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Abstract

Previously we reported that the expression of promyelocytic leukemia (PML)-

retinoic acid receptor alpha (RARa) fusion gene, which is caused by specific

translocation (15;17) in acute promyelocytic leukemia, can enhance constitutive

autophagic activity in leukemic and nonleukemic cells, and PML overexpression

can sequestrate part of microtubule-associated protein light chain 3 (LC3) protein in

PML nuclear bodies, suggesting that LC3 protein also distributes into nuclei

although it is currently thought to function primarily in the cytoplasm, the site of

autophagosomal formation. However, its potential significance of nucleoplasmic

localizations remains greatly elusive. Here we demonstrate that PML interacts with

LC3 in a cell type-independent manner as assessed by Co-IP assay and

co-localization observation. Overexpressed PML significantly coprecipitates with

endogenous and nuclear LC3 protein. Furthermore, a fraction of endogenous PML

protein is found to be co-localized with LC3 protein under steady state condition,

which is further enhanced by IFNa induction, indicating that PML up-regulation

potentiates this interaction. Additionally, DsRed-PML associates with EGFP-LC3

during telophase and G1 phase but not in metaphase and anaphase. Two potential

LC3-interacting region (LIR) motifs in PML are required for interaction of PML with

LC3 while this association is independent of autophagic activity. Finally, we show

that interaction between PML and LC3 contributes to cell growth inhibition function

of PML. Considering that PML is an important tumor suppressor, we propose that

nuclear portion of LC3 protein may associate with PML to control cell growth for

prevention and inhibition of cancer occurrence and development.
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Introduction

Promyelocytic leukemia (PML) gene was discovered as a fusion partner of human

retinoic acid receptor alpha (RARa) gene, resulting in PML-RARa fusion protein

that is critical for pathogenesis of acute promyelocytic leukemia (APL) [1, 2, 3].

PML protein is characterized by presence of RBCC or tripartite motif (TRIM),

which consists of a C3HC4 zinc-finger motif (RING finger), two cysteine-rich and

zinc-binding regions (B-boxes), followed by leucine coiled-coil region [4].

Primary and single PML gene transcript undergoes extensive alternative splicing,

resulting in expression of seven isoforms designated PML I to PML VIIb. They

share the same N-terminal region containing RBCC/TRIM but differ in their

C-terminal sequences. Although each PML isoform displays its specific functions,

PML proteins generally function as an organizer to PML nuclear bodies (NBs) or

PODs (for PML oncogenic domains), which are dynamic and speckled nuclear

structures harboring numerous proteins transiently or covalently associated [5].

Therefore, PML and PML NBs are implicated in a wide variety of cellular

functions such as transcriptional regulation, protein storage, posttranslational

modification, DNA damage response, apoptosis, senescence, angiogenesis,

metabolism, antiviral defense and tumor suppression [6, 7, 8, 9]. PML NBs are

disrupted and dispersed in microspeckles in the leukemic blasts of APL patients

[10, 11], suggesting loss of PML NBs’ integrity contributes to leukemogenesis.

Autophagy-related (Atg) 8 protein family is one of highly conserved and critical

execution factors during autophagy process that is essential for maintaining

cellular homeostasis, controlling quality of proteins and organelles and

eliminating pathogens [12, 13, 14]. Multicellular animal Atg8 proteins comprise

three subfamilies: microtubule-associated protein 1 light chain 3 (MAP1LC3 or

LC3), c-aminobutyric acid receptor-associated protein (GABARAP) and Golgi-

associated ATPase enhancer of 16 kDa (GATE-16) [15]. Among these molecules,

LC3B (hereafter referred to LC3) is the first identified mammalian Atg8 protein

and regarded as an important marker for assessing autophagic activity so far.

During autophagy, cleaved form of LC3 (LC3-I) by Atg4 cysteine proteases is

converted into phosphotidylethanolamine (PE) conjugated form (LC3-II), and

subsequently LC3-II binds to outer and inner membranes of autophagosomes,

thus directly participating in phagophore elongation and autophagosome

formation [12]. Recently, accumulating lines of evidence suggest that LC3 acts

as a modifier to associate with cargo receptors that sequester cargo into

autophagosomes, and promotes selective autophagy through LC3 interacting

region (LIR) motif in these receptor proteins [16, 17]. Although LC3 is thought to

function primarily in cytosol, the site of autophagosome formation, several lines

of evidence indicate that it actually distributes in both cytoplasmic and

nucleocytoplasmic areas [18]. However, the function of nuclear pools of LC3

protein have had limited investigation.

Previously we reported that PML-RARa expression significantly enhances

constitutively autophagic activity in vitro leukemic and nonleukemic cells, and the

increased effects of autophagic activity are also found in leukemic cell-infiltrated
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bone marrow and spleen from in vivo leukemic mice [19]. Meanwhile, we

unexpectedly found that following overexpression of PML protein, either

ectopically or endogenous expressed LC3 is partially co-localized within PML NBs

[19]. Here we investigate the interaction of PML with LC3 and its potential

functions.

Materials and Methods

Cell lines, cell synchronization and reagents

Human prostate cancer cell line PC3, osteosarcoma cell line U2OS and HEK293T

cells were purchased from the American Type Culture Collection. Human

neuroblastoma cell line SK-N-SH was obtained from cell resource center of

Shanghai Institutes for Biological Sciences, Chinese Academy Science, Shanghai,

China. Wild-type (WT) and ATG52/2 MEFs were generously provided by

Professor Noboru Mizushima [20]. PC3 cells were cultured in Hams’ F-12K

medium (Gibco, 21127-022) supplemented with 10% fetal bovine serum (FBS,

Gibco, 26140). SK-N-SH, HEK293T, U2OS, and WT or ATG52/2 MEFs were

cultured in Dulbecco’s modified Eagle’s medium (DMEM, HyClone,

SH30022.01B) containing 1% penicillin and 1% streptomycin, supplemented with

10% FBS. All cell lines were incubated in 5% CO2/95% air humidified atmosphere

at 37 C̊. Metaphase synchronization was achieved by treatment with 200 ng/ml

nocodazole in complete media for 18 hours. Recombinant human IFN-a 2A was

purchased from Peprotech (300-02AA) and doxorubicin was obtained from

Sigma (44583-10MG). EBSS was made according to the media formulations as

described previously [21].

Plasmids and transfection

pEGFP-LC3B plasmid was constructed by our group [19], and pFlag-CMV4-PML

I was a generous gift from Dr. Jian-Hua Tong in Shanghai Institute of

Hematology (SIH). pFlag-CMV4-PML IV was constructed by PCR strategy from

pFlag-CMV4-PML I into pFlag-CMV4 expressing vectors. DsRed-PML IV and

pLVX-Flag-PML IV plasmids were respectively made by a swap of PML IV cDNA

into DsRed or pLVX vectors (Clontech, 632164) from pFlag-CMV4-PML IV. The

sequences of cDNA inserts were confirmed by sequencing. The Flag tagged PML

mutant1, mutant2 and double mutant were generated by PCR methods with site

mutation sequence and then cloned into pCMV4 vector and pLVX vector.

Transient transfection was performed with HilyMax Transfection Reagent

according to the manufacturer’s procedures (Dojindo Molecular Technologies,

H357).

shRNA design and viral infection

Complementary oligonucleotides against PML (siPML#1 and siPML#2),

referred to the sequences of PML si1 and PML si3 in the reference [22], were
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synthesized, annealed and ligated into pSIREN-RetroQ vector according to

Knockout RNAi Systems User Manual (Clontech Laboratories, Inc. Mountain

View, CA). These siRNA and non-specific siRNA (NC) plasmids with pSIREN-

RetroQ or pLVX vector were co-transfected with packaging plasmids including

pCMV-Gag pol, VSV-G or pMD2G and PSPA2 into HEK293T cells to produce

retrovirus or lentivirus. Forty-eight hours later, the viral supernatants were

collected, filtered through 0.45 mm membrane (Millipore) and respectively added

into 293T cells incubated with the medium containing 1 mg/ml polybrene (santa

cruz, sc-134220). Stably expressed cells were selected by 1 mg/ml puromycin after

viral infection for 48 hours.

Protein extract, subcellular fractionation and immunoprecipitation

About 36107 of transfected HEK293T cells were harvested and cytosol and nuclei

fractions were isolated as previously described [23]. 16107 cells were harvested

with immunoprecipitation lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl,

1 mM EDTA, 1% NP-40, 1 mM PMSF, protease inhibitor cocktail). After brief

sonication, the cell lysates were centrifuged with 12000 rpm at 4 C̊ for 10 minutes.

The lysates were pre-cleaned with normal IgG at 4 C̊ for 2 hours and supernatants

were incubated with mouse anti-Flag M2 Affinity Gel (Sigma, A2220) overnight at

4 C̊. After immunoprecipitation, the beads were washed with washing buffer (PBS

plus 0.05% Tween) for five times and the precipitates were analyzed by western

blot with indicated antibodies.

Western blots

The whole cell lysates were extracted in PBS, plus 26SDS, equally loaded onto

SDS-PAGE, and subsequently transferred to the Immobilon PVDF Transfer

Membranes (Millipore Corporation Billerica, MA). After blocking in 5% non-fat

milk at room temperature for 1 hour, the membranes were incubated with the

indicated primary antibodies overnight at 4 C̊, followed by HRP-linked secondary

antibodies (Cell Signaling, 7074). The signals were detected by chemiluminescence

phototope-HRP kit (Millipore, WBKLS0500) according to the manufacturer’s

instructions.

Antibodies

Anti-PML antibodies used in immunofluorescence assay and western blot were

respectively purchased from Santa Cruz (mouse PML clone PG-M3) and Bethyl

(rabbit A301-167A). Anti-LC3 antibody was obtained from Sigma Aldrich

(L-7543). Anti-a-tubulin-HRP-DirecT antibody (PM054-7) and anti-DDDDK-tag

(mouse, M185-3L) for testing the expression of Flag tagged proteins were purchased

from Medical and Biological Laboratories. Anti-myc-tag antibody was got from Cell

Signaling (rabbit, 2272). Lamin B (sc-6216), Daxx (sc-7152) and Sp100 (sc-16328)

were obtained from Santa Cruz. b-Actin was purchased from Calbiochem (CP01).
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Confocal microscopy and immunofluorescence

U2OS and other indicated cell lines were seeded on glass coverslips and then

transfected with the indicated plasmids using HilyMax Reagent. After transfection

for 24 hours, the cells were fixed in 4% paraformaldehyde PBS at room

temperature for 30 minutes. The fixed cells were washed in PBS and

permeabilized with methyl alcohol for 20 minutes. After washing with PBS for 3

times, the cells were blocked with 1% BSA in PBS at room temperature for

2 hours. Then, the cells were incubated with indicated primary antibodies

overnight at 4 C̊ and washed for 3 times on the following day. Finally the cells

were stained with corresponding secondary antibodies (Santa Cruz), followed by

washing and finally the coverslips were mounted on glass slides. Fluorescent

signaling was visualized under NICON fluorescent microscope. PML nuclear

spots were detected and visualized by anti-PML or Flag antibody under confocal

microscopy. Colocalization of PML with LC3 was quantified in the section where

more and clear PML nuclear bodies could be observed. Images show a single

z-section. For calculating percentages of colocalization, numbers of PML nuclear

body colocalized partially or completely with Myc-LC3 or LC3 per cell were

counted, and then colocalization percentage of PML and LC3 per cell was

calculated based on numbers of PML NBs colocalized with LC3 and total numbers

of PML NBs. For each experiment, 30–50 cells were observed. Data of

colocalization percentage show mean percentage with S.D by analyzing 30 or 50

cells in an independent experiment.

Colony Formation Assay

One hundred HEK293T cells transfected with indicated plasmids were seeded on

6-well plates. The cells were cultured in vitro for 15 days and stained with 1%

crystal violet after fixation with methyl alcohol. Visible colonies were counted.

CCK-8 assay

Plates were pre-incubated in 5% CO2/95% air humidified atmosphere at 37 C̊ and

followed by seeding 500 HEK293T cells into per well of 96-well plates. After the

cells were cultured for the indicated days or treated with various concentrations of

doxorubicin for 24 hours, 10 ml CCK-8 solutions (CK04, Dojindo Molecular

Laboratories) were added into each well and incubated at 37 C̊ for 2 hours. The

absorbance was measured by a Synergy H4 Hybrid Reader (BioTek) at a

wavelength of 450 nm. Cell growth or cytotoxic activity induced by doxorubicin

was assessed by cell numbers that had been calculated based on the standard curve

between absorbance values and cell numbers. Each sample was triplicate.

Statistical analysis

Student’s t-test was used to evaluate the differences between two groups. A p value

of less than 0.05 was considered statistically significant.
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Results

PML interacts with overexpressed and endogenous LC3 proteins

To test whether PML interacts with LC3, human embryonic kidney cell line

HEK293T was transiently co-transfected with GFP-LC3 and Flag tagged PML I or

PML IV expressing plasmids, or empty vector as a negative control. After

transfection for 48 hours, co-immunoprecipitation (Co-IP) assay was performed.

As shown in Figure 1a, Flag tagged PML I/IV and GFP-LC3 proteins were found

in the whole-cell lysates, indicating effective transfection. Anti-Flag antibody

could efficiently precipitate Flag-PML I/IV proteins, suggesting an effective and

specific immunoprecipitation by Flag antibody. As we expected, GFP-LC3

proteins were detected in Flag antibody-pulled down immunoprecipitates of PML

I/IV but not that of vector expressing (Figure 1a), suggesting that overexpressed

PML could interact with GFP-LC3. Vice versa, Flag-PML I and IV proteins could

also significantly be coprecipitated with GFP-LC3 by anti-GFP antibody albeit

with different pull down effects (Figure 1b).

To confirm above-observed interaction of PML with LC3, we generated

HEK293T cells stably expressing two pairs of small interfering RNA (siRNA)

specifically against PML (designated siPML#1 and siPML#2 respectively)

(Figure 1c). siPML#1 expressing cells, demonstrating remarkably silenced PML

expression resulting in clear background to exclude possible disturbance of

expression of distinct endogenous PML isoforms, were further transiently

transfected with Flag-tagged and siRNA-resistant PML I, PML IV or empty vector.

After transfection for forty-eight hours, cytosol and nuclei of transfected

HEK293T cells were respectively fractionated, as verified by corresponding

subcellular resident proteins including cytosolic protein b-actin and nuclear

protein lamin B. Further, these protein extracts together with whole cell lysates

(WCL) were applied for immunoprecipitation (IP) assay. The results showed that

anti-Flag antibody could effectively pull down Flag-PML I/IV proteins from WCL,

cytosol and nuclei fractions, together with endogenous and particularly LC3-II

proteins derived from WCL and nuclei but not cytosol (Figure 1d), suggesting

PML interacted with endogenous and nuclear LC3 proteins.

Transfected and induced expression of PML increase part of LC3

proteins to co-localize with PML NBs

Human osteosarcoma cell line U2OS was transiently co-transfected with GFP-LC3

and Flag-PML I, DsRed-PML IV or their corresponding empty plasmids. In line

with the previous reports [24], PML I and PML IV proteins demonstrated

dispersed and punctuated nuclear structures. Consistent with our previous

findings [19], ectopic expression of PML I and IV significantly sequestered a

fraction of LC3 protein within PML NBs leading to complete co-localization of

LC3 with PML, while this phenomenon could not be seen in DsRed, Flag or EGFP

plasmid-transfected cells (Figure 2a), suggesting specific events for PML

expression and no artefactual EGFP signal from bleed-through of DsRed-PML IV.
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Figure 1. PML interacts with overexpressed and endogenous LC3 proteins. (a–b) HEK293T cells were transiently transfected with the indicated
plasmids. After transfection for 48 hours, whole cell lysates were harvested and Co-IP assay was performed by Flag (a) or GFP (b) antibody. Then the
indicated proteins were detected by western blot. (c) HEK293Tcells were stably transfected with siPML#1, siPML#2 or NC. The expression of PML protein
level was detected by PML antibody with a-tubulin as loading control. (d) siPML#1-expressing HEK293Tcells were transiently transfected with Flag tagged
shRNA-resistant PML I, PML IV or empty vectors, then fractionated cytosol and nuclei together with whole cell lysates were applied to IP by Flag antibody.
Endogenous LC3 protein was detected in immunoprecipitate by western blot. 10% cell lysates (input) was used as a positive control. All experiments were
repeated for three times and similar results were obtained.

doi:10.1371/journal.pone.0113089.g001
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Similar co-localization effect was also found in U2OS cells (Figure 2b) when

co-transfected with Flag-PML I/IV and Myc-LC3 expressing plasmids, thus

excluding the possibility of aberrant localization with GFP tag. Subsequently, we

found the effects of PML-induced LC3 recruitment within PML NBs occurred in

several human cell lines tested, including human cervical cancer cell line HeLa,

laryngeal carcinoma cell line Hep2, prostate cancer cell line PC3, HEK293T and

neuroblastoma cells SK-N-SH. These results suggested that PML promoting

recruitment of partial LC3 protein in PML NBs is in a cell type-independent manner.

To exclude possibly artificial effect of PML overexpression on LC3 localization,

PC3 cells were transiently transfected with Myc-LC3 and followed by treatment

with and without interferon (IFN) a for 48 hours in that IFNa can specifically

upregulate PML gene in a variety of cells [25]. Indirect immunofluorescence assay

showed that compared to the cells treated with vehicle, IFNa significantly

Figure 2. Effects of transfected expression of PML on distribution of LC3 protein. (a–b) U2OS cells were transiently co-transfected with two pairs of
expressing plasmids, EGFP-LC3 and Flag-PML I (or DsRed-PML IV) (a) or Flag-PML I/IV and Myc-LC3 (b) together with their corresponding empty vectors.
After transfection for 24 hours, the cells were fixed and observed by confocal microscopy. Representative colocalization images of overexpressed PML I/IV
and LC3 were shown (scale bar 57.5 mM).

doi:10.1371/journal.pone.0113089.g002
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increased numbers and intensities of PML NBs in the cells (Figure 3a–b), which

was consistent with previous reports [25, 26]. As shown in Figure 3a, Myc-LC3

had a diffuse distribution pattern, which localized in cytoplasm with a relatively

large amount accompanied with some aggregates and less amount in

nucleocytoplasm together with a few smaller foci at steady state, whereas IFNa

could induce clearly and large nuclear Myc-LC3 foci that significantly colocalized

with PML NBs. Colocalization percentage of PML NBs with Myc-LC3 in vehicle

and IFNa-stimulated cells was quantified with line scan analysis by fluorescence

intensities overlap along profiles spanning PML NBs per cell. In control cells,

there was part of PML NBs colocalized with Myc-LC3, while IFNa treatment

could significantly increase the colocalization percentage of PML and Myc-LC3

(19¡8.3% for control; 70¡4.5% for IFNa), as analyzed by 50 Myc-LC3

expressing cells. Further, we tested whether this co-localization effect could

happen in endogenous PML and LC3 proteins. As expected with the notion that

LC3 exerts function primarily in cytosol, endogenous LC3 proteins were

distributed mainly in cytoplasma and less in nucleocytoplasmic regions in both

PC3 and SK-N-SH cells, which is consistent with the findings that LC3 shuttles

between these two compartments [18]. Similar to the observed effect of

overexpressed Myc-LC3 and endogenous PML proteins, by calculating percen-

tages of PML bodies colocalized with LC3 in 50 SK-N-SH cells (upper parts,

Figure 3b), 31% PML NBs demonstrated to colocalize with LC3 under steady

state condition and IFNa further significantly enhanced the colocalization effect

of PML NBs with LC3, depicting that 75% PML NBs were colocalized with LC3.

Similar results could also be seen in PC3 cells (lower parts, Figure 3b), as assessed

by line scan analysis and calculating percentage of PML NBs colocalized with LC3

(29¡12% for vehicle; 80¡10% for IFNa). These results strongly indicated PML

could interact with LC3 under physiological condition and this effect can be

intensified by PML expression.

Recently, Palibrk et al have reported that PML bodies form stable interacting

complex with early endosomes after entry into mitosis and these two

compartments stably associated throughout mitosis and dissociate in the

cytoplasm of newly divided daughter cells [27]. To address whether PML

interacted with LC3 protein dependent on a specific cell cycle stage, PC3 cells were

co-transfected with DsRed-PML IV and GFP-LC3 expressing plasmids. After

transfection for 24 hours, the cells were treated with 200 ng/ml nocodazole for

18 hours to arrest the cells in metaphase and then released from nocodazole block

for 1 and 2 hours. After release for 2 hours, majority cells entered into G1 phase.

Then, transfected cells in different phases of cell cycle were randomly observed by

confocal microscopy. As shown in Figure 4, GFP-LC3 partially colocalized in

cytoplasmic DsRed-PML protein during early phase of telophase (telophase 1)

and completely colocalized within nuclear DsRed-PML NBs during later stage of

telophase (telophase 2) and G1 phase while this phenomenon could not be seen in

metaphase and anaphase, as assessed by line scan analysis. These results suggested

that PML associates with LC3 may occur in telophase and G1 phase.
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Figure 3. Effects of IFNa-induced expression of PML on localization of LC3. (a–b) PC3 cells were transiently transfected with Myc-LC3 and followed by
treatment of IFNa at 2000 IU/ml for 48 hours (a), while SK-N-SH and PC3 cells were respectively treated with IFNa (2000 IU/ml for SK-N-SH and 8000 IU/ml
for PC3) or vehicle for 48 hours (b). Localization of PML and LC3 proteins were detected by PML and Myc (a) or LC3 (b) antibodies. The representative
images of treated cells as indicated were shown [scale bar 510 mM in (a) and (b) for PC3 cells); scale bar 57.5 mM in (b) for SK-N-SH cells]. PML NBs-
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Interaction between PML and LC3 proteins is independent of

autophagy

Autophagy process is regulated by a series of autophagy-related genes such as

Beclin1, mTOR, LC3 and Atg5 that control distinct stage of autophagy (initiation,

progression and maturation) [28, 29]. To determine whether PML-interacting

with LC3 was dependent on autophagy, wild-type (WT) and Atg5 knockout

(Atg52/2) mouse embryonic fibroblast cells (MEFs) were transiently

co-transfected with GFP-LC3 and Flag-PML IV or empty vector, respectively.

Considering PML IV has been one of the most studied isoforms of PML recently,

which has several functions such as growth inhibition, apoptosis, senescence,

destabilization of c-Myc and antiviral response [30, 31], we used PML IV isoform

plasmid as a studying tool in the following experiments. Consistent with previous

report [20], conversion of LC3-I into LC3-II was found in WT MEFs but not in

Atg52/2 MEFs when these cells were treated with nutrient-free EBSS, the medium

of autophpagy inducer, for 30 minutes, suggesting that autophagosome formation

was impaired and autophagic activity was compromised in Atg52/2 MEFs. As

shown in Figure 5a, Flag-PML IV could coprecipitate with GFP-LC3 regardless

the presence and absence of Atg5 gene expression. Noticeably, overexpressed

GFP-LC3 protein processing from GFP-LC3-I to GFP-LC3-II could be easily

found in cell lysate (input) of WT MEF cells, which is not seen in 293T cells

(Figure 1a and 1b). This was possibly due to different constitutive autophagy

activity or different transfection potency existed in these two cell lines. Under

latter situation, there might not be enough time for GFP-LC3 processing when

producing more GFP-LC3-I proteins such as in 293T cells, since we found that

transfection efficiency was much higher in 293T than in MEF cells. Meanwhile, we

also found that overexpressed PML IV recruited partial GFP-LC3 proteins within

PML NBs either in WT or Atg52/2 MEFs (Figure 5b). These data proposed that

PML interacts with LC3 proteins independent of autophagic activity.

LIR motifs are required for interaction of PML with LC3

Accumulating evidence indicates that LC3-interacting region (LIR), W/Y/F-x-x-L/

I/V (x means any amino acid), mediates a specific interaction between LC3/

GABARAP family proteins and selective autophagic substrates and cargo receptors

such as p62 and NBR1 [16]. This specific region localizing within these substrates

and receptors can bind to two hydrophobic pockets conserved in LC3 family

proteins. A series of studies show that mutation of one or two conserved critical

W/Y/F and/or L/I/V residues into alanine in this motif results in remarkable

decrease of interaction with LC3 protein [32, 33, 34, 35]. With this notion in

colocalized with Myc-LC3 or LC3 were quantified with line scan analysis (right graph) by observing overlap of fluorescence intensity peaks along profiles
spanning PML NBs (aRa’ or bRb’) as indicated in merge image. Values (x¡SD) in merged images represented mean percentages of PML NBs colocalized
with LC3 per cell (with S.D) by observing 50 PC3 or SK-N-SH cells in an independent experiment. The symbol * indicated p,0.01 compared to the cells
treated with vehicle. All experiments were repeated for three times and similar results were obtained.

doi:10.1371/journal.pone.0113089.g003
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Figure 4. Colocalization effect of overexpressed PML and LC3 during cell cycle. PC3 cells were transiently transfected with DsRed-PML IV and GFP-
LC3 expressing plasmids and followed by treatment with nocodazole at 200 ng/ml for 18 hours. The treated cells were harvested by mitotic shake off,
seeded onto coverslips and released from nocodazole block for 1 and 2 hours. Then the cells were fixed after staining with hoechest 33342 (blue) for
observation with confocal microscopy. Representative images of dividing and G1 phase cells were observed (scale bar 510 mM). Right graph presented line
scan analysis for colocalization of DsRed-PML and GFP-LC3 based on fluorescence intensity profiles across PML NBs as indicated on left merged images.
Experiments were repeated for three times and similar results were obtained.

doi:10.1371/journal.pone.0113089.g004
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mind, we blasted amino acid sequences of PML from a series of mammalian

species including gorilla, mus musculus, gallus and human beings et al. As

expected, there are two potential conserved LIR sites (Y/FRQI and FFDL) existed

in PML protein, which are localized in amino acid (aa) 124–127 and aa 621–624,

respectively (Figure 6a). To test whether these LIR motifs contributed to

interaction of PML and LC3, several mutated PML expressing plasmids were

generated from wild type PML IV plasmid, in which tyrosine (aa 124) and

isoleucine (aa 127) residues in Y/FRQI were mutated into alanine (ARQA for

Mutant 1), Phenylalanine (aa 621) and Leucine (aa 624) residues in FFDL were

mutated into alanine (AFDA for Mutant 2), together with combination of Mutant

1 and Mutant 2 (ARQA124–127/AFDA621–624 for Double mutant, designated DM).

Then HEK293T cells were transiently co-transfected with GFP-LC3 and Flag-

tagged WT or individual mutant PML plasmids. As shown in Figure 6b, anti-Flag

antibody could effectively precipitate all Flag tagged WT and mutant PML

proteins, indicating similar pull down efficiency of CO-IP. Mutant 2 but not WT

and Mutant 1 PML lost its interaction capability with LC3 protein to a degree,

while DM PML failed to co-precipitate LC3 protein. These data suggested that

two LIR motifs, particularly the second one, are required for PML interacting with

LC3.

To further verify this effect, we observed the localization of endogenous LC3

proteins in PC3 cells transfected with Flag tagged WT or DM PML expressing

plasmids, together with pLVX vector as control. DM PML demonstrated similar

nuclear distribution pattern compared with WT PML. Similar to the effects of

IFNa induction (Figure 3), high resolution images revealed that overexpression of

WT PML but not DM PML could significantly enhance the recruitment of

endogenous LC3 protein in PML NBs, as analyzed by line scan and calculating

percentages of PML NBs colocalized with LC3 in 30 cells for each group

(73¡15% for WT PML, 9¡6% for DM PML) (Figure 7a–b). These results

suggested two LIR motifs in PML indeed contribute to interaction of PML with

LC3.

Interaction between PML and LC3 contributes to cell growth

inhibiting function of PML

To explore potential role of PML-interacting with LC3, Flag tagged WT and DM

PML expressing plasmids were stably transfected into HEK293T cells, together

with vector as control. As shown in Figure 8a, Flag tagged WT and DM PML

demonstrated similar protein expression levels. Consistent with previous report

Figure 5. Interaction of PML and LC3 is independent of autophagic activity. (a) Wild type (WT) and Atg52/2 MEF cells were respectively transfected
with the indicated plasmids. After transfection for 48 hours, whole cell lysates were harvested and immunoprecipitated with Flag antibody, followed by
immunoblots with GFP antibody. 10% cell lysates (input) was used as a positive control. (b) Indicated cells were co-transfected with EGFP-LC3 and DsRed-
PML IV or DsRed vector, respectively. Following transfection for 24 hours, the cells were fixed and observed under confocal microscopy. Representative
colocalization images of EGFP-LC3 and DsRed-PML in indicated cells were shown (scale bar 525 mm). All experiments were repeated for three times and
similar results were seen.

doi:10.1371/journal.pone.0113089.g005
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[36], WT PML-expressing cells depicted a significant growth inhibition compared

with that of vector expressing cells, as assessed by CCK-8 assay. Intriguingly, we

found that DM PML expressing cells completely lost this growth inhibition effect

Figure 6. LIR motifs are required for interaction of PML and LC3. (a) Alignments of a portion of PML protein sequence across several mammalian
species showed two conserved LIR motifs as indicated in the rectangles. Two potential LIR motifs were respectively mutated into the mutant form AXXA,
designated mutant 1 (Mut1) and mutant 2 (Mut2). (b) HEK293T cells were transiently transfected with the indicated plasmids and Co-IP was performed with
Flag antibody. The indicated proteins were analyzed by immunoblotting. 10% cell lysates (input) was used as a positive control. DM represents double
mutant PML plasmid with the mutated sites of both mutant 1 and mutant 2. These experiments were repeated for three times and similar results were
obtained.

doi:10.1371/journal.pone.0113089.g006
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(Figure 8b), suggesting that association of PML with LC3 may facilitate

PML-conducted growth inhibition. Similar phenomena could also be found in

colony formation assay when these transfected cells were cultured in vitro for 15

days (Figure 8c). Considering that PML has a pro-apoptotic property, we tested

whether there is a difference between WT and DM PML expressing cells when

treated with doxorubicin at different dosages. As assessed by CCK-8 assay,

doxorubicin-induced cell growth inhibition was significantly increased in WT

PML expressing cells, compared with empty vector expressing cells with

Figure 7. Effects of wild type and double mutant PML on localization of endogenous LC3 protein. PC3 cells were transfected with Flag tagged WTand
double mutant (DM) PML expressing plasmids. After transfection for 48 hours, the localization of PML and LC3 proteins were analyzed with Flag and LC3
antibodies. (a) Representative images were captured by confocal microscope (scale bars 510 mM). Line scan analysis right was applied to quantify
colocalization of LC3 and Flag tagged WT PML or DM PML crossing PML NBs as indicated on left merged images. (b) Quantification of percentages of PML
NBs colocalized with LC3 per cell in part (a) was presented. Data presents mean percentage with bar as S.D by analyzing 30 cells in an independent
experiment. The symbols * and # indicate p,0.01 compared with the cells expressing empty or Flag-WT PML plasmids, respectively. All experiments were
repeated for three times and similar results were obtained.

doi:10.1371/journal.pone.0113089.g007
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Figure 8. Effects of wild type and double mutant PML on growth and doxorubicin-induced cytotoxic activity of HEK293T cells. (a) HEK293T cells
were stably transfected with indicated plasmids. The expressions of Flag tagged WTand DM PML proteins were detected with Flag antibody. (b) Indicated
cells were respectively cultured for days as indicated and followed by CCK-8 assay. (c) Dense foci formation on a monolayer of indicated cells for 15 days
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corresponding treatments (upper part, Figure 8d), which was consistent with

previous notion that PML presents pro-apoptotic function [37, 38]. DM PML

expressing cells displayed similar growth inhibition effect of doxorubicin

compared with that of WT PML expression although it depicted a little different

response. Meanwhile, dynamic time-course analysis with doxorubicin (0.5 mM)-

treated WT PML- and DM PML-expressing cells displayed a similar response to

doxorubicin-induced cell growth inhibition, compared to that of vector-

expressing cells (lower part, Figure 8d). Further, several PML nuclear body

components including DAXX, Sp100, SUMO and UBC9 were surveyed for if any

of these are missing from PML body, which may affect cell survival following

doxorubicin treatment. The results showed that WT PML and DM PML

presented a similar recruitment potential of these components in PML NBs, as

determined by line scan analysis (Figure 8e). All together, these results suggested

that interaction of PML with LC3 did not contribute to pro-apoptotic property of

PML.

Discussion

In this study, we report that PML interacts with LC3 in a cell type-independent

manner as assessed by Co-IP assay and co-localization observation. Moreover,

overexpressed PML significantly coprecipitates with endogenous and nulear

LC3-II form. One previous report that LC3-II is found in nuclei of fresh rat

hepatocytes by biochemical fractionation approach also supports the notion that

nuclear LC3 is mainly LC3-II form [39]. Interaction of PML and LC3 persists in

Atg52/2 cells (Figure 5a), which have only LC3-I due to an autophagy defect that

prevents processing of LC3-I to LC3-II. Co-IP data of Figure 1a and Figure 6b

indicate a preferential interaction of PML with LC3-I. Therefore, we speculate that

PML may interact with both LC3-I and -II forms. Actually, interaction of PML

and LC3 is not dependent on autophagic activity (Figure 5). More importantly, a

fraction of endogenous PML protein was found to be colocalized with LC3

protein, while this colocalization effect was further potentiated by IFNa induction

(Figure 3), supporting that PML interacts with nuclear portion of LC3 protein

under physiological conditions and this interaction effect can be potentiated by

PML upregulation. Recently, several reports indicate that LC3 has a

nucleo-cytoplasmic distribution and the mobility of EGFP-LC3 protein in nucleus

was observed by light microscope (upper part) and foci numbers were counted. Data represents means with bar as S.D of three independent experiments
(lower part). (d) Indicated cells were respectively treated with indicated concentrations of doxorubicin for 24 hours (upper part) or with 0.5 mM doxorubicin for
hours as indicated (lower part), and followed by CCK-8 assay. Cell numbers were calculated as depicted in materials and methods. Cell growth was
assessed by CCK-8 assay and relative folds against untreated cells were calculated. Data present means with bar as S.D of triplicate samples in an
independent experiment. Symbols * and # respectively present p,0.05 compared with the cells expressing empty vector or Flag-WT PML. (e) PC3 cells
were transfected with Flag tagged WT PML and DM PML expressing plasmids. After transfection for 24 hours, the cells were immunostainning with anti-
Flag, Daxx or Sp100 antibodies. Representative images for colocalization of PML with Daxx or Sp100 were shown (scale bar 510 mM) and colocalization of
Daxx or Sp100 within PML NBs were quantified by line scan analysis on left merged images. All experiments were repeated for three times and similar
results were obtained.

doi:10.1371/journal.pone.0113089.g008
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and cytoplasm was substantially slower as analyzed by FRAP suggesting that LC3

shuttles between nucleus and cytoplasm areas [18]. LC3 contains a putative

nuclear export signal but it has not a known nuclear localization signal (NLS).

Therefore, its nuclear import could be mediated through an interaction with a

protein containing an NLS. PML could possibly be this candidate protein.

Further, we found that PML associates with LC3 during telophase and G1 phase

but not in metaphase and anaphase, suggesting their interaction specifically

occurred in some phases of cell cycle. This phenomenon and its potential

significance deserved to be further addressed.

Substantial evidence suggests that LIR motif is essential for proteins interacting

with LC3 or its related family proteins. Our results showed that two conserved LIR

motifs and particular the second one in PML sequence are required for interaction

of PML with LC3 (Figure 6–7), suggesting that PML may directly interact with

LC3. We cannot exclude the possibility that other LC3-interacting proteins may

contribute to this observed phenotype. In particularly, p62 (sequestosome 1) and

phosphoinositide-binding protein ALFY, described as binding partners for LC3

directly or indirectly, have been recently found to colocalize in PML NBs when

nuclear export is blocked by treatment of exportin-1 inhibitor leptomycin B [40].

Moreover, another possibility that other proteins localized in PML nuclear bodies

may also contribute to this interacting effect needs to be elucidated in future.

Identifying PML-interacting proteins may address this issue.

LIR-containing proteins include cargo receptors such as p62, the related

neighbor of BRCA1 gene 1 (NBR1) and optineurin, members of the basal

autophagy machinery, proteins associated with vehicles and their transport, Rab

GTPase-activating proteins and specific signaling proteins that are degraded by

selective autophagy [16, 32, 41, 42, 43]. Several proteins such as Rab7 effector

protein FYCO1 and two Rab guanosine triphosphatase-activating proteins

including OATL1 (TBC1D25) and TBC1D5 can specifically bind to Atg8 family

proteins, although these proteins are not substrates for autophagy but they

directly or indirectly modulate critical process of autophagy such as interaction

with lipid phosphatidylinositol-3-phosphate [44], fusion between autophagosome

and lysosomes [45] or mediation of autophagosome maturation [46]. Our

previous study showed that PML-RARa expression increases constitutively

autophagic activity, but it cannot interact with LC3 as assessed by localization of

LC3 and PML-RARa [19]. Unlike PML-RARa in which the second potential LIR

motif (aa 621–624) is missing due to gene translocation, PML over-expression can

potentially increase sequestration of partial LC3 protein in PML NBs without

enhancing autophagic activity, implying PML may control basic autophagy level

by recruiting fraction of LC3 proteins within nuclear area. Therefore, experiments

examining the role of PML in autophagy may elucidate their relationships.

However, double mutant PML protein that lacks interaction capability with LC3

also did not affect the intracellular activity of autophagy as determined by

detecting endogenous LC3 expression, which is similar to WT PML, suggesting

that interaction of PML with LC3 may not directly participate in modulation of

autophagy process. A previous study demonstrates that nuclear import-defective
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PML I targets early endosomes, and defective PML III, IV and V localize in late

endosomes and lysosome [24], suggesting cytoplasmic portion of PML may

associate with lysosome compartment, the critical organelle executing autophagy

process.

Finally we elucidated potential role of PML-interacting with LC3. Our results

showed that DM PML lost cell growth inhibition effect, which was conducted by

WT PML, indicating that the interaction contributes to growth arrest function of

PML. Relatively involved mechanism and whether this interaction could further

influence other functions of PML (such as senescence and viral responses)

deserved to be elucidated in future.

Collectively, our results propose that PML interacts with LC3 proteins and this

interaction is dependent of LIR motifs and confers cell growth inhibition effect of

PML. This work suggests that nuclear portion of LC3 may associate with PML to

control cell growth for prevention and inhibition of cancer occurrence and

development.
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