synchrony with the global response to
nutrient restoration. Notably, however, both phosphorylation
at Ser-457 (Fig. 5B) and nuclear localization (Fig. 5E) are
observable as soon as 5 min after nutrient addition, indicating
that PDCD4 is highly sensitive to nutrient status and is engaged
very rapidly in the cellular response to nutrient availability.

Enhanced PDCD4 Protein Stability and Increased PRMTS
Activity Converge to Increase Methylated PDCD4 during Nutri-
ent Deprivation—Several kinases, including S6K, Akt, and the
PKC 6 and e isoforms, have been shown to phosphorylate
PDCD4 S67, targeting it for polyubiquitination and protea-
somal degradation (21-23). To test whether methylated
PDCD#4 is subject to proteasomal degradation, MCF7 cells
coexpressing PDCD4 and PRMTS5 were treated with and with-
out MG132 to block proteasomal degradation under normal
growth, during HBSS treatment, and during recovery. During
recovery from nutrient deprivation, treatment with MG132
was sufficient to sustain the levels of methylated and total
PDCD4 (Fig. 64, lanes 5 and 6), suggesting that proteasomal
degradation is responsible for the decreases in methylated and
total PDCD4. Treatment of nutrient-deprived cells with
MG132 showed no change in the levels of total or methylated
PDCD4 (Fig. 6A, lanes 3 and 4), suggesting that PDCD4 is not
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subject to proteasomal turnover during nutrient-limiting con- Toaddress whether the increase in methylated PDCD4is due
ditions. Lastly, treatment of cells under normal growth condi- solely to increases in total PDCD4, we quantified the signal
tions showed stabilization of PDCD4 protein levels but not detected by immunoblot analysis of cells cultured in HBSS in
methylated PDCD4 (Fig. 64, lanes 1 and 2). three independent experiments (as in Fig. 2D). We found that
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3,and 5) MG132 (10 um, 1 h) under normal growth conditions (lanes 7 and 2)
following culture in HBSS for 24 h (lanes 3 and 4) or following culture in HBSS
for 24 h and then a period of recovery with media for 1 h (MG132 was added
during recovery) (lanes 5 and 6). Immunoblot analyses of these cell lysates
were probed with antibodies as indicated. B, quantification of methylated
and total PDCD4 from three experiments (performed as in Fig. 2D), graphed
as values relative to the 8-h time point. C, autoradiograph detecting tritiated
proteins from in vitro methylation reactions where lysates from MCF7
expressing catalytically dead PRMT5 (mutation G367A/R368A) (lanes 3, 4, 7,
and 8) or empty vector (lanes 1, 2, 5, and 6) were incubated with recombinant
GST-PDCD4 (lanes 1-4) or GST-PDCD4g,,o« (lanes 5-8) and [*H]AdoMet.
Immunoblot analyses were probed with antibodies as indicated.

the relative increase in total PDCD4 does not account for the
appearance of methylated PDCD4 because the methylated
PDCD4 signal increases at a faster rate (Fig. 68). This suggests
that the increase in methylated PDCD4 signal cannot be
explained solely by increases in total PDCD4 and that addi-
tional factors are affecting methylated PDCD4 levels.

To test whether PRMTS5 activity during starvation contrib-
utes to increased PDCD4 methylation independently of
PDCDA4 levels, in vitro methylation reactions were performed
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with [?PH]AdoMet to track differences in methylation activity
toward PDCD4. Lysates from MCF7 cells, cultured in HBSS for
24 h or left untreated, were incubated with GST-PDCD4 or
GST-PDCD4y, ;0 and [PH]AdoMet. We observed an increase
in methylation of GST-PDCD4 in the HBSS-treated lysates
compared with non-treated counterparts (Fig. 6C, lane 2 versus
lane I). Methylation was dependent on the presence of Arg-110
(Fig. 6C, lanes 5 and 6). In addition, when MCEF?7 cells express-
ing PRMT5,, were used (in which exogenous PRMTS5 is cata-
lytically dead (5)), levels of GST-PDCD4 methylation were
reduced (Fig. 6C, lane 4), confirming the dependence on
PRMTS5 itself. These data indicate that PRMTS5 has increased
activity toward PDCD4 during starvation.

DISCUSSION

Many modes of regulation, including transcriptional, post-
transcriptional, and posttranslational (for example, Refs. 2, 21,
23, 27, 38-43), impinge on the abundance and activity of
PDCD4, underscoring a pivotal role for PDCD4. Although one
important facet of PDCD4 function is its tumor-suppressive
activity, previous work from our group revealed that the role of
PDCD4 in cancer biology is context-dependent. When PDCD4
is coexpressed with PRMTS5, it promotes tumor growth. Under-
scoring the context-dependent nature of PDCD4 and highlight-
ing an additional mode of regulation, here we report that nutri-
ent deprivation triggers methylation of PDCD4 that enhances
the ability of PDCD4 to interact with eIF4A and promote cell
viability. This leads to the model that promoting PDCD4 meth-
ylation at a certain time and place, with respect to tumorigen-
esis, confers an advantage on tumor growth.

PDCD4 has been connected previously to nutrient levels
because PDCD4 protein is stabilized (21, 44) and changes sub-
cellular localization (27) following growth factor removal. More
recently, PDCD4 has been shown to inhibit autophagy by con-
trolling the levels of ATG5, a component involved in autopha-
gosome formation (45). We also observed that PDCD4 levels
are induced upon serum deprivation and, to a larger extent,
with HBSS treatment, yet we did not observe changes in ATG5
levels or LC3 puncta when comparing a vector control and
PDCD4-PRMT5-expressing cells (data not shown). This could
be due to differences in cell lines or PDCD4 expression levels.

Increased methylation of PDCD4 during nutrient depriva-
tion is due, at least in part, to increases in PRMT5 activity
toward PDCDA4. Interestingly, PRMT5 activity toward histone
H3 Arg-2 (H3R2) has been found recently to increase in liver
cells during fasting, and this activity is required to promote
transcription of genes required for gluconeogenesis (46).
Together with our data, this raises the question of whether
PRMT5 may play a key role in adapting to changing nutrient
conditions via both a global transcriptional effect involving
H3R2 methylation (46) and a translational effect mediated by
methylation of PDCDA4.

We found further that methylated PDCD4 is turned over by
proteasomal degradation, occurring promptly during recovery
from nutrient stress. This suggests that PDCD4 methyl marks
are removed en masse by proteasomal degradation and not sub-
ject to demethylation in the circumstances we examined. This
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turnover allows the role of methylated PDCD4 to occur specif-
ically during metabolic stress.

We describe that PDCD4-R110 methylation stabilizes the
interaction with eIF4A. Previous studies defined that the MA3
domains mediate the interaction with eIF4A and suggest that
the less structured N-terminal domain is dispensable for bind-
ing to eIlF4A (14), and this has been found to be the case in
structural studies (15-20). Our data suggest that the N-termi-
nal domain, and, more specifically, arginine methylation of
Arg-110, either reinforces the interaction between the MA3
domains and eIF4A to form a more robust interaction or makes
the PDCD4 MA3 domains more accessible for interaction with
elF4A. Understanding this regulatory mechanism will be an
interesting avenue to pursue.

The interaction between PDCD4 and elF4A is also likely to
be influenced by subcellular compartmentalization. Under
nutrient deprivation, PDCD4 has been observed to shift to the
cytoplasm (34), and we found this pattern to be true for meth-
ylated PDCD4 as well. Upon recovery, PDCD4, including the
methylated population, is quickly localized to the nucleus prior
to an overall decrease in levels. In a simple model, nuclear local-
ization before and after nutrient deprivation sequesters PDCD4
away from eIF4A. Given previously characterized nuclear roles
for PDCD4 in transcriptional regulation and DNA damage
response (10, 47—49), however, it will be of interest to probe
whether methylation of PDCD4 influences these roles. Nuclear
compartmentalization of PDCD4 during recovery from nutri-
ent deprivation may serve not just to terminate a cytoplasmic
role but to promote specific roles in the nucleus as well.

Cells expressing elevated levels of PDCD4 and PRMT5 show
enhanced viability when subjected to long-term culture in
HBSS, and this phenotype requires that PDCD4 is both methyl-
competent and able to bind elF4A via the two MA3 domains.
Solid tumors are characterized by lack of or incorrectly
formed blood vessels, leaving regions hypoxic and nutrient-
deprived (32). It is within these regions that we expect meth-
ylated PDCD4 to play a role, allowing the tumor to continue
to expand by promoting viability and providing time for
blood vessel recruitment. A role for methylated PDCD4 in
nutrient-deprived regions could explain the results from our
previous xenograft experiment where PDCD4-PRMTS5 tumors
grew larger (5). Similarly, a kinase that controls translation
elongation, eEF2K, plays a role in regulating translation during
nutrient deprivation and is thought to promote tumorigenesis
by suppressing translation during nutrient deprivation (50). For
both methylated PDCD4 and eEF2K, it is unclear whether
enhanced viability is due to changes in global translation or
whether specific mRNA transcripts are targeted.

Metabolic stress occurs later in tumorigenesis when the
tumor has formed nutrient-deprived regions (51). Because
methylation of PDCD4 occurs during metabolic stress, we
speculate that methylated PDCD4 has a role later in tumor
development. This could explain the paradoxical role of
PDCD4 in tumorigenesis. PDCD4 could function as a tumor
suppressor early during tumorigenesis, at a time when inhibi-
tion of translation prevents initiating events and early growth,
whereas methylation of PDCD4 could occur during metabolic
stress to acutely inhibit, or otherwise modulate, translation at a
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time when this promotes viability, ultimately allowing tumor
expansion (51).
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