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1 | INTRODUCTION

Yufang Shi

Abstract

Nuclear configuration plays a critical role in the compartmentalization of euchromatin
and heterochromatin and the epigenetic regulation of gene expression. Under stimula-
tion by inflammatory cytokines IFN-y and TNF-a, human mesenchymal stromal cells
(hMSCs) acquire a potent immunomodulatory function enabled by drastic induction of
various effector genes, with some upregulated several magnitudes. However, whether
the transcriptional upregulation of the immunomodulatory genes in hMSCs exposed to
inflammatory cytokines is associated with genome-wide nuclear reconfiguration has
not been explored. Here, we demonstrate that hMSCs undergo remarkable nuclear
reconfiguration characterized by an enlargement of the nucleus, downregulation of
LMNB1 and LMNA/C, decondensation of heterochromatin, and derepression of repet-
itive DNA. Interestingly, promyelocytic leukaemia-nuclear bodies (PML-NBs) were
found to mediate the nuclear reconfiguration of hMSCs triggered by the inflammatory
cytokines. Significantly, when PML was depleted, the immunomodulatory function of
hMSCs conferred by cytokines was compromised, as reflected by the attenuated
expression of effector molecules in hMSCs and their failure to block infiltration of
immune cells to lipopolysaccharide (LPS)-induced acute lung injury. Our results indicate
that the immunomodulatory function of hMSCs conferred by inflammatory cytokines

requires PML-mediated chromatin loosening.

stability, mitosis, transposons silencing, and gene expression

regulation.2”> The status of chromatin condensation is closely related

Chromatin accessibility determines cell lineage identity, fate, and
response to environmental and developmental cues.!™* Eukaryotic
DNA wrapped around histones is highly compressed in the nucleus.
According to the degree of chromatin condensation, chromatin can be
divided into euchromatin and heterochromatin. Constitutive hetero-

chromatin is a fundamental nuclear architecture essential for genome

to gene expression. In general, heterochromatin is considered to be
transcriptionally inactive.

Mesenchymal stromal/stem cells (MSCs) reside in almost every
tissue and play critical roles in tissue homeostasis and regeneration.®®
They are indispensable components during tumour development and

metastasis.” 1! MSCs expanded in vitro are well documented to have

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2023 The Authors. Cell Proliferation published by Beijing Institute for Stem Cell and Regenerative Medicine and John Wiley & Sons Ltd.

Cell Prolif. 2024;57:13566.
https://doi.org/10.1111/cpr.13566

onlinelibrary.wiley.com/journal/13652184 10of15


https://orcid.org/0009-0000-0698-5216
https://orcid.org/0000-0003-2618-9342
mailto:shaoc@suda.edu.cn
mailto:yfshi@suda.edu.cn
http://creativecommons.org/licenses/by/4.0/
https://onlinelibrary.wiley.com/journal/13652184
https://doi.org/10.1111/cpr.13566

CHU ET AL

20015 | WILEY_S i

therapeutic effects in a wide range of autoimmune diseases
and hyper-inflammatory disorders via their immunomodulatory
function.'>"1* Significantly, their immunomodulatory properties can
be significantly stimulated by inflammatory cytokines, which are
accompanied by drastic changes in the transcriptome of hMSCs. 116
Some genes encoding chemokines were even up-regulated several
magnitudes. It is reasonable to assume that such drastic changes in
transcriptome in response to inflammatory cytokines got to be associ-
ated with nuclear modifications, however, this has not been addressed
in the literature.

Promyelocytic leukaemia—nuclear bodies (PML-NBs) are an
archetype of membrane-less organelles concentrating proteins at dis-
crete sites within the nucleoplasm.r”*® In response to stress, they
form spheres of ~0.1-1 um in diameter in most mammalian nuclei.
PML was well-documented to drive cellular senescence.?”"22 In recent
years, studies have shown that PML-NBs may participate in the
regulation of chromatin dynamics through phase separation.?*2°
PML-NBs can accumulate at specific gene loci and coordinate DNA

methylation and chromatin remodelling.18252”

In  lymphocytes
derived from patients with ICF (Immune Deficiency, Centromere and
Facial Abnormality) Syndrome, PML was shown to form giant nuclear
bodies with HP1 and hypomethylated satellite DNAs at pericentric
heterochromatin regions.?® In the PML-deficient HP1 PML body, the
reconstructed protein cannot accumulate around the satellite DNA.

Previously, our team has demonstrated that hMSCs can exhibit
powerful immune regulation ability under the combined stimulation of
inflammatory factors such as IFNy, TNFa, and IL-1, among which IFNy
is indispensable. PML is a typical downstream gene of IFNy, and
IFNy can significantly up-regulate the expression of PML273° We
found that hMSCs stimulated by inflammatory factors could effec-
tively attenuate LPS-induced acute lung injury or imiquimod-induced
psoriasis-like inflammation through producing tumour necrosis factor
(TNF) stimulating gene-6 (TSG-6), a potent immunosuppressive mole-
cule.3%2 |n addition to TSG-6, a drastic changes in the transcriptome
and secretome of hMSCs have been observed following stimulation
of inflammatory factors.

We speculate that these massive expression changes in hMSCs
may have been enabled by nuclear reconfiguration. We therefore
examined the level of heterochromatic protein HP1a in hMSCs after
inflammatory factors stimulation and found it to be decreased sig-
nificantly in response to inflammatory stimuli. Meanwhile, we found
that nuclei were enlarged considerably, the expression of major
nuclear lamina proteins LMNB1 and LMNA/C decreased, and the
heterochromatin became decondensed after the stimulation by
inflammatory factors. In addition, the number of PML-NBs signifi-
cantly increased after stimulation of inflammatory factors. PML
knockdown significantly attenuated nuclear expansion in hMSCs
after inflammatory factors stimulation and inhibited decondensation
of heterochromatin. The expression levels of effector molecules by
which hMSCs exert immunoregulatory function were also reduced
after PML was depleted. Importantly, in an LPS-induced acute lung
injury (ALI) model, the thereapeutic efficacy of hMSCs lacking PML

was greatly compromised. Promoting nuclear loosening in response

to inflammatory cytokines, PML facilitates transcriptomic changes
governing hMSCs' immunomodulatory capacity. Interestingly, the
massive nuclear reconfiguration is reversible upon removal of

inflammatory cytokines.

2 | MATERIALS AND METHODS

21 | Cellisolation and culture

hMSCs were obtained from the adipose tissue of lipoaspirate sam-
ples following the protocols approved by the Ethics Committee of
Soochow University.>® The cells were maintained in DMEM/F12
supplemented with 10% FBS, 100 U/mL penicillin/streptomycin
solution, and 10 ng/mL bFGF cultured in 10 cm dishes at 37°C in a
humidified atmosphere with 5% CO2. The medium was changed
every 3 days. Cells at passage 3-9 starting from the primary cells
were used for the described experiments. Mouse bone marrow-
derived MSCs, U4A, Hep G2 and EA. Hy926 cell lines cultured in
DMEM-LOW supplemented with 10% FBS, 100 U/mL penicillin/

streptomycin solution.

2.2 | Invitro transfection of siRNA

hMSCs (1.2 x 10° cells/well in 6 well plates) or (2.5 x 10* cells/well
in 24 well plates) were seeded in the medium were co-cultured with
siRNA for 24 h, then the medium was removed and then stimulated
with inflammatory factors, and the cells were collected for Western

blotting, Q-PCR and immunofluorescence.

2.3 | Quantitative real-time PCR

Total RNA was extracted using RNAfast 2000 (Fastagen) and
reversely transcribed into cDNA using a ReverTra Ace quantitative
polymerase chain reaction (QPCR) RT Kit (TOYOBO Life Science)
according to the manufacturer's protocol. gPCR was carried out
using SYBR Green Master Mix (4472920, Thermo Fisher Scientific).
Primers used are listed in Table S1. The relative mRNA levels of
genes were calculated by the 2722t method, using B-actin as the
internal control. Each averaged experimental gene expression sample
was compared to the mean in the control sample, which was
set to 1.

2.4 | Western blotting analysis

Equal amounts of protein lysate samples were resolved on sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and then trans-
ferred onto polyvinylidene fluoride membranes. After blocking with
5% bovine serum albumin in tris-buffered saline containing 0.1%

Tween-20 for 2 h, the membranes were probed overnight at 4°C with
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Inflammatory cytokines inhibit the proliferation of hMSCs. (A) Immunostaining of EdU in IFNy and TNFa pretreated or control

hMSCs. Scale bar, 250 um. (B)The percentage of EdU was analysed with ImagelJ, and the calculated data are shown as the mean + SDs, n = 4.
Two-tailed t-test. (C) Immunostaining of Kié7 in IFNy and TNFa pretreated or control hMSCs. Scale bar, 100 um. (D) Flow cytometry analysis of
EdU in IFNy and TNFa pretreated or control hMSCs. (E) CCK8 analysis of cell viability in IFNy and TNFa pretreated or control hMSCs. n = 12.
Data are presented as the mean + SDs, a two-tailed t-test. (F) Effect of IFNy and TNFa on the cell cycle in hMSC cells. Flow cytometry analysis of
EDU in IFNy and TNFa pretreated or control hMSCs. Representative flow cytometry image. (G) Distribution of cell cycle for hAMSCs after
treatment with IFNy and TNFa for 24 h, two-way ANOVA. (H) Quantitative RT-PCR analysis of Cyclin-Dependent Kinase Inhibitor in hMSCs.

Two-tailed t-test.
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FIGURE 2 The inflammatory cytokines enlarge nuclei in hMSCs. (A)Chromatin structure of hMSCs shown by Hoechst 33342 staining of the
nucleus. Scale bar, 50 um. (B) Immunostaining of vimentin of hMSCs after treatment with IFNy and TNFa, Scale bar, 50 um. (C) Image J was used to
score the nuclear size and fluorescence intensity of each cell in the Image, and dot plots were made with the nuclear size as abscissa and fluorescence
intensity as ordinate; the red dots show the control group, and the cyan dots show IFNy and TNFa pretreated group. (D) Values of nuclear Hoechst
staining intensity and Hoechst size, and their production, two-tailed t-test. (E) Immunofluorescence analyses of LMNB1 and LMNA/C expression in
control hMSCs and IFNy and TNFa pretreated hMSCs at P5. Scale bar, 20 um. (F) Image J was used to score fluorescence intensity of LMNB1 and
LMNA/C two-tailed t-test. (G) hMSCs were treated as in (B), and then the LMNB1, LMNA mRNA transcripts were examined, two-tailed t-test.

respective primary antibodies. Membranes were washed three times chemiluminescent substrate (Pierce Biotechnology, Rockford, IL) with
and incubated with horseradish peroxidase-conjugated secondary a Super sensitive automatic imaging analysis system (Protein simple

antibody for 1 h at room temperature. Signals were visualized by FluorChem HD2).
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FIGURE 3 The inflammatory cytokines decondense heterochromatin in hMSCs. (A) Immunofluorescence analyses of HP1a and H3K9Me2/3
expression in control hMSCs and IFNy and TNFa pretreated hMSCs at P5. Scale bar, 20 um. (B) Distribution of fluorescence intensity of HP1a
and H3K9Me2/3 obtained with Image J, a two-tailed t-test. (C) hMSCs were treated as in (A), and CBX5 and SUV39H1 mRNA levels were
examined, two-tailed t-test. (D) Quantitative RT-PCR analysis of centromeric repetitive element transcripts in hMSCs after being treated with

IFNy and TNFa for 24 h, two-tailed t-test.

2.5 | Proliferation assay by flow cytometry

hMSCs were stimulated with 10 ng/mL TNFa and IFNy for 24 h, and
EdU (Beyotime) was added into the medium and incubated for 2 h
before the cells were fixed and stained. To test the role of PML in
hMSCs proliferation, hMSCs were transfected with PML-specific small
interfering RNAs. The transfections were performed using the inter-
ferin transfection reagent (Polyplus Transfection) according to the
manufacturer's protocol. Nonsilencing siRNA was used to control for
any effect of siRNA and the transfection reagent. After 24 h, hMSCs
were washed with PBS, cultured in a new complete medium, and stim-
ulated with IFN-y and TNF-a for another 24 h. EdU was added into
the medium and incubated for 2 h before the cells were fixed and

stained.

2.6 | Cell cycle analysis by flow cytometry

Cells were trypsinized, washed in PBS, and fixed in 80% methanol at
—20°C for at least 2 h. Methanol was removed by centrifugation at
2000g for 2 min, and cells were stained with propidium iodide (50 pg/
mL) in the presence of RNase A (50 pug/mL) in PBS for 30 min at
37°C. DNA content analysis was performed using the Cytoflex Flow

Cytometer (Beckman Coulter). Data were analysed using the Flow Jo

software (Version 9.6.2, Tree Star Inc.).

2.7 | Immunofluorescence
Isolated lung tissues were fixed in 4% paraformaldehyde, embedded
in paraffin, cut into 4-um-thick sections, and stained with haematoxy-
lin and eosin. Infiltrating neutrophils were revealed by immunofluores-
cence using anti-mouse Ly-6G/Ly-6C (Gr-1) antibody (BioLegend)
followed by Alexa 488-conjugated-goat anti-rabbit IgG (Abcam) sec-
ondary antibody.

hMSCs were fixed with 4% paraformaldehyde for 15 min, then
washed with PBS and permeated with 0.5% Triton X-100
(V900502-100ML, Sigma) in PBS for 15 min. The nuclei were stained
with Hoechst 33324 (H3570, Thermo Fisher Scientific). The antibodies
against Vimentin (ab92547, abcam), HP1a (ab109028, abcam), Lamin B1
(ab16048, abcam), Lamin A/C (ab8984, abcam), H3K9Me2/3(5327, CST),
SP100 (ab167605, abcam), and PML (ab179466 and ab96051, abcam)
were used as primary antibodies. Secondary antibodies were Alexa
488-conjugated-goat anti-rabbit IgG (Abcam) and Alexa 555-conjugated-
goat antimouse 1gG (Thermo Fisher Scientific). Images were taken by a

laser-scanning confocal microscope (Leica TCS SP8, Leica, Germany).
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2.8 | Cell viability test

Cells were incubated in 10% CCK-8 (Beyotime, China) diluted in a
standard culture medium at 37°C until the visual colour conversion
occurred. Each sample's absorbance (450 nm) was analysed by a
microplate reader (Cytation5, Bio Tek).

29 | Murine model of LPS-induced ALI

Six to eight-week BALB/c female mice were purchased from Beijing
Vital River Laboratory Animal Technology Co. Ltd. (Beijing, China) and
treated with either 20 ug LPS (Sigma-Aldrich) from Escherichia coli
(serotype 0111:B4) in 50 uL saline or an equal volume of saline as vehi-
cle control, using intranasal insufflation while anaesthetised with tribro-
moethanol (Sigma-Aldrich). Human hMSCs (2.5 x 10° in 200 uL PBS)
were administered intravenously after LPS administration, while PBS
was injected as a control. Mice were euthanized 48 h after LPS expo-
sure. To obtain BAL fluid, lungs were washed three times with 1 mL
PBS through i.t. cannulae. The total cell number in BAL fluid was
counted, and neutrophil numbers were determined by immunofluores-
cence staining and flow cytometry. Cells were pre-incubated with anti-
CD16/CD32 (eBioscience) to block Fc receptors and then stained with
anti-CD45, anti-CD11b, anti-Ly-6G (clone 1A8) for 20 min. Neutrophils
were identified by the phenotype CD45 + CD11b + Ly-6G-+. All pro-
cedures were approved and conducted under the Guideline for the

Institutional Animal Care and Use Committee of Soochow University.

210 | Statistical analysis

Statistical analysis was performed using GraphPad Prism 6 software.
Results of multiple observations are presented as means + SD. Differ-
ences between two groups were assessed using an unpaired Student's
t-test; for multivariate data analysis, group differences were evaluated
using a one-way analysis of variance with Tukey comparisons; a value

of p < 0.05 was considered significant.

3 | RESULTS
3.1 | Inflammatory cytokines inhibit
the proliferation of hMSCs

Upon stimulation by inflammatory factors, hMSCs undergo drastic
changes in global gene expression to exert a potent immunomodulatory

effect. We speculate that this functional shift to immunomodulation may

compromise other properties such as proliferation. Inflammatory factors
are known to arrest the cell cycle and promote cellular senescence of
cancer cells.>* We assessed hMSC proliferation after exposure to INFy
and TNFa. We first examined the proliferation of hMSCs by EdU incor-
poration and Kié7 immunofluorescence and the cell viability by CCK8.
Immunofluorescence results showed that the proportions of EdU-
positive and Kié7-positive cells in hMSCs significantly decreased under
the stimulation of the inflammatory factors (Figure 1A-C). Flow cytome-
try further confirmed the reduction in the proportion of EdU-positive
cells in hMSCs treated with the inflammatory cytokines (Figure 1D).
CCK8 assay also showed that the cell viability of hMSCs was reduced
considerably after stimulation with inflammatory cytokines (Figure 1E).
We next examined cell cycle distribution of hMSCs after stimulation with
the inflammatory cytokines. The results showed that the fraction of cells
in the S phase of hMSCs decreased, whereas the fraction of cells in the
G1/GO phase increased after stimulation by inflammatory cytokines
(Figure 1F,G). We also examined the expression of cell cycle regulatory
genes CDKN1A and CDKN2A and found them to be significantly up-
regulated upon inflammatory stimulation (Figure 1H). Together, these
results indicate that the proliferation of MSCs is reduced upon exposure
to the two cytokines.

3.2 | Inflammatory cytokines induce nuclear
enlargement and lamin loss in hMSCs

The results shown above suggest that hMSCs are not merely impaired
in their propagation, but might have entered a senescence-like state.
The same cytokines were shown to drive cancer cells into cellular
senescence.®* Senescent cells are generally accompanied by cellular
enlargement and altered heterochromatin.®®> We speculated that
hMSCs stimulated by the inflammatory cytokines might need to loosen
their chromatin to facilitate the massive increase in global transcription.
We therefore examined whether the cytokines induced morphological
changes in hMSCs. The nuclei were drastically enlarged and the chro-
matin was significantly lossened (Figure 2A). Like senescent cells,
hMSCs turned to a more spread polygonal shape with multiple anten-
nae after stimulation with inflammatory factors, as revealed by immu-
nofluorescence staining of vimentin (Figure 2B). By setting the nuclear
size as the abscissa and the fluorescence intensity of the nucleus as the
ordinate, the hMSCs stimulated by the inflammatory factors and the
control cells apparently fell into two distinct groups (Figure 2C). Quanti-
tative analysis showed that nuclei were enlarged in size but the fluores-
cence intensity decreased significantly after inflammatory stimulation
(Figure 2D). The nuclear lamina, which consists of A-and B-type lamins,
are the main components of the nuclear envelope and determine the

shape and size of the nucleus. Loss of LMNB1 has been documented

FIGURE 4

Formation of PML-NBs associates with changes in nuclear configuration in hMSCs. (A) Immunofluorescence analyses of PML and

SP100 expression in control hMSCs and IFNy and TNFa pretreated hMSCs at P5. Scale bar, 20 um. (B) Immunofluorescence detection of PML
and LMNA/C at different time points in control hMSCs and IFNy and TNFa pretreated hMSCs at P5. Scale bar, 10 um. (C,D,F) Changes in nuclear
size, LMNA/C and HP1a fluorescence intensities relative to PML-NB numbers. (E) Immunofluorescence detection of HP1a and SP100 at different
time points in control hMSCs and IFNy and TNFa pretreated hMSCs at P5. Scale bar, 10 um.
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to occur in various types of senescent cells and aging tissues and pro-
mote aging®¢~3? We examined the expression of LMNB1 and LMNA/C
by immunofluorescence, and found that both LMNB1 and LMNA/C
were downregulated significantly after inflammatory stimulation
(Figure 2E,F). Q-PCR assay produced consistent results (Figure 2G).
Together, these results indicated that in response to TNFa and IFNy,
hMSCs were significantly transformed in their nuclear morphology and

exhibited senescence-like phenotypes.

3.3 | Inflammatory cytokines decondense
the heterochromatin in hMSCs

A decrease in heterochromatinization occurs in senescent cells.*®4! We
also noted a reduction in the protein level of the primary heterochro-
matin markers HP1a and H3K9Me2/3 in hMSCs exposed to inflamma-
tory cytokines (Figure 3A,B). CBX5 and SUV39H1, which encodes HP1a
and catalyses H3K9Me2/3 respectively, were also downregulated at
the transcriptional level (Figure 3C). Previous studies have shown that
the loss of H3K9me3 led to an increased transcription of a-Satellite
(ax-Sat) and Satellite 2 (Sat2) from H3K9me3-enriched centromeric loci
in senescent hMSCs.®> Quantitative PCR (GPCR) indeed showed that
the transcripts of a-Sat and Sat2 in hMSCs were significantly up-
regulated upon inflammatory stimulation (Figure 3D). Together, these
findings indicated that heterochromatin became decondensed in

hMSCs in response to the inflammatory cytokines.

3.4 | PML mediates inflammatory cytokines-
induced nuclear enlargement in hMSCs

PML participates in various biological processes, including the reg-
ulation of heterochromatin, by forming nuclear bodies through
phase separation.*>*® We used immunofluorescence to examine
the expression of PML and SP100, a chaperone protein in PML-NB
that can label PML-NB, in hMSCs after inflammatory stimulation.
The results showed that the number and fluorescence intensity of
PML-NBs in hMSCs were strikingly induced by inflammatory stim-
ulation (Figure 4A). We next examined the correlation between the
formation of PML-NB and nuclear size, and the levels of LMNA/C
and HP1a in hMSCs at different time points after inflammatory
stimulation. We observed that the number of PML-NBs increased
with the duration of treatment, and the sizes of the nuclei also
exhibited a positive correlation with the number of PML-NBs
(Figure 4B,C). The intensity of LMNA/C was negatively correlated
with the number of PML-NBs (Figure 4D). The intensity of hetero-
chromatin marker protein HP1a gradually decreased with the

increasing number of PML-NBs (Figure 4E,F). To explore whether
the formation of PML-NBs mediated the nuclear reconfiguration
of hMSCs in an inflammatory environment. We designed three
siRNA sequences to knock down the expression of PML. The three
siRNAs could significantly inhibit the expression of PML, at both
mRNA and protein levels (Figure 5A). Interestingly, the immunoflu-
orescence results showed that siPML-1 or siPML-2, but not
siPML-3, effectively reduced the number of PML-NBs upon the
inflammatory cytokine stimulation (Figure 5B). We measured the
sizes of nuclei of hMSCs and found that siPML-1 and siPML-2 each
effectively inhibited the nuclear enlargement induced by inflamma-
tory factors, while siPML-3 was ineffective (Figure 5C). We next
determined the expression levels of nuclear laminin LMNA/C and
LMNB1 by immunofluorescence staining upon inflammatory factor
stimulation. The results showed that whereas LMNA/C and
LMNB1 were downregulated significantly after cytokine stimula-
tion, inhibiting the formation of PML-NBs by siPML abolished the
nuclear enlargement and attenuated the decline of LMNA/C and
LMNB1 in hMSCs (Figure 5E-G). These results show that forma-
tion of PML-NBs is required for the cytokine-induced nuclear

enlargement in hMSCs.

3.5 | PML mediates inflammatory cytokines-
induced decondendation of heterochromatin in
hMSCs

Given that PML-NBs regulates the dynamics of heterochromatin in
MEFs,®%% We next explored if blocking the formation of PML-NBs
would alter the HP1a amount and distribution in hMSCs. While stimu-
lation with the cytokines led to decreased heterochromatinization and
reduced HP1a expression in hMSCs, this effect was abolished when
PML was depleted, as revealed by immunoflourence staining
(Figure 6A-C). We examined the expression of a-SAT2, the repetitive
centromeric DNA associated with heterochromatin, and found it to be
significantly up-regulated after inflammatory stimulation, but knock-
down of PML could effectively inhibit the up-regulation of
a-SAT2(Figure 6D). Together, these findings demonstrate that PML-
NBs mediate the decondensation of heterochromatin in hMSCs under
an inflammatory environment.

We next determined whether the nuclear expansion caused by
the cytokines is unique to human MSCs. We treated four additional
cell types or cell lines, including mouse MSCs, with the two cytokines
and examined the changes in nuclear configuration. As shown in the
Figure S1, all of them exhibited nuclear loosening comparable to what
was observed in human MSCs. Increased PML-NB formation was also

observed in these cells.

FIGURE 5

PML-NBs are required for nuclear reconfiguration in cytokine-stimulated hMSCs. (A) Left, quantitative RT-PCR analysis of siRNA

knockdown efficiency of PML transcripts in hMSCs and right, Western blotting results. (B) Immunofluorescence analyses of PML-NB after PML
knockdown. Scale bar, 50 um. (C) Distribution of nuclear sizes. (D) Immunofluorescence detection of LMNB1 and LMNA/C after PML
knockdown. Scale bar, 50 pum. (E,F) Distribution of LMNB1 and LMNA/C fluorescence intensities after PML knockdown. (G) Western blotting

analysis of LMNB1 expression.
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FIGURE 6 PML mediates heterochromatin decondensation in cytokine-stimulated in hMSCs. (A) Immunofluorescence analysis of HP1a

expression after PML knockdown and then treated with IFNy and TNFa at P5. Scale bar, 50 um. (B) Distribution of fluorescence intensities of
HP1a, one-way ANOVA. (C) Western blotting analysis of HP1a expression (D) Quantitative RT-PCR analysis of a-SAT2 expression after PML

knockdown and then treated with IFNy and TNF«, one-way ANOVA.

3.6 | Formation of PML-NBs is required for the
anti-inflammatory efficacy of hMSCs in acute lung

injury

The loose or compact state of chromatin is crucial for the regulation
of gene expression. Since the formation of PML-NBs led to nuclear
exapnsion and heterochromatin decondensation in hMSCs stimulated
by inflammatory factors, we determined whether the dramatic upre-
gulation of cytokines, chemokines and other effectors of immunomo-
dulation in hMSCs upon stimulation with inflammatory factors
requires PML. The results showed that knockdown of PML remark-
ably blocked the up-regulation of those immunomodulatory molecules
induced by IFN-y and TNF-a (Figure 7A,B). We next examined
whether PML-NBs are required for hMSCs to alleviate acute lung
injury (ALI). Accordingly, hMSCs were pretreated with IFN-y and
TNF-a in the presence of siRNA to knock down PML, and their thera-
peutic effects were evaluated. As expected, LPS significantly induced
neutrophil infiltration into the lung in the ALl model. While hMSCs
that were not pretreated with IFN-y and TNF-a had no effect on the
infiltration of neutrophils in the ALl model, hMSCs pretreated with

inflammatory factors significantly inhibited the infiltration of neutro-
phils. However, the augmented efficacy of hMSCs on ALI conferred
by IFN-y and TNF-a was abolished when PML was depleted
(Figure 7C,D). Together, the above results indicate that PML-NBs are
crucial for hMSCs to acquire the immune regulatory function con-

ferred by inflammatory cytokines.

3.7 | Cytokines-induced nuclear loosening
is reversible

We next investigated whether the changes in nuclear architecture
induced by inflammatory cytokines are irreversible by withdrawing
the inflammatory cytokines after treatment for 24 h (Figure 8A). We
found that the proliferation rate of hMSCs significantly recovered
1 day after withdrawal, and the cells were able to continue their nor-
mal proliferation (Figure 8B). Correspondingly, the expression level of
CDKN1A was decreased with the recovery of cell proliferation
(Figure 8C). While the inflammatory cytokines enlarged hMSCs and
led to the loss of vimentin, the hMSCs gradually resumed their normal
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accompanied by a recovery of the H3K9Me2/3 level. The nuclei also
returned to their normal size (Figure 8E,F). The expression changes of
CBX5 were consistent with the trend of H3K9Me2/3. The LMNA and
LMNB1 transcripts showed a similar trend (Figure 8G). Importantly,
with the resumption of cell cycle progression and the restoration of
nuclear configuration to the orginal state, the expression of immuno-
regulatory genes, such as IDO and CXCL10, in hMSCs greatly subdued
3 days after cytokine withdrawal (Figure 8H). The expression of TSG6
and IL-6 dropped to pre-stimulation level even 1 day after cytokine
withdrawal. These results indicate that the loosening of nuclear archi-
tecture, inhibition of cell proliferation, cytoskeleton changes, and the
induction of immunoregulatory molecules that occur in hMSCs upon
inflammatory stimulation are transient responses and are reversible
once the stimuli are removed.

Given the fact that cell proliferation was inhibited when hMSCs
were treated with the two cytokines, and the inhibition of prolifera-
tion was accompanied by nuclear loosening. We next tested whether
cell proliferation would be restored if nuclear enlargement is inhibited
by the knockdown of PML. We found that although nuclear loosening
caused by cytokines was inhibited by PML knockdown, the hMSCs
were still inhibited in their proliferation inhibition (Figure S2), indicat-
ing that blocking nuclear loosening may not necessarily restore cell

proliferation in the presence of cytokines.

4 | DISCUSSION

In response to inflammatory stimuli, MSCs undergo drastic changes in
gene expression, secretome, and other phenotypes to function as
potent immunoregulators and to orchestrate the resolution of inflam-
mation and restoration of tissue homeostasis. We here report that
accompanying the drastic upregulation of a large number of effector
molecules of immunomodulation in response to stimulation by inflam-
matory cytokines, hMSCs exhibt a reduced proliferation rate and are
greatly altered in nuclear configuration, including enlargement of
nucleus, thinning of nuclear envelope, decreased expression
of nuclear laminins, and decondensation of heterochromatin. These
features resemble those in senescent cells. The nuclear conforma-
tional changes are closely related to the massive increase in transcrip-
tion required for hMSCs to perform immunomodulatory and
reparatory functions in an inflammatory environment of damaged tis-
sues. Furthermore, we have demonstrated a novel role for PML-NB in
regulating the nuclear configuration in cytokine-stimulated hMSCs.
The cytokine-induced nuclear reconfiguration was attenuated in

hMSCs when PML was depleted, which was accompanied by a

reduced expression of immunomodulators by hMSCs. The hMSCs
lacking PML were consequently compromised in their anti-
inflammatory functions.

We observed that with the acquisition of the greatly augmented
immunomodulatory function upon exposure to the two cytokines, the
hMSCs was greatly inhibited in their proliferation, but resumed their
propagation rate after the cytokines were removed. Meanwhile, the
immunomodulatory effectors were downregulated with the recovery
of cell proliferation. Therefore it appears that the immunomodulatory
function and cell propagation are mutually exclusive. It is possible that
to allow for a massive output of immunomodulatory effectors, the
MSCs need to stop or slow down cell division so that more resources
are allocated to biosynthesis of the great variety of cytokines, chemo-
kines and other effectors. Indeed, some effectors can be upregulated
up to one-million-fold.?> Preparation and execution of cell division will
likely divert the resources and energy that are in high demand for the
biosynthesis of the large variety of effector molecules in large
quantities.

Heterochromatin is believed to function as a barrier to transcrip-
tion factors and contributes to the determination and maintenance of
cell identity.***> It is interesting to note that DNA hypomethylation
or histone modifications that are associated with increased transcrip-
tional activities usually lead to increased immune cell responses,
including increased expression of interferons, and contribute to auto-
immune diseases and success of ant-tumour immunotherapy.*®~>2
Such epigenetic modifications frequently result in aberrant transcrip-
tion of repetitive DNA elements or retrotransposons, which can elicit
an interferon response. It is possible that the transcripts unleashed by
chromatin loosening may function to reinforce the function of inter-
feron. While the transcription of repetitive DNA elements and
retrotransposons invariably augments immune responses in immune
cells, epithelial cells and cancer cells, the chromatin loosening instead
confers MSCs greatly enhanced immunosuppressive function. In
this context, MSCs appear to function as a neutralizer or stabilizer
to counterbalance the immune response and maintain tissue
homeostasis.

PML has been documented to drive cellular senescence in
multiple studies.?~2® The mechanisms underlying the PML-induced
senescence include activation of p53,19 regulation of E2Fs,?' and
repression of TBX2.22 Although PML was also reported to regulate
the dynamics of heterochromatin,>>>* the physiological relevance
is not clear. In particular, whether PML contributes to cellular
senescence by regulating nuclear configuration and chromatin
dynamics has not been defined. We observed that the cytokine-

stimulated hMSCs resemble senescent cells in many aspects,

FIGURE 7 PML insufficiency impairs the therapeutic effect of hMSCs on a mouse model of acute lung injury. (A, B) Quantitative RT-PCR
analysis of chemokine, cytokinesis and TSGé expression after PML knockdown was treated with IFNy and TNFa, one-way ANOVA. (C) hMSCs
were transfected with PML siRNA (PML-KD) or control (ctrl) scramble siRNA. Cells were treated with IFN-y and TNF-a (I + T, 10 ng/mL each)for
24 h. Acute lung injury was induced by LPS administration. PML-KD hMSCs or control cells (2.5 x 10°) were pretreated with IFN-y and TNF-a
for 48 h and injected i.v. into Balb/c mice 4 and 28 h after LPS administration. After 2 days, BAL fluid was obtained, and the total cell number was
determined. Immunofluorescence analyses of Ly6G positive cells in Lung. Scale bar, 50 um. (D) Neutrophil cell number in BAL fluid was
determined by flow cytometry. Bars indicate mean + SEM. one-way ANOVA. (E) H/E staing, Scale bar, 100 um.
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including reduced proliferation, enlarged nuclei, loss of lamin B and
A/C,

senescence-like features in hMSCs in response to inflammatory

and decondensation of heterochromatin. However, the
stimulation are transient and are dependent on the continuous
presence of the inflammatory cytokines. It is possible that cellular
senescence as well as the senescence-like phenotypes described
here may each represent adaptive response to stress. The hetero-
chromatin reconfiguration may serve to sustain the SASP in senes-
and the in cytokine-induced hMSCs

respectively. Both phenotypes require massive biosynthesis,

cent cells secretome
though not for fast proliferation. Interestingly, the acquisition of
these senescence-like features by hMSCs depends on PML.
Whether the nuclear reconfiguration and SASP in senescent cells

also require PML remains to be determined.
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