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C-terminal motifs in promyelocytic leukemia protein isoforms
critically regulate PML nuclear body formation
Chuang Li, Qiongfang Peng, Xiao Wan, Haili Sun and Jun Tang*

ABSTRACT
Promyelocytic leukemia protein (PML) nuclear bodies (NBs), which
are sub-nuclear protein structures, are involved in a variety of
important cellular functions. PML-NBs are assembled by PML
isoforms, and contact between small ubiquitin-like modifiers
(SUMOs) with the SUMO interaction motif (SIM) are critically
involved in this process. PML isoforms contain a common
N-terminal region and a variable C-terminus. However, the
contribution of the C-terminal regions to PML-NB formation remains
poorly defined. Here, using high-resolution microscopy, we show that
mutation of the SIM distinctively influences the structure of NBs
formed by each individual PML isoform, with that of PML-III and PML-
V minimally changed, and PML-I and PML-IV dramatically impaired.
We further identify several C-terminal elements that are important in
regulating NB structure and provide strong evidence to suggest that
the 8b element in PML-IV possesses a strong ability to interact with
SUMO-1 andSUMO-2, and critically participates in NB formation. Our
findings highlight the importance of PML C-termini in NB assembly
and function, and provide molecular insight into the PML-NB
assembly of each distinctive isoform.
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INTRODUCTION
Promyelocytic leukemia protein (PML) nuclear bodies (NBs) are a
type of nuclear spherical protein structure that range from 0.1 to
1 μm in diameter (Lallemand-Breitenbach and de The, 2010; Sahin
et al., 2014a). They are widely distributed in mammalian cells and
play an important role in a variety of cellular processes, such as
transcription regulation, senescence, apoptosis, DNA repair and
antiviral response (Pearson et al., 2000; Zhong et al., 2000b;
Bernardi and Pandolfi, 2007; Everett and Chelbi-Alix, 2007; Giorgi
et al., 2010; di Masi et al., 2016). Hundreds of proteins have been
found to be associated with PML-NBs, either transiently or
permanently, which may mediate the diverse functions of PML-
NBs (Negorev and Maul, 2001; Weidtkamp-Peters et al., 2008;
Shire et al., 2016). Defects in PML-NBs are closely related to
pathogenesis, notably tumorigenesis (Salomoni and Pandolfi, 2002;
de Thé et al., 2012).
A typical PML-NB is a hollow sphere presenting as a doughnut

shape in electron microscopy images (Lallemand-Breitenbach and
de The, 2010). PML is the structural component and organizer of

PML-NBs (Lallemand-Breitenbach et al., 2001). It belongs to the
tripartite motif family with a characteristic RBCC region that
includes a RING domain, two B boxes and a coiled-coil (CC) region
(Jensen et al., 2001). Six nuclear isoforms of PML derived from
alternative mRNA splicing, termed PML-I to PML-VI, are found to
co-exist in NBs (Condemine et al., 2006; Nisole et al., 2013). These
isoforms share a common N-terminal region containing an RBCC
motif, but they differ in their C-termini (Jensen et al., 2001). PML is
SUMOylated, primarily at K65, K160 and K490 in the common
region (Kamitani et al., 1998). PML-I to PML-V also contain a
SUMO-interacting motif (SIM) N-terminal to the variable regions
(Kerscher, 2007). PML-VI is the shortest isoform with just a few
unique amino acid residues at its C-terminus, and it lacks the SIM
(Brand et al., 2010).

Understanding the molecular events governing PML-NB
assembly is fundamental for PML-NB biology. Previous studies
using one PML isoform, typically PML-IV or PML-VI, have
demonstrated that PML multimerization and SUMOylation are
critical in promoting NB assembly (Zhong et al., 2000a; Lallemand-
Breitenbach et al., 2001). PML multimerization mediated by its CC
region initiates PML nucleation, which drives the formation of
primary PML aggregates and promotes sumoylation of PML and its
associated proteins in a PMLRING-dependent manner (Sahin et al.,
2014b). Through multiple SUMO–SIM interactions, SUMOylated
PML further recruits partner proteins and induces re-organization of
the primary PML aggregates into mature NBs, displayed as hollow
spheres (Sahin et al., 2014a). Mutations in PML-IV that abolish
PMLmultimerization and SUMOylation severely impair the normal
process of PML-NB assembly (Shen et al., 2006).

The PML SIM is considered to be another critical structural
component in PML-NB maturation due to its ability to interact with
the SUMOmoiety of PML (Cappadocia et al., 2015). However, this
view has been challenged by some studies, which have shown that
SUMOylation or mutation of the SIM in PML-I or PML-III did not
have much impact on NB morphology (Cuchet et al., 2011; Sahin
et al., 2014b). The main disputed point is if SUMO–SIM
interactions between PML are required for the formation of
ordered hollow spheres from aggregates (Shen et al., 2006; Sahin
et al., 2014b). As these studies used different isoforms, one
possibility is that the mechanisms involved in NB formation for
different isoforms may not be the same.

Endogenous PML-NBs are assembled by multiple PML isoforms
with distinct C-termini; however, attention has mostly focused on
the common region of all isoforms (Sahin et al., 2014a). Increasing
evidence indicates that the unique C-terminus of each isoform is
also functionally important. For instance, the C-terminal portion of
PML-IV is critical in p53 regulation and in recruiting specific
proteins, such as telomerase reverse transcriptase and the tumor
suppressor ARF (officially known as CDKN2A) (Ivanschitz et al.,
2015; Oh et al., 2009; Hsu et al., 2012); PML-V-NBs are relatively
immobile, which can be attributed to an α-helix within the C-Received 21 February 2017; Accepted 10 August 2017
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terminus (Geng et al., 2012); NBs of different isoforms respond
differently in arsenic-induced degradation (Maroui et al., 2012;
Hands et al., 2014). However, whether and how these C-terminal
regions participate in PML-NB formation is largely unknown.
Because these regions are very close to the SIM (Maroui et al.,
2012), they could potentially modulate the function of the SIM,
thereby influencing the process of NB formation. One strategy to
test this is to systematically examine and compare the effect of SIM
mutation on the structures of NBs formed by each PML isoform.
Here, using high-resolution microscopy, we found that mutation

of the SIM indeed differentially influenced the structure of NBs
formed by each individual PML isoform, and we provide evidence
to suggest that these differences are due to distinct structural
elements in the C-terminus of each isoform. Our findings highlight
the importance of PML C-termini in NB assembly.

RESULTS
The SIM differentially affects NB formation by each
individual isoform
To determine if the SIM plays a similar role in the NB formation
mediated by each individual isoform, we created a SIM-defective
mutant for isoforms I to V by substituting VVVI with AAAS (Shen
et al., 2006), which we termed PML SIMm (Fig. 1A). In addition,
we fused the SIM sequence at the C-terminus of PML-VI and
named the fusion protein PML-VI+SIM (Fig. 1A). Plasmids
expressing green fluorescent protein (GFP)-tagged WT or PML-I
to PML-VI SIMm/+SIM constructs were individually transfected
into a PML-knockout (PML-KO) HeLa cell line (Fig. S1), which
was generated using the TALEN gene editing technique (Bedell
et al., 2012; Carlson et al., 2012). PML-KO was verified by
immunofluorescence, western blot analysis and genomic
sequencing (Fig. S1). Moreover, we generated a series of HeLa
cell lines stably expressing individual PML-I to PML-VI, and their
SIMm/+SIM mutants. The stable cell lines expressing cells PML-II
to PML-VI were made in PML-KO HeLa cells, while PML-I stable
cells were constructed in PML-WT cells as we failed to obtain stable
cells using PML-KO cells (Fig. S2). PML-NBs were examined by
fluorescence and super-resolution structured illumination
microscopy (SR-SIM). NBs were assessed based on several
aspects, including mean number, size, homogeneity and
hollowness. For hollowness, we primarily focused on the NBs
with sizes of approximately 0.5 µm in diameter.
NBs formed by wild-type PML-I to PML-V closely resembled

each other compared with those formed by PML-VI in respect to
size and homogeneity in both transient transfected cells and stable
cell lines (Figs 1B and 2A). These NBs were relatively
homogeneous, with a diameter of approximately 0.5 µm
(Fig. 2D). In contrast, PML-VI NBs were heterogeneous, many
with a diameter close to or even exceeding 1 µm, and some had a
diameter of less than 0.2 µm (Figs 1B and 2A,D). In addition, the
NBs formed by PML-I, PML-III, PML-IV and PML-V were
hollow, while those formed by PML-II and PML-VI were solid
(Figs 1C and 2B). To better evaluate PML-NB hollowness, we
defined a method to relatively quantify the hollowness of
PML-NBs. We first measured fluorescence intensity at the
maximal cross-section of a PML-NB to generate a fluorescence
intensity curve (Fig. 1D). A hollowed PML-NB generates
two peaks. We then determined the points on the y-axis which
are half the maximum amplitude of each peak. The degree of
hollowness is defined as the ratio between the width of two inner
points (d1) and that of two outer points (d2) on the x-axis
(Fig. 1E).

Compared with the NBs formed by WT proteins, SIM mutations
in PML-I to PML-V showed a differential impact on NBs of each
isoform in both transiently transfected cells (Fig. 1) and stable cell
lines (Fig. 2), with that of PML-IV being the most dramatically
affected and showing the greatest reduction in mean number and
loss of hollowness with a drastic increase in size (Fig. 1B–F and
Fig. 2). SIM mutation also greatly affected the NBs of PML-I but
generated minimal changes to those formed by PML-II, PML-III
and PML-V, in regard to number, size and hollowness (Fig. 1B–F
and Fig. 2). Furthermore, addition of SIM to PML-VI converted the
NBs from solid large aggregates to hollow spheres with reduced
sizes and increased number and homogeneity (Fig. 1B–F and
Fig. 2). Western blot analysis following immunoprecipitation
showed that SIM mutations did not affect SUMOylation of PML
(Fig. 1G). Collectively, these data indicate that PML SIM plays a
role in regulating size, number and hollowness of NBs; however, its
contribution varies between the different isoforms.

SIM promotes the transformation of PML-VI-NBs by
interacting with the SUMO moiety on the K160 site
Addition of the SIM to PML-VI induced a transformation of NBs
from solid large aggregates to ordered hollow spheres, shown as ring
shapes under SR-SIM, and increased the number of NBs formed
(Figs 1B–F and 2). As the PML SIM sequence contains four serine
residues, some of which might be phosphorylated, probably by CK2
(Scaglioni et al., 2006), we substituted these four serine residues
with four alanine residues (Fig. 3A upper row). Mutating VVVI to
AAAS completely abolished the ability of SIM to affect NBs,
whereas the S to A mutation only had a partial effect (Fig. 3B–F).
Western blot analysis indicated that the SUMOylation levels among
all these mutants were comparable (Fig. 3G). In addition, fusing
SIM sequences from other proteins, including Daxx (Lin et al.,
2006), HIPK2 (Sung et al., 2011), RNF4 (Tatham et al., 2008) and
RanBP2 (Song et al., 2004), to PML-VI all induced hollowness in
NBs, although the sizes of the formed NBs varied (Fig. 3H). Taken
together, these data suggest that the SUMO–SIM interaction, not
phosphorylation, is critical in facilitating PML to formmore ordered
NB structures.

To determine which lysine residue is critical for mediating
interactions with the SIM, we mutated K65, K160 and K490, either
individually, two in combination or three together, to arginine in
PML-VI WT and PML-VI+SIM. The mutant with all three lysines
changed to arginine was named 3KR (Fig. 3A, middle row). SR-
SIM images showed that the hollowness of the NBs formed by
PML-VI+SIM was diminished in NBs formed by the mutants
containing a K160R mutation, suggesting that SUMOylation at
K160 is critical for NB formation (Fig. 3I). Careful examination of
these NBs in comparison with their counterparts without a SIM
revealed that the small inner center of these NBs, including that of
PML-VI-3KR+SIM, appeared to be hollow (Fig. 3I,J). We therefore
suspected that some weak SUMO–SIM interactions may still occur.
To further disable SUMOylation, we created a 6KR mutant, in
which six SUMOylation sites, including three minor ones (Liang
et al., 2016), were mutated (Fig. 3A, lower row). As expected, the
NBs formed by PML-VI+SIM-6KR completely lost their
hollowness (Fig. 3I,J).

The C-terminal α-helix in PML-V conceals the contribution of
the SIM to NB formation
To determine if the resistance of the PML-V-NBs against SIM
mutation that we observed above was due to the possibility that the
SIM mutant we created may still retain some SUMO binding
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activity, we further mutated the SIM region in PML-V (Fig. 4A).
SSSEDSD in the SIMwas mutated to AAAEDAD, as this sequence
has also been reported to be involved in SUMO interaction
(Cappadocia et al., 2015), and the mutant was referred to as SIM-SA
(Fig. 3A). We also constructed a SIM-VSA mutant in which
the SIM sequence of VVVISSSEDSD was changed to
AAASAAAEDAD ensuring that the SIM completely lost its

SUMO binding ability (Cappadocia et al., 2015) (Fig. 4A).
Compared with those of WT and the above SIMm of PML-V, the
NBs formed by PML-V-SIM-SA and PML-V-VSA did not change
appreciably in number and morphology but became heterogeneous
in size (Fig. 4B–E). These results indicated that PML-V indeed had
an ability to maintain the ring-shaped structure independently of the
SIM.We previously identified a unique α-helix in the C-terminus of

Fig. 1. The SIM differentially affects NB formation by each individual isoform. (A) Schematic representation of PML isoforms I to VI and their SIM mutants.
For PML-I to PML-V, SIMmutants refer to the fact that the SIM was mutated; for PML-VI, it means that the SIM was added to the C-terminus of PML-VI. (B) Green
fluorescent protein (GFP) fluorescence analysis of PML-NBs formed by PML isoforms and their SIM mutants. PML-KO HeLa cells transfected with plasmids
expressing PML mutants as indicated were fixed after 24 h and analysed by GFP fluorescence. Cell nuclei were stained with DAPI. Scale bar: 5 µm. (C) Super-
resolution images of NBs of PML isoforms and their SIM mutants. Endogenous expression of single PML-NBs in B was analysed using structured illumination to
gain high-resolution images of NBs, and representative images are shown. Scale bar: 1 µm. (D) GFP fluorescence intensity curves of representative NBs of PML
isoforms and mutants at the cross-section axis shown by red arrows. (E) A schematic depiction of the method for quantification of the hollowness of a PML-NB. A
representation of a hollowed PML-NB and its GFP fluorescence intensity curve are shown. The points on the x-axis that are half the maximum height of each peak
were determined. The degree of hollowness is defined as the ratio between thewidth of two inner points (d1) and that of two outer points (d2) on the x-axis. (F) The
hollowness of NBs of PML isoforms and mutants. For NBs of a specific PML protein, their hollowness is the average number from 12 random chosen PML-NBs in
six cells. (G) Comparative analysis of SUMO-1modification betweenWTand SIMmutant of each isoform. Cells were co-transfected with HA-SUMO-1 and FLAG-
PML isoforms or their SIM mutants. Cell lysates were immunoprecipitated followed by western blot analysis using HA antibodies for SUMO-1 and FLAG
antibodies for PML isoforms. Bars and error bars in F represent means and s.d. (n=3). ***P<0.001.
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PML-V capable of mediating strong protein–protein interactions
and immobilizing PML-V-NBs (Geng et al., 2012). Strikingly,
mutation of the SIM in this α-helix-defective mutant (PML-V-RP)
generated a huge impact on the NBs formed, similar to the effect on
NBs formed by PML-I/PML-IV with a SIM mutation, in
comparison with that of the SIM WT counterpart (Fig. 4B,C).
These changes included a decrease in the number of NBs, a size
increase and abolition of the ring-shaped structure (Fig. 4D–F).
Collectively, these data suggest that in the presence of the
C-terminal α-helix, the role of the SIM in NB formation is masked.

The role of the SIM in PML-IV-NB formation is related to its 8b
region
Mutation of the SIM in PML-IV produced the most dramatic impact
on the formation of NBs (Figs 1 and 2). To explore whether this
effect is related to its 8a or 8b region, we deleted these two regions
from PML-IV (Fig. 5A). Strikingly, the NBs formed by the 8b
deletion mutant (PML-IV-Δ8b), regardless of the SIM mutation,
were significantly enlarged and lost hollowness, a phenotype that
resembled that of the SIM-defective mutant of PML-IV (Fig. 5B,C).
Compared with WT, the number of NBs was reduced and was
further decreased by SIM mutation (Fig. 5D). In contrast, 8a
deletion did not yield any apparent alterations in the morphology
and size of NBs, but the effect of further SIMmutation was dramatic
(Fig. 5B,C). The differential effect of 8b and 8a deletion on PML-
IV-NBs was verified in PML-KO HeLa cells that stably expressed
GFP-PML-IV-Δ8b or GFP-PML-IV-Δ8a mutant (Fig. S3). Western

blot analysis indicated that the SUMOylation levels among all these
mutants were comparable (Fig. 5F). Failure of PML-IV-Δ8b to form
the expected hollow NB structures suggests an intriguing possibility
that the structural role of the SIM in this mutant is suppressed by 8a.
To test this, we fused 8a to PML-IV+SIM and observed the
disruption of the hollow structure of NBs as predicted (Fig. 5G,H).
Taken together, these data indicate that 8b is critically involved in
PML-IV-NB formation and is functionally related to SIM, whereas
8a has an ability to interfere with SIM function.

8b of PML-IV possesses the ability to bind with SUMO
To explore the role of 8b in the formation of NBs, we fused 8b to the
C-terminus of PML-VI (Fig. 6A upper row) and generated GFP-
PML-VI+8b stable cell lines. Addition of 8b to PML-VI increased
the number and homogeneity of NBs (Fig. 6B,D). In addition, the
size of the NBs was decreased and hollowness was induced
(Fig. 6C,E). All of these changes in NBs were remarkably similar to
those caused by adding a SIM to PML-VI, suggesting the possibility
that 8b may function as a SIM. To test this, we examined the
interaction between 8b and SUMO-1/SUMO-2 using a yeast two-
hybrid assay, in which the Daxx C-terminal SIM was replaced with
8b or PML-SIM (Fig. 6F,G). The results showed that 8b displayed a
strong SUMO-1 and SUMO-2 binding ability, particularly to
SUMO-1, which was even stronger than that of PML-SIM
(Fig. 6G). In addition, we examined the direct interaction between
8b and SUMO-1/SUMO-2 using in vitro glutathione S-transferase
(GST) pull-down assays. The results show that 8b directly binds

Fig. 2. The SIM differentially affects NB formation in stable cell lines. (A) GFP fluorescence analysis of PML-NBs in HeLa cells stably expressing GFP-tagged
PML isoforms and their SIM mutants as indicated. These PML stable cells were stained with DAPI after fixation. Scale bar: 5 µm. (B) Super-resolution
structured illumination images of representativeNBs fromGFP-PML stable cell lines. Scale bar: 1 µm. (C) The average number of PML-NBs per cell from 100 cells
was calculated and is shown. (D) Average length of themaximum cross-section of 30NBs is shown. (E) Hollowness of NBs in each stable cell line. The hollowness
of 12 random chosen PML-NBs in six cells was calculated and averaged. Bars and error bars in C, D and E represent mean with s.d. (n=3). *P<0.05; **P<0.01;
***P<0.001.
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SUMO-1 or SUMO-2, and that the interaction between 8b and
SUMO-1 is stronger than that of SIM and SUMO-1 (Fig. 6H).
Collectively, these data suggest that 8b contributes to NB formation
by functioning as a SIM.

The ability of PML-IV 8b to regulate p53 depends on the SIM
Mutation of the SIM in PML-IV abolished the normal ring-shaped
structure of NBs, indicating that the ability of 8b to promote NB
formation was also affected by the SIMmutation (Fig. 5C). PML-IV
is critically involved in p53 SUMOylation and cellular senescence
(Pearson and Pelicci, 2001; Peche et al., 2012). A recent study
indicated that 8b was crucial for this activity of PML-IV. Indeed,
co-expression of PML-IV with p53 enhanced p53 SUMOylation,
while the 8b deletion mutant failed to do so (Ivanschitz et al., 2015).
We then examined whether the ability of 8b to regulate p53
SUMOylation was also regulated by the SIM. As expected,

mutation of the SIM diminished the ability of PML-IV to
stimulate p53 SUMOylation, indicating that the SIM is required
for the function of 8b (Fig. 7).

DISCUSSION
Our results suggest that the ability of the SIM to promote the
re-organization of PML-NBs by interacting with SUMO is
differentially influenced by the distinct C-terminal region of each
isoform. The current model primarily emphasizes the role of the
common region of all PML isoforms in PML-NB formation (Sahin
et al., 2014a). We extended this model by showing that the
C-terminal region of each isoform also critically participates in
the process of PML-NB formation. In particular, we found that the
contribution of PML-V-SIM to PML-V-NB formation was
overshadowed by its C-terminal α-helix, and the 8b region in
PML-IV strongly promoted NB formation and was regulated by the

Fig. 3. SIM promotes the transformation of PML-VI-NBs by interacting with the SUMO moiety on K160. (A) Schematic representation of PML-VI+SIM
mutants with the hydrophobic region, serine-rich region or SUMOylation sites mutated. Three major SUMOylation sites (K65/K160/K490) were replaced by
arginine (3KR), and 6KR includes three new-found additional SUMOylation sites (K380/K400/K497). (B) GFP fluorescence analysis of PML-NBs formed by PML-
VI+SIM mutants. PML-KO HeLa cells transfected with GFP-PML-VI+SIM mutants were fixed and analysed by GFP fluorescence; nuclei were stained with DAPI.
Scale bar: 5 µm. (C) Super-resolution images of NBs of PML-VI+SIM mutants. Single PML NB was analysed using structured illumination, and representative
images are shown. Scale bar: 1 µm. (D) The average number of PML NBs per cell from 100 cells was calculated and is shown. (E) The average length of the
maximum cross-section of 30 NBs is given. (F) The average hollowness of 12 PML-NBs is shown. (G) Influence of SIMmutation on PML-VI SUMO-1 modification
level. FLAG-tagged PML-VI+SIM mutants were co-expressed with HA-SUMO-1. Lysates were analysed by western blot following immunoprecipitation.
(H) Super-resolution structured illumination analysis showing that the SIMs of PML-NB partner proteins can also transform PML-VI NBs. The SIMs of Daxx/
HIPK2/RNF4/RanBP2 were added to the C-terminus of PML-VI. Scale bar: 1 μm. (I) Super-resolution images of representative NBs of PML-VI/+SIM and their
SUMOylation site mutants. PML-VI/+SIM with single, double or tripartite SUMOylation sites (K65/K160/K490) mutated were transfected into PML-KOHeLa cells.
The cells were fixed 24 h post transfection and analyzed using structured illumination. Scale bar: 1 µm. (J) The average hollowness of 12 NBs of GFP-PML-VI
+SIM and their SUMOylation site mutants was calculated and is shown. Bars and error bars in D, E, F and J represent mean with s.d. (n=3). **P<0.01; ***P<0.001;
NS, not significant.
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SIM (Fig. 4). Our studies highlight the importance of PML
C-termini in NB formation and their interplay with SIMs.
For simplicity, we can divide the process of PML-NB formation

into three phases: the first phase refers to PML multimerization
driven by the N-terminal RBCC region to form solid protein
aggregates of various sizes; in the second phase, the PML
aggregates reorganize and assemble into ordered hollow spheres,
displayed as ring-shapes under high-resolution microscopy; and in
the third phase, other proteins are recruited into the PML-NBs
(Ishov et al., 1999; Lallemand-Breitenbach et al., 2001; Lallemand-
Breitenbach and de The, 2010; Lang et al., 2010). Although the
three phases are coherent, inseparable and all important for the
normal structure and function of PML-NBs, we primarily focus on
the second phase, particularly on understanding the mechanism that
induces reorganization with respect to distinct isoforms.
A disputed point in the mechanism of PML-NB formation is

whether SUMO–SIM interactions are required for a PML-NB to
progress from phase I to phase II (Shen et al., 2006; Sahin et al.,
2014b). Studies with PML-IV indicate that the SUMO–SIM
interactions are required (Shen et al., 2006), while work with
PML-III showed otherwise (Cuchet et al., 2011; Sahin et al.,
2014b). Indeed, in our study, SIM mutation in PML-IV blocked the
PML-NB transformation, whereas that of PML-III had little effect
(Fig. 1). Our results suggest that this inconsistency stems from the
unique C-terminal region of each isoform. Without the influence of
the C-terminal tail, as in the case of PML-VI when a SIM was
added, SUMO–SIM interactions play a major role in inducing PML-
NB transformation (Fig. 3).
For other isoforms, the contribution of the SUMO–SIM interaction

is differentially modulated by the C-terminal sequences. PML-V

contains one α-helix in its C-terminus. This motif possesses a strong
ability to mediate protein–protein interactions, which may facilitate
and stabilize the ordered structure of NBs (Weidtkamp-Peters et al.,
2008; Brand et al., 2010; Geng et al., 2012). In the presence of this
α-helix, the role of SIM is masked. Only when this stabilizing force is
disrupted is the effect of the SUMO–SIM interaction manifested
(Fig. 4). Most likely, due to these dual effects, the PML shell in PML-
V-NBs is much thinner and more compact than that of the other NBs
(Fig. 1C). Although we did not explore whether the C-terminal
portion of PML-III was involved in PML-NB formation, we predict it
would be the case and, like PML-V, both the SIM and C-terminal tail
of PML-III may positively and independently induce PML-NB
transformation. For PML-I and PML-IV, SIM mutations reversed
PML-NB formation from phase II to phase I, indicating that the SIM
is required and necessary for their NB formation (Fig. 1C). PML-II
did not form the typical ring-shaped structures observed with the
other isoforms with a SIM (Brand et al., 2010; Ohsaki et al., 2016).
This could be due to the cell type that we used or to the fact that PML-
II has a long C-terminal portion that interferes with SUMO–SIM
interactions required for the ring-shaped NB formation (Brand et al.,
2010).

The role of the SIM in PML-IV is probably not limited to
mediating interactions with SUMO, but more importantly, it
regulates the functions of the 8b region. PML-IV is the only
isoform that can activate p53 and induce cellular senescence upon
over-expression, and thus it has been extensively studied (Peche
et al., 2012; Ivanschitz et al., 2015; Fukuda et al., 2017). A recent
study reported that the 8b region could interact with ARF and
promote global SUMOylation, particularly that of p53 (Ivanschitz
et al., 2015). This region is also involved in specific interactions

Fig. 4. The C-terminal α-helix in PML-V conceals the contribution of SIM to NB formation. (A) Schematic diagram of the SIMmutants and α-helix mutants of
GFP-PML-V. The α-helix in the PML-V C-terminus is destroyed by mutating two arginine residues to prolines, with or without additional mutation of the SIM.
(B) Fluorescence analysis of the role of the α-helix in stabilizing PML-V-NBs resistant to SIM mutation. PML-KO HeLa cells were transfected with plasmids
expressing GFP-PML-V or its α-helix mutants. Cells were fixed after 24 h and analysed by GFP fluorescence. Cell nuclei were stained with DAPI. Scale bar: 5 µm.
(C) Super-resolution images of representative NBs of PML-V and its mutants. Endogenous expression of single PML-NB in B was analysed using structured
illumination to gain high-resolution images of NBs, and representative images are shown. Scale bar: 1 µm. (D) Quantification of PML-NBs of PML-V and its
mutants. The average number of PML-NBs per cell from 100 cells was calculated and is shown. (E) Average length of the maximum cross-section of 30 NBs is
shown. (F) Average ratio of hollowness of 12 random NBs from six PML-KO cells transfected with GFP-PMLmutants was calculated and is shown. Bars and error
bars in D, E and F represent mean with s.d. (n=3). **P<0.01; ***P<0.001; NS, not significant.
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with other proteins, such as certain viral proteins (Maroui et al.,
2011; Reichelt et al., 2011; El Asmi et al., 2014) and the pathogenic
poly Q protein Htt (Guo et al., 2014). We revealed that 8b also
played a critical role in PML-NB formation because deletion of 8b
disrupted the ring-shaped structure despite the presence of the SIM,
whereas adding 8b to the C-terminus of PML-VI induced these
structures (Figs 5C and 6). The function of the SIM is probably
suppressed by 8a in PML-IV as both PML-IV-Δ8b and PML-VI
+SIM+8a failed to form the ring-shaped structure (Fig. 5C,I). The
ability of 8b to promote PML-NB formation depends on the
functionality of SIM, as the ring-shaped structures of PML-IV-NBs
were disrupted upon SIM mutation (Fig. 5C). Consistently, the
ability of 8b to enhance p53 SUMOylation was also lost (Fig. 7). It
seems that the SIM, 8a and 8b form a complex relationship. It is
possible that 8a could be a negative module for both the SIM and 8b.
When the SIM is functional, 8a may lean towards the SIM and block
its activity, allowing 8b to exert its function. However, when the
SIM loses its functionality, 8a may shift to 8b and suppress its
function, resulting in disappearance of the ring-shaped structure.
More studies are needed to clarify the relationship between these
three motifs.
An interesting finding is that 8b possesses the ability to interact

with SUMO. Yeast two-hybrid analysis indicated that 8b could bind

both SUMO-1 and SUMO-2, and its interaction with SUMO-1 is
even stronger than that of PML-SIM (Fig. 6G). The three conserved
bulky hydrophobic AAs, which are critical for regulating p53
(Ivanschitz et al., 2015), are required for 8b–SUMO-1 interaction
(Fig. 6F). Thus, to a certain degree, 8b may function as a SIM, which
may explain its ability to regulate the formation of NBs. The
discovery that 8b and the SIM share certain properties suggests that 8a
could inhibit the SIM and 8b using a similar mechanism. One
potential mechanism is that SUMOylation at K616 in 8a may interact
with PML-SIM or 8b, thereby inhibiting their function (Sung et al.,
2011). Several important functions of PML-IV are attributed to 8b (El
Asmi et al., 2014; Ivanschitz et al., 2015). The discovery of 8b
binding to SUMO may help to understand the unique functions of
PML-IV. It has been recently reported that PML-IV can mediate
global hyper-SUMO-1 conjugation (Hands et al., 2014; Sahin et al.,
2014b). It would be interesting to determine if this function of
PML-IV is related to the strong ability of 8b to bind with SUMO-1.

In conclusion, we suggest that the variable regions of PML
isoforms critically regulate the process of NB formation. The SIM in
PML not only participates in NB formation and protein recruitment,
but also regulates the function of 8b in PML-IV. In addition, 8b has
strong SUMO binding activity, which may relate to the unique
functions of PML-IV.

Fig. 5. The role of the SIM in PML-IV-NB formation is related to its 8b region. (A) Schematic diagram of the deletion and point mutants of GFP-PML-IV. Exon
8a or 8b in the PML-IV C-terminus is deleted, with SIM additionally mutated. (B) Fluorescence images of PML-NBs formed by the PML-IV mutants. PML-KOHeLa
cells were transfected with plasmids expressing GFP-PML-IV or its mutants. Cells were fixed after 24 h and analysed by GFP fluorescence. Cell nuclei were
stained with DAPI. Scale bar: 5 µm. (C) Super-resolution structured illumination images of representative NBs formed by the PML-IV mutants in B. Scale bar:
1 µm. (D) The average number of PML-NBs calculated from 100 cells for each transfection in B was calculated and is shown. (E) The average length of the
maximum cross-section of 30 NBs is shown. (G) Comparison of SUMOylation levels of PML-IV and its mutants. Flag-PML-IV or its mutants andHA-SUMO-1 were
over-expressed in PML-KO HeLa cells for 24 h, purified over M2 beads and subjected to western blot analysis using anti-FLAG and anti-HA antibodies.
(G) Fluorescence analysis of the effect of 8a on the formation of PML-VI+SIM NBs. PML-KO HeLa cells were transfected with GFP-PML-VI+SIM/+SIM+8a, and
images were taken 24 h after transfection. Scale bar: 5 µm. (H) Super-resolution images of NBs formed by PML-VI+SIM/+SIM+8a. Representative PML-NB
images are shown. Scale bar: 1 µm. Bars and error bars in D, E and F represent mean with s.d. (n=3). *P<0.05; ***P<0.001; NS, not significant.
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MATERIALS AND METHODS
Construction of plasmids
Plasmids expressing Flag-PML-I to -IV were previously described (Geng
et al., 2012) and used as templates for the following constructions. pBABE-
GFP-I to -IV were constructed by subcloning each corresponding PML
isoform into the pBABE puro vector between the BamHI and HindIII sites.
PML-(I–V)-SIMm and PML-V-RP-SIMm mutants were generated by
replacing the amino acids VVVI with AAAS at positions 556–559. The
PML-V-RP mutant was described previously (Geng et al., 2012). PML-VI
+SIM was created by fusing the SIM sequence of PML (VVVISSSEDSD)
to the PML-VI C-terminus. An array of PML-VI KR mutants of WT and
+SIM were generated by mutating the lysine residue at positions K65, K160
and K490 to arginine, either individually, two in combination or three
together (3KR), and with three additional SUMOylation sites mutated
(K380/K400/K497) (6KR) using PCR. PML-IV deletion mutants were
generated by PCR. All of the above mutants were either subcloned into the
FLAG-pRK5 or the GFP-pBABE puro vector or both. The plasmids used
for generating stable cell lines were constructed by inserting GFP-PML-I to
-VI and their mutants into the pBABE hygro vector.

For the yeast two-hybrid assay, the C-terminal fragment of Daxx (570–
780) (Daxx-C-WT), its C-terminal SIM deletion mutant (Daxx-C-ΔSIM)
and Daxx-C-SIM mutants in which the Daxx-C-SIM was replaced with the
8b region of PML-IV (PML-IV-8b) or the SIM of PML (PML-SIM) were
cloned into the yeast expressing vector pGBKT7 (Clontech). SUMO-1/

SUMO-2 was cloned into another yeast expressing vector pACT2 vector
(Clontech). For the GST pull-down assay, 8b/SIM and SUMO-1/SUMO-2
were cloned into bacterial expression vectors pGEX-1ZT (GST tag) and
pET30a (HIS tag), respectively.

Primer sequences are listed in Table S1. All mutants were constructed
using standard molecular biology techniques and were confirmed by
sequencing.

Cell culture and transfection
Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Macgene) supplemented with 10% fetal bovine serum (Gemini), 100 U/ml
penicillin and 100 U/ml streptomycin at 37°C in a humidified incubator
supplied with 5% CO2. Transient transfections were performed using
Lipofectamine 2000 (Invitrogen), or jetPRIME (Polyplus) following the
manufacturer’s protocol.

PML knock-out HeLa cells
PML-KO HeLa cells were generated using TALEN technology (Bedell
et al., 2012). The target sequences of TALEN were as follows: left arm-
CTGAAGGCCGCCAGCCCA- and right arm-AACCCAATAGTACCTC-
TGT-. Plasmids were constructed by Sidansai Biotechnology (Shanghai,
China). The positive PML-KO clones were selected by puromycin at
12.5 μg/ml and validated using immunofluorescence studies, western
blotting and genomic sequencing around the target site.

Fig. 6. The 8b of PML-IV possesses the ability to bind with SUMO. (A) Schematic representation of PML-VI with 8b added to its C-terminus. The amino acid
sequence of 8b is shown. (B) Fluorescence analysis of NBs formed in GFP-PML-VI-WT/+8b stable cell lines. Scale bar: 5 µm. (C) Super-resolution images of
GFP-PML-VI-WT/+8b NBs. Scale bar: 1 µm. (D) Quantification of NBs formed by PML-VI-WT/+8b stable cell lines. The average number of PML-NBs was
calculated from 100 cells and is shown. (E) The average length of the maximum cross-section of 30 NBs from stable cell lines is shown. (F) Identification of 8b as a
secondary SIM via yeast two-hybrid assay. 8b was added to the C-terminus of Daxx with SIM deletion encoded in a pGBKT7 vector. The constructs were co-
transfected with SUMO-1-pACT2 in yeast, and these yeasts were distributed to grow on plates following a serial dilution (1:5). (G) Interaction of 8b with SUMO-1
and SUMO-2 in comparison with the SIMs of Daxx and PML. The SIMs of Daxx and PML and the 8b of PML-IV were respectively added to the C-terminus
of Daxx without a SIM in a pGBKT7 vector. The constructs were co-transfected with SUMO-1 or SUMO-2 encoded in a pACT2 vector in yeast cells, and the yeast
two-hybrid assay was performed as described. (H) Interaction of PML-8b with SUMO-1 and SUMO-2 in vitro. GST or GST-8b/SIM and HIS or HIS-SUMO-1/
SUMO-2 were bacterially expressed and mixed with each other as indicated followed by GST beads pull-down and western blotting analysis. Bars and error
bars in D and E represent mean with s.d. (n=3). **P<0.01; ***P<0.001.
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Generation of stable cell lines
pBABE hygro plasmids encoding GFP-PML-(I–VI) WT or mutants were
transfected into Phoenix retrovirus packaging cells. Forty-eight hours later,
the supernatants containing viral particles were harvested, and then used to
infect PML-KOHeLa cells. Cells stably expressing GFP-PMLwere selected
by treating the infected cells with hygromycin at 150 μg/ml for 3 weeks. The
PML-I stable cell line was generated in PML-WT HeLa cells following
the same procedure except using GFP-PML pBABE puro plasmid for
transfection and 12.5 μg/ml of puromycin for selection for 1 week.

Antibodies and chemicals
Anti-HA (Y-11 SC-805), p53 (DO-1, SC-126), anti-SUMO-1 (FL-101 SC-
9060) and anti-PML (H-238 SC-5621) antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). FLAG (M2 F-1804)
antibodies, Triton X-100 and N-ethylmaleimide (NEM) were purchased
from Sigma (St Louis, MO, USA). Anti-α-Tubulin mAb PM054 was
purchased from MBL. DAPI (4,6-diamidino-2-phenylindole)
was purchased from Beyotime Institute of Biotechnology. Sodium
dodecyl sulfate (SDS) was purchased from Scientific Research Ievei.
DL-Dithiothreitol (DTT) and bovine serum albumin fraction (BSA) were
purchased from Amresco Biotechnology. Puromycin and hygromycin
were also purchased from Amresco. Antibodies were diluted at 1:2000 for
western blotting and 1:200 for immunofluorescence.

GFP fluorescence
Cell staining was performed as described previously (Geng et al., 2012). In
brief, PML-KO HeLa cells grown on glass coverslips in 24-well plates were
transfected with up to 0.3 µg of plasmids expressing GFP-PML mutants
for 24 h. Cells were then fixed for 30 min with 4% paraformaldehyde
(Sinopharm Chemical Reagent Co., Ltd) at room temperature and then
stained with 0.1 µg/ml DAPI for 5 min. For calculation and analysis of the
average number of PML nuclear bodies in each experiment, more than 100
cells expressing middle to low levels of proteins were observed to avoid
artefacts of over-expression.

Microscopy image acquisition
Images of PML-NBswere captured using an Eclipse Ni-Emicroscope (Nikon
Instruments, USA). Data acquisition was performed using a SPOT camera
(Diagnostic Instruments, Inc.) and NIS-Elements BR software (Nikon).
Images are presented as the maximal intensity projections of a z-stack.

Endogenous expression of single PML-NB was observed using a Nikon
Eclipse Ti microscope. Images were captured at single z-slices to visualize
the hollow structure of the PML-NBs by Nikon SR-SIM. Five translations

and three rotations of the illumination pattern were obtained and
reconstructed with NIS-Elements AR software (Nikon).

Western blotting and immunoprecipitation
The cell lysates were prepared using lysis buffer (50 mM Tris-Cl at pH 8.0,
150 mMNaCl, 1.0% Triton X-100, 10% glycerol, 20 mMNaF, 1 mMDTT,
and 1× complete protease mixture). Protein samples were resolved by SDS-
PAGE and transferred onto a PVDF membrane (Millipore). The membrane
was blocked in 5% skimmed milk in 0.1% Tween-20/PBS and probed with
the indicated antibodies followed by incubation with sheep anti-mouse or
anti-rabbit IgG-HRP (Santa Cruz Biotechnology). Detection was performed
using an ECL detection kit (CW Biotech). To analyse the SUMOylation
level of PML mutants, individual FLAG-PML mutants and HA-SUMO-1
were co-expressed in PML-KO HeLa cells. The expression of FLAG-PML
mutants was adjusted to similar levels by varying the amount of the plasmids
transfected. The cells were lysed in 1% SDS lysis buffer supplemented
with 1×complete protease cocktail and 10 mM NEM, followed by 5 min
of boiling and sonication (Hands et al., 2014; Sahin et al., 2014b).
Immunoprecipitation was then performed with anti-FLAGM2 beads for 4 h
at 4°C, after cell extracts were diluted with lysis buffer 10 times. Beads were
washed three times in lysis buffer and then eluted with sample buffer.
Precipitated complexes were subject to western blotting.

Yeast-directed binding assay
The yeast two-hybrid system we used was described previously (Geng et al.,
2012; Zhang et al., 2017). Briefly, the pGBKT7 plasmids expressing the
C-terminal fragments of Daxx mutants were co-transformed with pACT2
plasmids expressing SUMO-1 or SUMO-2 into AH109 cells according to
standard procedures (Stehmeier and Muller, 2009). For each combination, a
group of more than 50 yeast clones were selected. The presence of ‘bait’ and
‘prey’ proteins in co-transformed cells was indicated by growth on double
drop-out (DDO) plates devoid of leucine and tryptophan in the media. The
interactions were scored positive if the co-transformed cells were also able to
grow on quadruple drop-out (QDO) plates devoid of leucine, tryptophan,
histidine and adenine. To visualize the strength of the interaction, serial
dilutions (1:5) with an initial OD of 0.4 were spotted. Empty vector served
as a negative control (data not shown).

GST pull-down assay
The direct interaction between 8b and SUMO-1/SUMO-2 was analysed by
GST pull-down in vitro. The plasmids expressing GST or GST-8b/-SIM and
HIS or HIS-SUMO-1/SUMO-2 were transformed into bacterial strain BL21
(DE3) separately. Recombinant protein expression was induced by IPTG for
8 h at 4°C. The bacterial cells were lysed by sonication, and the cell lysates
were centrifuged at 13,800 g for 15 min. The supernatants containing GST or
GST fusion proteins were mixed with that of HIS or HIS-tagged proteins, and
then co-incubated with GST beads for 3 h at 4°C. After washes, GST beads
bound with proteins were analysed by SDS-PAGE followed by western
blotting with anti-GST and anti-HIS antibodies.

Statistical analysis
GraphPad Prism (LaJolla, CA, USA) was used for statistical analyses. Error
bars represent means±s.d. (n=3). Statistical significance was analysed by
Student’s t-test and expressed as a P-value. P-values of <0.05 were
considered to be statistically significant: *P<0.05; **P<0.01; ***P<0.001.
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Sahin, U., de Thé, H. and Lallemand-Breitenbach, V. (2014a). PML nuclear bodies:
assembly and oxidative stress-sensitive sumoylation. Nucleus 5, 499-507.

Sahin, U., Ferhi, O., Jeanne, M., Benhenda, S., Berthier, C., Jollivet, F., NIWA-
Kawakita, M., Faklaris, O., Setterblad, N., de Thé, H. et al. (2014b). Oxidative
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